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A B S T R A C T

This thesis has as an objective the study of very energetic phenomena
in the central regions of active galaxies. Intense star formation is trig-
gered by mergers of galaxies, and the funneling of large quantities of
gas toward the inner regions is thought to also cause accretion onto
the central black hole. Whether the two processes necessarily take
place together as a step of galaxy evolution is still debated.

Regardless of the origin of their connection, star formation and
strong AGN activity often coexist in the nuclei of galaxies. Even after
star formation is no longer ongoing, the nuclear starburst in a merger
results in the formation of galactic bulges. Therefore, stellar densities
in the inner kiloparsecs of a galaxy are typically high. As stars, or
star forming regions, are close to the AGN, interaction between the
two is expected to be frequent, and it can result in a multitude of
phenomena worthy of study.

In particular, the goal of the thesis is to study the emission pro-
duced by these phenomena, in the range of X-rays to gamma-rays,
whether to disentangle their individual contributions or to detect
emission resulting from their interaction. The thesis intends to pro-
vide data to continue the study of the starburst-AGN connection, and
new models to explain the production of gamma rays in other galax-
ies.

The first part focuses on the X-ray analysis of a local sample of lu-
minous infrared galaxies (LIRGs). In this part we analyze data for 84

sources which span a wide range of activity types and merger stages.
We provide X-ray images, fluxes, luminosities and radial profiles, as
well as comparison with IR data and information on the AGN pres-
ence within their nuclei.

The central part of the thesis focuses on the interaction of AGN jets
with stellar populations. We consider the interaction caused by stars
being within the jet, penetrating it, or exploding as supenovae within
it. We study whether their dynamical evolution and impact on the jet,
and estimate if their gamma-ray emission is detectable.

The last part estimates the possible contribution of AGN jets to the
reionization of the Universe, given how their interaction with cosmic
microwave background radiation can result in the production of ion-
izing photons.
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R E S U M E N C ATA L À

Aquesta tesi té com a objectiu l’estudi dels fenòmens altament en-
ergètics a les regions centrals de les galàxies actives. Les galàxies ac-
tives són aquelles que tenen una emissió molt intensa a les regions
més centrals, i que és clarament diferent de l’emissió de la majoria
de galàxies. Tant un episodi de formació estel·lar especialment intens
(galàxia "starburst", de l’anglès per a "explosió estel·lar") com acre-
ció de material sobre el forat negre supermassiu central (AGN, de
l’anglès per a "nucli actiu de galàxia") poden donar lloc a aquesta
activitat.

L’origen d’ambdós fenòmens es podria trobar en una fusió entre
galàxies, que ocasiona que el gas sigui transportat a les regions cen-
trals, facilitant la formació d’estrelles i l’acreció. Si els dos proces-
sos es troben íntimament lligats, i constitueixen un estadi necessari
en l’evolució de les galàxies, és motiu de debat. L’estudi d’aquesta
relació, per tant, és interessant en l’actualitat.

Independentment de l’origen de la seva connexió, el que és clar
és que tant la formació estel·lar intensa com l’activitat AGN sovint
coexisteixen en les regions centrals de les galàxies. Fins i tot quan la
formació d’estrelles s’ha acabat, els starbursts als nuclis resulten en
la formació dels bulbs galàctics. Per tant, els kiloparsecs centrals de
les galàxies típicament tenen densitats estel·lars elevades. Com que
les estrelles, o la formació estel·lar, són properes a l’AGN, l’interacció
entre els dos és freqüent, i pot donar lloc a una multitud de fenòmens
interessants d’estudiar.

Aquesta tesi, doncs, s’enfoca en l’estudi dels processos altament
energètics que tenen lloc en regions on la formació estel·lar i l’activitat
AGN són especialment intenses. En particular, l’objectiu és l’estudi de
l’emissió produïda per aquests fenòmens, sobretot en raigs X i raigs
gamma, bé per tal de distingir les seves contribucions individuals, o
per detectar l’emissió resultant de la seva interacció. La tesi pretén
proporcionar dades per a continuar l’estudi de la relació starburst-
AGN, i nous models per a explicar la producció de raigs gamma en
altres galàxies.

Aquesta tesi està dividida en cinc parts, després del capítol intro-
ductori.

La primera part se centra en l’estudi en raigs X d’una mostra local
de galàxies lluminoses en infraroig (LIRGs, de les sigles en anglès),
publicat com a Torres-Albà et al. (2018). GOALS (sigles en anglès de
"mostra de LIRGs a tot el cel usant grans observatoris") és un projecte
que té com a objectiu estudiar les galàxies més brillants en infraroig a
redshift (o desplaçament al roig) z < 0.1, en totes les longituds d’ona
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possibles. L’estudi en raigs X de les galàxies més brillants dins la
mostra es va publicar en Iwasawa et al. (2011). En el nou article anal-
itzem dades de 63 LIRGs en el rang de menor lluminositat de GOALS.
Proporcionem imatges, fluxos, lluminositats i perfils radials per a 84

galàxies individuals, amb tipus d’activitat i estadis d’interacció molt
diversos. També proporcionem informació sobre la presència d’AGN
en elles, mitjançant dades de raigs X i infraroig, i comparem els resul-
tats obtinguts amb els de la mostra d’alta lluminositat.

La segona part se centra en l’interacció de jets d’AGN, feixos col·limats
de partícules altament relativistes, amb poblacions estel·lars. El primer
treball és publicat com Vieyro, Torres-Albà, and Bosch-Ramon (2017),
i té com a objectiu l’estudi de l’emissió en raigs gamma i la càrrega de
massa del jet deguda a la presència d’estrelles dins el jet. Primer de
tot, modelem les poblacions estel·lars amb grans pèrdues de massa en
els centres de les galàxies; estrelles OB en el nucli de LIRGs i estrelles
gegants vermelles en el bulb de galàxies el·líptiques. Després estimem
quantes d’aquestes estrelles, estadísticament, es troben dins el jet en
tot moment. Les estrelles són impactades pel jet i es desenvolupen
xocs, on les partícules poden ser accelerades a velocitats relativistes.
Estimem l’emissió gamma que pot donar a lloc aquest procés, i la
càrrega de massa al jet, per als dos tipus de galàxia mencionats.

En el segon treball de la segona part, publicat com Torres-Albà et al.
(2018), considerem la interacció que té lloc no quan les estrelles són
dins el jet, sinó en el moment en què hi penetren. Quan les estrelles es
mouen a través del medi interestel·lar (ISM, de les sigles en anglès),
els seus vents l’impacten i es forma un xoc en què tant material del
vent com de l’ISM s’acumulen (bombolles). Aquest material pot ser
expulsat dins el jet després de la penetració, i és accelerat cap amunt
degut al moment adquirit en l’impacte amb el jet. En el xoc que es
forma, de nou, es poden accelerar partícules que emetin de manera
no tèrmica. Usem la població estel·lar prèviament desenvolupada per
modelar galàxies el·líptiques per estimar el ritme en que entren al jet,
i després modelem l’evolució dinàmica i emissió de les bombolles.

La tercera part se centra en la interacció d’un sol objecte amb el
jet; un residu de supernova (SNR, de les sigles en anglès). Dos tre-
balls, el primer publicat com a Vieyro, Bosch-Ramon, and Torres-Albà
(2019) i el segon enviat a A&A per a publicar, estudien aquest procés
en LIRGs i galàxies el·líptiques, respectivament. Modelem l’evolució
dinàmica del SNR i calculem l’emissió generada en el xoc. Després es-
timem la freqüència dels esdeveniments i el nombre esperat de fonts
detectables. Vieyro, Bosch-Ramon, and Torres-Albà (2019) inclou sim-
ulacions hidrodinàmiques de la interacció, que mostren com s’espera
que afecti el jet.

La quarta part s’enfoca en l’interacció dels jets d’AGN amb el medi,
però en aquest cas a gran escala, considerant-los possibles fonts de
reionització a z ∼ 6. Inclou un article, enviat a A&A, en el que es-
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timem el nombre de fonts amb jet presents en l’època de la reion-
izatció mitjançant deteccions en òptic d’AGN. Després corregim la
densitat de fonts observada per efectes d’obscuriment usant dades en
raigs X. Els jets a alt redshift interactuen molt fortament amb la ra-
diació del fons còsmic de microones, augmentant l’energia dels seus
fotons a longituds d’ona ionitzants a través del procés de Compton
invers. Per tant, poden significar una contribució significativa a la
reionització de l’Univers.

La cinquena part inclou un resum i discussió dels resultats obtinguts
en la tesi, així com de les conclusions derivades i perspectives futures
de continuar la feina feta.
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1
I N T R O D U C T I O N

Active galaxies are those that have a distinct central emission, visi-
bly different and superposed to that of an otherwise typical galaxy.
The first evidence of such an additional, strongly emitting component
was found by Carl Seyfert in the centre of six spiral galaxies (Seyfert,
1943). Their overall emission was intense, and particularly concen-
trated in the central regions. The spectra showed high-excitation emis-
sion lines, with widths of ∼ 1000 km s−1, unlike those of any object
previously detected.

It is now known that the the lines observed by Seyfert have its ori-
gin in the presence of a supermassive, accreting black-hole (Salpeter,
1964; Zel’dovich and Novikov, 1964; Lynden-Bell, 1969). The high
speeds in the orbits around the deep gravitational potential are re-
sponsible for the extreme broadening of the emission lines, which are
emitted by the illuminated gas clouds orbiting the black hole. Accre-
tion of nearby material onto the compact object can also account for
the high luminosities.

Over the following decades, a large variety of subtypes of active
galaxies was discovered, with bolometric luminosities in the range
Lbol ∼ 10

41− 1048 erg s−1. The wide range of luminosities and differ-
ent observational properties resulted in a diverse and complex clas-
sification (e.g. Seyfert 1 and 2, radio-loud and radio-quiet, blazars,
quasars...), which were difficult to unify into one single model (see
Tadhunter, 2008, for a brief review on classification and unification of
active galaxies). At the faintest end of the current classification stand
low-ionization emission-line region (LINER) galaxies, which are as-
sumed to be the link between galaxies with bright H II regions and
Seyferts.

H II regions are prominent in starburst galaxies, those whose lumi-
nosity is dominated by an episode of star formation so intense that it
cannot be sustained over their lifetimes (e.g. Moorwood, 1996). Their
intense nuclear star formation is considered a type of activity, as H
II regions also present intense emission lines, for which they are eas-
ily mistaken for Seyfert galaxies. The lines also arise from excitation
of ambient gas, which is ionized by energetic photons. The ionizing
sources in such a case are, however, hot, massive OB stars embedded
within dense star-forming regions (see Shields, 1990, for a review on
their properties).

1



2 introduction

1.1 active galactic nuclei

While activity in a galaxy can be associated both to the presence of
an accreting black hole or of intense star formation, it is the former
that is generally referred to as an active galactic nucleus (AGN).

AGN are one of the most luminous, persistent sources in the Uni-
verse; emitting intensely in the whole range of the electromagnetic
spectrum. The large energy output has its origin in the accretion of
nearby material onto a supermassive black hole (SMBH; MSMBH ∼

105− 1010 M�). Infalling gas settles around it in the form of an accre-
tion disk and spirals inwards as it loses energy, heating up to extreme
temperatures through friction (Shakura and Sunyaev, 1973). The disk
emits thermally, through a superposition of black-body spectra, in the
range of IR to UV.

A schematic representation of an AGN is depicted in Fig. 1. The
SMBH, along with its accretion disk, lays within a dusty "torus",
which obscures certain lines of sight. This configuration leads to some
of the observational differences between AGN subtypes (see Sect.
1.1.1, and Antonucci, 1993). Gas clouds, responsible for the optical/UV
line emission, orbit the central engine at different distances. A jet of
relativistic charged particles is present in radio-loud AGN.

Figure 1: Representation of the inner structure of an AGN. Figure from Mid-
delberg and Bach (2008), according to the unification model pro-
posed by Antonucci and Miller (1985).
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1.1.1 Spectral energy distribution of AGN

AGN spectra are notably different from those of normal galaxies;
emitting from radio to TeV energies, and with a much higher energy
output. A representation of the spectral energy distribution (SED) of
the average AGN is shown in Fig. 2.

AGN continuum shows a broad infrared (IR) bump, raising from
∼ 1 µm and peaking at ∼ 60 µm, which rapidly decreases at lower
energies. The IR spectrum is consistent with thermal emission from
dust and gas, believed to form a torus around the SMBH, and which
is heated by the ionizing radiation from the accretion disk (e.g. Efs-
tathiou and Rowan-Robinson, 1995). Superposed to this continuum is
molecular and atomic line emission, complex due to the large number
of rotational and oscillatory modes associated to the molecules (e.g.
Sturm et al., 2002).

Optical spectra of AGN are characterized by the presence of strong
emission lines. If observing the source edge-on (type 2 AGN), the
dusty torus obscures the disk emission as well as the broad line re-
gion (BLR). Then only the narrow line region (NLR) is visible, its
lines being produced by gas clouds orbiting the blackhole at distances
not obscured by the torus. The broad lines originate in faster clouds,
which are closer to the central engine, hence the larger Doppler broad-
ening (Antonucci and Miller, 1985). If the source is observed face-on
(type 1 AGN), both narrow and broad line region lines are observed,
as well as the "big blue bump", the thermal emission from the accre-
tion disk (e.g. Shields, 1978). The Optical/UV emission can be even
more prominent than IR when observable.

The ultraviolet (UV) spectrum includes the peak of emission of the
big blue bump, as well as emission lines. However, UV wavelengths
are often obscured by dust in the host galaxy or, in the case of the
Extreme UV (EUV, 100− 1200Å), even by the foreground interestellar
medium (ISM) of our own galaxy. Therefore, UV emission from AGN
often remains unobserved.

X-ray emission mostly arises from multiple inverse Compton (IC)
upscatterings of accretion disk photons by hot electrons. These elec-
trons are thought to form a hot plasma near the accretion disk, called
the corona, though its exact configuration is presently unknown (Liang
and Price, 1977; Liang, 1979). Multiple IC upscatterings yield a power-
law spectrum, of photon-index in the range Γ = 1.7− 2.0 (Nandra and
Pounds, 1994), with a high-energy cutoff at energies of the order of
∼ 100 keV.

A broad X-ray hump is seen at energies ∼ 20− 40 keV due to re-
flection of the upscattered photons onto the cold material of the disk,
which generally results in an overall hardening of the spectrum (e.g.
George and Fabian, 1991). This reflection also produces intense emis-
sion lines, the most prominent of which is the FeKα at 6.4 keV, which
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Figure 2: Representation of an AGN SED. The coloured curves correspond
to the different components described in the text, while the black
curve is the overall continuum (note the generally unobserved
EUV emission). The SED is compared to those of high (HSP, red)
and low (LSP, dotted grey) synchrotron peaked blazars, in which
the a relativistic jet facing the observer dominates the emission.
Figure from Padovani et al. (2017), adapted from Harrison (2014).

is often used as a clear indicator to diagnose the presence of an AGN
(e.g. George and Fabian, 1991). Another X-ray component observed
in AGN is the "soft excess", an emission excess at energies 6 2 KeV.
Its origin is still debated, although it is frequently explained as comp-
tonized emission from warm electrons in the surface of the accretion
disk (Różańska et al., 2015; Petrucci et al., 2018), or reflection from
ionized disk material (e.g. Fabian et al., 2009).

In a type 2 AGN, the softer X-ray emission (below ∼ 10 KeV) is
obscured by the torus. If the column density is large enough (i.e.
NH > 1.5× 1024 cm−2, or a "Compton-thick" source) very little emis-
sion escapes below 10 KeV (see e.g. Gandhi, 2005, for a description of
X-ray spectra of AGN).

Radio emission is of synchrotron origin and, in radio-quiet AGN,
it is 5− 6 orders of magnitude fainter than emission at other wave-
lengths. Its origin is not fully understood in this kind of AGN, though
it is believed to be produced either by an unresolved compact jet (e.g.
Smith et al., 1998), or by highly relativistic electrons in the corona (e.g.
Laor and Behar, 2008).
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Gamma-ray emission is not detected from AGN unless they present
jets, in which case both gamma-ray and radio emission become promi-
nent (see Sect. 1.3).

1.2 starbursts and their connection to agn

AGN and star-formation activity are often found together in galax-
ies, although in highly variable proportions. The connection was first
suggested by Sanders et al. (1988), who argued that a merger between
two gas-rich galaxies could provide fuel for both an intense, nuclear
starburst and an AGN.

Bursts of intense star formation were first proposed to explain IR lu-
minosities that seemed too high for a galaxy to be sustained over long
periods of time (i.e. the star formation rate, SFR, would exhaust all
the available gas in less than the dynamical timescale of the galaxy;
e.g. Harwit and Pacini, 1975). Starbursts can be of different magni-
tudes, from SFR ∼ 10 M� yr−1 in nearby sources, to the extreme
SFR ∼ 100− 1000 M� yr−1 of luminous and ultra-luminous infrared
galaxies (LIRGs and ULIRGs).

U/LIRGs are characterized by large infrared luminosities, namely
Lir > 1012/1011 L�. The intense infrared emission is often the re-
sult of galaxy interactions, as mergers have been proved to funnel
gas toward the innermost regions of galaxies, triggering extreme star
formation (e.g. Sanders and Mirabel, 1996).

The scenario proposed by, for example, Sanders (1999) and Hop-
kins et al. (2005) places U/LIRGs at an important stage in galaxy evo-
lution as the precursors of AGN. A merger provides large quantities
of gas, which also triggers accretion onto the SMBH. Due to the abun-
dance of material, its emission remains highly obscured, with the
properties of a type 2 AGN (e.g. Di Matteo, Springel, and Hernquist,
2005). Feedback, both from starburst winds (i.e. supernova explosions
and OB stellar winds) and the jet itself eventually clear up the gas
surrounding the nucleus, giving rise to an exposed (or type 1) AGN
(e.g. Hopkins, Quataert, and Murray, 2012; Fabian, 2012; Ishibashi
and Fabian, 2016). Mergers are considered to eventually lead to the
formation of an elliptical galaxy, and to account for the growth of
the central supermassive black hole (e.g. Kormendy et al., 2009; Hop-
kins et al., 2009). In this scenario, the type 1−2 AGN dichotomy is
the result of a combination between viewing angle and evolutionary
stage.

Note, however, that some works find no direct relation between
major mergers and AGN activity (see e.g. Marian et al., 2019, and
references therein), and thus this topic is still subject to debate. What
is true is that AGN and starburst activity are expected to frequently
occur together, and that they are often difficult to disentangle.
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1.2.1 Spectral energy distribution of starbursts

The starburst is brightest in IR wavelengths, contributing to galaxy
the continuum as the UV photons from massive stars heat the dust
(Soifer et al., 1986), and also responsible for line emission (most no-
tably of polycyclic aromatic hydrocarbons, or PAH; e.g. Stierwalt et
al., 2013). The IR emission can be difficult to differentiate from that
of the AGN torus, as the number of lines is large and they merge to-
gether due to constraints in spectroscopy resolution. Generally, com-
parisons of line ratios in the IR are used to determine which phe-
nomenon dominates the energetic output of the source (see e.g. Lau-
rent et al., 2000; Díaz-Santos et al., 2017).

Optical and UV emission is dominated by starlight, although UV
is highly absorbed by the large quantities of material present in the
nuclear region. Optical line ratios are also often used to differenti-
ate between star formation and AGN as the origin of the emission
(Veilleux and Osterbrock, 1987).

The starburst can also be a prominent X-ray emitter, since given
the enhanced star formation, phenomena related to the later stages of
stellar evolution are abundant (see e.g. Persic and Rephaeli, 2002, for
a detailed review).

The high supernova (SN) rate and the powerful winds of massive
stars efficiently shock the ISM gas, which is heated up and emits
thermally (with kT . 1 keV) through bremsstrahlung radiation (e.g.
Mewe, Gronenschild, and van den Oord, 1985; Cappi et al., 1999).
The resulting spectrum, filled with emission lines superposed to a
continuum, dominates the soft (0.5− 2 keV) emission.

The hard band emission is thought to be non-thermal, and domi-
nated by X-ray binaries. These systems are formed by stars with high
mass-loss rates, which transfer material onto a compact object. The
resulting spectrum has a thermal component (with kT . 1 keV) origi-
nating in the accretion disk (e.g. Ebisawa et al., 1994), and a powerlaw
component with photon index Γ = 1.5− 2.5 that extends up to sev-
eral hundred keV (e.g. Wilson and Rothschild, 1983), and could be
the result of IC scattering by corona electrons.

Radio emission is also composed by superposition of individual
point sources, and generally dominated by synchrotron, mostly from
electrons accelerated in SN remnants (SNR) shocks (e.g. Condon, 1992;
Bressan, Silva, and Granato, 2002). A thermal component from free-
free emission in HII regions can be important in the early phases of
the starburst (e.g. Rubin, 1968).

The very high energy (VHE) electrons accelerated in SN explosions
can upscatter FIR photons up to GeV and TeV energies, although
models suggest that the dominant gamma-ray emission in starbursts
is of hadronic origin (see Ohm, 2016, and references therein). The
shocks that accelerate electrons also produce cosmic rays (CR, Bland-
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ford and Eichler, 1987). Energetic protons and heavier nuclei undergo
proton-proton interactions with ISM particles and produce neutral
and charged mesons, of which π0 then decays into two gamma-rays.
Only a handful of nearby starburst galaxies have been detected so far
at gamma-ray wavelengths, due to their faint emission (in compari-
son with e.g. blazars or galactic sources). Among them, only NGC
253 (Acero et al., 2009) and M 82 (VERITAS Collaboration et al., 2009)
have been detected at TeV energies.

A schematic representation of the SED of a starburst galaxy can be
found in Fig. 3.

Figure 3: SED of NGC 7714, a typical starburst galaxy. The black points and
emission lines correspond to data taken from NED. Image credit:
William C. Keel.1

1.3 agn jets

AGN can emit relativistic jets; bipolar, extremely energetic plasma
outflows that are produced near the central engine and can extend up
to hundreds of kiloparsecs. The first image reported in the literature
was of the optical jet of M87 (Curtis, 1918).

AGN with jets are called radio-loud (and those without, radio-
quiet), since jets are particularly prominent radio emitters. The first
powerful AGN at moderate redshift (i.e. quasars) were discovered, in
fact, thanks to their radio emission (Schmidt, 1963; Greenstein, 1963).

Nearby AGN with jets not pointing toward the observer are gen-
erally referred to as radio galaxies. The morphology and power of
the jet are used to classify them into two categories (Fanaroff and
Riley, 1974). The first, or Fanaroff-Riley type I (FR-I) tend to be less
luminous and have a compact morphology, with an emission close to

1 https://pages.astronomy.ua.edu/keel/galaxies/
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Figure 4: Composite image of the jet of M87. Top: 6-cm radio emission. Mid-
dle: Optical V band emission. Bottom: X-ray emission. Image from
(Wilson and Yang, 2002). The letters are associated to visible knots,
or intensity enhancements.

the core and jets that quickly fade at the edges. Fanaroff-Riley type II
(FR-II) objects have powerful jets that remain tightly collimated up to
hundreds of kiloparsecs and are particularly bright at the edges, or
lobes.

Their radio emission is attributed to synchrotron radiation from
the charged, relativistic particles comprising the jet (e.g. Burbidge,
1956; Shklovskii, 1961). Due to effects of relativistic beaming, FR-II jets
often appear brighter on the side that moves toward the observer (jet)
and much fainter on the side that faces the opposite direction (counter
jet). If the jet is perfectly aligned with the line of sight (i.e. blazar) its
emission can be dominant at all wavelengths up to TeV energies. As
seen in Fig. 2, a blazar SED is characterized by the presence of two
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peaks, one at low and one at high energies (e.g. Ghisellini et al., 2017).
The synchrotron peak can extend up to IR (low synchrotron-peaking,
LSP) or even X-rays (high synchrotron-peaking, HSP) (Abdo et al.,
2010). A second component, at high energies (from X-rays up to TeV),
is of IC origin in the case of leptonic jets, or due to processes such
as π0 decay in hadronic ones. Fig. 4 shows the jet of M87 at three
different wavelengths.

The composition of jets, whether hadronic or leptonic, is a current
topic of debate. The observed emission can be explained with purely
leptonic models (e.g. Mastichiadis and Kirk, 1997), although hadronic
jets cannot be ruled out (e.g. Mücke and Protheroe, 2001; Aharo-
nian, 2000). Up to date, hadrons (iron nuclei in particular) have only
been detected with certainty in two galactic sources, SS433 (Migliari,
Fender, and Méndez, 2002) and 4U1630C47 (Díaz Trigo et al., 2013).

Jets could be comprised of purely electron-positron plasma at the
base (e.g. Laing and Bridle, 2002), but it is likely that hadrons will
find their way into the flow through interactions with the ambient
medium (e.g. De Young, 1986, and see Sect. 1.3.1). However, a jet of
mixed plasma could have the bulk of the kinetic energy in the form
of protons, and still have leptons be responsible for the observable
emission (For a useful discussion on the topic, see e.g. Sikora et al.,
2009; Böttcher et al., 2013).

Likewise, the mechanism of jet launching is uncertain. One of the
most commonly invoked theories is the Blandford-Znajek mechanism
(Blandford and Znajek, 1977), which assumes extraction of energy
from a rotating black hole. Other theories involve extracting power
from the accretion flow itself (Blandford and Payne, 1982).

For a review on the subject of relativistic jets, see e.g. Romero et al.
(2017).

1.3.1 Interaction with obstacles: mass loading and deceleration

Jets are launched close to the central engine and extend up to dis-
tances of hundreds of kiloparsecs. In this process they must cross the
host galaxy and, therefore, propagate through the ambient medium.
As they advance, they inevitably interact with a variety of objects
present in the galaxy, such as stars or gas clouds.

First evidences from jet interaction with the medium arise from
two observational facts: the FR-I/FR-II dichotomy, and the presence
of knots, or localized intensity enhancements, within the jet structure
(see Fig. 4).

FR-II jets are brighter at the edges, point at which the density of
the intergalactic material (IGM) is sufficient to stop their propagation.
This collision leads to the formation of shocks, which are prominent
non-thermal emitters (see Sect. 1.3.2).
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FR-I jets are brighter in their inner regions, as well as slower and
not as narrowly collimated as FR-II jets. This effect has since long
been associated to entrainment of ISM, or the presence of strong
shocks (e.g. Bicknell, 1984). As the jet propagates, the difference of
velocity between its bulk motion and the surrounding medium gives
raise to a shear layer, in which small instabilities can develop and
grow, resulting in significant mixing. The exchange of momentum in
this process forces the jet to decelerate significantly, and can even dis-
rupt it (e.g. De Young, 1986). It has been shown that an FR-II powerful
jet can become FR-I if sufficient material is entrained within the inner
kiloparsecs of the host galaxy (e.g. De Young, 1993; Wang et al., 2009).

Mass entrainment can also occur through the presence of standing
recollimation shocks. As the jet expands, its pressure decreases until,
at some point, it becomes lower than that of the ambient medium.
The jet is forced to recollimate when colliding with the ISM, which
can produce inner shocks that result in deceleration and facilitate
mixing of ambient material (Perucho and Martí, 2007).

Another possibility for jet mass-loading lies in stellar winds. As the
jet crosses the galaxy, a great number of stars fall within the jet at all
times, and the mass of their stellar winds is dragged downstreams,
which can eventually result in deceleration (e.g. Komissarov, 1994;
Bowman, Leahy, and Komissarov, 1996; Perucho et al., 2014).

Individual obstacles can also play a role in mass-loading the jet and
slowing it down. For example, a supernova explosion taking place
within it and loading the jet with its remnant (Vieyro, Torres-Albà,
and Bosch-Ramon, 2017), or the winds of an individual asymptotic
gian branch star (Perucho, Bosch-Ramon, and Barkov, 2017) may be
sufficient to affect it dynamically.

1.3.2 Particle acceleration and non-thermal emission

Interaction with the environment not only leads to deceleration and
disruption of the jet, but also to the production of non-thermal emis-
sion. As an obstacle finds its way into the jet (i.e. gas blob, star), it is
impacted by its ram pressure and a double bow shock is formed. Fig.
5 depicts a stellar wind being impacted by a jet.

In a shock, particles can be accelerated to relativistic energies. The
most commonly invoked mechanism at play is first-order Fermi ac-
celeration (also known as diffusive shock acceleration) according to
which particles are continuously scattered upstreams and downstreams
the flow, reflected by magnetic inhomogeneities. The particles gain
energy each time they cross the shock front, until they reach highly
relativistic velocities (e.g. Bell, 1978; Blandford and Eichler, 1987). The
accelerated particles then either escape the flow (e.g. cosmic rays), or
radiate their energy non-thermally.
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Figure 5: Sketch of a double bowshock formed by the collision between jet
plasma and a stellar wind. Figure from Araudo, Bosch-Ramon,
and Romero (2013).

Particle acceleration in shocks with obstacles has since long been
proved capable of reproducing observational features. This phenomenon
is believed to be responsible for the presence of knots in AGN jets
(e.g. Blandford and Koenigl, 1979, see Fig. 6). Dar and Laor (1997)
introduced interactions with BLR clouds to explain TeV variability
in blazars, and Araudo, Bosch-Ramon, and Romero (2010) showed
that the interaction can lead to variable gamma ray emission in ra-
dio galaxies. Steffen et al. (1997) showed how the jet impacting NLR
clouds can affect their brightness and velocity distribution.

Interactions with single stars close to the jet base can also explain
gamma ray variability in blazars, either through loading of their stel-
lar winds (Bednarek and Protheroe, 1997), the envelope of a red giant
being blown away by the jet (Barkov, Aharonian, and Bosch-Ramon,
2010), intense winds of a wolf-rayet star (Araudo, Bosch-Ramon, and
Romero, 2013) or even tidal disruption of a red giant envelope by the
central engine (Khangulyan et al., 2013). Supernova remnants within
the jet have been suggested as possible explanations for the knots
of M87 (e.g. Blandford and Koenigl, 1979). On the other hand, inter-
actions with populations of stars can lead to persistent emission in
X-rays (Wykes et al., 2015) and gamma-rays (Bosch-Ramon, 2015; de
la Cita et al., 2016).

High resolution radio images may even provide direct evidence
of the presence of obstacles within the jet (Hardcastle et al., 2003).
Recently, interferometric imaging of the inner structure of the nearby
radio galaxy Centaurus A shows substructure that strongly reminds
of a bowshock shape (Müller et al., 2014, shown in Fig. 6, near J6).
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Figure 6: Time evolution at 8.4 GHz of the inner parsec of Centaurus A, the
nearest radio-loud AGN. J1− 10 are identified individual compo-
nents. The flow appears to be interrupted by the presence of an
obstacle, which gives rise to a possible bow-shock structure (near
J6). Figure from (Müller et al., 2014).

1.4 motivation, goals and structure of the thesis

This thesis has as an objective the study of very energetic phenomena
in the central regions of active galaxies. Intense star formation is trig-
gered by mergers of galaxies, and the funneling of large quantities of
gas toward the inner regions is thought to also cause accretion onto
the SMBH. Whether the two processes necessarily take place together
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as a step of galaxy evolution is still debated, making the study of
related phenomena an interesting topic.

Regardless of the origin of their connection, star formation and
strong AGN activity often coexist in the nuclei of galaxies. Even after
star formation is no longer ongoing, the nuclear starburst in a merger
results in the formation of galactic bulges. Therefore, stellar densities
in the inner kiloparsecs of a galaxy are typically high. As stars, or
star forming regions, are close to the AGN, interaction between the
two is expected to be frequent, and it can result in a multitude of
phenomena worthy of study.

The thesis thus focuses on high energy processes taking place in
regions where AGN activity and stellar presence is likely important.
In particular, the goal of the thesis is to study the emission produced
by these phenomena, in the range of X-rays to gamma-rays, whether
to disentangle their individual contributions or to detect emission
resulting from their interaction. The thesis intends to provide data to
continue the study of the starburst-AGN connection, and new models
to explain the production of gamma rays in other galaxies.

This thesis is divided in five parts, after this first introductory chap-
ter.

Part I focuses on the X-ray analysis of a local sample of LIRGs,
published in Torres-Albà et al. (2018). The Great Observatories All-
Sky LIRG survey (GOALS) is a project to study the brightest infrared
galaxies at z < 0.1, in all possible wavelengths. The X-ray study of the
IR-brightest galaxies within GOALS was published in Iwasawa et al.
(2011). In this article we analyze data for 63 LIRGs in the lower lumi-
nosity range of GOALS. We provide arcsecond-resolution X-ray im-
ages, fluxes, luminosities and radial profiles for 84 individual galax-
ies, spanning a wide range of activity types and merger stages. We
also provide information on AGN presence using X-ray and IR di-
agnostics, and compare the results to those derived for the brightest
GOALS galaxies. The data provided in this part will help shine light
into the importance of AGN presence in LIRGs, in the context of
galaxy evolution.

Part II focuses on the interaction of AGN jets with stellar popula-
tions. The first work presented was published as Vieyro, Torres-Albà,
and Bosch-Ramon (2017), and it aims to study the gamma-ray emis-
sion and jet mass-loading caused by the presence of stars within an
AGN jet. In this work, we first model the populations of stars with
high mass-loss rates present in galaxies; OB stars near the nucleus of
a LIRG, and red giants in the bulge of an elliptical galaxy. Then we
estimate how many of these stars are, statistically, present within the
jet at all times. All these stars are impacted by the jet ram pressure
and bow-shocks develop, in which particles can be accelerated to rel-
ativistic energies. We estimate the expected gamma-ray emission and
mass loading both for elliptical galaxies and LIRGs.
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The second work in Part II, published as Torres-Albà et al. (2018),
considers the interaction that occurs not when stars are within the
jet, but at the moment they penetrate it. As stars move through the
ISM, their winds impact it and a shock is formed in which both ISM
and stellar-wind material accumulate (bubbles). This material can be
expelled into the jet after penetration, and it is accelerated upstreams
due to the momentum gained by jet impact. In the shock that forms,
particles can be accelerated and emit non-thermally. We use the pre-
viously modelled stellar population of M 87 to estimate the rate at
which stars penetrate the jet, and then model the dynamical evolu-
tion and emission of their bubbles as they propagate upwards. The
work includes dynamical simulations to illustrate the propagation of
the bubbles within the jet.

Part III focuses on the interaction of one single object with the jet;
a SNR. Two works, the first published as Vieyro, Bosch-Ramon, and
Torres-Albà (2019) and the second sent to A&A for publication, study
this process in LIRGs and elliptical galaxies, respectively. In them,
we model the dynamical evolution of the remnant once expelled into
the jet, and calcualte the non-thermal radiation emitted in the shock.
We then estimate the frequency of events and the expected number of
detectable sources. Vieyro, Bosch-Ramon, and Torres-Albà (2019) also
includes hydrodinamical simulations of the interaction.

Part IV focuses on the interaction of AGN jets with the environ-
ment at large scales, in this case considering them as possible sources
of reionization at z ∼ 6. It includes one article, sent to A&A for pub-
lication, in which we estimate the number of jetted sources at the
epoch of reionization using rest-UV detections of AGN. We then cor-
rect the observed density of sources for effects of obscuration using
X-ray data. Jets at high redshift interact strongly with the CMB, up-
scattering its photons up to ionizing wavelengths through IC, and
possibly ionizing the ambient medium significantly.

Part V includes a summary and discussion of the results obtained
in this thesis, as well as the derived conclusions and future work per-
spectives. References to citations in the introduction and Part V can
be found at the end of the thesis, while each individual publication
enclosed has its own references listed at the end of its chapter.



Part I

X - R AY S T U D Y O F L I R G S





2
C - G O A L S I I . C H A N D R A O B S E RVAT I O N S O F T H E
L O W E R L U M I N O S I T Y S A M P L E O F N E A R B Y
L U M I N O U S I N F R A R E D G A L A X I E S I N G O A L S

In this chapter we present our work "C-GOALS II. Chandra observa-
tions of the lower luminosity sample of nearby galaxies in GOALS"
(Torres-Albà et al., 2018), in which we provide an X-ray analysis of
63 LIRGs and compare their X-ray and infrared properties to those of
the LIRGs in the higher luminosity sample of Iwasawa et al. (2011).
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ABSTRACT

We analyze Chandra X-ray observatory data for a sample of 63 luminous infrared galaxies (LIRGs), sampling the lower-infrared
luminosity range of the Great Observatories All-Sky LIRG survey (GOALS), which includes the most luminous infrared selected
galaxies in the local Universe. X-rays are detected for 84 individual galaxies within the 63 systems, for which arcsecond resolution
X-ray images, fluxes, infrared and X-ray luminosities, spectra and radial profiles are presented. Using X-ray and mid-infrared (MIR)
selection criteria, we find AGN in (31± 5)% of the galaxy sample, compared to the (38± 6)% previously found for GOALS galaxies
with higher infrared luminosities (C-GOALS I). Using MIR data, we find that (59± 9)% of the X-ray selected AGN in the full
C-GOALS sample do not contribute significantly to the bolometric luminosity of the host galaxy. Dual AGN are detected in two
systems, implying a dual AGN fraction in systems that contain at least one AGN of (29± 14)%, compared to the (11± 10)% found
for the C-GOALS I sample. Through analysis of radial profiles, we derive that most sources, and almost all AGN, in the sample are
compact, with half of the soft X-ray emission generated within the inner ∼1 kpc. For most galaxies, the soft X-ray sizes of the sources
are comparable to those of the MIR emission. We also find that the hard X-ray faintness previously reported for the bright C-GOALS I
sources is also observed in the brightest LIRGs within the sample, with LFIR > 8 × 1010 L�.

Key words. infrared: galaxies – X-rays: galaxies – galaxies: active – galaxies: starburst

1. Introduction

Luminous and ultra-luminous infrared galaxies (LIRGs and
ULIRGs) are galaxies with infrared (IR) luminosities exceeding
1011 L� and 1012 L�, respectively. LIRGs and ULIRGs are nor-
mally found to be gas-rich galaxy mergers, as tidal torques can
funnel material from kpc scales to the innermost regions of the
galaxy and trigger intense star formation and/or AGN activity
(e.g., Hernquist 1989; Sanders 1999; Di Matteo et al. 2005), the
latter more significantly so with increasing IR luminosity (e.g.,

Valiante et al. 2009; Petric et al. 2011; Alonso-Herrero et al.
2012).

These objects, common at redshifts 1−3 where the peak of
star formation in the Universe is observed, represent a very
important stage in galaxy evolution (e.g., Casey et al. 2014). The
scenario proposed by Sanders et al. (1988) and Hopkins et al.
(2005), for example, indicates that after a complete obscura-
tion phase of the merger, ULIRGs in a late stage of the inter-
action would later disperse or consume the gas and probably
evolve into an obscured type II quasar (QSO), and eventually

Article published by EDP Sciences A140, page 1 of 66



A&A 620, A140 (2018)

Fig. 1. Distribution of luminosity distance (left panel) and IR luminosity LIR(8−1000 µm) (right panel) for the 44 objects of C-GOALS I
(Iwasawa et al. 2011), the 63 objects of C-GOALS II, and the 201 systems of the full GOALS sample (Armus et al. 2009). The vertical dashed
line represents LIR = 1012 L�, the boundary between LIRGs and ULIRGs.

into an exposed QSO. This process will ultimately lead to the
formation of an elliptical galaxy, and accounts for the growth
of the central supermassive black hole (e.g., Sanders et al. 1988;
Hopkins et al. 2009).

In agreement with this scenario, recent studies of pairs
of galaxies have found that the fraction of dual AGN
grows with decreasing separation between companions (e.g.,
Ellison et al. 2011; Satyapal et al. 2014, 2017; Silverman et al.
2011; Koss et al. 2012). More specifically, in a sample of LIRGs
and ULIRGs, Stierwalt et al. (2013) found an increase in the
fraction of composite systems with merger stage. Satyapal et al.
(2014) found larger fractions of IR-selected AGN with respect
to optically selected AGN in mergers, which is likely due to
the increase of obscuration. Evidence of an excess of AGN with
high obscuring column densities in mergers are also found in
recent works (e.g., Díaz-Santos et al. 2010; Kocevski et al. 2015;
Del Moro et al. 2016; Lanzuisi et al. 2015; Ricci et al. 2017).

X-ray observations are an ideal tool for analyzing the prop-
erties of the inner regions of such obscured objects, because
the gas and dust have a higher transparency than at larger
wavelengths. Previous studies of small (e.g., Franceschini et al.
2003; Ptak et al. 2003; Teng et al. 2005) and larger (e.g.,
Teng & Veilleux 2010; Iwasawa et al. 2011; Ricci et al. 2017)
samples of ULIRGs have highlighted the potential of X-rays
in distinguishing the contribution of AGN and starburst and the
ability to detect enshrouded AGN.

One of the recent works, C-GOALS I (Chandra-GOALS I,
Iwasawa et al. 2011), is an X-ray study performed with
the Chandra X-ray Observatory (Chandra, hereafter,
Weisskopf et al. 2000) of a complete sample of LIRGs
within the Great Observatories All-Sky LIRG Survey (GOALS,
Armus et al. 2009). GOALS is a multi-wavelength study of the
brightest IR galaxies in the local Universe, a low-redshift sub-
sample of the 60 µm flux selected IRAS Revised Bright Galaxy
Sample (RBGS, Sanders et al. 2003). The GOALS galaxies,
all at z < 0.088, are perfect laboratories for multi-wavelength
studies of LIRGs with a level of detail that only the observation
of local galaxies allows. The arcsecond resolution provided
by Chandra can offer information of individual galaxies
within mergers, and help distinguish previously undetected or
unresolved AGN, in particular, complementing studies of LIRGs
and ULIRGs at harder X-rays (e.g. Ricci et al. 2017).

The C-GOALS I paper presents data obtained by us and
others with Chandra and represents the X-ray component of
the multi-wavelength survey for the most luminous IR GOALS
sources. This work, C-GOALS II, extends the X-ray study to
a subsample of the lower luminosity range of GOALS galax-
ies. These data were obtained during Chandra cycle 13 (PI:
Sanders), combined with available archival data. The extension
of the X-ray sample is motivated by the interest in reaching com-
pleteness in all wavelengths for the GOALS sample, and by the
opportunity of comparing results derived at different IR luminos-
ity ranges. The sample contains galaxies at earlier merger stages,
contributing to the expansion of previous studies into the domain
of the less luminous LIRGS. In particular, Iwasawa et al. (2011)
observed a deviation in the correlation between IR and X-ray
luminosities in nearby star-forming galaxies (e.g., Ranalli et al.
2003; Grimm et al. 2003; Mineo et al. 2014) for the galaxies in
the C-GOALS I sample. The IR luminosities of galaxies in the
C-GOALS II sample fall into the range where this change of
behavior should occur, and are ideal to further study the reasons
for and possible implications of such deviation.

The C-GOALS II sample is described and compared to the
C-GOALS I sample in Sect. 2. The observations and data reduc-
tion are described in Sect. 3. Results, including all X-ray images,
fluxes, spectra, and radial surface brightness profiles, are pre-
sented in Sect. 4, while derived properties and discussion of the
X-ray and IR luminosity correlation are presented in Sect. 5.
Finally, we summarize our conclusions in Sect. 6. Notes on indi-
vidual objects can be found in Appendix A, and X-ray contours,
detailed images in the 0.5−2 and 2−7 keV bands, along with
radial surface brightness profiles for each source, can be found
in Appendix B.

2. Sample

GOALS (Armus et al. 2009) is a comprehensive study of 201
of the most luminous IR-selected galaxies in the local Universe.
The sample consists of 179 LIRGs and 22 ULIRGs, 85 of which
are systems that contain multiple galaxies. GOALS is drawn
from the IRAS RBGS (Sanders et al. 2003), with a luminosity
threshold of LIR ≥ 1011 L�. The RBGS is a complete sample
of galaxies, covering the whole sky, that have IRAS 60 µm flux
densities above 5.24 Jy and Galactic latitude |b| ≥ 5◦.
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Table 1. Basic parameters of the objects in the C-GOALS II sample.

No. IRAS Name Optical ID RA (NED) Dec (NED) z DL log(LIR)
(J2000) (J2000) (Mpc) (L�)

(1) (2) (3) (4) (5) (6) (7) (8)

45 F13182+3424 UGC 08387 13h 20m 35.34s +34d 08m 22.2s 0.0233 110.0 11.73
47 F01173+1405 CGCG 436−030 01h 20m 02.72s +14d 21m 42.9s 0.0312 134.0 11.69
49 F01484+2220 NGC 0695 01h 51m 14.24s 22d 34m 56.5s 0.0325 139.0 11.69
50 F12592+0436 CGCG 043−099 13h 01m 50.80s +04d 20m 00.0s 0.0375 175.0 11.68
51 F11011+4107 MCG+07−23−019 11h 03m 53.20s +40d 50m 57.0s 0.0345 158.0 11.62
52 F18329+5950 NGC 6670 18h 33m 35.91s +59d 53m 20.2s 0.0289 129.5 11.65
53 F02512+1446 UGC 02369 02h 54m 01.78s +14d 58m 24.9s 0.0312 136.0 11.67
54 F04315−0840 NGC 1614 04h 33m 59.85s −08d 34m 44.0s 0.0159 67.8 11.65
56 F13497+0220 NGC 5331 13h 52m 16.29s +02d 06m 17.0s 0.0330 155.0 11.66
57 F06076−2139 IRAS F06076−2139 06h 09m 45.81s −21d 40m 23.7s 0.0374 165.0 11.65
60 F11231+1456 IC 2810 11h 25m 47.30s +14d 40m 21.1s 0.0342 157.0 11.64
63 18090+0130 IRAS 18090+0130 18h 11m 35.91s +01d 31m 41.3s 0.0342 134.0 11.65
64 F01417+1651 III Zw 035 01h 44m 30.45s +17d 06m 05.0s 0.0274 119.0 11.64
65 F10257−4339 NGC 3256 10h 27m 51.27s −43d 54m 13.8s 0.0094 38.9 11.64
67 F16399−0937 IRAS F16399−0937 16h 42m 40.21s −09d 43m 14.4s 0.0270 128.0 11.63
68 F16164−0746 IRAS F16164−0746 16h 19m 11.79s −07d 54m 02.8s 0.0272 128.0 11.62
69 F18093−5744 IC 4686/7 18h 13m 39.63s −57d 43m 31.3s 0.0173 81.9 11.62
71 F08354+2555 NGC 2623 08h 38m 24.08s +25d 45m 16.6s 0.0185 84.1 11.60
72 F23135+2517 IC 5298 23h 16m 00.70s +25d 33m 24.1s 0.0274 119.0 11.60
73 20351+2521 IRAS 20351+2521 20h 37m 17.72s +25d 31m 37.7s 0.0337 151.0 11.61
75 F16104+5235 NGC 6090 16h 11m 40.70s +52d 27m 24.0s 0.0293 137.0 11.58
79 F13362+4831 NGC 5256 13h 38m 17.52s +48d 16m 36.7s 0.0279 129.0 11.56
80 F03359+1523 IRAS F03359+1523 03h 38m 46.70s +15d 32m 55.0s 0.0354 152.0 11.55
81 F04191−1855 ESO 550−IG025 04h 21m 20.02s −18d 48m 47.6s 0.0322 135.8 11.51
82 F00085−1223 NGC 0034 00h 11m 06.55s −12d 06m 26.3s 0.0196 84.1 11.49
83 F00506+7248 MCG+12−02−001 00h 54m 03.61s +73d 05m 11.8s 0.0157 69.8 11.50
85 F17138−1017 IRAS F17138−1017 17h 16m 35.79s −10d 20m 39.4s 0.0173 84.0 11.49
95 F12043−3140 ESO 440−IG058 12h 06m 51.82s −31d 56m 53.1s 0.0232 112.0 11.43
100 F21453−3511 NGC 7130 21h 48m 19.50s −34d 57m 04.7s 0.0162 72.7 11.42
104 F23488+1949 NGC 7771 23h 51m 24.88s +20d 06m 42.6s 0.0143 61.2 11.40
105 F23157−0441 NGC 7592 23h 18m 22.20s −04d 24m 57.6s 0.0244 106.0 11.40
106 F16577+5900 NGC 6286 16h 58m 31.38s +58d 56m 10.5s 0.0183 85.7 11.37
107 F12590+2934 NGC 4922 13h 01m 24.89s +29d 18m 40.0s 0.0236 111.0 11.38
110 F10015−0614 NGC 3110 10h 04m 02.11s −06d 28m 29.2s 0.0169 79.5 11.37
114 F00402−2349 NGC 0232 00h 42m 45.82s −23d 33m 40.9s 0.0227 95.2 11.44
117 F09333+4841 MCG+08−18−013 09h 36m 37.19s +48d 28m 27.7s 0.0259 117.0 11.34
120 F15107+0724 CGCG 049−057 15h 13m 13.09s +07d 13m 31.8s 0.0130 65.4 11.35
121 F02401−0013 NGC 1068 02h 42m 40.71s −00d 00m 47.8s 0.0038 15.9 11.40
123 F02435+1253 UGC 02238 02h 46m 17.49s +13d 05m 44.4s 0.0219 92.4 11.33
127 F13197−1627 MCG−03−34−064 13h 22m 24.46s −16d 43m 42.9s 0.0165 82.2 11.28
134 F00344−3349 ESO 350−IG038 00h 36m 52.25s −33d 33m 18.1s 0.0206 89.0 11.28
136 F23394−0353 MCG−01−60−022 23h 42m 00.85s −03d 36m 54.6s 0.0232 100.0 11.27
141 F09437+0317 IC 0563/4 09h 46m 20.71s +03d 03m 30.5s 0.0200 92.9 11.23
142 F13229−2934 NGC 5135 13h 25m 44.06s −29d 50m 01.2s 0.0137 60.9 11.30
144 F13126+2453 IC 0860 13h 15m 03.53s +24d 37m 07.9s 0.0112 56.8 11.14
147 F22132−3705 IC 5179 22h 16m 09.10s −36d 50m 37.4s 0.0114 51.4 11.24
148 F03514+1546 CGCG 465−012 03h 54m 16.08s +15d 55m 43.4s 0.0222 94.3 11.20

157 F12596−1529 MCG−02−33−098/9 13h 02m 19.70s −15d 46m 03.0s 0.0159 78.7 11.17
163 F12243−0036 NGC 4418 12h 26m 54.62s −00d 52m 39.2s 0.0073 36.5 11.19
169 F21330−3846 ESO 343−IG013 21h 36m 10.83s −38d 32m 37.9s 0.0191 85.8 11.14
170 F06107+7822 NGC 2146 06h 18m 37.71s +78d 21m 25.3s 0.0030 17.5 11.12
174 F14280+3126 NGC 5653 14h 30m 10.42s +31d 12m 55.8s 0.0119 60.2 11.13
178 F12116+5448 NGC 4194 12h 14m 09.47s +54d 31m 36.6s 0.0083 43.0 11.10
179 F23157+0618 NGC 7591 23h 18m 16.28s +06d 35m 08.9s 0.0165 71.4 11.12
182 F00073+2538 NGC 0023 00h 09m 53.41s +25d 55m 25.6s 0.0152 65.2 11.12
188 F23133−4251 NGC 7552 23h 16m 10.77s −42d 35m 05.4s 0.0054 23.5 11.11
191 F04118−3207 ESO 420−G013 04h 13m 49.69s −32d 00m 25.1s 0.0119 51.0 11.07
194 08424−3130 ESO 432−IG006 08h 44m 28.07s −31d 41m 40.6s 0.0162 74.4 11.08
195 F05365+6921 NGC 1961 05h 42m 04.65s +69d 22m 42.4s 0.0131 59.0 11.06
196 F23444+2911 NGC 7752/3 23h 47m 01.70s +29d 28m 16.3s 0.0162 73.6 11.07
198 F03316−3618 NGC 1365 03h 33m 36.37s −36d 08m 25.4s 0.0055 17.9 11.00
199 F10196+2149 NGC 3221 10h 22m 19.98s +21d 34m 10.5s 0.0137 65.7 11.09
201 F02071−1023 NGC 0838 02h 09m 38.58s −10d 08m 46.3s 0.0128 53.8 11.05

Notes. Column (1): Object number, also used in other tables. Column (2): Original IRAS source, where an “F” prefix indicates the Faint Source
Catalog and no prefix indicates the Point Source Catalog. Column (3): Optical cross-identification, when available from NED. Columns (4)–
(6): The best available right ascension (J2000), declination and heliocentric redshift from NED as of October 2008. Column (7): The luminosity
distance derived by correcting the heliocentric velocity for the 3-attractor flow model of Mould et al. (2000) and adopting cosmological parameters
H0 = 73 km s−1 Mpc−2, ΩV = 0.73, and ΩM = 0.27, as provided by NED. Column (8): The total (8–1000) µm luminosity in log10 Solar units as in
(Armus et al. 2009).
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Iwasawa et al. (2011) studied a subsample of GOALS,
C-GOALS I (hereafter, also CGI), which is complete in the
higher IR luminosity end of the GOALS sample (log(LIR/L�) =
11.73−12.57). It contains 44 systems in the redshift range z =
0.010 − 0.088. The new sample, C-GOALS II (hereafter, also
CGII), is an incomplete subsample of the lower luminosity
section of GOALS, and includes all sources in the log(LIR/L�) =
11.00 − 11.73 range with available Chandra data, as of Jan-
uary 2016. It is comprised of 63 systems, 30 of which con-
tain multiple galaxies. The redshift range of the new sample is
z = 0.003 − 0.037. The distribution of IR luminosities and dis-
tances of the two samples is shown in Fig. 1. Table 1 gives basic
parameters for all the objects in the C-GOALS II sample. We
note that names and positions refer to the IR detected systems.
Decomposition into individual galaxies is taken into account in
Sect. 4.

Figure 1 also shows the incompleteness of CGII, comparing
it with the full GOALS distribution of distances and luminosi-
ties. Of the 63 systems within CGII, 31 were observed through
the same proposal, which was drawn to be representative of all
possible merger stages. For the remaining 32 systems, data were
taken from the archive according to availability. The proposal
for which observing time was awarded varies in each case, and
all target different scientific goals (e.g., study of AGN, SFR, and
X-ray binaries). For this reason, we do not expect our subsam-
ple to be biased toward a certain type of object, merger stage, or
luminosity within the parent GOALS sample.

3. Observations and data reduction

Thirty-one systems were observed with Chandra in cycle 13
(PI: Sanders) with a 15 ks exposure on each target, carried out
in imaging mode with the ACIS-S detector in VFAINT mode
(Garmire et al. 2003). For the remaining 32 objects studied in
this work, Chandra data were obtained from the archive. Expo-
sure times for these targets varied from 4.88 to 58.34 ks, all taken
with the ACIS-S detector in either FAINT or VFAINT mode.
Table 2 shows the observation log for the whole CGII sample,
as well as the total source counts in the 0.5−7 keV band for
each object, obtained from the data analysis. The counts were
derived for individual galaxies, and summed together when an
object within the CGII sample contained more than one galaxy.

The data reduction was performed using the Chandra data
analysis package CIAO version 4.7 (Fruscione et al. 2006), and
HEASARC’s FTOOLS (Blackburn et al. 1995). The cosmology
adopted here is consistent with that adopted by Armus et al.
(2009) and Iwasawa et al. (2011). Cosmological distances were
computed by first correcting for the three-attractor flow model
of Mould et al. (2000) and adopting H0 = 70 km s−1 Mpc−1,
ΩV = 0.72, and ΩM = 0.28 based on the five-year WMAP
results (Hinshaw et al. 2009), as provided by the NASA/IPAC
Extragalactic Database (NED).

4. Results

Results of the X-ray analysis of the Chandra data are pre-
sented in Table A.1. For each galaxy we present the background-
corrected ACIS-S X-ray soft band (S , 0.5−2 keV) count rate and
X-ray hard band (H, 2−7 keV) count rate, the hardness ratio or
X-ray color, estimated X-ray fluxes and luminosities in both soft
and hard band, and the logarithmic ratio of each X-ray band to
the IR luminosity listed in Table 1, LIR(8−1000 µm). X-ray color,
or hardness ratio, is computed as HR = (H − S )/(H + S ), using
the bands defined previously.

Individual galaxies belonging to the same GOALS system
(i.e., contributing to one single IRAS source) are identified by
using the same GOALS number in the first column. Source
names shown in the second column are used throughout this
work; see Appendix A for a clarification on the identification
of each component.

The hard X-ray flux (FHX) listed in Table A.1 is in the
2−7 keV band, where Chandra is more sensitive; and the listed
hard X-ray luminosities (LHX) refer to the 2−10 keV band. Spec-
tral fitting to derive the fluxes is performed in the 2−7 keV range
as described in Sect. 4.4, and the fitted models are later used
to estimate the luminosity up to 10 keV, in order to compare
the derived results to those of previous works, in which the
2−10 keV band is used.

Although significant intrinsic absorption in dusty objects
such as LIRGs is likely present, X-ray luminosities were esti-
mated by correcting only for galactic absorption. The X-ray
spectra of our galaxies are complex, containing multiple com-
ponents, with different degrees of obscuration, as explained in
Sect. 4.4. As the estimated absorbing column density values are
heavily model dependent, we did not use them to correct the
luminosities listed in Table A.1.

As mentioned in Sect. 2, many of the LIRGs in the CGII sam-
ple are composed of multiple galaxies, which are associated with
a single GOALS object, as IRAS is unable to resolve them. All
spatially resolved components in the Chandra data are presented
separately, their count rates, fluxes, and luminosities were com-
puted individually. In order to obtain the X-ray to IR ratios listed
in Table A.1, the IRAS flux associated with each object must
be appropriately separated into the corresponding contribution
of each component. This separation was carried out according
to the best possible estimate available for each source, as listed
in Table 3. The most accurate estimation would be derived by
obtaining the separate contribution of each component from the
far-infrared (FIR) emission. When possible, this was done using
Herschel photometric data (Chu et al. 2017). However, 14 of the
multiple systems in the sample are unresolved by Herschel, and
thus the MIR Spitzer MIPS 24 data were used for this purpose.

For four systems in the sample the individual components
remain unresolved at MIR wavelengths, and other determina-
tions were used, as specified in Table 3 and Appendix A.

Only objects that were detected in X-rays and contribute to at
least 10% of the IR luminosity of the IRAS source were analyzed
and are presented in this work. This cut means that out of the 63
GOALS systems in the sample, 84 individual galaxies are stud-
ied in CGII. No galaxy contributing <10% to the IR has a strong
X-ray emission, but in cases in which the source is detected in
the Chandra data, it is specified in Appendix A. For all galaxies
in pairs that are not included in the analysis, their contribution to
the IR luminosity of the bright component is taken into account.

4.1. X-ray images

We show how the X-ray radiation is related to the optical and IR
emission, by comparing the 0.4−7 keV brightness contours with
HST, SDSS, or IRAC images according to availability, in this
order of preference. Appendix B shows X-ray contours overlaid
on HST-ACS F814W (I-band) images (Evans et al. in prep.) for
27 objects, overlaid on SDSS DR-12 i-band images (Alam et al.
2015) for 18 objects and overlaid on IRAC channel 1 images
(Armus et al. 2009; Mazzarella et al., in prep.) for the remaining
18 objects.

The contours are taken from a 0.4−7 keV image, smoothed
using a Gaussian filter with a dispersion of 1 arcsec, with the
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Table 2. Chandra observation log for the objects in the CGII sample.

No. Galaxy Obs ID Date Mode Exp. Time 0.5−7.0 keVa NH,Gal
b

(ks) (cts) (1020 cm−2)

45 UGC 08387 7811 2007−02−19 VFAINT 14.07 277.9± 17.1 1.0
47 CGCG 436−030 15047 2012−11−24 VFAINT 13.82 168.6± 13.8 3.4
49 NGC 0695 15046 2013−01−01 VFAINT 14.78 312.9± 18.5 6.9
50 CGCG 043−099 15048 2012−11−23 VFAINT 14.78 71.9± 8.1 1.9
51 MCG+07−23−019 12977 2011−02−07 VFAINT 52.34 506.9± 26.8 1.0
52 NGC 6670 15049 2013−02−08 VFAINT 14.77 252.7± 16.8 3.9
53 UGC 02369 4058 2002−12−14 FAINT 9.68 120.6± 12.0 7.9
54 NGC 1614 15050 2012−11−21 VFAINT 15.76 800.0± 28.9 6.3
56 NGC 5331 15051 2013−05−12 VFAINT 14.78 121.9± 12.4 2.0
57 IRAS F06076−2139 15052 2012−12−12 VFAINT 14.78 52.4± 8.2 7.6
60 IC 2810 15053 2013−10−27 VFAINT 14.78 93.2± 11.7 2.5
63 IRAS 18090+0130 15054 2013−02−10 VFAINT 14.77 98.9± 11.3 20.2
64 III Zw 035 6855 2006−02−24 FAINT 14.98 81.4± 9.0 4.8
65 NGC 3256 835 2000−01−05 FAINT 27.80 8117.2± 102.3 9.1
67 IRAS F16399−0937 15055 2013−06−30 VFAINT 14.87 161.9± 14.4 13.0
68 IRAS F16164−0746 15057 2013−01−19 VFAINT 14.78 99.2± 11.3 11.3
69 IC 4686/7 15056 2012−11−19 VFAINT 14.48 519.7± 23.8 11.5
71 NGC 2623 4059 2003−01−03 FAINT 19.79 171.0± 14.1 3.1
72 IC 5298 15059 2013−02−04 VFAINT 14.78 222.8± 16.0 5.7
73 IRAS 20351+2521 15058 2012−12−13 VFAINT 13.56 146.8± 14.0 13.1
75 NGC 6090 6859 2006−05−14 FAINT 14.79 347.5± 19.3 1.6
79 NGC 5256 2044 2001−11−02 FAINT 19.69 1451.2± 43.5 1.7
80 IRAS F03359+1523 6856 2005−12−17 FAINT 14.76 108.2± 11.4 13.8
81 ESO 550−IG025 15060 2012−11−24 VFAINT 14.78 72.2± 10.6 3.2
82 NGC 0034 15061 2013−06−05 VFAINT 14.78 329.0± 19.5 2.1
83 MCG+12−02−001 15062 2012−11−22 VFAINT 14.31 311.0± 19.3 22.0
85 IRAS F17138−1017 15063 2013−07−12 VFAINT 14.78 207−3± 15.4 17.0
95 ESO 440−IG058 15064 2013−03−20 VFAINT 14.78 187.0± 16.1 5.6
100 NGC 7130 2188 2001−10−23 FAINT 38.64 3327.1± 59.3 1.9
104 NGC 7771 10397 2009−05−22 VFAINT 16.71 904.6± 34.6 4.0
105 NGC 7592 6860 2006−10−15 FAINT 14.99 388.7± 21.9 3.8
106 NGC 6286 10566 2009−09−18 FAINT 14.00 544.8± 27.9 1.8
107 NGC 4922 15065 2013−11−02 VFAINT 14.86 202.9± 17.2 0.9
110 NGC 3110 15069 2013−02−02 VFAINT 14.87 396.3± 22.3 3.5
114 NGC 0232 15066 2013−01−04 VFAINT 14.78 193.5± 15.7 1.4
117 MCG+08−18−013 15067 2013−06−03 VFAINT 13.79 101.7± 11.1 1.7
120 CGCG 049−057 10399 2009−04−17 VFAINT 19.06 30.2± 7.6 2.6
121 NGC 1068 344 2000−02−21 FAINT 47.44 100828.1± 326.7 2.9
123 UGC 02238 15068 2012−12−02 VFAINT 14.87 132.1± 13.5 8.9
127 MCG−03−34−064 7373 2006−07−31 FAINT 7.09 1029.3± 32.9 5.0
134 ESO 350−IG038 8175 2006−10−28 VFAINT 54.00 1794.5± 45.8 2.4
136 MCG−01−60−022 10570 2009−08−13 FAINT 18.90 325.4± 21.7 3.6
141 IC 0563/4 15070 2013−01−19 VFAINT 14.96 252.5± 18.9 3.8
142 NGC 5135 2187 2001−09−04 FAINT 29.30 3975.9± 68.0 4.9
144 IC 0860 10400 2009−03−24 VFAINT 19.15 25.9± 7.2 1.0
147 IC 5179 10392 2009−06−21 VFAINT 11.96 555.5 ± 32.2 1.4
148 CGCG 465−012 15071 2012−12−17 VFAINT 14.87 134.0± 13.4 14.8
157 MCG−02−33−098/9 15072 2013−05−08 VFAINT 14.87 141.0± 12.4 3.7
163 NGC 4418 4060 2003−03−10 FAINT 19.81 59.6± 15.3 1.9
169 ESO 343−IG013 15073 2013−06−13 VFAINT 14.78 139.6± 13.9 2.8
170 NGC 2146 3135 2002−11−16 FAINT 10.02 2144.2± 50.4 7.1
174 NGC 5653 10396 2009−04−11 VFAINT 16.52 387.1± 22.8 1.3
178 NGC 4194 7071 2006−09−09 FAINT 35.50 2410.3± 51.4 1.5
179 NGC 7591 10264 2009−07−05 FAINT 4.88 26.3± 6.1 5.6
182 NGC 0023 10401 2008−10−27 VFAINT 19.45 753.1± 31.9 3.4
188 NGC 7552 7848 2007−03−31 FAINT 5.08 832.8± 30.2 1.2
191 ESO 420−G013 10393 2009−05−13 VFAINT 12.42 759.0± 29.2 2.1
194 ESO 432−IG006 15074 2013−06−24 VFAINT 16.05 280.7± 20.0 19.3
195 NGC 1961 10531 2009−05−08 VFAINT 32.83 723.3± 40.0 8.1
196 NGC 7752/3 10569 2009−08−30 FAINT 11.99 96.0± 12.7 5.4
198 NGC 1365 6869 2006−04−20 FAINT 15.54 4644.2± 72.7 1.3
199 NGC 3221 10398 2009−03−19 VFAINT 19.03 323.5± 28.3 1.9
201 NGC 0838 15667 2013−07−21 VFAINT 58.34 1996.0± 49.6 2.6

Notes. (a)The source counts are background corrected and measured in the 0.5−7.0 keV band. The counts from separate components in a single sys-
tem are obtained separately and then summed together. (b)The Galactic absorption column density is taken from the LAB HI map by Kalberla et al.
(2005).
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Table 3. IR fractions.

No. Galaxy in system % Ref.
(1) (2) (3)

47 CGCG 436−030 (W) 100 5
52 NGC 6670 (W) 62 1
53 UGC 02369 (S) 98 2
56 NGC 5331 (S) 81 1
57 IRAS F06076−2139 (N) 88 2
60 IC 2810 (NW) 68 1
63 IRAS 18090+0130 (E) 81 1
64 III Zw 035 (N) 100 5
67 IRAS F16399−0937 (N) 90 3
69 IC 4687 (N,S)∗ 66,22 1
75 NGC 6090 (NE) 90 4
79 NGC 5256 (SW) 63 2
80 IRAS F03359+1523 (E) 100 5
81 ESO 550−IG025 (N) 59 1
83 MCG+12−02−001 (E,W)∗ 90,10 2
95 ESO 440−IG058 (S) 89 1
104 NGC 7771 90 1
105 NGC 7592 (E,S)∗ 63,0 2
106 NGC 6286 87 1
107 NGC 4922 (N) 99 2
110 NGC 3110 (NE) 91 1
117 MCG+08−18−013 (E) 97 1
127 MCG−03−34−064 75 1
141 IC 0564 54 1
157 MCG−02−33−098/9 (W) 69 2
163 NGC 4418 99 1
169 ESO 343−IG013 (N) 78 2
179 NGC 7591 94 1
194 ESO 432−IG006 (SW) 63 1
196 NGC 7753 64 1

Notes. Column (1): Name of the galaxy (galaxies) that emits most of the
IR luminosity in a double (triple) system. Column (2): Percentage of IR
emission originating in the dominant component. Column (3): Refer-
ence from which the contribution to the IR luminosity is derived. 1:
Derived from Herschel data (as in Chu et al. 2017). 2: Derived from
MIPS 24 data (as in Díaz-Santos et al. 2010). 3: MIR determination
from Haan et al. (2011). 4: Predicted IR emission from radio continuum
in Hattori et al. (2004). 5: We refer to the notes on individual objects in
Appendix A. (∗)Triple-component galaxy.

exception of NGC 5135, shown in Appendix B, for which a
smoothing of 0.5 arcsec was used in order to preserve the two
X-ray central peaks.

Eleven contour levels were defined, divided into ten equal log-
arithmic intervals, in the four different surface brightness ranges
shown in Table 4. “Interval 1” was used for the majority of the
sample. In order to outline lower surface brightness features in
some sources, 11 contour levels starting at a lower surface bright-
ness values were taken, as “Interval 2” or “Interval 3”. For a few
systems, a higher lower surface brightness limit was taken in order
to eliminate noisy features in the contours, defined as “Interval 4”.
For the bright objects NGC 1068 and NGC 1365, 21 contour lev-
els were used instead, in order to reflect the X-ray morphology
appropriately. Appendix B contains information on which opti-
cal or IR image was used to overlay the X-ray contours on, and
also on the Interval that we used for X-ray contour ranges.

As the hard-band emission from all objects is generally more
peaked and less intense than the soft-band emission, the con-
tours mostly trace soft X-ray emission from the sources. For

Table 4. X-ray contour ranges.

Interval Low High Levels
(1) (2) (3)

1 2.5 × 10−5 7 × 10−3 11
2 1.7 × 10−5 7 × 10−3 11
3 1.0 × 10−5 7 × 10−3 11
4 4.0 × 10−5 7 × 10−3 11
Galaxy
CGCG 465-012 2.5 × 10−5 2.0 × 10−4 11
NGC 1068 2.5 × 10−5 4.0 × 10−2 21
NGC 5135 4.0 × 10−5 1.0 × 10−2 11
NGC 1365 2.5 × 10−5 2.0 × 10−2 21
NGC 0838 7.0 × 10−6 4.0 × 10−4 11

Notes. Columns (1) and (2): Lower and higher contour in [counts
s−1 arcsec−1] for the given interval, respectively. (4): Number of loga-
rithmic contour levels.

this reason, in sources for which one or more clear hard X-ray
peaks are seen, these are marked with a green cross. We define
a hard X-ray peak as point-source emission that clearly stands
out from the rest of the photon distribution in the unsmoothed
images. In cases where many point-like sources that are clearly
not associated with any central source in the galaxy are present
in an image, we opted not to mark them all individually. For
a more detailed description of the X-ray emission in both
bands, Appendix B also presents the smoothed and unsmoothed
images in the 0.4−7 keV band, and smoothed images in the soft
(0.5−2 keV) and hard (2−7 keV) bands, for all objects. An exam-
ple of one of these images is shown in Fig. 2.

4.2. X-ray spectra

Figure C.1 presents the X-ray spectra for all sources. Spectral data
are shown separately for each object with more than one resolved
component. Instead of showing the usual count rate spectra, which
are data folded through the detector response, we present the
Chandra ACIS spectra corrected for the detector response and
converted into flux density units. This has the advantage of pre-
senting the spectral properties without the need of spectral fitting,
and facilitates comparison with other multi-wavelength data from
GOALS. The flux density range for all spectra was set to be the
same, two orders of magnitude, for consistent comparison. An
example of one such spectrum is shown in Fig. 3.

This presentation introduces some uncertainty, particularly
when a spectral bin is large enough, within which the detector
response varies rapidly, for instance, for galaxies with only few
counts. It should also be taken into account that even though
these have been corrected for the detector effective area, the
energy resolution of the detector is preserved, and therefore they
are independent of any spectral model fitting; that is to say, they
are not unfolded spectra.

It should also be noted that the spectra in Fig. C.1 are for dis-
play purposes only, and all physical quantities determined were
obtained through spectral fitting of the count rate spectra, with
the appropriate detector responses.

4.3. AGN selection

The AGN classification in the sample was performed using dif-
ferent criteria in both X-rays and IR. Any galaxy that met any of
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Fig. 2. X-ray images and surface brightness profiles for NGC 2146. North is up and east to the left. Similar figures for all 59 objects in the CGII
sample are presented in Appendix B. Upper left: X-ray (0.4−7 keV) brightness contours (magenta) with marked hard X-ray peaks (green crosses)
overlaid on optical/IR images. Upper right: Radial surface brightness profiles in the 0.5−2 keV band (open squares) and the 2−7 keV band (filled
squares). Profiles have been centered using the brightness peak in the hard X-ray band, when clearly originating in the nucleus. We refer to
Appendix A for ambiguous objects. Bottom: From left to right, unsmoothed and smoothed images in the 0.4−7 keV band, and smoothed images
in the soft (0.5−2 keV) and hard (2−7 keV) bands. The pixel size is ∼0.5′′ × 0.5′′. The scale bar in the bottom left image represents 5′′.

Fig. 3. X-ray flux density spectra for MCG-03-34-064, obtained from
the Chandra ACIS. Flux density in units of 10−14 erg s−1 cm−2 keV−1.

our selection criteria, described below, was classified as an AGN
and is listed in Table 5.

The X-ray selection was performed using two different meth-
ods: an X-ray color selection, and detection of AGN spectral
features.

The X-ray color, or hardness ratio, gives the relative inten-
sity of emission in hard and soft bands (in counts). A high HR
indicates strong emission above 2 keV, which is often associated
with the presence of an obscured AGN, that is, column den-
sity, NH in the range of 1022−1024 cm−2. The threshold for AGN
selection was chosen as HR > −0.3, as it was for the CGI sample
(see Iwasawa et al. 2011).

Figure 4 shows the hardness ratio of all sources in the sam-
ple as a function of their hard X-ray luminosity. AGN selected
through all criteria described in this section are plotted with filled
squares, while all absorbed AGN are marked with open circles.
Most AGN in the sample have an HR below the threshold, as
many are absorbed or not selected through X-rays.

Some AGN are missed by this HR selection because absorp-
tion in the nucleus is significant and soft X-ray emission coming
from external starburst regions is strong. Such galaxies can still
show a hard-band excess in their spectra, and if fitting them with
an absorbed power-law with a fixed 1.8 photon index yielded
a high enough absorbing column density, we classified them as
absorbed AGN (see Sect. 4.4.2). Each of these cases is listed in
Table 5 and discussed individually in Appendix A.

When absorption is even stronger, only reflected radiation
can be observed in the hard band, and therefore sources appear
weak, their HR being even smaller. A clear signature of a highly
obscured AGN is a the detection of a strong Fe Kα line at
6.4 keV, which is also used as a criterion for AGN selection. We
set a threshold of 2σ for the detection of the iron line in order
to classify a source as an AGN. Sources selected through this
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Table 5. Sources with an AGN signature in IR or X-rays.

No. Galaxy AGNbol [Ne v] PAH X
(1) (2) (3) (4)

45 UGC 08387 0.03 ± 0.01 Y N N
57 IRAS F06076−2139 (S) − N N C
68 IRAS F16164−0746 0.05 ± 0.01 Y N C
71 NGC 2623 0.10 ± 0.03 Y N C
72 IC 5298 0.33 ± 0.05 Y N A
79 NGC 5256 (NE) 0.23 ± 0.07(u) Y(u) N A
79 NGC 5256 (SW) 0.23 ± 0.07(u) Y(u) N L
82 NGC 0034 0.04 ± 0.02 N N A
85 IRAS F17138−1017 0.07 ± 0.04 N N C
100 NGC 7130 0.22 ± 0.04 Y N LA
105 NGC 7592 (W) 0.20 ± 0.06 Y(u) N N
106 NGC 6286 0.11 ± 0.06 N N A∗

107 NGC 4922 (N) 0.17 ± 0.05 Y N A
114 NGC 0232 0.09 ± 0.03 Y N N
120 CGCG 049−057 0.04 ± 0.02 N N C
121 NGC 1068 1.00 ± 0.01 Y − L
127 MCG−03−34−064 0.88 ± 0.04 Y Y LA
136 MCG −01−60−022 0.08 ± 0.06 N − CA
142 NGC 5135 0.24 ± 0.06 Y N L
144 IC 0860 0.06 ± 0.03 N N C
163 NGC 4418 0.48 ± 0.22 N Y N
169 ESO 343−IG013 (N) 0.09 ± 0.04 N N C
191 ESO 420−G013 0.25 ± 0.04 Y N N
194 ESO 432−IG006 (NE) 0.12 ± 0.04 N N A
194 ESO 432−IG006 (SW) 0.09 ± 0.05 N N A
198 NGC 1365 0.38 ± 0.03 N N CLA

Notes. Column (1): Contribution of the AGN to the bolometric luminos-
ity of the galaxy (Díaz-Santos et al. 2017). Column (2): Detection of the
[Ne v] line (Petric et al. 2011). Column (3): EW of the 6.2 µm PAH fea-
ture < 0.1 µm (Stierwalt et al. 2013). Column (4): X-ray AGN selection
criteria. C: X-ray color (HR > −0.3); L: Detection of 6.4 KeV line.
A: Absorbed AGN feature. Y: Source meets the criterion. N: Source
does not meet the criterion. (u) Unresolved detection in a multiple sys-
tem. (∗)Only in the NuSTAR data (Ricci et al. 2016). See Appendix A for
details on particular sources.

criterion are listed in Table 5, and details on the iron line fits can
be found in Sect. 4.4, Table 6.

The IR selection was performed by means of the detection
of the [Ne v] 14.32 µm line over kpc scales, which traces high-
ionization gas. The ionization potential of [Ne v] is 96 eV, which
is too high to be produced by OB stars. Therefore, detection of
this line in the integrated spectra of galaxies is a good AGN indi-
cator (see Petric et al. 2011, and references therein).

Another possible indicator is when the equivalent width of
the 6.2 µm PAH feature is lower than 0.1 µm. Polycyclic aro-
matic hydro-carbons (PAHs) are either destroyed by the radia-
tion originating from the AGN, or their features are diluted in
the spectra by the strong MIR continuum it creates; this results
in a low value of the EW (see Stierwalt et al. 2013, and refer-
ences therein).

With the X-ray criteria alone, we found that 21 galaxies
host an AGN. This represents (25± 5)% of our sample. With
the addition of IR criteria, 5 other galaxies are classified as
AGN, resulting in a total AGN fraction of (31± 5)% for the
84 individually analyzed galaxies in CGII. Galaxies selected
as AGN are presented in Table 5, along with optical classifica-
tions and whether or not they meet our X-ray and IR selection
criteria.

Fig. 4. Hardness ratio as a function of the 2−7 keV luminosity for all
sources in the CGII sample. All AGN from Table 5 are plotted as filled
squares, and those in which absorption features are fit (labeled A in the
table) are marked with an open circle. The dashed line shows the −0.3
boundary, above which sources are selected as AGN (unless evidence
points toward a lack of AGN presence, see Appendix A).

Two sources in the sample met the selection criteria, but we
opted to not classify them as AGN, for reasons explained in
Appendix A: IRAS F17138−1017 and IRAS F16399−0937 (S),
which meet the HR criterion.

Table 5 also lists the contribution of the AGN to the bolo-
metric luminosity for all sources classified as AGN. The con-
tribution of the AGN to the MIR luminosity was derived by
Díaz-Santos et al. (2017) for all GOALS galaxies, employing up
to five Spitzer/IRS diagnostics. Applying corrections based on
spectral energy distribution (SED) templates of pure starbursts
and AGN sources, they derived the fractional contribution of the
AGN to the overall bolometric luminosity (as in Veilleux et al.
2009).

Figure 5 shows the HR of all sources in the sample as a func-
tion of the fractional contribution of the AGN to the bolometric
luminosity, AGNbol. Sources with a fraction larger than 0.2 can
be considered to have an energetically significant AGN. X-ray
selected AGN, through any of the three criteria mentioned above,
are highlighted as filled symbols. All marked AGN below the
HR = −0.3 threshold show signs of obscuration, as they have
been selected through any of the other two X-ray criteria. In the
full C-GOALS sample, 19 of 32 X-ray selected AGN lay below
AGNbol < 0.2. Therefore, more than half of the AGN detected
through X-rays are not easily selected through the described
combination of MIR diagnostics.

4.4. X-ray spectral fitting

The 0.4−7 keV Chandra spectra of the CGII galaxies present
similar properties to those of the CGI sample, that was analyzed
by Iwasawa et al. (2011): a mostly emission-line dominated soft
X-ray band, and a hard X-ray power-law. As has been discussed
by these authors, both the spectral shape and the morphology
of the emission (see images in Appendix B) suggest a different
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Table 6. Fe Kα line fits.

No. Galaxy E I EW
(keV) (10−6 s−1 cm−2) (keV)

79 NGC 5256 (SW) 6.44+0.04
−0.05 1.4+0.9

−0.6 4.0+2.6
−1.8

100 NGC 7130 6.42+0.03
−0.04 3.3+1.6

−1.3 0.8+0.4
−0.3

121 NGC 1068 6.43+0.07
−0.04 32.2+12.6

−9.0 0.9+0.3
−0.3

127 MCG−03−34−064 6.43+0.10
−0.08 77.1+32.8

−25.4 0.7+0.3
−0.2

142 NGC 5135 6.41+0.03
−0.03 7.2+2.9

−2.5 1.1+0.4
−0.4

198 NGC 1365 6.35+0.03
−0.04 40.3+15.0

−14.0 0.14+0.07
−0.04

Notes. Iron Kα Line detections with a significance of 2σ or higher.
The line centroid energy is measured in the rest frame. Errors reported
correspond to 1σ for one parameter of interest, leaving five parameters
free.

Fig. 5. Hardness ratio as a function of the fractional contribution of
the AGN to the bolometric luminosity (as derived from MIR data,
Díaz-Santos et al. 2017) of the source, in red for CGI sources and
black for CGII. X-ray selected AGN from Table 5 are plotted as filled
squares.The horizontal dashed line shows the HR = −0.3 threshold. The
vertical dashed line shows the value above which the AGN is energeti-
cally significant.

origin for the soft and hard X-rays, and therefore the two were
analyzed separately.

A few objects in the sample (IRAS 18090+0130 (W), IRAS
F06076−2139 (S), IC 0860, and NGC 7591) were not fit because
they have an excessively low count number, of the order of
.25 cts, in the full 0.4−7 keV band. For these sources, only the
count rates and HR were computed, and results on fluxes and
luminosities are not presented in Table A.1.

For the majority of our sources, which have few counts, we
made the fit through C statistic minimization instead of χ2 mini-
mization.

4.4.1. Soft band (0.4–2 keV) fitting

Starburst galaxies, when not dominated by a luminous AGN,
have soft X-ray emission originating in hot interstellar gas

(∼0.2−1 keV), which is shock-heated by supernovae explosions
and stellar winds from massive stars. Emission from hot gas can
generally be fit with a standard thermal emission model, with a
solar abundance pattern, for instance, mekal (Mewe et al. 1985;
Kaastra 1992; Liedahl et al. 1995). However, in our data, such a
simple model does not agree with many of the observed emission
line strengths and provides an unsatisfactory fit in most cases. A
better fit can be obtained either with a modified abundance pat-
tern that is richer in α elements, or through the overlap of more
than one mekal at different temperatures.

The hot gas within a starburst region is expected to be
enriched by α elements, which are produced in core-collapse
supernovae. Metal abundances should deviate from a solar pat-
tern, as has been found for star-forming knots in nearby galaxies,
such as the Antennae (Fabbiano et al. 2004). At the same time,
the extended soft X-ray emitting gas is expected to be multi-
phase: the shocked gas swept away by a starburst wind seen
at outer radii is free from absorption, while the hotter gas at
inner radii may have some absorption of the interstellar medium
(e.g., Strickland & Stevens 2000). A temperature gradient can
be approximated at first order as two mekal models with differ-
ent temperatures. One model would fit the most external, colder
gas component (at T = T1), which is located far away from the
nucleus, and therefore is less strongly absorbed by the interstel-
lar material. The other model would fit the inner, hotter gas (at
T = T2), which is obscured by the denser material in the central
region of the galaxy.

Ideally, the data should be modeled using more than one
mekal component, with different temperatures and absorbing
column densities, and with non-solar metal abundances. How-
ever, given the quality of the data, this would imply severe over-
fitting. As we are interested in probing the level of obscuration
in the C-GOALS sources, we opted to model the data using two
mekal models as defined above, which both have solar abun-
dance patterns.

The results obtained through this fitting, the parameters of
which are listed in Table A.2, show that it is possible to satisfac-
torily fit the sources with high enough number counts using this
model, which is to be expected if part of the emission truly origi-
nates in a denser, inner region. However, we note that this model
is not clearly superior to a single mekal component with non-
solar abundances, as was used by Iwasawa et al. (2011) on the
CGI sample; and that most of the analyzed sources do not have
good enough data quality to determine a clear best fit between
the two models.

The distributions of the obtained parameters for the full CGII
sample are shown in the histograms presented in Fig. 6. The tem-
perature associated with the colder mekal component (T1) used
to model the 0.5−2 keV emission of each source presents a nar-
rower distribution than that associated with the hotter component
(T2). The distribution of T1 has a median value of 0.38±0.03 keV
and an interquartile range of 0.32−0.63 keV. The distribution
of T2 has, as expected, a higher median value of 0.97 ± 0.18.
The interquartile range is 0.77−1.2 keV range, with a long tail
extending up to T2 ∼ 4.5 keV. We note that even though the two
distributions overlap (i.e., some T1 values are higher than some
T2 values), for each single source T2 > T1.

Figure 6 also shows the distribution of column densities, NH,
absorbing the hottest mekal component. The median of the dis-
tribution is (1.1±0.2)×1022 cm−2, with an interquartile range of
(0.8−1.4) × 1022 cm−2.

A few sources, named in Sect. 4.4.2, were modeled in the full
0.4−7 keV band with a single power-law; and therefore no values
for T1, T2, and NH were derived for them. In addition, NGC 6285
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Fig. 6. Left panel: distribution of mekal model temperatures, where T1 is the temperature of the external, colder gas component and T2 is the
temperature of the internal, hotter gas component, for the CGII sample. Right panel: distribution of absorbing column densities associated with
the inner, hotter gas component, for the CGII sample.

and IC 2810 (SE) were fit with a single mekal component in the
0.4−2 keV range, and NGC 7752/3 (NE) and ESO 440-IG058
(N) were fit with a single mekal component in the full 2−7 keV
range. These sources are not included in the histograms shown
in Fig. 6, or in the averages described previously.

4.4.2. Hard band (2–7 keV) fitting

In the hard X-ray band, where the emission from hot interstellar
gas and young stars significantly decreases, X-ray binaries dom-
inate the emission in the absence of an AGN. Their emission can
be fit by a simple power-law. The photon index, Γ, is the slope
of a power-law model that describes a photon spectrum, defined
as dN/dE∝E−Γ photons cm−2 s−1 keV−1. Derived values for Γ for
all sources in the CGII sample are listed in Table A.2.

This fit was only performed for galaxies that had at least
20 cts in the 2−7 keV range. Galaxies with a lower count num-
ber were fit while imposing a fixed power-law photon index of
2 (average spectral slope found for a sample of local starburst
galaxies, Ranalli et al. 2003), leaving only the model normaliza-
tion as a free parameter. This limit was set in order to obtain
meaningful constraints for the spectral slope. It is lower than the
one fixed for the CGI sample (50 cts) since many of the sources
in the current sample are much fainter, as expected given their
lower IR luminosities.

A few objects within the sample show a clear, steep flux
increase at energies ≥3−4 keV (see, e.g., MCG−03−34−064 in
Fig. C.1), which is a sign of the presence of an absorbed AGN (see,
e.g., Turner & Miller 2009). In such cases, which all have a count
number higher than 20 cts, we fit an absorbed power-law impos-
ing a fixed photon index of 1.8 (a typically expected value for the
photon index of an AGN, see, e.g., Nandra & Pounds 1994). This
left the absorbing column density, NH, as a free parameter. This
model was preferred when the fit yielded values NH & 1023 cm−2,
and it was statistically better than a simple power-law fit. In such
cases, we classified the source as an absorbed AGN.

A few sources in the sample (NGC 5331 (N), IRAS
F16399−0937 (S), ESO 550−IG025 (S), MCG+12−02−001
(W), CGCG 049−057, UGC 02238, NGC 4418, and ESO 343−
IG013 (N) and (S)) are clearly best-fit with a single power-law in
the full 0.4−7 keV band, and the Γ parameter shown in Table A.2
corresponds to that fit.

4.4.3. Iron Kα lines

The Fe Kα line is a frequently used reliable diagnostic of heavily
obscured AGN. As we described in Sect. 4.3, we used it as one
of our X-ray AGN selection criteria. The cold iron line seen in
some of the CGII sources was fit with a Gaussian model centered
at 6.4 keV. Six sources in the CGII sample have such a line fit
with a significance above 2σ, which is the threshold we set to
consider a detection.

A more conservative and frequently used threshold to con-
sider a line as detected in the data is a 3σ significance. If we
had imposed this more restrictive criterion, only NGC 1068 and
MCG−01−34−064 would have detected Fe Kα lines in the sam-
ple. The threshold was lowered because of the low signal-to-
noise ratio for all sources in the CGII sample. However, we note
that lowering it to 2σ does not change the fraction of selected
AGN within the sample, as all sources with a line detection also
meet other selection criteria. We still consider the presence of
this line at 2σ to be relevant information, which can give sup-
port to other AGN determinations, and therefore included it in
the analysis.

Parameters of the fit for these six sources are shown in
Table 6, including the line energy, intensity, and equivalent
width with respect to the continuum. The detection of these
lines has been previously reported based on other X-ray obser-
vations (Koyama et al. 1989; Band et al. 1990; Mazzarella et al.
2012; Gilli et al. 1999; Levenson et al. 2002; Ricci et al. 2014;
Risaliti et al. 2009).

4.5. X-ray luminosities and correlation with LIR

Figure 7 shows the distribution of derived luminosities in the
soft and hard band, presented in Table A.1, compared with that
of those obtained for the CGI sample of Iwasawa et al. (2011).
For CGII, the distributions peak at log(LSX) ∼ 40.6 erg s−1 and
log(LHX) ∼ 40.9 erg s−1, which is slightly lower than the peak
of both bands for CGI sample, at log(LX) ∼ 41.1 erg s−1. The
median logarithmic values for the soft- and hard-band luminosi-
ties are listed in Table 7. CGII has lower X-ray luminosity values
than CGI, as expected, reflecting a correlation between IR and
X-ray luminosity that is seen in both the CGI and CGII samples
(see Figs. 8 and 9).
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Fig. 7. Distributions of soft-band X-ray luminosity, 0.5−2 keV (left panel), and hard-band X-ray luminosity, 2−10 keV (right panel), for the
individual galaxies of CGI and CGII.

Table 7. Statistical X-ray properties of the sample.

CGI CGII C-GOALS

log(LSX) 40.9 ± 0.3 40.6 ± 0.2 40.8 ± 0.4
log(LHX) 41.2 ± 1.7 40.8 ± 0.8 40.9 ± 0.6
log(LSX/LIR) −4.53 ± 0.34 −4.16 ± 0.42 −4.26 ± 0.48
log(LHX/LIR) −4.40 ± 0.63 −4.04 ± 0.48 −4.17 ± 0.59
log(LSX/LIR)∗ −4.6 ± 0.1 −4.18 ± 0.35 −4.26 ± 0.45
log(LHX/LIR)∗ −4.5 ± 0.1 −4.18 ± 0.37 −4.23 ± 0.54
log(LSX/LFIR)∗ −4.44 ± 0.45 −3.82 ± 0.32 −3.96 ± 0.47
log(LHX/LFIR)∗ −4.22 ± 0.52 −3.81 ± 0.45 −3.96 ± 0.52

Notes. Median values of the distribution of soft-band and hard X-ray
luminosities; and the distributions of the ratios of X-ray to IR lumi-
nosities for the C-GOALS I, C-GOALS II and full C-GOALS sample.
(∗)AGN removed from the sample.

The origin of this correlation is in the presence of star for-
mation in the galaxies. FIR luminosity measurements detect the
energy absorbed by the dust of the interstellar medium from
young, bright stars; and thus are a good estimator of the total
star formation rate (SFR; e.g., Kennicutt 1998). In galaxies with
a considerable amount of star formation, such as starburst galax-
ies, emission in other wavelengths can also be related to young
and massive stars, such as X-ray luminosity (e.g., X-ray bina-
ries emission and supernova remnants, SNRs). Therefore, it has
been suggested that if a good correlation between X-ray lumi-
nosity and IR luminosity exists in galaxies, the SFR can be
directly inferred from the X-ray luminosity. Compatible corre-
lations have been found in previous works for local star-forming
galaxies with IR luminosities lower than those of LIRGS (e.g.,
Ranalli et al. 2003; Grimm et al. 2003; Mineo et al. 2014).

Figure 8 shows the X-ray luminosity as a function of the
IRAS IR luminosity. The data show a moderate correlation, with
a typical spread of more than one order of magnitude when only
sources without detected X-ray AGN presence (open squares)
are considered. Sources that contain X-ray AGN typically lie
above the trend, adding scatter to the correlation. Sources with
multiple components are separated into their respective con-
tributions, and plotted separately, as it has been shown that
when they are plotted summed into one single source, the cor-
relation becomes less clear (Iwasawa et al. 2009). Their total
(8−1000) µm IRAS luminosity, as in Table 1, is separated into

the different contributions using the percentages indicated in
Table 3.

As we found in the CGI galaxies, X-ray selected AGN tend
to be more luminous in X-rays than the rest of the sample, espe-
cially in the hard band. However, the values for log(LX/LIR) are
higher for the CGII sample than for CGI, as listed in Table 7.
This result means that while our sample is less bright both in
X-ray and in IR than the CGI sample, we find a higher rela-
tive X-ray to IR luminosity. Removing X-ray selected AGN from
both samples gives lower ratios, which we also list.

Comparing these average values to the log(LX/LIR) ∼ −3.7
found by Ranalli et al. (2003) for local star-forming galaxies
with lower SFR, we find a large discrepancy. However, their
IR luminosity does not include the 1−40 µm range, which may
contribute a non-negligible amount of power, in particular for
IR-warm AGN-dominated systems. Therefore a direct compari-
son needs to introduce a correction. Furthermore, only at radio
and FIR wavelengths are the most intense starbursts transparent
(e.g., Condon 1992), so that from their detected flux the SFR can
be accurately estimated.

IR luminosities derived by Ranalli et al. (2003), hereafter
LFIR, follow the expression

LFIR = 1.26 × 10−11(2.58 S 60µ + S 100µ) erg s−1 cm−2, (1)

from Helou et al. (1985).
We used this expression to derive LFIR for all non-AGN

objects in the CGI and CGII samples, again accounting for the
contribution of multiple components following Table 3. As listed
in Table 7, log(LX/LFIR) is similar to −3.7 for the CGII objects,
but not for the galaxies in CGI. A direct comparison between
the distribution followed by objects analyzed by Ranalli et al.
(2003), as well as their derived correlation, and GOALS objects
is shown in Fig. 9.

The best-fit correlations derived by Ranalli et al. (2003) are

log(LSX) = (0.87 ± 0.08) log(FFIR) + 2.0 ± 3.7 (2)
log(LHX) = (1.08 ± 0.09) log(FFIR) − 7.1 ± 4.2 (3)

which correspond to the blue dotted lines plotted in Fig. 9.
Galaxies in the GOALS sample with LFIR . 8 × 1010 L� fol-

low Eqs. (2) and (3), but those with higher LIR have a systemati-
cally lower X-ray luminosity than predicted.

This behavior suggests that a better fit would be obtained
with a quadratic relation in log scale. Using the least-squares
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Fig. 8. Plots of soft (left panel, 0.5−2 keV) and hard (right panel, 2−10 keV) X-ray luminosity vs. IR luminosity, where the X-ray luminosity is
corrected only for Galactic absorption. X-ray selected AGN, shown in Table 5, are shown in black. When multiple objects are present in a source,
their IR luminosity is divided, as shown in Table 3.

Fig. 9. Plots of soft (left panel, 0.5−2 keV) and hard (right panel, 2−10 keV) X-ray luminosity versus FIR luminosity derived as in Eq. (1), where
the X-ray luminosity is corrected only for Galactic absorption. Data used by Ranalli et al. (2003), along with their derived correlation, are shown
in blue. CGI and CGII data (for galaxies without an AGN) are plotted in red and black squares respectively. When multiple objects are present in a
source, their IR luminosity is divided as shown in Table 3. All sources containing AGN, as listed in Table 5 or classified as AGN by Iwasawa et al.
(2011) have been removed both from the plot and from the fits. The red, dashed line shows our best quadratic fit for the C-GOALS + Ranalli et al.
(2003) data. Grey, dashed lines (left panel) show theoretical lines of obscuration for NH = 0.5, 1.0, 2.0, 5.0 × 1022 cm22, as described in Sect. 4.5.

method, we obtain a best fit for the C-GOALS + Ranalli et al.
(2003) data:

log(LSX) = (−0.17 ± 0.04)x2 + (15 ± 2)x + (−263 ± 8) (4)

log(LHX) = (−0.17 ± 0.06)x2 + (15.2 ± 2)x + (−169 ± 10) (5)

where x = log(LFIR). This fit is plotted as a red dashed
line in Fig. 9. Below FIR luminosities of ∼3 × 1044 erg s−1

(i.e., ∼8 × 1010 L�), the quadratic fit overlaps the linear cor-
relation. Above this value, the X-ray luminosity increases far
more slowly with FIR luminosity. This effect is stronger in
soft X-rays. We note that when we fit a single power-law to
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Table 8. Half-light radius

No. Galaxy RSX
H (′′) RSX

H (kpc) No. Galaxy RSX
H (′′) RSX

H (kpc)

45 UGC 08387 2.4 1.3 104 NGC 7771 3.0 0.9
47 CGCG 436−030 2.6 1.7 104 NGC 7770 3.7 1.1
49 NGC 0695 3.7 2.5 105 NGC 7592 (E) 3.1 1.6
50 CGCG 043−099 1.2 1.0 105 NGC 7592 (W) 0.9 0.5
51 MCG+07−23−019 4.3 3.3 106 NGC 6286 7.2 3.0
52 NGC 6670 (E) 3.0 1.9 106 NGC 6285 1.7 0.7
52 NGC 6670 (W) 4.0 2.5 107 NGC 4922 (N) <0.5 <0.3
53 UGC 02369 (S) 1.5 1.0 110 NGC 3110 9.0 3.5
54 NGC 1614 1.4 0.5 114 NGC 0232 1.5 0.7
56 NGC 5331 (N) 2.1 1.6 117 MCG+08−18−013(E) 2.3 1.3
56 NGC 5331 (S) 3.0 2.3 120 CGCG 049−057 1.1 0.3
57 IRAS F06076−2139(N) 0.7 0.6 121 NGC 1068 7.8 0.6
57 IRAS F06076−2139(S) − − 123 UGC 02238 4.0 1.8
60 IC 2810(NW) 1.2 0.9 127 MCG−03−34−064 <0.5 <0.2
60 IC 2810 (SE) 0.7 0.5 134 ESO 350−IG038 2.4 1.0
63 IRAS 18090+0130 (E) 2.4 1.6 136 MCG −01−60−022 4.6 2.2
63 IRAS 18090+0130(W) <0.5 <0.3 141 IC 0564 8.0 3.6
64 III Zw 035 (S) 1.2 0.7 141 IC 0563 8.1 3.6
65 NGC 3256 7.7 1.5 142 NGC 5135 2.1 0.6
67 IRAS F16399−0937(N) 3.5 2.2 144 IC 0860 6.0 1.7
67 IRAS F16399−0937(S) 5.3 3.3 147 IC 5179 14.6 3.6
68 IRAS F16164−0746 1.5 0.9 148 CGCG 465−012 4.6 2.1
69 IC 4687 3.5 1.4 157 MCG−02−33−099 1.3 0.5
69 IC 4686 <0.5 <0.2 157 MCG−02−33−098 1.2 0.5
69 IC 4689 3.5 1.4 163 NGC 4418 2.7 0.5
71 NGC 2623 1.0 0.4 169 ESO 343−IG013 (N) 1.2 0.5
72 IC 5298 <0.5 <0.3 169 ESO 343−IG013 (S) 5.7 2.4
73 IRAS 20351+2521 4.0 2.9 170 NGC 2146 15.5 1.3
75 NGC 6090 (NE) 1.6 1.1 174 NGC 5653 9.0 2.6
75 NGC6090 (SW) 1.4 0.9 178 NGC 4194 4.2 0.9
79 NGC 5256 (NE) 0.8 0.5 179 NGC 7591 0.8 0.3
79 NGC 5256 (SW) 2.2 1.4 182 NGC 0023 3.2 1.0
80 IRAS F03359+1523(E) 1.9 1.4 188 NGC 7552 3.2 0.4
81 ESO 550−IG025 (N) 2.2 1.4 191 ESO 420−G013 1.0 0.2
81 ESO 550−IG025 (S) 1.0 0.7 194 ESO 432−IG006 (NE) 2.3 0.8
82 NGC 0034 1.3 0.5 194 ESO 432−IG006 (SW) 2.5 0.9
83 MCG+12−02−001 (E) 2.1 0.7 195 NGC 1961 8.4 2.4
83 MCG+12−02−001 (W) 2.3 0.8 196 NGC 7752/3 (NE) 0.8 0.3
85 IRAS F17138−1017 2.8 1.1 196 NGC 7752/3 (SW) 5.6 2.0
95 ESO 440−IG058 (N) 0.6 0.3 198 NGC 1365 7.0 0.6
95 ESO 440−IG058 (S) 3.8 2.1 199 NGC 3221 13.2 4.2
100 NGC 7130 <0.5 <0.2 201 NGC 0838 5.1 1.3

Notes. Radius up to which half of the source counts in the 0.5−2 keV band are emitted, for the 84 galaxies analyzed within the CGII sample.

the full data sample, we did not recover a relation that was
compatible, within the errors, with Eq. (2). A power-law fit
also yielded a larger χ2 value than the fits given by Eqs. (4)
and (5).

As soft X-rays are easily absorbed by moderate column den-
sities, we show the effect that obscuration could have on the
Ranalli et al. (2003) correlation. In order to do so, we took an
average spectrum that is characteristic of the galaxies within
our sample: a double-component mekal model with tempera-
tures T1 = 0.38 and T2 = 0.97, the median values derived from
our soft X-ray analysis. According to our model, the inner com-
ponent of T = T2 can have considerable absorption, and fit-
ting yields values in the range NH = 0.1−2.5 × 1022 cm−2. We
assumed different column densities, NH = 0.5, 1.0, 2.0, 5.0 ×
1022 cm22, and absorbed the hotter component. We used the

model to calculate the decrease in flux caused by the differ-
ent column densities, and considering that the linear correla-
tion derived by Ranalli et al. (2003) has no intrinsic absorption,
we plot the “absorbed” equivalent correlations in Fig. 9. NH =
5.0 × 1022 cm−2 absorbs more than 99% of the emission of the
inner component in the 0.5−2 keV range, meaning that higher
column densities would result in no change in the emission,
that is, only the emission of the outer, unabsorbed component
remains.

4.6. Radial profiles

Radial profiles for all sources (except for IRAS F06076−2139
(S), for which not enough counts are detected in the Chan-
dra data) were characterized in two different ways. In the first
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Fig. 10. Histogram of half-light radii for the sources in the CGII sample.

method, we computed the soft X-ray half-light radius (RSX
H )

for the 0.5−2 keV band as the radius within which half of
the total number of counts is emitted. In the second method,
surface brightness profiles were computed and provided in
Appendix B, also shown in Fig. 2 for NGC 2146. These pro-
files were computed in the soft 0.5−2 keV band, shown as
open squares, and the hard 2−7 keV band, shown as filled
squares.

Profiles were centered using the hard X-ray peak that corre-
sponds to the nucleus of the galaxy, which typically corresponds
to the near-infrared nucleus. When no clear central emission
in the (2−7) keV band was detected, the profiles were cen-
tered using IR images. For all galaxies whose radial profiles
were centered using IR images, a comment has been added in
Appendix A.

The values for RSX
H , both in arcsec and in kpc, are pro-

vided in Table 8. While this value can give an idea of the
size of the central more intensely emitting region of a galaxy,
we note that for sources without an extensive diffuse emission
(e.g., NGC 3221, which is mostly composed of point-sources),
it might not have a physical meaning. Other sources show non-
axisymmetric morphology, most likely associated with extended
starburst winds (e.g., UGC 08387, NGC 6286 (SE), NGC 2146,
NGC 4194, NGC 1365, and NGC 0838). See Appendix B for
detailed images of the morphology of the X-ray emission in all
sources

Because of the pixel size of the Chandra CCD, the smallest
radius within which counts can be computed is limited to 0.5′′.
Very compact sources can have more than half of their detected
counts within this region, making the estimation of RSX

H impos-
sible. This is the case for six of our sources, for which an upper
limit is provided. It would also be the case for the vast majority
of sources when the hard band emission were considered, which
is the reason we do not provide values of RHX

H .
Figure 10 shows a histogram of all half-light radii presented

in Table 8. Sources with only upper limits derived are included,
as they all fall below RSX

H = 0.3 kpc, which is the bin size.
The distribution of RSX

H has a median of 1.0 ± 0.1 kpc, with an
interquartile range of 0.5−1.9 kpc. This shows that most sources

Fig. 11. Half-light radius as a function of FIR luminosity (as in Eq.
(1)) for galaxies within the CGII (black) and CGI (red) sample. Sources
without an AGN are plotted as open squares, while sources with an
AGN are plotted as filled squares.

Fig. 12. Soft X-ray half-light radius as a function of 70 µm FIR radius,
taken from Díaz-Santos et al. (2017). CGI data are shown in red, and
CGII data in black. X-ray selected AGN and MIR selected AGN (as
specified in Table 5) are plotted separately. The dashed line shows
RIR = RSX

H , and is not a fit to the data. Eleven systems within the whole
C-GOALS sample are resolved into individual galaxies in X-rays but
not at 70 µm, and are thus not plotted.

within CGII have a compact X-ray distribution, with half of the
emission being generated within the inner ∼1 kpc. VLA 33 GHz
studies of the 22 brightest LIRGs and ULIRGs in the C-GOALS
sample find half-light radii below 1.7 kpc for all sources, mean-
ing that the emission is also compact in other wavelengths
(Barcos-Muñoz et al. 2017).
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Fig. 13. Plots of X-ray luminosity surface density vs. IR luminosity surface density. Left panel: red data correspond to CGI sources, and black
data corresponds to CGII sources. AGN are highlighted as filled symbols. Right panel: sources in the full C-GOALS sample are plotted as
different symbols according to merger stage, as derived by Stierwalt et al. (2013). 11 systems within the whole C-GOALS sample are resolved
into individual galaxies in X-rays but not at 70 µm, and are thus not plotted.

All values of RSX
H are upper limits, as any amount of obscu-

ration in the sources (likely important in most, as seen in Fig. 9),
which is concentrated in the inner regions, will result in an appar-
ent decrease of compactness.

Figure 11 shows the distribution of half-light radii as a func-
tion of the FIR luminosity. The size of the most intensely X-
ray emitting region shows no clear correlation with the overall
IR luminosity, although CGI sources tend to have higher X-ray
radii. Within the CGII sample, sources that contain an AGN, as
listed in Table 5, plotted as filled squares, tend to be compact.
(83± 7)% of them have RSX

H ≤ 1 kpc. This is in agreement with
previous results from a study of the extended MIR emission in
GOALS using Spitzer/IRS spectroscopy, where it was found that
progressively more AGN-dominated galaxies tend to show more
compact MIR emission (Díaz-Santos et al. 2010).

Figure 12 shows a comparison between RSX
H and the IR

radius at 70 µm taken from Díaz-Santos et al. (2017) for all C-
GOALS sources. Most sources in the sample are placed close
to the RIR = RSX

H line. CGI sources tend to have a larger X-ray
half-light radius for a given characteristic IR radius than CGII
sources.

Outliers with very compact soft X-ray emission but a large
IR radius are X-ray selected AGN ESO 343−IG013 (N) and IR
selected AGN NGC 7592 (W). Both sources show clear strong
hard X-ray peaks in the nucleus (see images in Appendix B).
Another extreme outlier is IRAS F12112+0305, with RSX

H =
5.7 ± 0.3 kpc but much more compact IR emission.

4.7. Luminosity surface density

Using the luminosities listed in Table A.1 and the RSX
H in Table 8,

we derived luminosity surface densities for all sources in the C-
GOALS sample, as ΣSX = LSX/π(RSX

H )2. ΣIR is derived using
70 µm radii from Díaz-Santos et al. (2017).

Figure 13 shows ΣSX as a function of ΣIR. The X-ray surface
density tends to increase with IR surface density, although the
correlation is broader than the one existing between luminosities.

Table 9. Merger stage.

CGI CGII C-GOALS

Non-merger 4% 18% 12%
Pre-merger 4% 14% 10%
early-stage merger 30% 31% 30%
mid-stage merger 17% 18% 18%
late-stage merger 44% 18% 27%

Notes. Percentage of sources classified as different merger stages by
Stierwalt et al. (2013) for the C-GOALS I, C-GOALS II and full
C-GOALS sample.

The left plot highlights AGN as filled symbols and separates
the CGI and CGII samples. CGI sources, brighter in the IR,
tend to have lower ΣSX for a given ΣIR. Within a given sam-
ple, sources with AGN tend to have a larger ΣSX, which is to be
expected because they are both brighter in X-rays and also more
compact. Figure 13 also shows, on the right, the same figure
but highlighting the merger stage of the sources in the sample.
Information on the merger stage is taken from Stierwalt et al.
(2013), derived from visual inspection of IRAC 3.6 µm (Chan-
nel 1) images. Classification is non-merger, pre-merger (galaxy
pairs prior to a first encounter), early-stage merger (post first-
encounter with galaxy disks still symmetric and intact, but
with signs of tidal tails), mid-stage merger (showing amorphous
disks, tidal tails, and other signs of merger activity), and late-
stage merger (two nuclei in a common envelope). Sources in
late-stage mergers tend to have higher ΣIR, but lower ΣSX for the
same ΣIR.

The percentages of merger stages in the sample are listed in
Table 9. Many CGI sources are late mergers, hence their higher
IR luminosity. This is also visible in Fig. 13, as CGI and late
mergers have the same behavior with respect to the rest of the
sources in the sample.
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5. Discussion

5.1. X-ray to IR luminosity relation

The X-ray to IR luminosity (or SFR) correlation has been stud-
ied in numerous previous works (e.g., Fabbiano & Trinchieri
1985; Fabbiano et al. 1988; Fabbiano 1989; Bauer et al. 2002;
Grimm et al. 2003; Ranalli et al. 2003; Gilfanov et al. 2004;
Persic & Rephaeli 2007; Mineo et al. 2014). For soft X-rays, it
originates in starburst-wind shock-heated gas. For hard X-rays
(2−10 keV), the relation is thought to originate in high mass
X-ray binaries (HMXB), which are end products of star for-
mation. At low SFRs, that is, for local starburst galaxies with
LIR � 1011 L�, low-mass X-ray binaries (LMXBs) can sig-
nificantly contribute to the X-ray luminosity. The luminosity
from LMXBs correlates with galaxy stellar mass (M?), and this
dependence must be considered, along with the contribution
of SFR (e.g., Colbert et al. 2004; Gilfanov 2004; Lehmer et al.
2008, 2010).

Figure 9 shows a comparison between C-GOALS data and
the correlation derived by Ranalli et al. (2003) for a sample of
nearby starbursting galaxies. Works that include the LMXB con-
tribution at low luminosities show a slight decrease in the slope
at the high-luminosity end. Therefore, their correlation can be
used as a point-of-reference against which to plot the LIRG
and ULIRG data, although a rigorous comparison would require
including all previously mentioned works and is beyond the
scope of this work.

It is clear that at higher IR luminosities the correlation breaks
down in an apparent deficit of X-ray flux, more extreme in
the 0.5−2 keV band. This has been observed since the inclu-
sion of the C-GOALS ULIRGs and high-luminosity LIRGs
into the described correlations (e.g., Iwasawa et al. 2009, 2011;
Lehmer et al. 2010). The inclusion of our CGII data provides
more information on the transition between low-IR-luminosity
galaxies and ULIRGs.

This underluminosity, or X-ray quietness, is explained in
many works as an effect of obscuration. LIRGs and ULIRGs
have extremely high concentrations of gas and dust in their inner
regions, resulting in compact starbursts. High gas column densi-
ties can easily absorb soft X-rays, and in the most extreme cases,
even hard X-rays.

Galaxies in the CGII sample, which are less IR-luminous
than those in the CGI sample, are generally found in less-
advanced mergers (see Table 9). The concentrations of gas and
dust in the inner regions of the galaxies are higher in the more
advanced mergers (e.g., Ricci et al. 2017), implying that the con-
tribution of obscuration is stronger at higher IR luminosities.
From an IR point of view, Díaz-Santos et al. (2010) observed
that late-stage mergers are much more compact, which also indi-
cates larger column densities.

5.1.1. Soft X-ray faintness

As shown in Fig. 9, the obscuring column densities necessary
to dim the soft X-ray emission in most of the sources are com-
patible with those derived from the two-component model, plot-
ted in Fig. 6 and listed in Table A.2. The derived values of NH
are lower limits, as any gas phase with higher obscuration con-
tributes less significantly to the X-ray emission, or is even com-
pletely absorbed, and therefore cannot be fit.

Our spectral model is based on the existence of two dis-
tinct phases in the galaxy interstellar medium (ISM). Emission is
likely to come from a complex phase-continuum of gas, and thus
individual estimates of properties based on the spectral fitting

should be taken with caution (see, e.g., Strickland & Stevens
2000, for a discussion). However, the simple two-phase model
is the most complex we can fit given our data, and it shows that
the column densities can at least explain the data.

Figure 13 shows lower ΣSX for CGI galaxies, which reflects
both their X-ray faintness and larger soft X-ray sizes (Fig. 12).
We defined the size of the emission as the half-light radius,
meaning that larger sizes indicate a less compact source. This
implies that the faintness most likely originates in the center
of the source. As CGI galaxies are in more advanced merger
stages and should have higher column densities, this is likely to
be an effect of obscuration. Another likely contribution to the
larger soft X-ray sizes are the strongest starbursts in CGI galax-
ies, which generate larger soft X-ray nebulae.

We note that the Chandra resolution is much better than that
of Spitzer, which should be taken into account in any direct com-
parison between characteristic sizes or luminosity surface densi-
ties. Higher resolution should imply a tendency toward deriving
higher compactness, while Fig. 12 shows the opposite: X-ray
sizes are generally similar, or even larger than IR sizes. How-
ever, we do not know what the IR emission would look like at
similar resolutions. This difference between the datasets could
explain the presence of outliers below the RIR = RSX

H line, and
add to the dispersion of the data. Future observations with the
James Webb Space Telescope (JWST) would allow for better
comparison.

In conclusion, the soft X-ray faintness, and therefore the
quadratic best-fit curve given by Eq. (4), can be explained
through obscuration, as the necessary column densities are
present in the galaxies within the C-GOALS sample.

5.1.2. Hard X-ray faintness

Attributing to extinction the observed faintness in hard X-rays
requires much higher gas column densities. While it is clear that
more IR-luminous sources (i.e., late-stage mergers) are generally
more heavily obscured (e.g., Ricci et al. 2017, for a GOALS sub-
sample), the most extreme sources are ∼1−2 dex below the cor-
relation shown in Fig. 9. This implies that between ∼90−99%
of the central starburst region must be covered in medium that
is dense enough to suppress even hard X-rays. To obscure
the emission in the 2−8 keV band in which Chandra is sensi-
tive, the necessary column densities would be of the order of
∼1024 cm−2. Sources in the sample that are undetected by NuS-
TAR (Ricci et al. 2017) would require even higher column den-
sities, of the order of ∼1025 cm−2.

In order to explain the observed faintness, regions of sizes of
the order of the RSX

H listed in Table 8 would need to be covered in
the high NH we described. A column density of 1025 cm−2 could
imply H2 masses of the order of ∼1010−1011 M� for a nuclear
star-forming region of 500 pc of radius. It is unclear if such high
gas masses are truly concentrated in the inner regions of ULIRGs
in the GOALS sample, and thus if this “self-absorbed starburst”
scenario is feasible.

To distinguish the origin of the faintness, Iwasawa et al.
(2009) stacked spectra of non-AGN sources in CGI, recovering
a high-ionization Fe K feature. This feature can be explained
by the presence of an internally shocked, hot bubble that is
produced by thermalizing the energy of supernovae and stellar
winds (e.g., Chevalier & Clegg 1985), which, in contrast to the
SNe and HMXB emission, could be visible through the obscur-
ing material. With high SFRs, the luminosity and the spectra
with strong Fe XXV line can be reproduced (e.g., Iwasawa et al.
2005, for Arp 220). This high-ionization line could also originate
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from low-density gas that is photoionized by a hidden AGN
(e.g., Antonucci & Miller 1985; Krolik & Kallman 1987), and
it has been observed as the dominant Fe K feature in
some Compton-thick AGN (e.g., Nandra & Iwasawa 2007;
Braito et al. 2009).

Therefore, another explanation for the X-ray faintness could
be the presence of a completely obscured AGN in the nucleus of
these galaxies. This AGN would contribute to the IR emission, but
would escape X-ray detection. While the column densities needed
to cover the AGN are as high as those needed to self-absorb a star-
burst, the obscured region would be much smaller. This would
imply much lower masses, that are easily found in the nuclei of
GOALS galaxies. The scenario of hidden AGN versus extremely
compact starburst has been previously discussed for some of the
C-GOALS sources that show a higher X-ray faintness. Cases such
as Arp 220 (e.g., Scoville et al. 2017; Barcos-Muñoz et al. 2018)
or NGC 4418 (e.g., Costagliola et al. 2013, 2015) are compatible
with both scenarios. However, it is worth noting that the hidden-
AGN scenario requires the presence of an AGN with significant
IR emission in order to explain the X-ray faintness, which means
that it is probably unlikely that MIR determinations would sys-
tematically fail to pick up their signature.

Díaz-Santos et al. (2017) suggested from interpretation of
Herschel FIR data on the full GOALS sample that the fraction of
young, massive stars per star-forming region in ULIRGs might
be higher than expected. This does not imply a change in the ini-
tial mass function, but the presence of very young star-forming
regions, in which most massive stars still have not disappeared
(age younger than a few Myr; Inami et al. 2013). In such a case,
the massive stars can contribute to the IR emission, but the num-
ber of HMXB and SNe associated with the region will be low, as
they are end-products of the star formation. This would result in
a lower-than-expected X-ray luminosity for a given IR luminos-
ity. Furthermore, in such a scenario, the winds of very massive
stars could generate the hot gas that explains the Fe XXV line,
without the need of invoking extreme obscuration over a large
population of HMXB.

In order to truly understand the origin of the X-ray faint-
ness, further observations are needed that provide information
on the obscuration within the sources (e.g., ALMA or NuSTAR
observations), or on the unobscured SFRs (e.g., through radio
observations).

5.2. AGN and double AGN fraction

In Sect. 4.3 we have shown that (38± 6)% of the systems (24
of 63) within CGII contain an AGN, (31± 5)% (26 of 84) of
individual galaxies being classified as AGN, according to MIR
and/or X-ray criteria. This fraction can be compared to the
(50± 7)% of the systems, or (38± 7)% (21 of 55) of the analyzed
individual galaxies classified by Iwasawa et al. (2011) when ana-
lyzing the more IR-luminous objects in the CGI sample. This
result may indicate a slight increase of AGN presence with IR
luminosity, although the fractions in the two samples are com-
patible within the statistical errors. Although the increase of the
AGN fraction as a function of luminosity found here is not sta-
tistically significant, it is consistent with previous findings in
optical and IR spectroscopy (e.g., Veilleux et al. 1995; Kim et al.
1995; Yuan et al. 2010; Stierwalt et al. 2013).

Double AGN are detected in two interacting systems,
NGC 5256 and ESO 432-IG006, of the 30 multiple systems ana-
lyzed here (7± 4)%. In the C-GOALS sample, one double AGN
system, NGC 6240, was detected out of 24 multiple systems that
were analyzed (4± 4)%.

Theoretical estimates derived from merger simulations per-
formed by Capelo et al. (2017), which took into account obser-
vational effects (e.g., observation angle, distance dimming of
X-ray luminosity, and obscuration of gas surrounding central
BH), have concluded that in a sample of major mergers host-
ing at least one AGN, the fraction of dual AGN should be
∼20−30%. Koss et al. (2012) studied a sample of 167 nearby
(z < 0.05) X-ray selected AGN and found a fraction of dual
AGN in multiple systems of 19.5%. When separated into major
pairs (mass ratio ≥ 0.25) and minor pairs, they found 37.1%
and 4.8% respectively. Other studies (e.g., Ellison et al. 2011;
Satyapal et al. 2017) found a statistical excess of dual AGN that
decreased with galaxy separation. Therefore, dual AGN activa-
tion is more likely in advanced merger stages.

Within CGI and CGII, the fraction of double AGN in systems
that host at least one AGN is (11± 10)% (1 of 9) and (29± 14)%
(2 of 7) respectively. The fraction found in CGII falls well within
the ranges found in the two previously described works, while
the dual AGN fraction in CGI is just barely compatible within
the errors. Moreover, CGI galaxies are generally found in more
advanced merger stages (see Table 9), meaning that according
to predictions, their dual AGN fraction should be closer to the
mentioned 37.1%, and not to the lower 20%.

The lack of dual AGN in the CGI sample could be explained
with heavy obscuration, which is expected to be important for
these sources, as discussed in the previous section. Compton-
thick (NH > 1.5× 1024 cm−1) AGN may be completely obscured
in our Chandra data (e.g., Mrk 273, Iwasawa 2018), and their
scattered continuum or Fe Kα lines too faint to be detected .
MIR criteria can be effective in such cases, even though they may
also miss the most heavily buried AGN (e.g., Snyder et al. 2013).
Recent simulations by Blecha et al. (2018) found that much of
the AGN lifetime is still undetected with common MIR selection
criteria, even in the late stages of gas-rich major mergers. This
effect is incremented for AGN that do not contribute significantly
to the bolometric luminosity, especially when considering that
the presence of a strong starburst can help dilute the AGN signa-
ture. Figure 5 shows up to 19 of the 32 X-ray selected AGN in
C-GOALS that contribute less than 20% to the bolometric lumi-
nosity, most of which are missed by MIR selection criteria (see
Table 5).

Another likely contribution to the low fraction of dual AGN
found in CGI comes from the inability to resolve individual
nuclei in a late-stage merger. Many CGI galaxies are found
in such a stage. While Chandra has a high spatial resolution
(∼0.5′′), very closely interacting nuclei, with separations of the
order of .200−300 pc, would remain unresolved in our sample.
Spitzer data, also used in this work for the MIR AGN selec-
tion, have a much lower resolution, and would not resolve double
AGN with even further separations.

However, as our sample sizes are small and therefore the
statistical errors large, we cannot make any strong statements
regarding a decreasing trend of the double AGN presence with
IR luminosity.

6. Conclusions

We analyzed Chandra-ACIS data for a sample of 63 LIRGs
and ULIRGs, composed of 84 individual galaxies (CGII). These
galaxies are a low-IR-luminosity subsample of GOALS, a com-
plete flux-limited sample of the 60 µm selected, bright galaxies
in the local Universe (z < 0.08). Arcsecond-resolution images,
spectra, and radial surface brightness profiles were presented.
We compared the observations with Spitzer and Herschel data
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to contrast their X-ray and IR properties. We also compared
our results to those found by Iwasawa et al. (2011) for the high-
IR-luminosity subsample of GOALS (CGI). We summarize our
main findings below.

– Objects with an AGN signature represent (31± 5)% of the
CGII sample, compared to the (38± 7)% reported for the
CGI sample. Double AGN are detected in two interacting
systems, implying that the fraction of double AGN in sys-
tems that host at least one AGN is (29± 14)%, in contrast to
the (11± 10)% found for the CGI sample.

– 19 of 32 of the X-ray selected AGN in the full C-GOALS
sample (CGI+CGII) are not energetically significant, con-
tributing less than 20% to the bolometric luminosity of the
galaxy, according to MIR determinations.

– The brightest LIRGs, at LFIR > 8 × 1010 L�, show a hard
X-ray faintness with respect to the luminosities predicted
by correlations found for nearby star-forming galaxies. This
behavior is accentuated for the CGI ULIRGs. Possible expla-
nations for the sources with most extreme deviations include
a self-absorbed starburst, an obscured AGN, or the presence
of extremely young star-forming regions.

– The extended soft X-ray emission shows a spectrum that is
consistent with thermal emission from a two-phase gas, with
an inner, hotter and more heavily obscured component, and
an outer, colder and unobscured component.

– According to our modeling, an obscuration of the inner com-
ponent in the range of NH = 1−5×1022 cm−2 can explain the
soft X-ray faintness for the vast majority of the sources.

– Most sources within CGII have a compact soft X-ray mor-
phology. (50± 8)% of the sources generate half of the emis-
sion within the inner ∼1 kpc. This behavior is accentuated for
AGN, with (83± 7)% of the sources with a half-light radius
below ∼ 1 kpc.

– CGI sources are, in comparison, less compact, which is most
likely an effect of obscuration in the inner regions.

– Most sources in CGII have similar soft X-ray and MIR sizes,
although there is important dispersion in this relation.
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Appendix A: Notes on individual objects

Table A.1. X-ray spectral properties for the sample.

No. Galaxy SX HX HR FSX FHX LSX LHX SX/IR HX/IR
(1) (2) (3) (4) (5) (6) (7) (8) (9)

45 UGC 08387 15.47± 1.06 4.28± 0.59 −0.57± 0.04 5.29 5.57 7.79 9.71 −4.44 −4.33
47 CGCG 436−030 9.01± 0.84 3.18± 0.54 −0.48± 0.04 3.78 5.48 8.75 16.07 −4.33 −4.07
49 NGC 0695 15.58± 1.06 5.59± 0.66 −0.47± 0.03 6.00 11.63 15.78 51.19 −4.08 −3.57
50 CGCG 043−099 2.60± 0.44 0.92± 0.32 −0.48± 0.09 1.07 1.35 3.98 6.39 −4.67 −4.46
51 MCG+07−23−019 8.51± 0.45 1.17± 0.24 −0.76± 0.04 3.55 1.93 10.91 7.10 −4.17 −4.35
52 NGC 6670 (E) 5.76± 0.64 1.21± 0.35 −0.65± 0.08 2.58 2.15 5.60 5.56 −4.27 −4.27
52 NGC 6670 (W) 7.21± 0.72 2.93± 0.50 −0.42± 0.04 3.31 6.18 7.24 22.73 −3.95 −3.45
53 UGC 02369 (S) 11.16± 1.14 1.30± 0.48 −0.79± 0.08 3.71 1.71 9.53 4.90 −4.28 −4.57
54 NGC 1614 38.57± 1.59 12.19± 0.91 −0.52± 0.02 16.62 18.51 10.03 12.36 −4.23 −4.14
56 NGC 5331 (N) 1.79± 0.38 0.73± 0.26 −0.42± 0.10 0.95 1.31 2.89 4.86 −4.06 −3.84
56 NGC 5331 (S) 4.37± 0.59 1.36± 0.36 −0.53± 0.07 2.13 1.97 6.46 7.10 −4.35 −4.30
57 IRAS F06076−2139(N) 1.96± 0.37 0.97± 0.27 −0.34± 0.08 0.93 1.48 3.60 6.26 −4.68 −4.44
57 IRAS F06076−2139(S) 0.37± 0.17 0.35± 0.17 −0.03± 0.17 −(a) −(a) −(a) −(a) −(a) −(a)

60 IC 2810(NW) 3.61± 0.50 0.18± 0.15 −0.91± 0.13 1.67 0.55 4.27 2.10 −4.33 −4.73
60 IC 2810 (SE) 1.75± 0.39 0.12± 0.19 −0.87± 0.22 0.70 0.01 2.20 0.30 −4.39 −5.26
63 IRAS 18090+0130 (E) 4.01± 0.55 1.27± 0.36 −0.52± 0.08 1.59 2.50 4.08 6.39 −4.53 −4.34
63 IRAS 18090+0130(W) 1.08± 0.30 0.33± 0.23 −0.54± 0.18 −(a) −(a) −(a) −(a) −(a) −(a)

64 III Zw 035 (N) 2.34± 0.41 0.84± 0.26 −0.47± 0.09 0.96 1.32 1.81 2.89 −4.97 −4.76
65 NGC 3256 263.36± 3.28 28.62± 1.67 −0.80± 0.01 77.43 43.02 16.29 9.21 −4.01 −4.26
67 IRAS F16399−0937(N) 4.02± 0.53 1.6± 0.34 −0.43± 0.06 1.79 2.52 4.03 6.45 −4.56 −4.36
67 IRAS F16399−0937(S) 2.06± 0.38 1.25± 0.31 −0.24± 0.07 1.00 2.07 2.79 5.30 −3.77 −3.49
68 IRAS F16164−0746 3.91± 0.55 2.8± 0.52 −0.17± 0.04 1.84 6.61 4.12 15.38 −4.59 −4.02
69 IC 4687 20.68± 1.21 4.27± 0.59 −0.66± 0.04 8.60 5.97 7.97 5.30 −4.11 −4.30
69 IC 4686 4.87± 0.59 0.90± 0.28 −0.69± 0.09 2.07 1.49 2.12 1.56 −3.95 −4.09
69 IC 4689 5.17± 0.63 0.00± 0.21 −1.00± 0.14 2.45 −(a) 2.72 −(a) −4.11 −(a)

71 NGC 2623 4.79± 0.52 3.85± 0.49 −0.11± 0.02 1.74 7.93 1.49 12.85 −5.01 −4.08
72 IC 5298 11.76± 0.92 3.31± 0.56 −0.56± 0.04 5.17 9.66 10.03 36.65 −4.18 −3.62
73 IRAS 20351+2521 9.14± 0.89 1.69± 0.52 −0.69± 0.07 3.93 2.55 14.02 8.33 −4.05 −4.27
75 NGC 6090 (NE) 16.71± 1.07 1.84± 0.37 −0.80± 0.05 5.89 2.88 13.63 7.81 −3.99 −4.23
75 NGC6090 (SW) 4.68± 0.57 0.56± 0.21 −0.79± 0.10 1.71 3.11 4.00 9.01 −3.55 −3.20
79 NGC 5256 (NE) 32.39± 1.31 7.97± 0.69 −0.60± 0.02 11.62 18.06 24.23 55.81 −3.33 −2.97
79 NGC 5256 (SW) 20.47± 1.02 1.7± 0.32 −0.85± 0.04 7.98 3.30 16.56 7.72 −3.72 −4.05
80 IRAS F03359+1523(E) 5.92± 0.67 1.41± 0.38 −0.62± 0.07 2.22 2.30 8.68 8.32 −4.20 −4.21
81 ESO 550−IG025 (N) 2.23± 0.41 0.55± 0.24 −0.60± 0.12 0.73 1.17 1.78 3.58 −4.51 −4.22
81 ESO 550−IG025 (S) 1.55± 0.35 0.76± 0.26 −0.34± 0.10 0.69 1.51 1.65 4.29 −4.46 −4.16
82 NGC 0034 15.58± 1.08 6.68± 0.76 −0.40± 0.03 7.23 12.97 6.40 17.78 −4.27 −3.83
83 MCG+12−02−001 (E) 11.12± 0.89 3.77± 0.53 −0.49± 0.04 4.66 5.59 3.01 3.93 −4.56 −4.44
83 MCG+12−02−001 (W) 3.02± 0.46 1.49± 0.34 −0.34± 0.06 1.29 2.92 1.26 2.39 −3.98 −3.71
85 IRAS F17138−1017 7.84± 0.76 6.19± 0.71 −0.12± 0.02 3.67 12.68 3.94 17.64 −4.48 −3.83
95 ESO 440−IG058 (N) 2.12± 0.38 1.02± 0.27 −0.35± 0.08 0.99 1.27 1.72 2.22 −3.74 −3.63
95 ESO 440−IG058 (S) 7.16± 0.70 0.97± 0.28 −0.76± 0.08 3.40 1.53 5.60 2.97 −4.23 −4.50
100 NGC 7130 78.11± 1.44 8± 0.53 −0.81± 0.01 25.37 13.28 16.89 13.29 −3.78 −3.88
104 NGC 7771 33.16± 1.54 12.55± 1.14 −0.45± 0.02 12.87 20.19 6.26 12.35 −4.15 −3.85
104 NGC 7770 8.08 ± 0.73 0.34± 0.29 −0.92± 0.09 3.15 1.27 1.59 0.74 −3.77 −4.11
105 NGC 7592 (E) 8.42± 0.76 1.11± 0.32 −0.77± 0.07 3.35 1.80 4.94 3.13 −4.09 −4.29
105 NGC 7592 (W) 11.29± 0.88 2.04± 0.41 −0.69± 0.05 4.21 3.15 6.23 5.87 −3.75 −3.78
106 NGC 6285 5.04± 0.64 0.45± 0.33 −0.83± 0.12 1.94 0.85 1.73 0.97 −3.83 −4.08
106 NGC 6286 32.15± 1.64 1.27± 0.87 −0.92± 0.05 11.96 2.58 10.93 2.92 −3.86 −4.43

Notes. Column (1): background corrected count rate in the 0.5−2 keV band in units of 10−3 ct s−1. Column (2): background corrected count rate in
the 2−7 keV band in units of 10−3 ct s−1. Column (3): X-ray colour as defined by HR = (H − S )/(H + S ). Column (4): observed 0.5−2 keV band
flux in units of 1014 erg s−1 cm−2. Column (5): observed 2−7 keV band flux in units of 1014 erg s−1 cm−2. Column (6): 0.5−2 keV band luminosity
corrected for Galactic absorption in units of 1040 erg s−1. Column (7): 2−10 keV band luminosity corrected for Galactic absorption in units of
1040 erg s−1. Column (8): logarithmic luminosity ratio of the 0.5−2 keV and 8−1000 µm bands. Column (9): logarithmic luminosity ratio of the
2−10 keV and 8−1000 µm bands. (a) Missing values due to inability to fit X-ray spectra, not enough source counts.
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Table A.1. continued.

No. Galaxy SX HX HR FSX FHX LSX LHX SX/IR HX/IR
(1) (2) (3) (4) (5) (6) (7) (8) (9)

107 NGC 4922 (N) 10.93± 0.97 2.73± 0.62 −0.60± 0.05 5.00 5.93 7.49 17.28 −4.09 −3.73
110 NGC 3110 21.92± 1.28 4.73± 0.77 −0.65± 0.04 10.32 8.40 8.54 8.70 −3.98 −3.97
114 NGC 0232 10.91± 0.91 2.19± 0.55 −0.67± 0.06 4.85 4.34 5.37 6.58 −4.29 −4.21
117 MCG+08−18−013(E) 5.27± 0.67 2.1± 0.45 −0.43± 0.06 2.43 3.56 4.07 7.84 −4.32 −4.03
120 CGCG 049−057 0.83± 0.28 0.76± 0.29 −0.04± 0.09 0.37 1.26 0.20 1.02 −5.63 −4.93
121 NGC 1068 1975.11± 6.58 150.27± 2.03 −0.86± 0.00 503.35 223.51 16.31 10.15 −3.77 −3.98
123 UGC 02238 6.94± 0.74 1.94± 0.52 −0.56± 0.06 2.89 4.33 3.77 5.88 −4.34 −4.15
127 MCG−03−34−064 95.67± 3.73 49.5± 2.75 −0.32± 0.01 37.92 158.12 35.11 289.53 −3.32 −2.40
134 ESO 350−IG038 26.85± 0.73 6.38± 0.43 −0.62± 0.02 10.38 10.03 10.34 12.12 −3.85 −3.78
136 MCG−01−60−022 10.52± 0.84 6.7± 0.78 −0.22± 0.02 4.30 16.83 5.42 33.62 −4.12 −3.33
141 IC 0564 7.14± 0.77 2.45± 0.53 −0.50± 0.06 3.61 5.18 3.73 9.29 −3.97 −3.57
141 IC 0563 4.93± 0.64 2.36± 0.57 −0.34± 0.05 2.56 4.74 2.64 6.90 −4.05 −3.63
142 NGC 5135 123.31± 2.14 12.39± 0.9 −0.82± 0.01 39.38 26.95 19.69 42.37 −3.59 −3.26
144 IC 0860 0.68± 0.26 0.37± 0.27 −0.29± 0.17 −(a) −(a) −(a) −(a) −(a) −(a)

147 IC 5179 39.74± 2.14 6.71± 1.62 −0.71± 0.04 15.51 14.38 4.99 6.35 −4.13 −4.02
148 CGCG 465−012 7.13± 0.77 1.52± 0.58 −0.65± 0.08 2.63 4.01 3.65 5.64 −4.22 −4.04
163 NGC 4418 2.63± 0.59 0.38± 0.32 −0.75± 0.18 0.87 0.91 0.15 0.19 −5.61 −5.50
157 MCG−02−33−098 2.97± 0.46 0.77± 0.26 −0.59± 0.10 1.39 1.21 1.11 1.16 −4.31 −3.41
157 MCG−02−33−099 4.42± 0.56 1.32± 0.33 −0.54± 0.07 2.19 2.25 1.76 2.15 −4.37 −4.44
169 ESO 343−IG013 (N) 2.02± 0.38 2.05± 0.38 0.01± 0.05 0.91 4.45 0.85 6.74 −4.70 −3.80
169 ESO 343−IG013 (S) 3.15± 0.47 1.02± 0.3 −0.51± 0.08 1.67 1.24 1.62 1.36 −3.86 −3.93
170 NGC 2146 170.25± 4.38 43.74± 2.47 −0.59± 0.01 59.70 75.77 2.50 3.76 −4.31 −4.13
174 NGC 5653 20.26± 1.20 3.18± 0.7 −0.73± 0.04 8.00 5.37 3.59 3.44 −4.16 −4.18
178 NGC 4194 59.99± 1.33 7.91± 0.57 −0.77± 0.02 22.87 12.40 5.23 3.37 −3.97 −4.16
179 NGC 7591 4.29± 1.01 1.09± 0.74 −0.59± 0.17 −(a) −(a) −(a) −(a) −(a) −(a)

182 NGC 0023 34.84± 1.45 3.88± 0.77 −0.80± 0.03 12.89 6.04 7.12 3.47 −3.85 −4.17
188 NGC 7552 148.31± 5.56 15.63± 2.09 −0.81± 0.03 55.45 24.24 3.76 1.92 −4.12 −4.41
191 ESO 420−G013 56.94± 2.19 4.17± 0.83 −0.86± 0.03 23.59 5.81 7.86 2.04 −3.76 −4.34
194 ESO 432−IG006 (NE) 8.09± 0.76 1.75± 0.48 −0.64± 0.06 3.69 4.46 3.82 6.41 −3.65 −3.43
194 ESO 432−IG006 (SW) 6.04± 0.66 1.81± 0.46 −0.54± 0.06 2.79 4.03 2.87 4.53 −4.01 −3.81
195 NGC 1961 17.55± 0.89 4.48± 0.83 −0.59± 0.03 12.45 15.65 6.22 10.63 −3.85 −3.62
196 NGC 7753 15.00± 1.65 4.43± 1.67 −0.54± 0.07 4.52 7.75 3.36 5.88 −3.94 −3.70
196 NGC 7752 7.18± 0.83 1.21± 0.53 −0.71± 0.09 2.72 1.83 1.97 1.53 −3.92 −4.03
198 NGC 1365 177.35± 3.63 121.5± 2.95 −0.19± 0.00 66.03 374.52 2.62 28.89 −4.17 −3.12
199 NGC 3221 12.47± 1.08 4.53± 1.02 −0.47± 0.04 4.87 12.20 2.59 12.26 −4.26 −3.59
201 NGC 0838 30.31± 0.75 3.91± 0.39 −0.77± 0.02 14.91 6.50 5.50 2.70 −3.89 −4.20
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Table A.2. X-ray spectral parameters for the sample.

No. Galaxy ΓH NH T1 T2 NH
(1) (2) (3) (4) (5)

45 UGC 08387 2.4+0.6
−0.5 0.35+0.29

−0.13 0.72+0.21
−0.14 1.09+0.21

−0.21
47 CGCG 436−030 1.7+0.6

−0.6 0.68+0.12
−0.07 1.42+0.4

−0.33 1.5+0.62
−0.42

49 NGC 0695 0.4+0.4
−0.4 0.36+0.10

−0.04 1.06+0.16
−0.12 1.25+0.2

−0.18
50 CGCG 043−099 2.0 0.75+0.59

−0.53 1.46+78.44
−0.99 0.98+2.11

−0.98
51 MCG+07−23−019 2.2+0.8

−0.7 0.51+0.07
−0.04 1.03+0.27

−0.15 1.36+0.28
−0.23

52 NGC 6670 (E) 2.0 0.46+0.11
−0.08 0.90+0.16

−0.51 1.82+0.42
−0.31

52 NGC 6670 (W) 0.5+0.5
−0.6 0.29+0.06

−0.06 0.55+0.11
−0.15 1.15+0.39

−0.26
53 UGC 02369 (S) 2.0 0.54+0.15

−0.18 1.12+0.33
−0.23 0.78+0.45

−0.27
54 NGC 1614 2.4+0.3

−0.2 0.63+0.06
−0.05 1.12+0.16

−0.08 1.57+0.13
−0.18

56 NGC 5331 (N) 2.1+0.7
−0.6 −(a) −(a) −(a)

56 NGC 5331 (S) 2.2+0.8
−1.0 0.33+0.07

−0.05 1.37+78.53
−0.42 1.18+0.57

−1.14
57 IRAS F06076−2139(N) 2.0 0.27+0.39

−0.10 0.90+0.84
−0.34 0.84+0.64

−0.82
57 IRAS F06076−2139(S) −(d) −(d) −(d) −(d)

60 IC 2810(NW) 2.0 0.44+0.07
−0.07 1.14+0.27

−0.17 0.93+0.19
−0.2

60 IC 2810 (SE) 2.0 1.23+0.27
−0.27 −(b) −(b)

63 IRAS 18090+0130 (E) 2.7+1.0
−1.0 0.70+0.36

−0.52 4.18+14.52
−1.54 0.39+0.56

−0.39
63 IRAS 18090+0130(W) −(d) −(d) −(d) −(d)

64 III Zw 035 (N) 2.0 0.63+0.19
−0.32 1.06+0.37

−0.29 2.44+1.3
−0.77

65 NGC 3256 2.6+0.2
−0.2 0.40+0.02

−0.01 0.84+0.026
−0.03 1.04+0.03

−0.02
67 IRAS F16399−0937(N) 1.6+1.2

−1.2 0.33+0.77
−0.15 0.97+0.20

−0.23 1.44+3.64
−0.39

67 IRAS F16399−0937(S) 1.8+0.3
−0.3 −(a) −(a) −(a)

68 IRAS F16164−0746 2.8+1.4
−1.5 0.71+0.40

−0.71 0.90+0.24
−0.27 1.68+0.73

−0.55
69 IC 4687 3.4+0.5

−0.5 0.96+0.11
−0.14 5.84+23.86

−2.61 0.17+0.11
−0.08

69 IC 4686 2.0 0.49+0.15
−0.19 1.11+0.66

−0.17 1.58+0.38
−0.48

69 IC 4689 2.0 0.34+0.12
−0.06 −(b) −(b)

71 NGC 2623 0.3+0.4
−0.4 0.66+2.99

−0.28 4.45+75.45
−2.22 0.35+0.34

−0.23
72 IC 5298 1.8 4.80+1.45

−1.34 0.63+0.16
−0.49 0.76+0.22

−0.15 1.43+0.48
−0.39

73 IRAS 20351+2521 2.3+1.7
−1.9 0.60+0.08

−0.11 1.37+0.91
−0.45 1.03+0.51

−0.57
75 NGC 6090 (NE) 2.4+0.7

−0.6 0.66+0.07
−0.05 1.20+0.21

−0.16 1.18+0.28
−0.25

75 NGC6090 (SW) 2.0 0.35+0.29
−0.09 0.71+0.59

−0.39 1.72+3.04
−0.41

79 NGC 5256 (NE) 1.8 0.72+0.18
−0.17 0.29+0.02

−0.02 0.82+0.22
−0.08 0.96+0.12

−0.11
79 NGC 5256 (SW) 2.3+1.1

−0.9 0.24+0.02
−0.05 0.74+0.08

−0.08 0.63+0.1
−0.1

80 IRAS F03359+1523(E) 2.0 0.45+0.40
−0.16 4.63+75.27

−3.69 0.25+1.28
−0.25

81 ESO 550−IG025 (N) 2.0 0.78+0.34
−0.27 2.38+6.07

−0.95 0.83+3.84
−0.83

81 ESO 550−IG025 (S) 1.6+0.5
−0.5 −(a) −(a) −(a)

82 NGC 0034 1.8 1.05+0.73
−0.71 0.38+0.06

−0.05 1.74+0.62
−0.34 0.79+0.3

−0.32
83 MCG+12−02−001 (E) 2.3+0.4

−0.4 0.71+0.14
−0.12 1.21+0.15

−0.22 1.3+0.23
−0.18

83 MCG+12−02−001 (W) 1.7+0.3
−0.3 −(a) −(a) −(a)

85 IRAS F17138−1017 1.1+0.3
−0.3 0.31+0.17

−0.07 1.00+0.14
−0.13 1.71+0.27

−0.24
95 ESO 440−IG058 (N) −(c) 3.91+8.85

−1.63 −(c) −(c)

95 ESO 440−IG058 (S) 2.0 0.25+0.08
−0.07 0.77+0.14

−0.09 0.81+0.17
−0.16

100 NGC 7130 1.8 3.47+1.40
−1.84 0.30+0.01

−0.01 0.78+0.04
−0.03 0.89+0.04

−0.05
104 NGC 7771 1.6+0.3

−0.3 0.52+0.08
−0.04 1.04+0.16

−0.09 1.7+0.21
−0.18

104 NGC 7770 2.0 0.36+0.06
−0.04 1.07+0.25

−0.24 1.1+0.43
−0.32

105 NGC 7592 (E) 2.0 0.31+0.04
−0.06 0.72+0.14

−0.11 1.22+0.3
−0.26

105 NGC 7592 (W) 1.6+0.7
−0.8 0.36+0.30

−0.12 0.75+0.42
−0.27 1.35+0.98

−0.54
106 NGC 6285 2.0 2.96+3.74

−1.00 −(b) −(b)

106 NGC 6286 2.0 0.37+0.05
−0.08 0.78+0.13

−0.16 0.57+0.13
−0.13

Notes. Column (1): Spectral power-law slope in the 2−7 keV range. Column (2): Obscuring column density for galaxies with an absorbed AGN
model fit in the 2−7 keV range, in units of 1023 cm−2. Column (3): external mekal model temperature. Column (4): Internal, absorbed mekal model
temperature. Column (5): Obscuring column density associated with the internal mekal model, in units of 1022 cm−2. (a)Full spectrum fitted with
a single power-law. (b)Soft band spectrum fitted with a single mekal component. (c)Full spectrum fitted with a single mekal component. (d)No fit.
Values without errors are imposed, as described in Sect. 4.4.2. Errors reported correspond to 1σ for one parameter of interest, leaving 5 parameters
free.
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Table A.2. continued.

No. Galaxy ΓH NH T1 T2 NH
(1) (2) (3) (4) (5)

107 NGC 4922 (N) 1.8 2.94+1.41
−1.15 0.60+0.10

−0.35 0.58+0.16
−0.08 1.34+2.04

−0.35
110 NGC 3110 1.7+0.5

−0.5 0.34+0.06
−0.03 0.89+0.09

−0.10 0.95+0.17
−0.14

114 NGC 0232 1.6+0.7
−0.6 0.37+0.15

−0.08 0.91+0.12
−0.11 0.77+0.16

−0.18
117 MCG+08−18−013(E) 1.8+0.8

−0.8 0.43+2.16
−0.33 2.93+8.25

−1.45 0.63+0.84
−0.6

120 CGCG 049−057 1.0+0.7
−0.6 −(a) −(a) −(a)

121 NGC 1068 2.0+0.1
−0.1 0.23+0.00

−0.00 0.66+0.01
−0.00 0.77+0.01

−0.01
123 UGC 02238 1.8+0.2

−0.2 −(a) −(a) −(a)

127 MCG−03−34−064 1.8 5.02+0.40
−0.39 0.28+0.02

−0.02 1.02+0.07
−0.06 0.9+0.1

−0.09
134 ESO 350−IG038 2.0+0.2

−0.2 0.33+0.02
−0.01 0.97+0.04

−0.05 1.19+0.07
−0.07

136 MCG−01−60−022 1.8 1.10+0.27
−0.25 0.30+0.09

−0.07 0.68+0.06
−0.10 1.08+0.21

−0.18
141 IC 0564 0.7+0.9

−0.8 0.29+0.07
−0.06 0.56+0.12

−0.08 1.42+0.31
−0.32

141 IC 0563 1.5+0.6
−0.6 0.65+0.11

−0.07 1.93+77.97
−0.74 3.28+2.54

−2.73
142 NGC 5135 2.0 0.25+0.02

−0.02 0.68+0.09
−0.04 0.73+0.06

−0.06
144 IC 0860 −(d) −(d) −(d) −(d)

147 IC 5179 1.6+0.5
−0.5 0.67+0.06

−0.05 4.28+2.38
−1.12 0.01+0.04

−0.01
148 CGCG 465−012 2.0+0.9

−1.1 0.38+0.22
−0.12 3.75+12.13

−2.15 0.44+0.76
−0.37

157 MCG−02−33−098 2.0 0.32+0.38
−0.08 0.99+0.36

−0.22 1.42+0.49
−0.35

157 MCG−02−33−099 2.0 0.25+0.05
−0.04 1.02+0.38

−0.17 1.25+0.28
−0.31

163 NGC 4418 1.9+0.5
−0.5 −(a) −(a) −(a)

169 ESO 343−IG013 (N) 0.9+0.4
−0.3 −(a) −(a) −(a)

169 ESO 343−IG013 (S) 2.2+0.5
−0.4 −(a) −(a) −(a)

170 NGC 2146 1.7+0.2
−0.2 0.38+0.03

−0.02 0.72+0.06
−0.05 1.18+0.07

−0.07
174 NGC 5653 1.4+0.8

−0.9 0.32+0.03
−0.02 0.80+0.15

−0.12 0.96+0.18
−0.14

178 NGC 4194 2.3+0.3
−0.3 0.34+0.01

−0.01 0.87+0.1
−0.04 0.87+0.06

−0.06
179 NGC 7591 −(d) −(d) −(d) −(d)

182 NGC 0023 3.0+0.6
−0.7 0.30+0.04

−0.07 0.84+0.05
−0.07 0.69+0.12

−0.06
188 NGC 7552 2.4+0.4

−0.4 0.49+0.04
−0.05 0.87+0.1

−0.11 1.23+0.15
−0.13

191 ESO 420−G013 2.9+0.4
−0.3 0.25+0.01

−0.02 0.77+0.06
−0.09 0.58+0.09

−0.09
194 ESO 432−IG006 (NE) 1.8 4.32+1.96

−1.78 0.65+0.10
−0.14 0.73+0.89

−0.51 1.99+6.05
−0.97

194 ESO 432−IG006 (SW) 1.8 1.22+0.76
−0.81 0.27+0.11

−0.07 0.75+0.35
−0.15 0.96+0.25

−0.2
195 NGC 1961 1.0+0.4

−0.3 0.64+0.04
−0.04 4.70+5.6

−1.74 0.23+0.25
−0.15

196 NGC 7753 −(c) 6.48+19.82
−2.70 −(c) −(c)

196 NGC 7752 2.0 0.49+0.12
−0.16 0.70+0.28

−0.12 1.46+0.49
−0.47

198 NGC 1365 1.8 3.42+0.13
−0.13 0.33+0.01

−0.01 0.96+0.04
−0.05 0.94+0.06

−0.06
199 NGC 3221 0.3+0.6

−0.6 0.43+0.16
−0.09 0.70+0.15

−0.10 1.44+0.3
−0.18

201 NGC 0838 2.5+0.3
−0.3 0.36+0.02

−0.03 1.03+0.05
−0.06 0.87+0.07

−0.07
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[45] UGC 08387. This source meets our [Ne v] 14.32 µm line
selection criterion, and is thus classified as an AGN, although
there is no hint of its presence in the X-ray Chandra data. As
described in Iwasawa et al. (2011), a soft X-ray nebulae extends
perpendicular to the plane of the galaxy; this is most likely asso-
ciated with a galactic-scale outflow.

Previous evidence of the AGN has come from detec-
tion of compact radio sources at mili-arcsecond resolu-
tion (e.g., Lonsdale et al. 1993; Parra et al. 2010), which
Romero-Cañizales et al. (2012) attributed to various supernovae
in coexistence with a low-luminosity AGN. Using VLBI data,
Romero-Cañizales et al. (2017) provided evidence for a parsec-
scale radio jet.
[47] CGCG 436−030. This galaxy shows three bright X-ray
peaks in the soft band; only the central peak corresponds to a
hard-band peak. The other two peaks, placed following the spi-
ral arm structure in the optical images, most likely correspond to
star-forming regions.

The DSS image faintly shows a bridge of material between
the galaxy and a fainter galaxy ∼1′ to the east, with which
it seem to be interacting (Mirabel & Sanders 1988; Zink et al.
2000). This other galaxy is not detected in the Chandra X-ray or
the MIPS data, and is only visible in near-infrared observations
such as the longest-wavelength IRAC channels. Therefore, we
have not considered any contribution to the IRAS flux originat-
ing from this nearby companion.
[49] NGC 0695. This source has a rather flat spectrum in the
0.4−7 keV range. There is considerable extended emission in the
soft band, and both bands present a very intense emission from
the central region.
[51] MCG+07−23−019. This ring galaxy is composed of an
elongated main body with double components separated by
∼5′′(∼4 kpc) and an oval ring with a diameter of 16′′ to the west
of the main body (Hattori et al. 2004). As has been suggested
by JHKL-band mapping, the nucleus of the galaxy lies between
the two optical components and is heavily obscured in optical
images (Joy & Harvey 1987). Chandra data show clear emission
coming from the elongated disk of the galaxy. The X-ray emis-
sion is more intense in the center, and unobscured in the hard
and soft bands. Extended soft X-ray emission around the nucleus
partly follows the oval ring, most likely tracing star formation.
[52] NGC 6670. This closely interacting merger is composed of
twosources,NGC 6670A(orEast)andNGC 6670B(orWest),sep-
arated∼0.5′. Both galaxies contribute to the IRAS flux (Chu et al.
2017), with the western component being slightly brighter.

X-ray emission from the eastern component is mostly
observed in the soft band and is concentrated around the nucleus.
The western source, however, shows extended diffuse emission,
particularly along the plane of the galaxy. The emission near the
center is more intense in the hard and soft band at both sides
of the nucleus. This morphology suggests high absorption in
the innermost region. The spectrum is also suggestive of a hard
excess, and a simple power-law fit results in a photon index of
Γ = 0.5 ± 0.5. Fitting an absorbed power-law of fixed photon
index Γ = 1.8 results in a moderate absorbing column density
of NH ∼ 4 × 1022 cm−2, and no significant improvement on the
fit. The X-ray luminosity of the source is LX ∼ 1041 cm−2. The
excess at ∼6.4 keV, if interpreted as a possible Fe Kα line, is not
significant to the 1σ level.

XMM-Newton data for both sources, resolved, in this double
system were analyzed by Mudd et al. (2014), with no hint of an
AGN presence detected. However, their short exposure implied
a detection of ∼100 cts per source, which lower than the counts
detected in our Chandra data.

We consider that even though we cannot rule out the pos-
sibility of the western source containing an AGN, we have no
strong evidence to claim its presence.
[53] UGC 02369. This double system, separated by ∼0.4′, is
clearly dominated in X-rays by the southern component, which,
as shown in Table 3, is also responsible for ∼98% of the IR emis-
sion. Because the contribution to the IRAS flux originating in the
northern galaxy is negligible, we do not present any results for
this component. An X-ray analysis would not be possible either,
as only ∼5 cts are detected for this source.

The southern source is compact in X-rays, with emission
coming both from the nucleus and from a star-forming region
in the spiral arm, in the south in the soft and hard bands.
[54] NGC 1614. This source has been classified as a possible
obscured AGN through X-ray spectroscopy (Risaliti et al. 2000),
although VLBI studies with a sensitivity limit of 0.9 mJy do not
detect a compact radio core in it (Hill et al. 2001). Recent studies
in subarcsecond MIR observations do not completely rule out a
possible (weak) AGN scenario, but they constrain the nuclear
luminosity to <5% of the overall bolometric luminosity of the
galaxy (Pereira-Santaella et al. 2015b). ALMA observations do
not detect the nucleus in either the CO (6-5) line emission or in
the 435 µm continuum, ruling out a Compton-thick AGN with
relatively high confidence (Xu et al. 2015).

This source also does not meet any of our AGN selection
criteria either, and we do not see any signs of AGN presence in
the Chandra spectrum.

Emission in the hard and soft band is peaked in the nucleus,
and the soft-band emission also shows elongated extension in the
E–W direction, as opposed to the optical edge-on disk, which is
elongated toward the N–S direction. Intense star formation, very
compact in the nucleus, is the most likely origin of the X-ray
emission.
[56] NGC 5331. Both galaxies in this system, separated by
∼0.4′, contribute to the IRAS flux, although the southern com-
ponent is responsible for ∼80% of the emission, as shown in
Table 3. However, since their X-ray luminosity is similar, the
northern galaxy has a much higher logarithmic ratio (HX/IR) =
−3.84 (as defined in Table A.1). This value is close to the
expected ratio given the correlation derived by Ranalli et al.
(2003), but higher than the characteristic X-ray faintness of the
GOALS sample.
[57] IRAS F06076−2139. This closely interacting merger is
clearly dominated by the northern source in IR and X-rays. How-
ever, with only ∼10 cts, the southern source meets our HR crite-
rion for AGN selection (HR = −0.03± 0.17). The spectrum also
shows an increase in flux toward higher energies, despite the sig-
nificant error bars. Only the hardness ratio is computed as part of
the analysis of this source, because of the low number of counts.
For the same reason, a radial profile is not provided for this com-
ponent.

The northern source comes close to meeting the same AGN
selection criteria, with HR = −0.34 ± 0.08. The spectrum might
indicate an excess in the hard band, although an absorbed power-
law fit with a fixed photon index of 1.8 yields a column density of
only NH ∼ 1.9 × 1022 cm−2. With a full-band X-ray luminosity
of LX ∼ 1041 erg s−1, and fitting statistics also favoring a non-
absorbed power-law, we opt not to consider this source an AGN.
[60] IC 2810. Both galaxies in this system, separated by ∼1.1′,
contribute to the IRAS flux as shown in Table 3, with the north-
western source contributing ∼70% of the IR luminosity.
[63] IRAS 18090+0130. Both galaxies in this system, separated
by ∼1.3′, contribute to the IRAS flux, with the eastern compo-
nent being responsible for ∼80% of the emission. The western
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component has a low X-ray flux and not enough counts to provide
reliable data for any analysis further than computing a hardness
ratio.
[64] III Zw 035. This closely interacting double system is com-
pletely unresolved in the Herschel and MIPS images we used to
derive the contribution of each galaxy into the IRAS source, as
shown in Table 3. However, Chapman et al. (1990) reported that
the majority of the radio continuum (and also probably FIR) emis-
sion originates in the northern galaxy. High angular resolution
radio continuum observations from (Barcos-Muñoz et al. 2017)
indicate that the northern component is the most compact source
of the brightest and closest ULIRGs from the GOALS sample,
while theauthorsdidnotdetect thesoutherncomponentat33 GHz.
The IRAC channel 1–4 images (at 3.6, 4.5, 5.8 and 8.0 µm) show
that the northern source clearly dominates and the southern source
fades with increasing wavelength. Thus, we assign a contribution
to the IRAS flux of 100% to the northern source.

Because of the lack of IRAS flux originating in the southern
component, we do not present results for its X-ray analysis in
this work, and we did not consider it a source within our sam-
ple. The total X-ray counts for this galaxy are ∼25 cts in the full
0.5−7 keV range, which does not allow for a detailed X-ray anal-
ysis either, although a simple power-law fit gives an estimated
LX ∼ 2 × 1040 erg s−1. However, while the soft-band X-ray flux
is dominated by the northern source, the hard-band X-ray flux is
very similar for both, and the southern source is optically clas-
sified as a Seyfert 2 (Yuan et al. 2010). It is then possible that
the northern source is responsible for the high IRAS flux, most
likely having a burst of star formation, while the NIR and MIR
contribution from the southern source might be due to an AGN.
[65] NGC 3256. This source is assumed to be in an advanced
merger stage, with a northern brighter component (the central
peak) and a southern component at about ∼10′′, elongated in the
E−W direction. The possibility of this being a merging obscured
companion galaxy was first suggested by Moorwood & Oliva
(1994), and radio observations by Norris & Forbes (1995) sup-
ported this theory by detecting two equally bright knots. However,
high-resolution MIR imaging shows that the northern peak is∼20
times brighter than the southern region, suggesting that most of
the star formation in the galaxy originates there (Lira et al. 2002).
The authors also found the northern peak to be brighter in X-rays
in Chandra data. The images shown in this work mark the two
hard-band peaks reported by them, the southern clearly falling in
an obscured region, with dimmer soft-band emission.

The very advanced merger stage of this source makes it hard
to determine how much of the surrounding extended emission
was initially associated with any of the cores. Therefore, we ana-
lyzed it as a single source in order to avoid introducing errors
into the determination of its IR and X-ray emission.
[67] IRAS F16399−0937. This closely interacting pair is unre-
solved in Herschel and MIPS data, although Haan et al. (2011)
derived that most of the MIR emission (>90%) comes from the
northern source. We used this value to correct for the fraction
contributed to the IRAS flux by each galaxy.

The northern source shows two intense hard X-ray peaks,
both corresponding to soft X-ray emitting regions, the more
southern of which is the nucleus. The other, as well as the less-
intense knots seen in both sources, probably correspond to star-
forming regions. The spectrum of this source shows an excess at
>4 keV, with a few hard counts coming from the nuclear region.
Fitting an absorbed power-law with a photon index of 1.8 yields
an absorbing column density of NH ∼ 2×1023 cm−2, although an
unabsorbed power-law of photon index ∼1.6 is an equally good

fit. With a net count number of ∼23 cts, we cannot confidently
classify this source as an AGN.

Sales et al. (2015) also considered the possibility that the
northern source might contain an embedded AGN, fitting the
0.435−500 µm SED with a model that includes an AGN torus
component. The fit suggests an AGN with bolometric luminos-
ity Lbol ∼ 1044 erg s−1, although the spectrum is also consistent
with shocks (v ∼ 100−200 km s−1). This bolometric luminosity
would imply a fraction LAGN

X ∼ 1042 − 1043 erg s−1, much higher
than the LX = 1041 erg s−1 detected in the Chandra data.

The southern source does not have a clear center in X-rays
or MIR and FIR, and so the center for the radial profile was
determined using the brightest region in the optical HST image.
Because the source is clearly elongated, annuli centered on the
eastern edge will include photons from the northern source, and to
avoid interference, we removed it from the computation of radial
profiles. This component meets our HR AGN selection criterion,
although the image in Appendix B shows that no strong hard X-ray
peak comes from the nucleus of the source; the origin of the hard
counts is concentrated in two point-sources west of the nucleus.
Therefore, we did not classify this source as an AGN.
[68] IRAS F16164–0746. This source meets two of our AGN
selection criteria, the HR and the [Ne v] line, and is also clas-
sified as an optical Seyfert 2 in Yuan et al. (2010). The X-ray
source is elongated in the soft band, in the direction perpendic-
ular to the disk of the galaxy, which could be interpreted as an
outflow. There is also a secondary point source ∼3′′ from the
nucleus, in the soft and hard band, without any obvious overlap
with a star-forming knot. With an associated X-ray luminosity in
the 2−10 keV range of ∼3× 1040 erg s−1, it could be classified as
a ULX.
[69] IC 4686/7. This source is part of a triple merger system,
formed by IC 4687 in the north, which closely interacts with
the central galaxy, IC 4686, at ∼0.5′, and IC 4689 ∼1′ south of
IC 4686 (West 1976). All three galaxies contribute more than
10% to the IRAS flux (Chu et al. 2017), and were therefore ana-
lyzed here.
[71] NGC 2623. With a spectrum that clearly raises toward higher
energies, giving a hardness ratio of HR = −0.11 ± 0.02, and also
meeting the [Ne v] line criterion, this source is classified as an
AGN. This source has been classified as an AGN previously in
radio (Lonsdale et al. 1993) and X-rays (Maiolino et al. 2003).

Optical HST images show extended tidal tails, approxi-
mately 20−25 kpc in length, with a southern region rich in bright
star clusters (Evans et al. 2008), although no X-ray emission is
detected with Chandra in the region.
[72] IC 5298. This source is a clear absorbed AGN. It is visi-
ble in the Chandra spectrum presented here, and through XMM-
Newton data analysis. When a photon index of 1.8 is assumed,
a column density of NH ∼ 4 × 1023 is obtained when data from
both telescopes are used. A faint line at 6.4 keV is visible in the
Chandra data, with a significance lower than 1σ. The line can be
confirmed with a significance of ∼2σ from XMM-Newton EPIC
data, with a fit that is also consistent with the derived absorbing
column density. The AGN diagnostics is also confirmed through
the [Ne v] line and the optical S2 classification (Veilleux et al.
1995).
[73] IRAS 20351+2521. This galaxy shows strong central
emission in X-rays, originating in the nucleus, with extended
emission and point-sources along the spiral arms that trace star-
forming knots.
[75] NGC 6090. This closely interacting system is completely
unresolved in Herschel and MIPS data. Therefore, we resorted to
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the analysis performed by Hattori et al. (2004) to derive the con-
tribution of each component to the IRAS flux listed in Table 3.

The northeastern source shows hard-band diffuse emission
corresponding to the optical central region of the galaxy, and
a peak ∼3′′ north of the center. It corresponds to a particularly
bright region in the optical and IR in one of the spiral arms.

The sources interact so closely that the radial profiles inter-
fere with each other past 4−5′′ from each nucleus, and have
therefore been limited to this radius.
[79] NGC 5256. This closely interacting system is surrounded
by diffuse soft-band emission in X-rays, part of which extends
toward the northern direction, following a blue tidal stream seen
in optical images. Between the two sources, a slightly curved
excess is visible, which can be interpreted as a shock between
colliding winds from both galaxies (see Mazzarella et al. 2012).
This excess is the reason that the radial profile in Appendix B for
the NE source shows an increase in soft-band surface brightness
with distance at 5−6′′.

This source has been detected in the [Ne v] line at kilo-
parsec scales, meeting our AGN selection criteria. However,
because the two nuclei are located ver close to each other,
it is not possible to know which (or if both) is responsi-
ble for this emission. The two optical classifications we used
(Veilleux et al. 1995; Yuan et al. 2010) mark the NE source as a
Seyfert 2, and the SW source as LINER or composite. However,
Mazzarella et al. (2012) reported the opposite optical classifica-
tion for the sources: the NE source as LINER and the SW source
as a Seyfert 2 galaxy.

Based on the X-ray spectra, the NE source can be best fit
with an absorbed AGN model, fixing a spectral index of 1.8 and
obtaining a column density of NH ∼ 8 × 1022cm−2, which is
interpreted as a mildly absorbed AGN.

The SW source shows an excess that can be fit as an iron
6.4 keV line with a confidence of ∼2.1σ, which meets one of our
X-ray AGN selection criteria.

As reported by Mazzarella et al. (2012), XMM-Newton EPIC
data only marginally resolve the two sources, and the spectrum
is presented for the whole system. However, given the spec-
tra resolved by Chandra, the iron line seen in the EPIC data
most likely originates in the southwestern source. Their com-
bined analysis also results in a Compton-thick classification of
the south-western source.
[80] IRAS F03359+1523. Only one of the two sources in this sys-
tem is observed in X-rays, the eastern source, with an elongated
morphology that corresponds to the length of the edge-on disk
in the optical data. The sources are unresolved in the Herschel
data, and only one source is visible in the MIPS data, which is
centered at the position of the eastern source. It is not possible to
confirm whether this is due to lack of resolution, or if the west-
ern source does not contribute to the MIPS flux. However, from
observing the IRAC images from channel 1 through 4 (at 3.6, 4.5,
5.8 and 8.0 µm), it is possible to see that the eastern source clearly
dominates and the western source fades with increasing wave-
length. Goldader et al. (1997) also described that only one source
(believed to be the eastern source) is prominent at radio wave-
lengths. This, together with the complete lack of X-ray emission
originating in this companion source, leads us to believe that the
western galaxy does not contribute to the IRAS flux.

Another source, prominent in radio wavelengths, lies ∼1.5′
to the south of IRAS F03359+1523. Clemens et al. (2008) used
NVSS radio data to extrapolate that this nearby galaxy could be
responsible for about ∼50% of the IRAS flux. However, images
at 8 and 24 microns show a weak source that fades completely at

70 micron, leading us to believe that its contribution to the FIR
luminosity is most likely negligible.
[81] ESO 550–IG025. Both sources in this system, with a sepa-
ration of ∼0.3′, contribute to the IRAS flux. The southern source
has a rather flat spectrum, which is partly due to the contribu-
tion of the hard X-ray peak placed at about ∼4′′ west of the
nucleus. This source cannot be easily interpreted as the X-ray
counterpart to any star-forming regions in the galaxy. If it is
associated with this galaxy, its X-ray luminosity in the 2−10 keV
range is of ∼3 × 1040 erg s−1, implying it could be classified as
a ULX.
[82] NGC 0034. This source, optically classified as a Seyfert 2
(e.g., Veilleux et al. 1999; Yuan et al. 2010), has an X-ray spec-
trum that shows a hard band excess. Fitting an absorbed AGN
with a fixed photon index of 1.8 gives an absorbing column den-
sity of NH ∼ 1 × 1023 cm−2. Previous analyses of XMM-Newton
data confirmed an AGN, either through marginal detection of the
Fe Kα line or by modeling an absorption or reflection component
(e.g., Shu et al. 2007; Brightman & Nandra 2011).

Ricci et al. (2017) used joint data from Chandra, XMM-
Newton, and NuSTAR and found a clear Fe Kα feature at
6.48+0.06

−0.05 keV. Their spectral analysis shows a heavily obscured
AGN with a column density of NH = 5.3±1.1×1023 cm−2. Their
results certainly confirm the AGN, and their derived column den-
sity differs from the one derived with only Chandra, most likely
because Chandra has much lower sensitivity at high energies.
[83] MCG+12−02−001. We consider this system to be com-
posed of three individual sources: a northern component and a
main pair, separated by ∼0.3′. The western source in the pair
is considered an individual galaxy in close interaction with the
eastern source, although it may also be an extended star-forming
region. The X-ray peak at its center together with its X-ray lumi-
nosities of LSX = 1.3× 1040 erg s−1 and LHX = 2.4× 1040 erg s−1,
which are comparable to those of the eastern galaxy, mean that
this whole system likely is a triple.

The northern source does not contribute to the IRAS flux
(Díaz-Santos et al. 2010), as specified in Table 3, and therefore
was not analyzed. It is detected with Chandra, with ∼9 cts in the
full 0.5−7 keV range.
[85] IRAS F17138−1017. This source has a rather flat spectrum
in X-rays, with a flux that slightly increases toward higher ener-
gies. It meets the HR criterion for AGN selection, although no
[Ne v] line is observed. Fitting with an absorbed AGN model,
fixing a spectral index of 1.8, a low column density of NH ∼
2 × 1022cm−2 is obtained.

Morphologically, Chandra data show a soft X-ray deficit at
the optical center of the galaxy, that could be caused by absorp-
tion. The hard X-ray image does not show a clear emission peak,
but a rather homogeneous flux around a larger circular region. X-
ray contours in the HST image show very prominent dust lanes
close to the nucleus of the galaxy, to which the obtained column
density could belong. These dust lanes are most likely absorbing
an important part of the soft-band X-ray emission, and might be
responsible for the hardness of the spectrum. Based on this and
the clear lack of observation of a hard-band peak in the nucleus,
we opt not to classify this source as an AGN.

Ricci et al. (2017) fit a combined Chandra and NuSTAR
spectrum with a simple power-law model, obtaining a photon
index of ∼1.1, which is harder than the typical X-ray emission
expected of a star-forming region, but still consistent with this
hypothesis.

The hard-band X-ray luminosity of LHX ∼ 1.8 × 1041 erg s−1

we derive is high, but not incompatible with being caused by a
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strong starburst, as this source falls within the uncertainties of
the correlation derived by Ranalli et al. (2003).
[95] ESO 440−IG058. Both galaxies, with an angular sepa-
ration of ∼2′, contribute to the IRAS flux in this source,
although the southern component dominates at almost ∼90%
(Díaz-Santos et al. 2010). Soft X-ray emission from the south-
ern component is extended. This is most likely an outflow with
its origin in a starburst wind.
[100] NGC 7130. This galaxy shows clear extended emission in
soft X-rays around a strong peak that follows the disk of the face-
on optical galaxy, tracing the spiral arms. The spectrum shows
a hard excess due to absorption and an iron 6.4 keV line at high
energies, which could be due to absorption in the soft band, or
due to reflection. A reflection component fitting, using a pexrav
model (Magdziarz & Zdziarski 1995) results in an iron line with
an equivalent width of∼0.6 keV, which is too low for a reflection-
originated line. Therefore, our data favor an absorption model,
which, when a photon index of 1.8 is imposed, results in a column
density of NH = 3 × 1023 cm−2 and an iron line equivalent width
of 0.8 keV, that is detected with a significance of ∼2.5σ.

Based only on the Chandra data, we find it difficult to distin-
guish between this scenario and a Compton-thick source with an
imposed photon index of Γ = 0.0, as modeled by Levenson et al.
(2005). Ricci et al. (2017) confirmed the Compton-thick AGN
using a combined analysis with NuSTAR data.
[104] NGC 7771. This galaxy is part of an interacting quartet of
galaxies, along with close companion NGC 7770 at an angular
distance of ∼1.1′, NGC 7771A at ∼2.8′, and NGC 7769 at ∼5.4′
(e.g., Yeghiazaryan et al. 2016).

About 90% of the IRAS flux originates in NGC 7771,
with NGC 7770 being responsible for the remaining ∼10%
and NGC 7769 being resolved as a separate source by IRAS.
NGC 7771A is faint in the IR, remaining undetected at 8 µm
and above. There is no detection for this small component in
the Chandra data either.

Of the many point sources seen along the disk of NGC 7771,
Luangtip et al. (2015) classify 4+4

−0 as ULXs.
[105] NGC 7592. This source is a closely interacting triple sys-
tem, formed by two main IR and X-ray sources (East and West)
and a smaller southern source. This third source, seen in the opti-
cal SDSS images, is undetected in X-rays, and does not con-
tribute to the IRAS flux either.

There is unresolved detection of the [Ne v] line for this triple
source that meets our AGN selection criterion. However, as the
western source is classified as an optical Seyfert 2, it is likely
that it is the origin of the IR line. The spectrum of the west-
ern source shows an excess between 6−7 keV, originating in the
nucleus, that can be fitted as a Gaussian line with an energy of
6.70.1
−0.3 keV. The significance of this line is at the 1σ level, and

thus we did not use this hint as a selection criterion. Given the
uncertainties, however, a 6.4 keV line cannot be ruled out com-
pletely, especially when combined with the continuum.

The western source presents very compact X-ray emission,
as derived from its radial profile, compared to its extended IR
emission (as plotted in Fig. 12).
[106] NGC 6286. This source interacts with NGC 6285, ∼1.5′ to
the northwest, showing very extended tidal disruption features.
Both sources contribute to the IRAS flux (Chu et al. 2017).

The X-ray spectrum of NGC 6286 shows hard excess emis-
sion above 5 keV. With fewer than 20 cts in the 5−8 keV range, the
excess is difficult to fit as an absorbed AGN using only Chandra
data. MIR studies find possible hints of an AGN (e.g., Vega et al.
2008; Dudik et al. 2009), which are confirmed by hard X-ray NuS-
TAR observations. Ricci et al. (2016) found compelling evidence

of a Compton-thick, low-luminosity AGN (NH w (0.95−1.32) ×
1024 cm−2). We thus classify this source as an AGN.

This galaxy shows a very extended soft X-ray emission,
spreading perpendicular to the optical edge-on disk up to a dis-
tance of ∼5−7 kpc, depending on the direction. A super-wind
outflow generated by a strong starburst has been suggested
by Shalyapina et al. (2004) through detection of an increase of
[NII]λ6583/Hα ratios, and an emission nebula extending up to
∼9 kpc from the galactic plane.
[107] NGC 4922. This system contains two galaxies, separated
by distance of ∼0.4′; the northern source is brighter in both X-
rays and IR (Díaz-Santos et al. 2010). The southern source con-
tributes ∼1% of the IRAS flux, and therefore its analysis is not
included in this work. With only ∼40 cts, all in the 0.4−2 keV
range, it is also a weak X-ray source. Another source (2MASX
J13012200+2920231) lies ∼1.7′ to the north, which is unde-
tected at 8 µm and above, and most likely does not contribute
to the IRAS flux.

The northern source is selected as an AGN through the [Ne
v] line, and the pair (unresolved) is also classified as a Seyfert 2
in Yuan et al. (2010). Our X-ray analysis also classifies it as an
absorbed AGN, with a column density of NH ∼ 3 × 1023 cm−2

when the photon index is fixed to 1.8. An iron 6.4 keV line is
faintly visible, although only at a significance of about 1σ.

Ricci et al. (2017) analyzed NuSTAR observations and based
on their similarChandra resultsconcluded that thesourcedetected
at high energies must correspond to NGC 4922 (N), because the
companion is not detected in the 2−7 keV range. They detected a
prominent Fe Kα line at 6.48+0.07

−0.07 keV, and found that the source
is Compton-thick, with NH ≥ 4.27 × 1024 cm−2; this is more than
one order of magnitude higher than our best Chandra fit.
[110] NGC 3110. This source interacts with nearby galaxy
MCG−01−26−013 at its southwest, separated by ∼1.8′, which
is not detected in X-rays in the Chandra data. Both sources con-
tribute to the IRAS flux, although ∼90% of the IR emission has
its origin in NGC 3110 (Díaz-Santos et al. 2010). The compan-
ion galaxy is not analyzed because it has no significant X-ray
emission and low IR luminosity, although the IRAS flux associ-
ated with NGC 3110 is corrected for the pair’s contribution.

This source has diffuse soft X-ray emission along the spiral
arms, which also contain strong hard X-ray peaks that are most
likelyassociatedwithstar-formingknots.Thenucleusofthegalaxy,
however, does not show peaked emission in the 2−7 keV band.
Because of this particular morphology, HST optical and IRAC
channel 1 images were used to center the derived radial profiles.
[114] NGC 0232. This source is paired with NGC 0235, at a dis-
tance of ∼2′, which is a known Seyfert 2 galaxy. Despite having
previously been classified as non-interacting, a faint tidal bridge
has been observed to connect the two galaxies (Dopita et al.
2002). NGC 0235 has two nuclei and is classified as a minor
interaction (Larson et al. 2016). However, as this companion
galaxy is resolved by IRAS (Surace et al. 2004) as an individ-
ual source, we did not include it in our analysis.
[117] MCG+08−18−013. This galaxy is paired with
MCG+08−18−012 at ∼1′ to its west. MCG+08−18−013
is clearly dominant in the IR and the origin of the IRAS flux
(Chu et al. 2017). This component’s X-ray emission originates
from two point sources close to the nucleus of the galaxy, one
of which is bright in soft-band X-rays, and could be associated
with a star-forming region, and the other in hard-band X-rays.
We consider this hard-band peak to originate from the nucleus
of the galaxy, and used it to center the radial profiles.

MCG+08−18−013 is undetected in X-rays and therefore not
included in the analysis.
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[120] CGCG 049−057. This source, despite only having a total
of ∼30 cts in the 0.5−7 keV band of the available Chandra obser-
vation, has a hardness ratio of HR = −0.04 ± 0.09, and so meets
one of the X-ray AGN selection criteria. The spectrum of the
source shows, despite the large error bars, a tendency to rising
flux toward higher energies. The X-ray image in the 2−7 keV
band shows about ∼5 cts originating from the innermost region
of the source, and thus we classified it as an AGN.

Baan & Klöckner (2006) also classified it as an AGN based
on radio observations. Although optical and MIR observations
(e.g., Veilleux et al. 1995; Stierwalt et al. 2013; Meléndez et al.
2014) classified it as a starburst, Herschel spectroscopic data
analyzed by Falstad et al. (2015) showed very high column den-
sities in the nucleus (NH = 0.3−1.0 × 1025 cm−2), meaning that
a Compton-thick AGN could be present. This would explain the
X-ray weakness we observe, which has previously been reported
by Lehmer et al. (2010).
[121] NGC 1068. This well-known AGN meets our selection cri-
teria in all bands: Seyfert 2 in both of the used optical classifica-
tions, presence of the [Ne v] line in IR, and clear detection of the
Fe Kα line at 6.4 keV in X-rays with a significance of ∼3.6σ. The
equivalent width of the 6.2 µm PAH feature is not presented in
Stierwalt et al. (2013) because the spectrograph was saturated.
Howell et al. (2007) analyzed PAH and warm dust emission in
NGC 1068 in detail. Their 6.2 µm images are saturated within the
inner r ∼ 500 pc, although they measure an equivalent width of
the PAH feature immediately outside the region of saturation of
∼0.1. This suggests that the value of the equivalent width might
drop below 0.1 farther in.

Diffuse X-ray emission is clearly observed in this source, fol-
lowing the optical spiral arms and star-forming regions. In order
to outline all features, X-ray contours to a low enough level were
necessary, which also resulted in the clear contours around the
saturated feature that diagonally crosses the image.

Individual point sources can be seen spread throughout the
galaxy disk in the soft and hard bands; they most likely corre-
spond to X-ray binaries. We note that we did not mark them
as hard X-ray peaks in the image in Appendix B because they
are numerous and clearly do not originate from a region near the
nucleus of the galaxy. None of these point sources were removed
in order to derive radial profiles. Luangtip et al. (2015) classified
three of them as ULXs.
[123] UGC 02238. This source presents a rather diffuse emis-
sion, showing three main X-ray peaks near the nucleus, only one
of which (the westernmost) is also peaked in the 2−7 keV band.
However, as shown by the contours over the IRAC channel 1
image, this region is outside of the galaxy nucleus. We consider
this emission to most likely originate from different intense star-
burst regions because no clear hard-band central peak is visible.
Optical and IR imaging data show a highly disturbed disk and
tidal tails, and classify this galaxy as a post-merger stage (e.g.,
Smith et al. 1996; Larson et al. 2016), which is consistent with
the described X-ray morphology.

We fit the overall X-ray 0.5−7 keV emission of this galaxy
with a single power-law. Attempts to fit a one or two compo-
nent mekal model produced unsatisfactory results. Two strong
point sources can be seen in the 2−7 keV band image presented
in Appendix B, which, if associated with the galaxy, would be
classified as ULXs. The point-source at the easternmost edge of
the disk of the galaxy would have an estimated luminosity of
∼4×1040 erg s−1, and the strong point-source immediately south
of the nucleus of the galaxy would be emitting ∼1 × 1040 erg s−1

in the 2−10 keV range. However, the very low number of counts
means that these are very rough estimates.

[127] MCG-03-34-064. This source has a northeastern compan-
ion at ∼1.8′, MCG−03−34−063, which is responsible for about
∼25% of the IRAS flux (Chu et al. 2017). The analysis of this
companion source is not included in this work because it is unde-
tected in the Chandra data. A correction to the IR luminosity for
the contribution of MCG−02−34−063 has been considered for
this source.

MCG-03-34-064 presents a very peaked central emission in
all X-ray bands and is a clear absorbed AGN, as seen from
the spectrum. Fitting with a fixed photon index of 1.8 yields
an absorbing column density of NH ∼ 5 × 1023 cm−2. The iron
Kα line at 6.4 keV is detected, with a ∼3σ significance. With an
HR = −0.32 ± 0.01 our other X-ray AGN selection criterion is
almost also met.

Ricci et al. (2017) performed a NuSTAR analysis of this
source, combined with XMM-Newton EPIC data, and derived an
absorbing column density of NH = 5.42+0.07

−0.09 × 1023 cm−2, which
is compatible with our derived result within the errors. They also
detected the Fe Kα line and a Gaussian line at 6.62+0.01

−0.01 keV with
EW ∼ 0.2 keV, that is not detected in the Chandra data.

This source also meets the [Ne v] line and 6.2 µm PAH fea-
ture AGN selection criteria. Yuan et al. (2010) classified it as
a star-forming galaxy, although other works classified it as a
Seyfert galaxy (e.g. Lipovetsky et al. 1988; Corbett et al. 2002).
[134] ESO 350−IG038. This galaxy presents three main star-
forming condensations (Kunth et al. 2003; Atek et al. 2008).
Only two of these knots, the eastern and western, are clearly
resolved as X-ray sources in the Chandra data, both presenting
peaked emission in the soft and hard bands. The region is sur-
rounded by diffuse, soft X-ray emission. These knots, separated
by ∼4′′, are analyzed together as the X-ray source corresponding
to the IRAS source, and not separated as two individual galax-
ies, as there is no clear evidence of them being individual galaxy
nuclei in a state of a closely interacting merger.
[136] MCG−01−60−022. This source is near galaxies
MCG−01−60−021 and Mrk 0399, at ∼4.4′ interacting with the
former (e.g., Dopita et al. 2002), connected through thin and
long tidal bridges. The two nearby galaxies are undetected in the
Chandra data, and are detected together as another IRAS source,
resolved from MCG−01−60−022 (Díaz-Santos et al. 2010).

This source presents diffuse soft-band emission that surrounds
the central X-ray peak, which has its origin in an absorbed AGN.
This sources meets the HR X-ray criterion, and spectral fitting of
an absorbed power-law with a fixed photon index of 1.8 yields a
an absorbing column density of NH ∼ 1× 1023 cm−2.
[141] IC 0563/4. This source is a double system, composed of
IC 0564 in the north and IC 0563 in the south, separated by
∼1.6′. Both contribute similarly to the IRAS flux and to the over-
all X-ray luminosity. Morphologically, the two galaxies have
faint emission that originates in the nucleus and various point-
sources spread throughout the spiral disks.

IC 0563 has a hardness ratio of −0.34± 0.05, which exceeds
our AGN selection threshold. However, the origin of the hard-
ness (also seen as an excess at 3−5 keV in the spectrum shown
in Fig. C.1) is not the nucleus of the galaxy, but a point-source
located north of it. If the source is associated with the galaxy,
with a roughly estimated luminosity of ∼3×1040 erg s−1, it could
be classified as a ULX. Interestingly, the point-source spectrum
shows a faint line at ∼1.50 ± 0.03 keV, with a significance of
∼2σ. If this source is a ULX within the galaxy, this excess can-
not be easily explained as an emission line. If this source is a
background quasar for which we detect a redshifted 6.4 keV iron
line, a high z ∼ 3.3 would be necessary. If it were an object at
z = 3.3, the X-ray spectrum would suggest that its origin is in
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reflected light form a Compton-thick AGN. This scenario, how-
ever, leads to an unreasonably luminous quasar.

Similarly, IC 0564 shows a spectrum with a high flux at high
energies, although the error bars are significant, which is also
emitted by a northern point-source. With a roughly estimated
luminosity of ∼3 × 1040 erg s−1, it might also be classified as a
ULX if it is associated with the galaxy.

Both point-sources are marked with green crosses in the
images shown in Appendix B.
[142] NGC 5135. This galaxy is classified as an optical Seyfert
2 (e.g. Yuan et al. 2010), and meets our IR [Ne v] line criterion
for AGN selection (Petric et al. 2011).

It shows an excess in hard X-rays, with a Fe Kα line at
6.4 keV with a ∼2.9σ significance, which could be the result of
either absorption or a reflection component. Fitting an absorbed
power-law with fixed photon index of 1.8 yields an absorbing
column density of NH ∼ 4 × 1023 cm−2, which is not large
enough to produce the equivalent width of the iron line of
EW ∼ 0.9 keV obtained through the same model. Fitting a
pexrav model (Magdziarz & Zdziarski 1995) with a fixed photon
index of 2.0 yields a plausible EW ∼ 1.1 keV, which means that
our data favor a reflection-dominated AGN. Suzaku observations
extending up to 50 keV allow a better estimate of the absorb-
ing column density, ∼2.5 × 1024 cm−2, classifying this source as
Compton-thick and providing a good estimate of the strength of
the reflection component (Singh et al. 2012).

Morphologically, this source presents a very extended soft-
band emission, with two central X-ray peaks that are visible only
when the smoothing in the image is set to 0.5′′ or less. The north-
ern peak is responsible for the iron emission line, which indicates
that it is associated with the nucleus of the galaxy. The southern
peak is brighter in the 0.5−2 keV band, and most likely asso-
ciated with a star-formation region. Of the many point-sources
seen in the full band image, up to 6+1

−2 are classified as ULXs
(Luangtip et al. 2015).
[144] IC 0860. With only ∼25 cts, no X-ray analysis beyond the
calculation of the HR and the extraction of the radial profile
has been performed for this source. However, despite the low
count-rate, this galaxy is classified as an AGN with a value of
HR = −0.29 ± 0.17. The spectrum we obtained also shows a
rising tendency toward higher energies. However, because of the
small number of counts detected, the classification of this X-ray
source remains ambiguous.
[147] IC 5179. This galaxy shows dim soft-band extended emis-
sion near the nucleus and many X-ray point-sources spread
throughout the optical disk, which most likely correspond to X-
ray binaries, 8+0

−3 of which are classified as ULXs (Luangtip et al.
2015). These sources cause the radial profile to seem rather irreg-
ular, especially in hard band (see Appendix B).
[148] CGCG 465−012. This galaxy is paired with UGC 02894
at its northwest, at a distance of ∼4.2′, which is resolved as a
separate source by IRAS.

CGCG 465−012 shows diffuse soft X-ray emission through-
out its optical disk, concentrated in the nucleus and in a north-
eastern region ∼5′′ from it, most likely a star-forming region.
The hard-band emission is very dim and not peaked.
[157] MCG−02−33−098/9. This system is composed of
two very closely interacting galaxies (separated by ∼14′′),
with the western one contributing ∼70% of the IRAS flux
(Díaz-Santos et al. 2010). Two nearby galaxies, at ∼0.7′ north-
west and ∼2′ southeast, most likely do not contribute to the IRAS
flux, as they are not detected in MIR wavelengths.

Terashima et al. (2015), using XMM-Newton EPIC-PN data,
reported the detection of a faint iron line at 6.97 keV. The Chan-

dra spectrum of MCG−02−33−098 shows a slight increase at
∼7 keV, which is not significant enough to claim the presence of
an excess.
[163] NGC 4418. This galaxy is paired with MCG+00−32−013
at its southeast, at a distance of ∼3′. Using IR photometry, it can
be determined that more than 99% of the IRAS flux originates
in NGC 4418 (Chu et al. 2017), therefore this nearby galaxy was
not considered in the analysis. It also meets our PAH EW selec-
tion criteria (Stierwalt et al. 2013), and thus we classified it as
AGN, despite the current debate regarding its nature.

Only two central peaks can be seen in the Chandra data; the
eastern peak is brighter in the hard band, and thus was used
to center the radial profiles. However, this source is known as
a possible candidate for containing a heavily obscured AGN,
and it is possible that we resolved the non-absorbed emission
at either side of the nucleus. While some studies in radio and
IR seemed to favor a compact starburst as a central source (e.g.,
Roussel et al. 2003; Lahuis et al. 2007), it is at least clear that
the nucleus is extremely Compton-thick and could host either an
AGN or a starburst of obscuration as extreme as the one in Arp
220 (see Costagliola et al. 2013, 2015, and references therein).
[169] ESO 343−IG013. Both galaxies in this closely inter-
acting merger, separated by only ∼0.2′, contribute to the
IRAS flux, with the northern component dominant in both IR
(Díaz-Santos et al. 2010) and X-rays.

The X-ray emission is diffuse in the southern source and
between sources. The northern source shows a bright X-ray peak
in the soft and hard bands, which meets one of our AGN selection
criteria, having HR = 0.01 ± 0.05. The X-ray spectrum of this
component also shows an increase in flux toward higher energies.

The radial profile of the southern source has been centered
using the brightest peak in optical and IR images, which corre-
sponds to the dimmer X-ray peak of the 0.5−7 keV image shown
in Appendix B. The northern source presents very compact
X-ray emission, as derived from its radial profile, compared to
its extended IR emission (as plotted in Fig. 12).
[170] NGC 2146. This galaxy, most likely a post-merger object
(Hutchings et al. 1990), shows very extended soft-band X-ray
emission in the direction perpendicular to the plane of the opti-
cal disk, originating in a super-wind driven by the central starburst
(see Kreckel et al. 2014). The hard-band emission is limited to the
region encompassed by the galaxy disk, which presents a lack of
soft-band emission. This lack is most likely a result of absorption
in the plane of the galaxy. The radial profiles have been centered
using the brightest peak in the NIR IRAC channel 1 image.

A detailed Chandra analysis of point sources in the galaxy,
including seven ULXs, and the extended emission, can be found
in Inui et al. (2005).
[174] NGC 5653. This source presents a diffuse X-ray emission
along the spiral arms seen in the optical images, with a bright
X-ray knot at a distance of ∼15′′ from the nucleus. This knot
falls on one of the spiral arms and appears very blue in optical
images; it also is the strongest X-ray and IR source in the galaxy
(Díaz-Santos et al. 2010). It could be argued that this source is
a second galaxy, that merges with the larger NGC 5653. This
source has been classified as a lopsided galaxy (Rudnick et al.
2000), which is usually assumed to be an indicator of weak tidal
interaction. However, as we have no clear evidence of this and do
not see a central point-source in hard X-rays, we opt to consider
it a particularly active star-forming region. Luangtip et al. (2015)
found 1 ± 1 ULXs in this source.

The NIR IRAC channel 1 image was used to centre the radial
profile, due to the difficulty of finding a clear nucleus in the X-
ray data.

A140, page 29 of 66



A&A 620, A140 (2018)

[178] NGC 4194. This source, commonly known as the Medusa,
is the result of a merger with very particular tidal features, as
seen in optical images. The X-ray morphology of the source
is also particular, showing a very extended emission in soft X-
rays, especially toward the northwest, most likely indicative of
a strong starburst-driven wind. Luangtip et al. (2015) find 1 ± 1
ULXs in this source, while a detailed study of all X-ray point
sources was performed by Kaaret & Alonso-Herrero (2008).
[179] NGC 7591. This galaxy interacts with PGC 214933, at
∼1.8′ southwest; and a dimmer galaxy lying ∼3.6′ to the east
is detected in HI (Kuo et al. 2008). PGC 214933 contributes
∼6% of the IRAS flux (Chu et al. 2017), and is undetected in
the Chandra data.

With only ∼26 cts in the 0.5−7 keV band, no X-ray analysis
beyond the calculation of the HR and the extraction of the radial
profile has been performed for NGC 7591.

NGC 7591 is the only source in our sample that is optically
classified as a Seyfert 2 galaxy (Yuan et al. 2010), while being
classified as a LINER by Veilleux et al. (1999), and does not
meet any of our AGN selection criteria. The contribution of an
AGN component to the bolometric luminosity of the galaxy,
as estimated by (Díaz-Santos et al. 2017), is low: AGNbol =
0.09 ± 0.02. With a flux estimation using the CIAO tool srcflux,
the obtained luminosity of this source in the 0.5−7 keV band is
LX = 2.5+1.8

−1.3 × 1040 erg s−1. This X-ray luminosity is low for an
AGN, and only possible for this type of source if is Compton-
thick. Even though we cannot rule out this possibility, we con-
sider that a single optical classification as Seyfert 2 is not a strong
enough criterion to classify this source as an AGN.
[182] NGC 0023. This source is paired with NGC 0026, at a dis-
tance of ∼9.2′ (Hattori et al. 2004), which is far enough to guar-
antee no contribution to the IRAS flux.

This source shows central extended emission surrounding
the nucleus, which is not a strongly peaked hard X-ray source.
The source spectrum shows a lack of emission at >3 keV and a
small excess at higher energies, which is not significant enough
indicate an AGN. Luangtip et al. (2015) classified 2 ± 2 of the
galaxy’s point sources as ULXs.
[188] NGC 7552. This source shows extended soft-band X-ray
emission in the inner region of the galaxy, surrounded by numer-
ous point-sources, which most likely correspond to X-ray bina-
ries. Of these, 2+3

−1 are classified as ULXs (Luangtip et al. 2015).
[191] ESO 420-G013. This source meets our IR [Ne v] line cri-
terion for AGN selection, and shows a slight excess at around
6.4 keV, which is not significant enough in the Chandra data
to confirm the presence of an X-ray AGN. Although Yuan et al.
(2010) classified is as HII dominated, other optical classifi-
cations have previously pointed toward a Seyfert nature (e.g.,
Maia et al. 1996)
[194] ESO 432-IG006. The two galaxies in this system, sep-
arated by ∼0.5′, contribute similarly to the IRAS flux, and
have significant X-ray emission. They also present signs of an
absorbed AGN. Fitting such a model, with a fixed photon index
of 1.8, on the northeastern source yields an absorbing column
density of NH ∼ 4 × 1023 cm−2; and on the south-western source
it yields NH ∼ 1 × 1023 cm−2.
[195] NGC 1961. Most of the X-ray emission of this source is
concentrated on the nucleus, with a few point sources spread
throughout the spiral arms. Another emission peak is found in
a region about ∼20′′ west of the nucleus. It is unclear whether
this source truly overlaps with emission regions in IR images
(IRAC channels 1−4, MIPS24/70), or has no counterpart.

The spectrum presented in Fig. C.1 includes the full region,
and the hard X-ray excess originates in this outer source.

Therefore, we see no spectral traces of the presence of an
AGN.
[196] NGC 7752/3. This double system is composed of
NGC 7752 to the southwest and NGC 7753 ∼2′ to the northeast,
the latter being the dominant source in the IRAS flux (Chu et al.
2017).

X-ray emission in the northeastern source is point-like in the
nucleus, with a few other point sources spread throughout the
galaxy spiral arms. The X-ray best spectral fit for this source was
performed using a single mekal component for the full spectrum,
but no fit is truly satisfactory.

The southwestern source presents much more diffuse emis-
sion, with no clear central point source. The most concentrated
emission in the soft band comes from a region just west of the
IR nucleus of the galaxy, which is the one we used to center
the radial profile. This region seems to correspond to a slight
increase in IR emission in the IRAC channel 1 image, which
means that it is most likely a star-forming region. (Kewley et al.
2001, 2006) used optical diagnostic diagrams to classify this
source either as an AGN or the composite of AGN and starburst
(Zhou et al. 2014; Pereira-Santaella et al. 2015a), although we
see no X-ray signs of activity.
[198] NGC 1365. This very bright source meets all three of our
X-ray AGN selection criteria, with HR = −0.19 ± 0.00, an
absorbing column density of NH ∼ 3 × 1023 cm−2 when fitting
an absorbed AGN model with fixed photon index of 1.8, and
a 6.4 keV iron Kα line at a significance of ∼2.9σ. This galaxy
hosts a very well-known AGN, with frequent dramatic spectral
variability (e.g., Risaliti et al. 2005, 2007) that is attributable to
variations in the column density along the line of sight.

The Chandra data show bright and extended diffuse emis-
sion in soft band, spreading along the central region of the
galaxy, and a strong central point source (see, e.g., Wang et al.
2009). Luangtip et al. (2015) found 6+2

−1 ULXs in this galaxy. We
have chosen to show only the central emission in the galaxy in
Appendix B and not the open spiral arms around it, in order to
better distinguish the X-ray morphology of the region of interest.
[199] NGC 3221. This source consists mostly of point-like
sources scattered along the optical edge-on disk of the galaxy,
6+0
−1 of which are classified as ULXs (Luangtip et al. 2015). The

hard-band spectrum can be fit with a power law of index Γ =
0.3 ± 0.6, with the nucleus being a stronger hard X-ray source
than the other point sources. Even though such a flat spectrum
could be indicative of an obscured AGN, fitting an absorbed
power-law with a fixed photon index of 1.8 yields an absorb-
ing column density of only NH ∼ 5 × 1022 cm−2. We conclude
that we cannot confirm the presence of an absorbed AGN, even
though we cannot rule out the possibility either.
[201] NGC 0838. This galaxy is in a complex system. NGC 0839
is placed ∼2.4′ to the south–east, and the center of the closely
interacting system formed by NGC 0833 and NGC 0835 is found
at ∼4′ to its west. IRAS resolves three of these four sources;
NGC 0833/0835 interact too closely to derive their fluxes sepa-
rately.However,becauseNGC 0838isresolved,wedidnot include
the rest of the components of the complex system in this work.

Oda et al. (2018) analyzed 3−50 keV NuSTAR data of this
compact group. NGC 0838 is not detected above 8 keV, show-
ing no evidence of an obscured AGN. The conclusion that
NGC 0838 is a starburst-dominated galaxy is also reached in the
detailed works by O’Sullivan et al. (2014), Turner et al. (2001).

This source is very bright in X-rays and has a complex mor-
phology of diffuse soft-band emission surrounding the nucleus,
a clear example of a strong starburst wind. Of the point sources,
2+1
−0 are classified as ULXs (Luangtip et al. 2015).
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Appendix B: Observations

Fig. B.1. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.2. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.3. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.4. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.5. Overlay on HST-ACS F814W. Contours: Interval 3.

Fig. B.6. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.7. Overlay on HST-ACS F814W. Contours: Interval 4.

Fig. B.8. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.9. Overlay on HST-ACS F814W. Contours: Interval 2.

Fig. B.10. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.11. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.12. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.13. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.14. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.15. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.16. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.17. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.18. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.19. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.20. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.21. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.22. Overlay on HST-ACS F814W. Contours: Interval 2.
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Fig. B.23. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.24. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.25. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.26. Overlay on HST-ACS F814W. Contours: Interval 1.
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Fig. B.27. Overlay on HST-ACS F814W. Contours: Interval 1.

Fig. B.28. Overlay on IRAC channel 1. Contours: Interval 2.
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Fig. B.29. Overlay on IRAC channel 1. Contours: Interval 1.

Fig. B.30. Overlay on SDSS DR-12 i-band. Contours: Interval 1.
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Fig. B.31. Overlay on SDSS DR-12 i-band. Contours: Interval 2.

Fig. B.32. Overlay on IRAC channel 1. Contours: Interval 1.
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Fig. B.33. Overlay on SDSS DR-12 i-band. Contours: Interval 1.

Fig. B.34. Overlay on IRAC channel 1. Contours: Interval 2.
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Fig. B.35. Overlay on IRAC channel 1. Contours: Interval 1.

Fig. B.36. Overlay on SDSS DR-12 i-band. Contours: Interval 1.
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Fig. B.37. Overlay on SDSS DR-12 i-band. Contours: Custom.

Fig. B.38. Overlay on SDSS DR-12 i-band. Contours: Custom.
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Fig. B.39. Overlay on IRAC channel 1. Contours: Interval 1.

Fig. B.40. Overlay on IRAC channel 1. Contours: Interval 4.
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Fig. B.41. Overlay on IRAC channel 1. Contours: Interval 2.

Fig. B.42. Overlay on SDSS DR-12 i-band. Contours: Interval 2.
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Fig. B.43. Overlay on SDSS DR-12 i-band. Contours: Interval 1.

Fig. B.44. Overlay on IRAC channel 1. Contours: Custom.
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Fig. B.45. Overlay on SDSS DR-12 i-band. Contours: Interval 2.

Fig. B.46. Overlay on IRAC channel 1. Contours: Interval 1.
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Fig. B.47. Overlay on SDSS DR-12 i-band. Contours: Interval 2.

Fig. B.48. Overlay on IRAC channel 1. Contours: Interval 1.
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Fig. B.49. Overlay on SDSS DR-12 i-band. Contours: Interval 1.

Fig. B.50. Overlay on IRAC channel 1. Contours: Interval 2.
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Fig. B.51. Overlay on IRAC channel 1. Contours: Interval 1.

Fig. B.52. Overlay on SDSS DR-12 i-band. Contours: Interval 2.
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Fig. B.53. Overlay on SDSS DR-12 i-band. Contours: Interval 1.

Fig. B.54. Overlay on SDSS DR-12 i-band. Contours: Interval 4.
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Fig. B.55. Overlay on SDSS DR-12 i-band. Contours: Interval 1.

Fig. B.56. Overlay on IRAC channel 1. Contours: Interval 4.
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Fig. B.57. Overlay on IRAC channel 1. Contours: Interval 1.

Fig. B.58. Overlay on IRAC channel 1. Contours: Interval 1.
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Fig. B.59. Overlay on IRAC channel 1. Contours: Interval 3

Fig. B.60. Overlay on SDSS DR-12 i-band. Contours: Interval 4.
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Fig. B.61. Overlay on IRAC channel 1. Contours: Custom.

Fig. B.62. Overlay on SDSS DR-12 i-band. Contours: Interval 1.
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Fig. B.63. Overlay on SDSS DR-12 i-band. Contours: Custom.
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Appendix C: X-ray spectra

Fig. C.1. X-ray flux density spectra for the 84 individual galaxies of CGII, obtained from the Chandra ACIS. Flux density in units of
10−14 erg s−1 cm−2 keV−1.
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Fig. C.1. continued.
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Fig. C.1: continued.

Fig. C.1. continued.
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Fig. C.1. continued.
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C O L L E C T I V E N O N - T H E R M A L E M I S S I O N F R O M A N
E X T R A G A L A C T I C J E T I N T E R A C T I N G W I T H S TA R S

In this chapter we present our work "Collective non-thermal emission
from an extragalactic jet interacting with stars" (Vieyro, Torres-Albà,
and Bosch-Ramon, 2017), in which we estimate the jet mass-loading
and non-thermal emission caused by populations of stars. We model
the winds of stars with high mass-loss rates; OB stars in LIRGs and
red giants in elliptical galaxies. We estimate the likelihood of their
presence having a dynamical impact on the jet and compute the SED
of the emission that results from their interaction.
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ABSTRACT

Context. The central regions of galaxies are complex environments, rich in evolved and/or massive stars. For galaxies hosting an
active galactic nucleus (AGN) with jets, the interaction of the jets with the winds of the stars within can lead to particle acceleration,
and to extended high-energy emitting regions.
Aims. We compute the non-thermal emission produced by the jet flow shocked by stellar winds on the jet scale, far from the jet-star
direct interaction region.
Methods. First, prescriptions for the winds of the relevant stellar populations in different types of galaxies are obtained. The scenarios
adopted include galaxies with their central regions dominated by old or young stellar populations, and with jets of different power.
Then, we estimate the available energy to accelerate particles in the jet shock, and compute the transport and energy evolution of the
accelerated electrons, plus their synchrotron and inverse Compton emission, in the shocked flow along the jet.
Results. A significant fraction of the jet energy, ∼0.1−10%, can potentially be available for the particles accelerated in jet-wind shocks
in the studied cases. The non-thermal particles can produce most of the high-energy radiation on jet scales, far from the jet shock
region. This high-energy emission will be strongly enhanced in jets aligned with the line of sight due to Doppler boosting effects.
Conclusions. The interaction of relativistic jets with stellar winds may contribute significantly to the persistent high-energy emission
in some AGNs with jets. However, in the particular case of M 87, this component seems too low to explain the observed gamma-ray
fluxes.

Key words. radiation mechanisms: non-thermal – galaxies: active – galaxies: nuclei – galaxies: jets

1. Introduction

Active galactic nuclei (AGN) are composed of a supermas-
sive black hole that accretes material from the inner re-
gion of the galaxy host. Some AGN are associated with the
production of collimated relativistic outflows or jets (e.g.,
Begelman et al. 1984). These jets propagate through complex
environments, rich in stars, dust, gas, clouds, and even stellar
clusters. It is very likely, then, that extragalactic jets inter-
act with the obstacles present in the central region of galax-
ies. These interactions can affect the jet dynamically on differ-
ent scales (e.g., Blandford & Koenigl 1979; Wang et al. 2000;
Sutherland & Bicknell 2007; Jeyakumar 2009). For instance,
the penetration of stars with strong winds inside the jet has
been proposed as a possible mechanism for jet mass-loading
and deceleration (e.g., Komissarov 1994; Bowman et al. 1996;
Hubbard & Blackman 2006; Perucho et al. 2014).

In addition to jet dynamical effects, the presence of stars
inside the jet can also lead to the generation of high-energy
emission. The interaction of a relativistic jet with a pow-
erful stellar wind produces a double bow-shock structure.
The shock in the jet flow is a potential site of particle ac-
celeration, and can contribute to the jet non-thermal emis-
sion. There have been several works exploring the gamma-ray
emission, in the form of both steady radiation and transient
events, due to jet-obstacle interactions (e.g., Dar & Laor
1997; Bednarek & Protheroe 1997; Beall & Bednarek 1999;
Araudo et al. 2010), and in particular, due to jet-star interactions

(Barkov et al. 2010; Araudo et al. 2013; Bednarek & Banasiński
2015; de la Cita et al. 2016; Banasiński et al. 2016). There is
also some direct and indirect evidence of jet-star interactions
and jet mass-load by stellar winds (e.g., Müller et al. 2014;
Wykes et al. 2013, 2015, and references therein).

Recent numerical simulations have shown that: (i) the effec-
tive surface of the shock induced by an obstacle is larger than
the obstacle section, increasing the conversion of kinetic energy
into internal energy; and (ii) Doppler boosting has to be taken
into account even for standing shocks (Bosch-Ramon 2015;
de la Cita et al. 2016). In addition, it has been found that for jet-
star interactions taking place at relatively large distances from
the central source, say &pc-scale, accelerated particles are not
strongly cooled close to the shock. In fact, the non-thermal par-
ticles can cover distances similar to the jet height without signif-
icant energy loss (Bednarek & Banasiński 2015; de la Cita et al.
2016). Regarding the most likely radiation mechanisms, in the
jet’s innermost regions, hadronic processes cannot be discarded,
but in general leptonic emission, namely synchrotron and in-
verse Compton (IC), will be more efficient in less extreme en-
vironments (see Barkov et al. 2012b,a; Khangulyan et al. 2013,
for related discussions).

In this work, we study the collective, steady, leptonic, high-
energy radiation resulting from the interaction of an AGN jet
with different stellar populations. We compute the non-thermal
radiation produced at the scale of the jet, and do not consider
in detail the radiation component originated on the smaller

Article published by EDP Sciences A57, page 1 of 14



A&A 604, A57 (2017)

scales of the jet-wind interaction structure. The jet-wind in-
teraction region was investigated for individual interactions in
de la Cita et al. (2016), its emission being roughly generalized
for many encounters for the radio galaxy M 87 in Bosch-Ramon
(2015). A detailed study of the extended jet emission as the re-
sult of the stellar population in the radiogalaxy Centarus A was
conducted by Wykes et al. (2015). This study mostly focused on
the presence of red giant stars in the host galaxy.

Here, we aim at analyzing the relevance of the jet-scale high-
energy emission contribution for different types of galaxy hosts,
namely characterized either by old or young stellar components.
Our treatment of the problem includes relativistic beaming and
accounts for the effective increase in the shock area, which are
effects that were not taken into account before when comput-
ing the contribution to high-energy emission from collective jet-
star interactions on jet scales. We disregard, at this stage, the
effects of strong anisotropy in the stellar spatial distribution at
the galaxy center, which may influence the number of available
stars interacting with the jet.

The article is organized as follows: in Sect. 2, the stellar pop-
ulations in the central regions of two types of galaxy are charac-
terized; Sect. 3 contains a description of the jet model; in Sect. 4,
we outline the properties of three different galaxy hosts ; Sect. 5
presents an estimate of the apparent non-thermal emission for the
galaxies studied; whereas Sect. 6 presents accurate calculations
of the transport of relativistic electrons along the jet, and a com-
putation of their high-energy emission. The results are presented
in Sect. 7, and the conclusions in Sect. 8.

2. Characterization of the stellar populations
interacting with AGN jets

This work is one of the first approximations to the prob-
lem of large-scale emission from jet-star interactions (see also
Bednarek & Banasiński 2015; Wykes et al. 2015), and for this
reason two different scenarios are adopted for the types of AGN
galaxy host studied: a star-forming galaxy with a dense disk of
molecular gas surrounding the nucleus in which the star forma-
tion rate (SFR; ṀSFR) is very high; and a massive galaxy with an
old stellar population distributed in a bulge. More detailed stud-
ies of specific sources, or a mixed galaxy with a large population
of evolved stars plus a high SFR, are left for future work.

2.1. Effect on the non-thermal energy budget

We characterize the stellar populations inside the jet to obtain the
luminosity injected in the form of accelerated particles at the jet-
star interactions. This non-thermal luminosity can be estimated
as

LNT =

∫ ∫
ηNT Lj

〈
S s(m, t)

S j

〉
ns(m, z) dm dz, (1)

where ηNT is the fraction of jet energy that crosses the effective
interaction area S s that is converted into non-thermal particle
energy, Lj the jet luminosity, ns(m, z) the (assumed stationary)
stellar number density, m the stellar mass, z the jet height, t the
time, and S s(m,t)

S j
(or 〈 S s(m,t)

S j
〉) the (time average of the) fraction of

jet area intercepted by one stellar interaction.
One can integrate over the height of the jet the quantity:

σT =

∫ ∫ 〈
S s(m)

S j

〉
ns(m, z) dm dz. (2)

If the value of σT is much higher than 1, it can be an indica-
tor that the interaction is dynamically relevant for the jet, as
all its section will be shaded by collisions with stars and their
winds. In addition, σT � 1 would mean that the jet-star colli-
sions should take place in the wake of (many) other collisions
further upstream of the jet.

When the jet interacts with a stellar wind, a double bow-
shock is generated. The stagnation point is defined as the point
where the wind and jet ram pressures are equal, and is located at
a distance Rs from the star. This can define a section for the inter-
action with the jet, S s = πR2

s . However, it has been shown using
hydrodynamical simulations that kinetic energy is converted into
internal energy at larger distances from the star. This implies that
the dynamical interaction is effective significantly farther from
the star than Rs with respect to kinetic energy dissipation, in-
creasing the effective area of the shock by a factor A = 10–100
(Bosch-Ramon 2015). The pressures at the stagnation point for
the stellar wind and for the jet are:

Ps = ρ v2
w =

Ṁ vw

4 πR2
s
, Pj '

Lj

c S j
, (3)

respectively, where c is the speed of light, Ṁ the stellar mass-
loss rate, and vw the stellar wind speed. At the stagnation point,
Ps = Pj, thus

S s(m, t)
S j

=
A π R2

s (m, t)
π R2

j

=
A c Ṁ(m, t) vw(m, t)

4 Lj
· (4)

Consequently, for σT < 1, the non-thermal luminosity injected
into the jet depends on the stellar density, wind velocity and
mass-loss rate, that is, it does not depend on the jet power. The
stars with high momentum rates (Ṁvw) are the most relevant
for the interaction. Therefore, we focus here on high-mass stars
for high-SFR AGN galaxies, and post-main sequence low-mass
stars for massive AGN host galaxies with an old stellar popula-
tion; for simplicity, both groups are modeled as main sequence
OB stars, and red giants at different stages of evolution, respec-
tively. Therefore, particularly high mass-loss phases of stars (su-
pergiant, Wolf-Rayet, luminous blue variable, asymptotic giant
branch) are not considered as they would be relatively rare, de-
spite their impact being possibly dominant should they interact
with the jet not far from its base.

2.2. OB stars in star-forming galaxies

Massive star-forming galaxies, such as ultra-luminous and lu-
minous infrared galaxies (ULIRGs and LIRGs), can have
SFR of hundreds to a thousand solar masses per year (e.g.,
Sanders & Mirabel 1996). Studies of nearby ULIRGs have
shown that these galaxies tend to concentrate most of the star
formation in inner circumnuclear disks, of a few hundreds of par-
sec in radius and approximately a hundred parsec in height (e.g.,
Medling et al. 2014). In such disks, the SFR can be as high as
a few hundred solar masses per year (e.g., Downes & Solomon
1998; Teng et al. 2014). We consider here that the stellar popula-
tion interacting with the jet is composed of young OB stars, be-
ing formed at the high rates typical of U/LIRGs, and distributed
homogeneously in a circumnuclear disk.

2.2.1. Stellar number density

The number of stars being formed per unit of mass, time and vol-
ume (V) is φ(m, r, t), which actually does not depend on location
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(i.e., radius r from the galaxy centre in spherical coordinates)
for a homogeneous spatial distribution. Assuming that the SFR is
constant in time (see Araudo et al. 2013), a homogeneous spatial
distribution of stars within the disk, and a power-law dependence
on the mass, φ(m, r, t) can be expressed as:

φ = K
(

m
M�

)−x

, (5)

where x ∼ 2.3 in the 0.1 ≤ m/M� ≤ 120 range considered
(Salpeter 1955; Kroupa 2001), and K is a normalization con-
stant with units [K] = M−1

� yr−1 pc−3. The star formation rate is
ṀSFR =

!

φ m dm dV:

ṀSFR = KπR2
d hd

∫ 120 M�

0.1 M�

(
m

M�

)−x+1

dm, (6)

where Rd is the stellar disk radius and hd the total disk thick-
ness. Along with ṀSFR, these quantities can be known for a given
galaxy; thus, the constant K can be obtained.

As stars are being born, they accumulate in the galaxy. For
stars of masses such that t < tlife, where tlife is the stellar lifetime,
the density of stars is

ns(m) =

∫ t

0
φ(t′,m)dt′ ≈ φ(t = 0) · t. (7)

For t > tlife, the massive stars have started to die, and the dis-
tribution becomes steeper than −2.3. Then, the stellar density
becomes ns(m) = φ(m, t = 0) · tlife(m), with

tlife(m) = 10a
(

m
M�

)−b

yr. (8)

We consider a = 9.9, b = 2.9 in the range 1.25 ≤ m/M� ≤ 3;
a = 9.6, b = 2.4 in 3 ≤ m/M� ≤ 7; a = 9.1, b = 1.8 in
7 ≤ m/M� ≤ 15; a = 8.0, b = 0.8 in 15 ≤ m/M� ≤ 60; and
tlife ≈ 0.004 Gyr at m > 60 M� (Ekström et al. 2012).

2.2.2. Mass-loss rate and wind speed

To estimate S s(m), assumed constant in time for an OB main
sequence star, it is necessary to know Ṁ and vw. We follow the
prescriptions in Vink et al. (2000) derived for OB stars. For O
stars (16 ≤ m/M� ≤ 120),

log Ṁ(m) = − 6.7 + 2.2 log(Ls/105 L�) − 1.3 log(m/30 M�)

− 1.2 log
(
vw/vesc

2

)
+ 0.9 log(Teff/40 000 K)

− 10.9 [log(Teff/40 000 K)]2 + 0.85 log(Z/Z�),
(9)

where Ls, Teff , and Z are the luminosity, effective temperature,
and metallicity of the star, respectively. The terminal wind ve-
locity of the stars in this range is vw ≈ 2.6 vesc.

For B stars (2 . m/M� ≤ 16),

log Ṁ(m) = − 6.7 + 2.2 log(Ls/105 L�) − 1.3 log(m/30 M�)

− 1.6 log
(
vw/vesc

2

)
+ 1.1 log(Teff/20 000 K)

+ 0.85 log(Z/Z�).
(10)

The terminal wind velocity of the stars in this range is vw ≈
1.3 vesc for Teff > 12 500 K, and it drops to vw ≈ 0.7 vesc for
Teff < 12 500 K (Lamers et al. 1995).

Simple dependencies of the parameters with the stellar mass
are assumed: Ls ∝ m3.5 in the 2 ≤ m/M� ≤ 50 range, Ls ∝ m in

the 50 ≤ m/M� ≤ 120 range, Rs ∝ m0.6, and Teff =

(
Ls

4πσR2
s

)1/4
.

Metallicity was measured by Huo et al. (2004) in the central
regions of some nearby ULIRGs, among them one of the objects
studied in this work, Mrk 231, obtaining values of Z ' Z�. We
assume here solar metallicity for ULIRG-type galaxies, which
implies that the last term in Eqs. (9) and (10) does not contribute
to the mass loss of their stars. It would have a significant impact,
however, when deriving mass-loss rates for massive stars in en-
vironments significantly metal-poorer than our own galaxy (e.g.,
ULIRGs at z ∼ 2–3).

The prescriptions given above do not account for two known
discrepancies between theoretical and observational mass-loss
rates: clumping, and the weak-wind problem. Wind-clumping
refers to density inhomogeneities in the stellar wind, and not
considering them causes an overestimation of the mass-loss rates
that can amount to factors of 2 to 10, depending on the specific
diagnostics used to derive the observational values (Puls et al.
2008). Analytical models need to be corrected by the square
root of the Clumping factor (Ṁcl = Ṁ · f −1/2

cl ) before being ad-
justed to observational data. Comparisons with the Vink et al.
(2000) model, which does not account for clumping, find dis-
crepancies between the theoretical model and empirically de-
rived mass-loss rates of a factor 2–3 lower (e.g., Šurlan et al.
2013; Sundqvist et al. 2011; Smith 2014). Puls et al. (2008) sug-
gest a maximum correction for theoretical models of a factor
of 2. In order to be conservative, we reduce the mass-loss rate
values given by Eqs. (9) and (10) by a factor of 3.

The weak-wind problem refers to the fact that empiri-
cally derived mass-loss rates for late O-/early B-type stars
might be a factor 10–100 lower than theoretically expected.
The first statistically relevant evidence was provided by
Chlebowski & Garmany (1991), and was confirmed by many
later studies using UV line diagnostics (see Puls et al. 2008, and
references therein). However, later results show that the weak-
wind problem is reduced or eliminated when taking into account
a hotter component of the wind, as the wind is not weak, but
its bulk is only detectable in X-rays (e.g., Huenemoerder et al.
2012). Still, a reduction of a factor of 3 in the mass-loss rates
of massive O-types to account for clumping, and a reduction of
a factor of 10 for late O-/early B-type stars to account for both
clumping and weak winds, is suggested in a review by Smith
(2014).

When applying Eqs. (9) and (10), we correct by a factor of
3 for clumping, and leave the weak-wind problem uncorrected
due to the still unknown optimal reduction factor. However, as
seen in Fig. 1, where a quantity ∝m × dLNT/dm is shown, stars
with masses below 40 M� do not contribute significantly to the
non-thermal luminosity; and the weak-wind problem would start
to be significant for stars of spectral type O7-O8, which have
masses of ∼25−28 M� (Smith 2014). Therefore, for this study,
correcting for weak winds becomes unnecessary.

Following the given prescriptions and assumed dependen-
cies, the mass-loss rate depends only on the mass. One can com-
pute a weighted average over the mass that is independent of the
SFR or the physical characteristics of a particular galaxy. This
is valid as long as enough stars of a given mass are present to
be treated as a continuum distribution to the needed degree of
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accuracy. The average mass-loss rate is

〈Ṁ〉 =

∫
Ṁ(m)ns(m)dm
∫

ns(m)dm
= 3.4 × 10−9 M� yr−1, (11)

in the considered 2 ≤ m/M� ≤ 120 range. Following the same
procedure, a mass-averaged wind momentum can be derived:
〈Ṁvw〉 = 9.0 × 1025 g cm s−2.

The total number of stars with masses &40 M� within the jet,
for any given galaxy is

NOB = 13
(

ṀSFR

100 M� yr−1

) (
hd

100 pc

)2 (
300 pc

Rd

)2 (
θ

0.1

)2

, (12)

where θ is the jet opening angle. Despite the fact that we adopt
the continuum distribution assumption here, this result shows
that it is only marginally valid.

2.3. Red giants in elliptical galaxies

Elliptical galaxies have in general very low SFRs, and therefore
do not have a significant population of young OB stars that can
interact with the jet. However, red giants can have high mass-
loss rates, in the range of ∼10−10−10−5 M� yr−1 (Reimers 1975),
and are abundant in this type of galaxies.

In the characterization of elliptical galaxies we assume the
red giants to be distributed in an inner spherical bulge, with a
density that decays as a power-law with the radial distance from
the galaxy center. We also assume that there is no on-going star
formation.

2.3.1. Stellar number density

Knowing the mass profile of any particular elliptical galaxy, we
can estimate the total mass of stars contained inside the bulge
(MT). Then we use the Salpeter initial mass function (IMF) and
normalize it to the total mass of stars:

MT = K
4
3
πR3

b

∫ m2

0.1 M�

(
m

M�

)−x+1

dm, (13)

with x = −2.3, and where Rb is the radius of the spherical bulge,
and m2 the mass of the stars in the galaxy exiting the red giant
phase in the lifetime of the galaxy, that is, the largest stellar mass
available.

Knowing the lifetime of a galaxy (tgal), the red giants in
the galaxy are those with masses between m1 and m2, with
m1 = m(tlife = tgal) being the mass of the stars entering the
red giant phase at a time equal to the age of the galaxy, and
m2 = m(tlife = tgal− trg) being the mass of the stars which entered
the red giant phase exactly one red-giant lifetime before. We as-
sume the lifetime of a red giant to be ∼5% of the main sequence
lifetime, and thus fix trg = 0.05 tgal. We note that this approach
assumes that all stars have been formed a time tgal ago, that is
star formation extended in time is not considered. Some stars
may have formed later, which would enter the red giant phase at
tgal with higher masses, and would then lose more mass in the
red giant phase.

Since the lifetime of a galaxy is much larger than the lifetime
of a red giant, m1 and m2 will be very similar. For a lifetime
similar to that of the Milky Way, these masses are ≈0.83 M�.
Then, we obtain the total number of red giants as:

NT = K
4
3
πR3

b

∫ m2

m1

(
m

M�

)−x

dm. (14)

Since all the red giants have very similar masses, and the total
number of them is given by Eq. (14), together with the fact that
their mass-loss rate and wind velocities are mass-independent
(see Sect. 2.3.2), there is no need to maintain a mass depen-
dency on the number density. However, in this case, since we are
considering a large and spherical bulge, there is a decay of the
density with radial distance/jet height (z), that is, ns(z) ∝ NT/zξ.
We assume this dependence to be a power law, and consider two
values for the index ξ: ξ = 1, which is the stellar index estimated
for M 87 (derived from Gebhardt & Thomas 2009), and ξ = 2
for comparison.

2.3.2. Mass-loss rate and wind speed

The mass-loss rate of a red giant depends on its luminosity and
radius, following:

Ṁ = 4 × 10−13
(

L
L�

) (
g�
g

) (R�
R

)
M� yr−1, (15)

where g is the stellar surface gravity (Reimers 1975). As a red
giant evolves, more hydrogen from the H-burning shell sur-
rounding the core turns into helium, increasing the mass of the
He-core, and the stellar radius and luminosity. Therefore, the
mass-loss rate has a time dependence for a red giant star.

Joss et al. (1987) provide a fit, based on numerical models, to
the core mass-luminosity relation for red giants with core masses
in the range of 0.17 M� . mc . 1.4 M�:

L(mc) ' 105.3µ6

1 + 100.4µ4 + 100.5µ5 L�, µ ≡ mc

M�
, (16)

and a fit to the core mass-radius relation in the same range:

R(mc) ' 3.7 × 103µ4

1 + µ31.75µ4 R�. (17)

As all the red giant stars in the galaxy have a very similar mass,
we consider them all to have the same initial core mass, and
consequently the exact same mass-loss rate as a function of time.
The time dependence can be introduced when considering that
the dominant energy source in red giants is the p−p chain, with
a ∼0.7% efficiency, and the He-core mass increases as hydrogen
burns into helium according to (Syer & Ulmer 1999):

L(mc) ' 0.007 M�c2µ̇. (18)

The core-mass range considered in this work is 0.17−0.43 M�:
starting with an initial core mass that corresponds to the lower
limit of the range for which Eqs. (16) and (17) are fitted, and
stopping at a value for which the radius, mass-loss and life-
time of the red giant are reasonable (Rf ∼ 110 R�, Ṁf ∼
5×10−8 M� yr−1 and trg ∼ 7.3×108 yr). These values are limited
by the considered initial mass of the star, as the sum of the final
core mass and total mass lost cannot exceed it. Unlike with OB
stars, Eq. (15) does not include a metallicity dependence. Red
giants are assumed here to lose along their lifetime all the mass
that does not go into the core, independently of metallicity, and
therefore the final average mass-loss rate is the same regardless
of the specific effects of metallicity on the Ṁ(t)-curve.

Wind speeds of red giants are relatively low, typically
.107 cm s−1 (e.g., Crowley 2006; Espey & Crowley 2008). In
this work we take, for simplicity, vw = 107 cm s−1, considering
it constant during the star evolution.
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Fig. 1. Contribution to the non-thermal luminosity injected into the jet
through stellar interactions for different stellar masses of OB stars.
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Fig. 2. Mass-loss rate as a function of time for a red giant with a core
mass ranging from 0.17 M� to 0.43 M�, in a lifetime of ∼7.3 × 108 yr.

As seen in Fig. 2, the latter stages of the life of a red giant
(∼0.01 trg, which means, ∼1% of red giants within the jet) con-
tribute most significantly to the mass-loss rate and, therefore, to
the injected non-thermal luminosity. For Eqs. (1) and (4), as the
mass-loss rate and wind speed are mass-independent, they can
both be used as constants if 〈Ṁ〉 is time-averaged:

〈Ṁ〉 =

∫
Ṁ(t)dt

trg
= 5.7 × 10−10 M� yr−1. (19)

Then, taking the considered constant value for the wind speed,
we obtain an average wind momentum of 〈Ṁvw〉 = 3.6 ×
1023 g cm s−2.

3. Jet model

We adopt a jet with a conical geometry, that is, a constant open-
ing angle θ, which is launched at a distance z0 above the super-
massive black hole in the center of the galaxy. The radius of the

jet is a function of the distance z to the black hole:

Rj(z) = θ z. (20)

Assuming equipartition between the magnetic field and the jet
total energy density, the magnetic field in the jet base would be

B2
0

8π
=

1
2

Lj

πRj(z0)2c
, (21)

where B0 = B(z0). The magnetic field decreases with z according
to

B(z) = B0

( z0

z

)m
, (22)

with 1 ≤ m ≤ 2, depending on the topology of the magnetic
field.

Polarization angles from blazars are found to be either nearly
transverse or nearly parallel to the jet axis; this dualism is
consistent with magnetic fields that are intrinsically oblique,
but the observed directions are altered by relativistic effects
(Marscher et al. 2002). For toroidal and poloidal fields compara-
ble in the jet frame, since Bφ/Bz ≥ Γ, a relativistic jet would be
dominated by the toroidal magnetic field in the observer frame
(Lyutikov et al. 2004).

In this work, we parametrize the magnetic pressure through
a fraction ζeq of the equipartition value. Also, in most cases the
magnetic field is assumed to be predominantly perpendicular to
the flow motion, so we adopt m = 1 (Spruit 2010). Therefore, in
the flow frame one obtains

B′φ(z) =
1
Γz

√
4ζeqLj

θ2c
, (23)

where Γ is the jet bulk Lorentz factor, which is considered to be
constant. We consider two cases: ζeq = 1, which means that B(z)
is in equipartition, and ζeq = 10−2 as an example of a magnetic
field below equipartition. In the case where we consider a domi-
nant poloidal field, m = 2 (see Sect. 7; a poloidal magnetic field
decays faster than a toroidal field with z), we take into account
that it remains invariant between the observer and jet frames, that
is Bz(z) = B′z(z).

4. Galaxy hosts

The prescriptions described in Sect. 2 and the jet model de-
scribed in Sect. 3 are applied to specific galaxy types to estimate
the contribution of jet-star interactions to high-energy radiation
in realistic contexts.

4.1. Elliptical galaxy: M 87

As a fiducial elliptical galaxy, we consider the case of M 87.
The galaxy bulge has a radius of ∼40′′ (Harris et al. 1999),
which corresponds to Rb ∼ 3.1 kpc. Knowing the bulge
size, we estimate the total mass contained within it from
Gebhardt & Thomas (2009), and determine the total number of
red giants using Eqs. (13) and (14). The number of red giants
within the bulge is ≈1.3 × 109.

The jet in M 87 has a luminosity of Lj = 1044 erg s−1

(Owen et al. 2000), an inclination angle of 20◦ (Acciari
et al. 2009), and an opening angle of ∼0.1 rad (Biretta &
Meisenheimer 1993; Doeleman et al. 2012). Taking this aper-
ture, the number of red giants within the jet would be ∼3.2×106.
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Fig. 3. Total mass loaded into the jet (left axis), and total fraction of jet
surface intercepted by stellar interactions (right axis), as a function of
jet height, for ξ = 1 and 2, in M 87.

Radio lobes detected by Owen et al. (2000) show that the emis-
sion in M 87 comes from a region within ∼40 kpc. The jet re-
mains undisturbed and collimated only for a few kpc, where it is
relativistic, with a Lorentz factor of Γ ∼ 2–3 (Biretta et al. 1995).
Thus, here we focus on an extension of zmax = 5 kpc and adopt
a Lorentz factor of Γ = 3.

We plot in Fig. 3 the total loaded mass rate and the total sur-
face of interaction as defined in Eq. (2). At the total bulge height,
we obtain ratios Γ Ṁc2/L j ∼ 3 and σT ∼ 0.01, which mean that
wind mass-load and subsequent jet slow down is likely impor-
tant in the jet of M 87 on kpc scales. On the other hand, only 1%
of the jet section is covered by interactions, which may mean
that the loaded mass is confined only to relatively small regions
of the jet. However, given the unstable nature of jet-wind inter-
actions and the subsequent loaded matter evolution (see, e.g.,
Bosch-Ramon et al. 2012; de la Cita et al. 2016), plus the com-
plex dynamic pattern arising from such an inhomogeneous con-
figuration, it seems more likely that the loaded wind material will
effectively spread all over the jet. It is worth noting that both the
number of stars within the jet and the jet mass-load estimates
derived here are similar to those found by Wykes et al. (2013,
2015) for the radiogalaxy Centaurus A.

4.2. Starburst galaxies: Mrk 231 and 3C 273

We study two sets of parameters describing star-forming galax-
ies: One is considered to be a local Universe galaxy with a weak
jet and a very high SFR, for which we take the particular case of
Mrk 231. The other starburst is the powerful quasar 3C 273.

Mrk 231: the jet in Mrk 231 has a luminosity of Lj =

1043 erg s−1 (Reynolds et al. 2009). There is evidence supporting
a jet viewed nearly along the line of sight, with an inclination
i < 14◦ and a high Lorentz factor (e.g., Reynolds et al. 2009;
Davies et al. 2004); we adopt i = 10◦, and a Lorentz factor of
Γ = 6. The size of the collimated radio source is estimated at
∼70 pc (Taylor et al. 1999), and its opening angle θ = 0.1.

The stellar disk of Mrk 231 has a total thickness of 23 pc and
a radius of ∼300 pc, and a nuclear SFR of ∼100−350 M� yr −1

(Downes & Solomon 1998; Teng et al. 2014). We take here the
limit value of 350 M� yr −1.

The total mass rate loaded inside the jet of Mrk 231 by stars
and the total surface of interaction, as defined in Eq. (2), are
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Fig. 4. Total mass rate loaded into the jet (left axis), and total fraction of
jet surface intercepted by stellar interactions (right axis), as a function
of jet height for Mrk 231.

plotted in Fig. 4 as a function of jet height. At the total jet height,
we have ratios Γ Ṁc2/L j ≈ 0.17 and σT ≈ 0.09. Unlike the
case of M 87, the jet of Mrk 231 seems to be only slightly mass-
loaded and slowed down by the winds of massive stars, but in this
case the loaded matter will spread inside the jet more efficiently
due to a higher σT -value.

The source 3C 273, located at z = 0.158, is one of the bright-
est and closest quasars. The jet luminosity is Lj ∼ 1046 erg s−1

(e.g., Stawarz 2004; Ghisellini et al. 2010; although lower intrin-
sic luminosities of ∼4 × 1044 erg s−1 were recently estimated by
Punsly & Kharb 2016). VLBI observations show a small-scale
radio jet, whose components are characterized by apparent su-
perluminal motions, indicating a jet close to the line of sight.
In addition, radio observations also reveal a large-scale jet, that
extends up to tenths of kpc (Conway et al. 1981). The viewing
angle of the larger jet, however, seems to differ from the one of
the inner jet by ∼20◦ (Stawarz 2004). Thus, we study the emis-
sion produced in the inner jet.

Superluminal motions are found up to a distance of hundreds
of pc (Davis et al. 1991); we consider that the jet extends up to a
distance comparable to the stellar disk radius, that is zmax = Rd.

This source is highly variable at all wavelengths; a precess-
ing inner jet (Abraham & Romero 1999) and a double helix in-
side the jet (Lobanov 2009) have been suggested as responsible
for the radio variability. Since we do not attempt to model the
multi-wavelength emission of the source nor its variability, we
consider average values for the inclination angle and the Lorentz
factor, adopting i = 6◦ and Γ = 10 respectively (Jorstad et al.
2005).

With an infrared luminosity of log(LIR/L�) = 12.73
(Kim & Sanders 1998), 3C 273 is classified as a ULIRG. For
the stellar disk properties, we take a total thickness of 100 pc
(average value for nearby ULIRGs in Medling et al. 2014), and
a radius of 300 pc as in Mrk 231. SFR estimations for this ob-
ject are 50–150 M� yr−1 (Farrah et al. 2013), and 129 M� yr−1

(Zhang et al. 2016), for the whole galaxy. As in this type of ob-
ject, most of the star formation originates in the inner regions; we
assume a SFR of ∼100 M� yr−1 to be concentrated in the molec-
ular disk. At the total jet height, we have ratios Γ Ṁc2/L j ∼ 10−3

and σT ∼ 4 × 10−4, as seen in Fig. 5. Therefore, mass-load and
the dynamical effects induced by stellar winds are likely minor
in this source.
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Table 1. Main parameters of the model.

Parameters 3C 273 Mrk 231 M 87
d: distance [Mpc] 730 180 16
SRF: star formation rate [M� yr−1] 100 350 –
hd: stellar disk thickness [pc] 100 23 –
Rd: stellar disk radius [pc] 300 300 3100?

Lc: jet power [erg s−1] 1046 1043 1044

zmax: jet height [pc] 300 70 5000
Γ: Lorentz factor 10 6 3
θ: opening angle [rad] 0.1 0.1 0.1
i: inclination [◦] 6 10 20

Notes. References for all parameter values are given in Sect. 4. Distances are taken from NED as of March 2017. (?) Radius of the galactic bulge.
The stars in M 87 are assumed to be spherically distributed.
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Fig. 5. Total mass rate loaded into the jet (left axis), and total fraction of
jet surface intercepted by stellar interactions (right axis), as a function
of jet height for 3C 273.

Table 1 lists all the relevant parameter values of the model
and the sources.

5. Radiated non-thermal power

Assuming that IC losses dominate, one can easily estimate the
apparent luminosity of the high-energy emission expected from
the interaction of a given AGN jet with the population of stars in
the host galaxy. The radiative efficiency of the shocked fluid can
be approximated as:

frad(E, z) =
t−1
rad

t−1
rad + t−1

nrad

. (24)

where t−1
nrad accounts for the non-radiative losses (e.g., adiabatic

losses, particle advection), and t−1
rad accounts only for IC losses in

the Thomson regime1:

t−1
IC,T =

4cσT

3
E

(mec2)2ωph. (25)

The luminosity density generated only by the red giants in the
galaxy is comparable to the one generated by the whole stel-
lar population in the bulge (derived from Gebhardt & Thomas
1 However, these losses could be associated as well to synchrotron
losses under a magnetic field of equivalent energy density to the domi-
nant photon field.

2009). Here we consider as target photons for IC interactions
those emitted by the whole red giant population. Given that other
photon fields produced in the galaxy or its central region can be
present, the radiative efficiency derived is rather conservative.
The photon energy density at a given z-value is estimated as:

ωph(z) =

∫
Ls(m)ns(m, z)

4πc(z2 + r2 − 2rz cos θ)
dmdV. (26)

In the case of M 87, Ls(m) should be replaced by 〈Ls〉, the time
averaged red giant luminosity.

The apparent non-thermal luminosity per unit volume at
height z due to jet-star interactions is then:

dLapp
NT (z)
dV

= ηNTLj frad(z)
δ4

j

Γ2
j

∫ 〈
S s(m, z)

S j(z)

〉
ns(z,m)dm, (27)

where ns(z,m) is the density of stars, and δj is the Doppler boost-
ing factor, given by

δj =
1

Γ(1 − βj cos i)
, (28)

where i is the inclination, that is, the angle between the jet axis
and the line of sight. Notice that Eq. (26) is the photon energy
density in the laboratory frame; in the jet frame, it is enhanced by
a factor ∼Γ2

j (whereas the IC target photon energy is enhanced by
∼Γj). We note, however, that frad is an invariant quantity. As men-
tioned in Sect. 2, the effective area of the shock is larger than the
one defined by the stagnation distance; we adopt here A = 100
(Bosch-Ramon 2015). The total radiative output is computed in-
tegrating Eq. (27) over the jet volume.

We estimate the apparent non-thermal radiative output at a
reference energy of E′IC = (mec2)2/kTsΓ, where E′IC is approx-
imately the maximum of the IC cross-section in the flow frame
around the Thomson-Klein-Nishina (KN) transition. In the case
of M 87, we obtain Lapp

NT ≈ 5 × 10−3ηNTLj at E′c ≈ 250 GeV,
for both values of the index of the stellar density. For Mrk 231,
the apparent non-thermal luminosity is Lapp

NT ≈ 7 × 10−2ηNTLj at
E′IC ≈ 10 GeV, whereas for 3C 273, it is lower than the jet lumi-
nosity, LNT ≈ 7 × 10−4ηNTLj, with the same E′IC. In Sect. 8 we
discuss how reliable these estimates are.

6. Non-thermal processes

As shown in Sect. 5, Lapp
NT can easily reach ∼1% of the jet lu-

minosity. In this section we study the non-thermal processes in
more detail, and compute the synchrotron and IC spectral energy
distributions (SEDs).
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6.1. Energy losses

We consider that particles lose energy by synchrotron radiation,
IC interactions, and adiabatic cooling. We calculate the cooling
rates in the flow frame. The cooling rate for synchrotron radia-
tion is given by:

t′−1
synchr(E

′, z) =
4
3

cσT

(mec2)2

B′2(z)
8π

E′, (29)

and adiabatic losses can be estimated as:

t′−1
ad (E′, z) =

2
3

Γc
z
· (30)

There are several radiation fields that can provide targets to IC
interactions: locally produced radiation, as synchrotron emission
(synchrotron self-Compton, SSC), and external photon fields,
such as the radiation from the stars in the galaxy, infrared (IR)
photons from dense regions, or the cosmic microwave back-
ground (CMB).

In particular, IR photons have been considered in the star-
burst galaxies. The IR luminosity of the star-forming disk in
Mrk 231 is estimated in LIR = 3 × 1012 L� erg s−1; for the
ULIRG 3C 273, we consider an IR luminosity of LIR = 5.4 ×
1012 L� erg s−1 (both from Sanders et al. 1988). We model the IR
fields as gray bodies with a temperature of ∼200 K. In the case of
M 87, the starlight and CMB photons are the most relevant tar-
gets (Hardcastle & Croston 2011); thus, we include CMB pho-
tons for this source. The extragalactic background light (EBL)
energy density is, however, at least a factor 30 below the CMB
(Cooray 2016); we therefore do not consider the EBL as an ad-
ditional target.

In addition, 3C 273 shows an excess in the optical/UV emis-
sion, likely the result of an accretion disk or reprocessing of ra-
diation from a hot corona. The coronal emission is also observed
on X-rays at E . 30 keV (Madsen et al. 2015). The size of the
accretion flow is estimated in 0.02–0.05 pc (Chidiac et al. 2016).
As a result, its photon energy density is deboosted when seen
from the jet. Moreover, the scattering probability for IC inter-
actions is reduced a factor (1 − β cos θ)2 ∼ 10−16. We consider,
then, that this component does not provide a relevant target for
our study.

The energy density of synchrotron photons is 10−4−10−3

times lower than the magnetic energy density in zmax for both
values of the magnetic field, for the three sources. Then, SSC
have turned out to be irrelevant in our scenario, as expected given
the large scales involved. In the timescale analysis, we focus on
scales ∼zmax as in most of the cases explored here the largest
scales are radiatively dominant.

The maximum energy that electrons can attain depends on
the energy loss/gain balance. The acceleration rate is assumed to
be:

t′−1
acc (E′, z) = η

ecB′(z)
E′

, (31)

where η = (v/c)2/2π and it approaches 0.1 as v → c (we follow
the same approach as in de la Cita et al. 2016, further details are
provided there).

Figure 6 shows the cooling rate at zmax, together with the ac-
celeration rate for the starburst galaxies, for the sub-equipartition
value of the magnetic field. Figure 7 shows the cooling rate at
zmax for M 87, both for B = Beq and B = 10−1Beq, in the case of
the stellar index ξ = 1. Similar results (not shown here) to those
presented in Fig. 7 are obtained when considering the stellar in-
dex ξ = 2.

In all the explored cases, the maximum electron energy is
determined either by synchrotron losses or diffusion out of the
accelerator (i.e., the jet-star direct interaction region).

6.2. Particle injection

We adopt an injection function, in units of particles per time and
energy unit for a jet height interval dz, given by

dQ(E′, z) = Q0(z)E′−α exp(−E′/E′max(z)), (32)

where the injection index is taken as α = 2, characteristic of
diffusive acceleration mechanisms. The normalization function
Q0(z) depends on the available non-thermal energy, quantified
by Eq. (1). Since the particle energy in the flow frame is E′NT =
ENT/Γ, and the cell crossing time in the flow frame is Γ times
longer, dQ(E′, z) can be normalized through
∫ E′max

Emin

dE′E′dQ(E′, z) ≈ 1
Γ2 dLNT(z), (33)

where dLNT(z) is the non-thermal injected luminosity within
the jet height interval dz. The transport equation of electrons
is solved following the approach described in de la Cita et al.
(2016).

Figure 8 shows electron energy distributions at different
heights obtained for M 87 in the case ξ = 1. For the equipar-
tition magnetic field, the effect of synchrotron cooling is clearly
seen in the particle spectra; notice also that particles are able to
achieve higher energies at higher z. Since the diffusion and accel-
eration rates vary with z in the same way, the maximum energy
is constant along the jet. The non-thermal fraction ηNT has been
fixed to 0.1 as a reference value to compute the emission.

6.3. Spectral energy distributions

Once the electron energy distribution is known, we can compute
in the flow frame the synchrotron and the IC photon rate per
energy unit produced within each height interval dz: dṄ′γ(E′γ, z),
and the whole jet SED:

E′γ L′γ(E′γ) =

∫ zmax

zmin

∫ E′γmax

E′
γmin

dE′γE′γdṄγ(E′γ, z), (34)

where E′γ is the gamma-ray photon energy in the flow frame.
As mentioned above, particles propagate far from the jet-

star interaction region, and reach jet scale regions before cooling
down significantly. There, particles are advected with the jet ve-
locity, close to c, which implies that Doppler boosting must be
taken into account (Bosch-Ramon 2015). In the observer frame,
the SED is enhanced according to (Lind & Blandford 1985):

Eγ Lγ(Eγ) = δ4
j E′γ L′γ(E′γ), (35)

where Eγ = δjE′γ, and δj is given by Eq. (28).

7. Results

Figure 9 shows the contribution to the non-thermal luminosity
by jet-star interactions on jet scales for the starburst galaxies
3C 273 (top panel) and Mrk 231 (bottom panel). For reference,
the panels show the sensitivity of three gamma-ray instruments:
MAGIC (operating; above 100 GeV), CTA (forthcoming; above
∼30 GeV), and Fermi (operating; ∼0.1−100 GeV).
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(a) 3C 273: z = 300 pc.
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(b) Mrk 231: z = 70 pc.

Fig. 6. Energy losses at zmax for the star-forming galaxies in the low-B case.
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(a) B = Beq
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(b) B = 10−1Beq

Fig. 7. Energy losses at zmax = 5 kpc for M 87, in the case ξ = 1.
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Fig. 8. Electron energy distribution at different z for M 87, in the case ξ = 1. Left panel is for B = Beq, and right panel for B = 10−1Beq. The black
line on top is the integrated distribution.
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Fig. 9. SEDs of the synchrotron and IC emission for the starburst galaxies. The top panel corresponds to 3C 273, and the bottom panel to Mrk 231.
In both panels, solid lines correspond to a magnetic field in equipartition with the jet ram pressure, and dashed lines to the case below equipartition.
Radio data for both sources are also presented, along with Fermi detection and HESS upper limits for 3C 273.

Radio data of 3C 273 and Mrk 231 are also presented
in Fig. 9 (Steenbrugge et al. 2010; Soldi et al. 2008). In the
case of Mrk 231, the radio data were taken between 1996 and
2006, a year in which an intense radio flare was detected (this
highly variable radio emission is associated with AGN activity;
Reynolds et al. 2009). The predicted radio fluxes are well below
the typical observed fluxes from Mrk 231 and 3C 273.

For 3C 273, we also show gamma-ray emission detected by
Fermi during a quiescent state in 2009 (Abdo et al. 2010), and
upper limits to TeV emission by HESS (Aharonian et al. 2008).
The source is also prominent at X-ray frequencies, although
a high percentage in this band comes from a hot corona/disk.

Nevertheless, the emission from the interactions studied here
does not contribute significantly in X-rays.

In Fig. 10 we show the contribution to the non-thermal lumi-
nosity of M 87 by jet-star interactions on jet scales for the dif-
ferent slopes of the stellar density (top panel), and the two frac-
tions of the equipartition parameter (bottom panel). The figure
also shows the sensitivity of the gamma-ray instruments listed
above. The data taken by Fermi correspond to a quiescent state
of M 87, since during a period of ten months there was no ev-
idence of a flare (Abdo et al. 2009). Between 2005 and 2007,
the MAGIC collaboration collected more than 100 h of observa-
tions of M 87 in a persistent low-emission state (i.e., no flaring
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Fig. 10. SEDs for the jet of M 87. The top panel shows the SEDs obtained using the two stellar indexes. The bottom panel corresponds to a stellar
index of ξ = 1, and both equipartition and below-equipartition magnetic fields. Sensitivities of gamma-ray detectors are also included, together
with the detection by MAGIC (Aleksić et al. 2012) and Fermi (Abdo et al. 2009) of M 87 during the source steady state.

events; Aleksić et al. 2012). Both data sets can be used simul-
taneously, as suggested in Aleksić et al. (2012). The radio lumi-
nosity for M 87 is from Doeleman et al. (2012). As in the case
of Mrk 231 and 3C 273, there is no conflict between the pre-
dicted radio emission and the typical observed fluxes from these
sources.

The inner jet of M 87 (.3 kpc) displays a structure made
up of several knots, which can be resolved at radio and optical
wavelengths. There is also X-ray emission associated to these
knots, but it is slightly shifted upstream with respect to the op-
tical peak (Marshall et al. 2002). In addition, the X-ray spectra

from the core and the brightest knots (those close to the nucleus)
are similar, and the core flux is larger than those predicted by
accretion flow models (Wilson & Yang 2002). All this seems to
indicate that an inner jet might contribute (if not dominate) to
the X-ray emission. The X-ray fluxes measured close to the nu-
cleus of M 87, and in the knot A of the jet, imply luminosities
of ∼1040 erg s−1 at 1 keV (Wilson & Yang 2002; Marshall et al.
2002). These are similar to the predicted synchrotron luminosity
for a magnetic field in equipartition with the jet kinetic power.
However, the emission obtained from our model is expected to
be diffuse, and unable to reproduce the structure seen in the jet of
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Fig. 11. SEDs for the jet of M 87 in the case of ξ = 1, produced by the different components of the magnetic fields: poloidal (dashed lines) and
toroidal (solid lines).

M 87. This suggests two possibilities in our scenario: that a mag-
netic field below equipartition is a more realistic assumption,
or that the acceleration efficiency is lower than the one adopted
here.

At TeV energies, the contribution to the luminosity from IC
against the CMB is comparable with that against starlight, in
agreement with previous results (Hardcastle & Croston 2011).

Although significant transverse components of the mag-
netic field are found along the jet in M 87 (specially in the
bright knots), the projected magnetic field lies mostly along the
jet (Owen et al. 1989). We thus consider a case with a domi-
nant poloidal component. Figure 11 shows the SEDs obtained
for M 87 using different configurations of the magnetic field
(equipartition values).

It is worth noting that our jet models miss jet regions larger
than those explored where electrons may still radiate through IC
in the CMB. This could be particularly relevant for M 87 and its
disrupted jet regions beyond a few kpc, as its kpc-scale jet emis-
sion is already little enhanced by Doppler boosting. A similar
effect occurs for 3C 273, where a kpc-scale jet seems to have a
larger inclination with respect to the line of sight, hence reducing
the Doppler enhancement.

8. Discussion and summary

In this work, we compute the SEDs of the non-thermal radiation
produced by the interaction of extragalactic jets with stars on
jet scales. We study two types of galaxy hosts: starburst versus
massive elliptical AGN, exemplified by three objects: Mrk 231
and 3C 273 versus M 87; for each one, the stellar populations
have been characterized.

For a star-forming galaxy with a high SFR such as Mrk 231,
the luminosity in gamma rays computed numerically can be as
high as ∼10 ηNT% of the jet luminosity (∼1 ηNT% for 3C 273) as
long as the magnetic field is a fraction .10−2 of the equipartition

value. In that case, the radiation is mostly produced at TeV en-
ergies. In all the studied cases, the radiation comes mainly from
the largest scales of the emitter, meaning 100 pc scales for the
starbursts, and kpc scales for M 87. In M 87, as Doppler boost-
ing effects are minor, the non-thermal luminosity reaches only
∼0.1 ηNT% of the jet luminosity. This illustrates the great impor-
tance of jet speed and orientation. In addition, the section cov-
ered by the stellar winds is smaller than in the case of Mrk 231;
not so with respect to 3C 273, but the latter has a much more
powerful jet (in addition to the strongest Doppler boosting of
the three studied cases). For equipartition fields, unlike Mrk 231
and 3C 273, the synchrotron radiation efficiency in M 87 may be
significantly higher than for the IC emission, with synchrotron
photons reaching 0.1–1 GeV energies, but most of the emission
being released in X-rays. We remark that such high fluxes, ex-
pected to be smoothly spatially distributed in our model, are in
contradiction with the structured X-ray luminosity observed in
the nucleus and knots in M 87. Another important difference be-
tween M 87 and the starburst galaxies is the more diluted target
photon fields in the former, as seen when comparing the IC cool-
ing rates in Figs. 6 and 7. The available non-thermal-to-jet lumi-
nosity ratios obtained in this work range LNT/Lj ∼ 10−3−10−1.
These ratios are rather significant, although it is worth pointing
out that a defect of stars in the jet directions would proportion-
ally affect LNT/Lj.

Despite M 87 being potentially detectable by CTA for
ηNT → 1, it seems unlikely that the interactions of its jets with
stars on jet scales will contribute significantly to the persistent
gamma-ray emission already detected from this source. It does
not seem feasible either, given the limitations in angular resolu-
tion, to disentangle a putatively detectable, jet-star interaction
kpc-scale radiation from other emitting regions of the galaxy
center. For the two starburst AGNs studied, in particular for
3C 273, a detection is possible if the magnetic field is well be-
low equipartition and the acceleration is efficient. Even Mrk 231
might be detectable with CTA for ηNT → 1. Nevertheless, the
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detectability of these sources ultimately depends on unknown
parameters, namely ηNT, and α, the latter determining whether
gamma rays will be an important radiation channel. Slightly
more optimistic Doppler boosting parameters would also sig-
nificantly improve the detectability of these sources. In sum-
mary, the non-thermal emission from jet-star interactions on
large scales may represent a non-negligible (persistent) contri-
bution to gamma rays, although the uncertainties are high, and
more accurate studies, source-specific or population-based, are
still needed to better determine the role of the process at high
energies, and constrain the values of the free parameters.

It is worth comparing the global large-scale emission, and
the emission emitted locally (close to the interaction region),
which has not been calculated in this work (see de la Cita et al.
2016). To this end, one can compare the radiative efficiency
(Eq. (24)) at the jet scale to that at the jet-star interaction scale.
For a region where escape losses dominate radiative losses,
frad ∼ t−1

rad/t
−1
esc ∝ lcwph, where lc and wph are a characteristic

emitter length and the characteristic target photon energy den-
sity, respectively. At large scales, lc ∼ z, and a prescription for
wph is given in Sects. 5 and 6.1. Locally, we can approximate
lc ∼ 10 Rs(z), and wph ∼ Ls/4πc(3Rs(z))2. The interactions of
the jet with the most evolved red giants, and with massive stars
with m & 40 M�, dominate the non-thermal activity; we consider
Ṁ = 10−7 M� yr−1 and Ls = 100 L� in the case of red giants, and
Ṁ = 2 × 10−6 M� yr−1, vw = 108 cm s−1 and Ls = 5 × 104 L�
for massive stars. The temperature of the target photon field also
affects the cooling distance of electrons, and has to be included
in the analysis; roughly: f glob

rad / f local
rad ∝ Tlocal/Tglob. Differences

in Doppler boosting between the global and the local scales are
neglected.

For 3C 273, one obtains:

f glob
rad

f local
rad

∼ 1
(

z
pc

)
, (36)

hence at hundred-pc scale the global IR IC component largely
dominates, whereas the global stellar IC component is compara-
ble with the local one. Something similar happens for Mrk 231.
For M 87, on the other hand, one obtains:

f glob
rad

f local
rad

≈ 2 × 10−3
(

z
pc

)
, for ξ = 1,

f glob
rad

f local
rad

≈ 3,∀z for ξ = 2 ;

(37)

now, the radiative roles of global CMB and stellar components
are comparable, and the temperatures of the dominant target
fields are also similar for both the global (taking only red gi-
ants) and the local components. Therefore, the global contribu-
tion on kpc scales should dominate small-scale contributions for
both index values. We recall that the comparison is very crude,
and the uncertainty is probably order-of-magnitude. Neverthe-
less, the result indicates that the few-kpc scale jet emission from
jet-star interactions may easily overcome that from the interac-
tion regions themselves.

The analytic prescription to estimate the apparent luminosity
given by Eq. (27), considering only IC interactions with stel-
lar photons, yields values approximately ten times higher than
those derived numerically (almost a hundred times higher for
M 87). This is somewhat expected, given the crude approxima-
tion to compute the radiation efficiency: the actual IC cooling
rate at the Thomson-KN transition is slightly below the adopted

simple value, and the electrons with lower and higher energies
radiate with lower efficiencies. In the Thomson approximation,
and for α = 2, the energy dependence of efficiency already
yields an overestimate of the analytical prediction by a factor of
ln(E′IC/E

′
min) ∼ 10. Therefore, we remark that using the analyti-

cal prescription to estimate the gamma-ray luminosity from the
jet-star interactions is overestimating its value by approximately
a factor of 10.
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B L A Z A R S

In this chapter we present our work "Gamma rays from red giant
wind bubbles entering the jets of elliptical host blazars" (Torres-Albà
and Bosch-Ramon, 2019), in which we estimate the gamma-ray emis-
sion produced in the interaction between an AGN jet and red giant
stars as they penetrate it. We use a semi-analytical approach to de-
scribe the dynamical evolution of the material they introduce into the
jet, and compare it to results from simulations.
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ABSTRACT

Context. Blazars in elliptical hosts have a population of red giants surrounding their jet. These stars can carry large wind-blown
bubbles into the jets, leading to gamma-ray emission through bubble-jet interactions.
Aims. We study the interaction dynamics and the gamma-ray emission produced when the bubbles formed by red giant winds penetrate
the jet of a blazar in an elliptical galaxy.
Methods. First, we characterized the masses and penetration rates of the red giant wind bubbles that enter the jet. Then, the dynamical
evolution of these bubbles under the jet impact was analysed analytically and numerically, and the radiation losses of the particles
accelerated in the interaction were characterised. Finally, the synchrotron and the inverse Compton contributions above ∼100 MeV
were estimated under different jet magnetic fields, powers, and Lorentz factors.
Results. We find that an analytical dynamical model is a reasonable approximation for the red giant wind bubble-jet interaction.
The radiation produced by these wind bubbles interacting with a jet can have a duty cycle of up to ∼1. For realistic magnetic fields,
gamma rays could be detectable from sources within the local universe, preferentially from those with high Lorentz factors (∼10),
and this could be a relatively common phenomenon for these sources. For magnetic fields in equipartition with the jet power, and
high acceleration rates, synchrotron gamma rays may be detectable even for modest Lorentz factors (∼3), but with a much lower duty
cycle.
Conclusions. Blazars in elliptical galaxies within the local universe can produce detectable transient or persistent gamma-ray emission
from red giant wind bubbles entering their jets.

Key words. radiation mechanisms: non-thermal – galaxies: active – galaxies: nuclei – galaxies: jets

1. Introduction

Supermassive black holes, present in the innermost regions of
galaxies, may accrete the material surrounding them, becom-
ing active galactic nuclei (AGN). Some AGN produce colli-
mated relativistic outflows, or jets (e.g. Begelman et al. 1984),
which propagate through the host galaxy. This propagation will
inevitably lead to the jet interacting with a variety of obstacles
including stars, gas, and dense clouds. These interactions may
affect the jet dynamically (e.g. Blandford & Koenigl 1979; Wang
et al. 2000; Sutherland & Bicknell 2007). In particular, stars
with high mass-loss rates may load the jet with enough matter
to result in deceleration (e.g. Komissarov 1994; Bowman et al.
1996; Hubbard & Blackman 2006; Bosch-Ramon et al. 2012;
Perucho et al. 2014, 2017).

The winds of stars interacting with AGN jets produce a dou-
ble bow-shock structure in which particles can be accelerated to
relativistic energies, possibly contributing to the jet’s total non-
thermal emission. Several works have explored this interaction
and the resulting emission, both in the case of steady radiation
and transient events (e.g. Bednarek & Protheroe 1997; Barkov
et al. 2010, 2012; Khangulyan et al. 2013; Araudo et al. 2013;
Bednarek & Banasiński 2015; Wykes et al. 2015; Bosch-Ramon
2015; de la Cita et al. 2016; Vieyro et al. 2017), with results that
often point towards possible detectability for nearby sources.

Previous works have considered persistent emission being
generated from a whole population of stars, though in all cases

they focus on the interaction that occurs within the jet once the
star has already penetrated (Araudo et al. 2013; Wykes et al.
2015; Bosch-Ramon 2015; Vieyro et al. 2017). We refer to this
stage of interaction as “steady state”.

In this work, we focus on the possible mass-loading and emis-
sion generated at the moment when stars penetrate the jet, and
the latter interacts with large “bubbles” of material formed by the
collision between the stellar wind and the interstellar medium.
Perucho et al. (2017) inferred possible significant non-thermal
emission and mass-loading from this early stage in jet-star inter-
action, using 2D and 3D simulations of one single star with heavy
mass loss. We use semi-analytical prescriptions to estimate if this
is the case for a whole population of stars within a galaxy.

We focus here on the study of blazar sources, as Doppler
boosting is an important factor in enhancing the resulting emis-
sion. We consider only low-luminosity sources (i.e. Lj =

1043−1045 erg s−1), more abundant in the local universe. As recent
studies show that the preferred hosts of blazars are late-type galax-
ies (e.g. Scarpa et al. 2000; Nilsson et al. 2003; Falomo et al. 2014;
Olguín-Iglesias et al. 2016), we model the red giant population
within an elliptical bulge. A mostly phenomenological approach
is adopted (with the exception of an illustrative numerical simu-
lation), based on specific source knowledge and reference param-
eter values, as a first simplified step to explore the outcome of the
wind bubble and jet interaction.

The paper is organized as follows. A description of the pre-
scriptions used to characterize the stellar population is given in
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Sect. 2. In Sect. 3, the properties of the stellar bubbles outside
and immediately after penetrating the jet are described. The bub-
ble evolution within the jet is described through analytical esti-
mates and compared with simulation results in Sect. 4. Then, the
non-thermal emission generated by bubble-jet interactions is esti-
mated in Sect. 5. Finally, the discussion is presented in Sect. 6.

2. Characterization of the stellar population in an
elliptical galaxy

Elliptical galaxies contain large populations of red giants,
which can have high mass-loss rates, in the range of Ṁ ∼
10−10−10−5 M� yr−1 (Reimers 1975). We model the red giant
population of any elliptical galaxy by taking as reference values
those of M87, as its proximity allows for a precise study.

2.1. Stellar number density, mass-loss rate, and wind speed

Assuming a Kroupa initial mass function (IMF), and normaliz-
ing it to the total mass of stars (MT), we can estimate the number
of stars within the bulge. We take as index for the IMF x1 = −1.3
for 0.1 M� < M < 0.5 M� and x2 = −2.3 for 0.5 M� < M < m2
(Kroupa 2001), where m2 is the mass of the stars exiting the red
giant phase (i.e. the most massive stars present; see below). We
estimate the total stellar mass adopting that contained within the
galactic bulge in M87 (Gebhardt & Thomas 2009), knowing that
the radius is ∼40′′ (Harris et al. 1999), corresponding to a bulge
radius of Rb ∼ 3.1 kpc, which we consider spherical.

From this point on, we follow the calculations in Vieyro
et al. (2017) to derive the mass of the red giants in the bulge
of the galaxy assuming that all stars formed at the birth of the
galaxy (i.e. no star formation extended in time), which yields
∼0.83 M�, and their number, which is NT ∼ 1.3 × 109. From
Gebhardt & Thomas (2009), we derive that the decay of the den-
sity with radial distance/jet height (z) can be approximated by
ns(z) ∝ NT/z in the considered inner ∼40′′.

We derive the mass-loss rate and wind speed of the red giant
population exactly as in Vieyro et al. (2017) for the particular case
of M87. The result is a mass-loss rate that increases rapidly with
the age of the red giant. Stars are thus modelled as a distribution
that depends both on height and red-giant age (i.e. how deep into
the red giant phase the star is), ns(z, tRG). For simplicity, we con-
sider a stellar wind of vw = 107 cm s−1 (Crowley 2006; Espey &
Crowley 2008), and consider it constant during its evolution.

2.2. Orbital velocities and penetration rate

In order to study the collective emission and mass-loading gen-
erated by the whole population of stars as they penetrate the jet,
we need to determine the frequency at which these events occur,
that is, the penetration rate (PR). Knowing the orbital velocities
of stars, one can estimate the penetration rate into the jet for the
distance interval (z, z+dz) as dP(z, tRG) ' ns(z, tRG)vorb(z)Rj(z)dz
(Khangulyan et al. 2013), where Rj is the jet radius.

At low z the stellar orbital movement is dominated by the
central supermassive black hole, and thus stars orbit it following
a Keplerian motion, with vorb =

√
GMBH/z. The gravitational

influence of the black hole is dominant within a radius, or jet
height, zg = GMBH/σ

2, where σ is the stellar velocity dispersion
of the bulge. At larger z, we consider the stars to move within the
bulge at a constant velocity σ.

For the black-hole mass, we use the value derived by Geb-
hardt et al. (2011), 6.6 ± 0.4 × 109 M�. Dispersion veloc-

ity measurements decrease from σ ∼ 480 km s−1 near the
nucleus (where the supermassive black hole is dominant) to
σ ∼ 320 km s−1 at ∼40′′ (Gebhardt et al. 2011). We take the
average value of σ(z), σ = 360 km s−1, as the constant velocity
for stars within the bulge, which gives zg = 220 pc (∼2.5′′).

3. Interaction with the jet

3.1. Stars outside the jet

As a star moves outside the jet, the ram pressure generated by
its stellar wind is in equilibrium with all external pressures,
meaning

Pw(Ṁ) = ρw(Ṁ)v2
w = Pext. (1)

The external pressures are given by the interstellar medium
(ISM) thermal pressure PISM ≈ 10−12 erg cm−2, and the orbital
motion of the star through this medium, or “orbital (ram) pres-
sure”, is given by

Porb(z) = ρISMvorb(z)2, (2)

where ρISM is the ISM density. We fix the ISM density taking one
hydrogen atom per cm3, a typical value in the central regions of
elliptical galaxies (Tan et al. 2008), throughout the entire bulge.

As the star approaches the jet, the jet lateral pressure Plat may
be larger than the pressures generated by the movement within
the ISM:

Plat(z) = Lj/cπz2Γ2
j , (3)

where Lj and Γj are the jet luminosity and Lorentz factor, respec-
tively (Bosch-Ramon & Barkov 2016). Therefore, in close prox-
imity with the jet,

Pext = max(Plat, PISM + Porb). (4)

We call Rout the distance from a star at which pressure equi-
librium is reached outside the jet. At this distance, the col-
liding pressures generate a double bow shock in which both
stellar-wind material and interstellar material are accumulated.
This shocked layer surrounds the star in a bullet-like shape,
with material gathering in the direction of the stellar movement
toward the jet, and eventually escaping in the opposite direction.

We approximate this shocked region as a sphere of radius
Rout, in which an amount of material of mass Mout is contained,
which can be estimated as

R2
out =

Ṁvw

4πpext
, Mout = 4πR3

outρw(Rout). (5)

We do not consider the mass accumulated within the shocked
layer, which would be of the order of (vw/vorb)2 Mout . 0.1 Mout.

The dominant pressure component for most of the consid-
ered jet range is Porb, with Plat being of comparable value at the
base of the jet.

3.2. Stars penetrating the jet

As a star begins to penetrate the jet, the most external layers of
the bubble it carries are hit by the jet ram pressure. This results in
a shock that starts to propagate through those layers with a speed
cs ≈

√
Lj/S jcρw(R). If the speed at which the shock propagates

is sufficiently slow (i.e. the bubble is dense enough), part of the
bubble material will penetrate the jet along with the star before
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the shock reaches the stagnation radius, Rs. This will happen for
all layers for which

cs(Rin) < vorb, R2
in =

v2
orbṀ

4πvwPj
, (6)

where Pj is the jet pressure. This means layers with R >
Rin will be expelled before the star fully penetrates the jet,
and lost at the jet contact discontinuity (CD), while all layers
within Rin, with mass Min = 4πR3

inρw(Rin), will manage to
penetrate.

Once inside the jet, the shock will continue to propagate in
the wind until it reaches the stagnation radius Rs, the distance
from the star where the wind and jet ram pressures are equal.
There, a double bow shock is formed in which particles can be
accelerated up to relativistic energies. In this work, we refer to
this emission as steady state emission (e.g. Vieyro et al. 2017),
as the jet-wind interaction process is continuous while the stars
are inside the jet1.

Stellar material contained in the range Rs−Rin is expelled
within the jet as a blob (Bosch-Ramon et al. 2012; Perucho
et al. 2017). The typical initial sizes of the bubbles, com-
pared with the jet radius, are shown in Fig. 1 for a red giant
of average mass-loss rate (Ṁ = 5.7 × 10−10 M� yr−1),
and for the red giant mass-loss rate that generates the domi-
nant events (Ṁdom = 1.4 × 10−8 M� yr−1, as calculated in
Sect. 5.2).

For the particular set of parameters used to plot Fig. 1, above
z ∼ 400 pc the size of the bubble inside the jet is shown as larger
than the size of the bubble outside the jet. In such a case, the
material introduced into the jet would be that contained within
Rs−Rout. Another possibility, for a different set of parameters, is
that Rs is larger than Rin, but smaller than Rout. In such a case,
the star would lose any outer layers in the CD, and once inside
the jet, the stellar wind termination region would expand up to
the stagnation radius.

Figure 1 shows the mass contained in the bubble outside
and right after penetrating the jet, for the average and the event-
dominant mass-loss rates. The jet is loaded with the external mat-
ter brought by the bubbles expelled by stars at penetration, though
this mass-load rate is much lower than the jet Ṁjet = Lj/Γjc2, and
therefore unlikely to result in a dynamical effect on the jet.

As has been studied for example by Wykes et al. (2015) and
Vieyro et al. (2017), a population of high-mass stars in starburst
galaxies can interact strongly with the jet. Young OB stars have
stronger winds than red giants, with higher mass-loss rates and
speeds. However, these stars have such fast winds that vw > vorb.
Following Eq. (5), when that condition is met, Rs > Rin. There-
fore, the star penetrates the jet and the size of the interaction
region surrounding the star actually increases, with no signifi-
cant external material introduced into the jet.

4. Bubble evolution within the jet

We consider a jet that initially expands with a conical geometry,
launched close to the supermassive black hole in the centre of the
galaxy. We consider that the jet recollimates, which we model as
the jet becoming cylindrical:

Rj(z) =

{
θ z, if z < zeq

Const, if z ≥ zeq
, (7)

when its pressure becomes equal to that of the ISM.

1 Instabilities produced at the jet-wind interaction region may actually
lead to individual star-jet interaction variability (de la Cita et al. 2016).

Fig. 1. Top panel: radius of bubbles outside the jet (yellow), right after
penetrating the jet (green) and at stagnation (blue) compared to the
radius of the jet, as a function of jet height. Bottom panel: mass within
bubbles of radius Rout (yellow), and Rin (green), as a function of jet
height. Parameters used are Lj = 1044 erg s−1, Γj = 10 and the orbital
values given in Sect. 2.2. Values for both a red giant of average mass-
loss rate (solid line) and a red giant that generates the dominant events
(dashed line, see Sect. 5.2) are plotted.

After the star penetrates the jet and a bubble of stellar mate-
rial is expelled, this bubble evolves as a result of the interaction
with the jet. We have adopted the analytical modelling of the
evolution of a blob impacted by a jet developed by Barkov et al.
(2010, 2012) and Khangulyan et al. (2013; for previous numer-
ical simulations of this process, see e.g. Bosch-Ramon et al.
2012; Perucho et al. 2017).

The shock produced by the impact of the jet ram pressure
causes the material of the bubble to heat up, quickly expand, and
accelerate, resulting in the bubble reaching relativistic speeds.
This acceleration occurs on timescales of

tacc '
{

z0/βc, if D < 1
z0/Dβc, if D > 1

, D ≡ Pj,0πR2
bz0

4c2MbΓ3
j

, (8)

where D is a dimensionless parameter related to the jet lumi-
nosity and Lorentz factor and the mass of the bubble, Rb is the
radius of the bubble after acceleration (see e.g. Barkov et al.
2012), and any subindex “0” refers to the value at z0, the height
at which the star penetrates. The value D actually gives a com-
parison between bubble and jet mass on scales of z0; that is,
if D > 1 (<1), the jet will (not) effectively accelerate the blob
before it covers a distance ∼z0. After the blob is accelerated, it is
carried downstream (likely at least partially disrupted) until jet
termination, at a height H and at a speed ∼βc, thus on a timescale
tesc ∼ (H − z0)/βc.
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Fig. 2. Left panel: density maps obtained from a hydrodynamic simulation of the interaction between the jet and the penetrating bubble. Three
snapshots are taken ∼0.4, 400 and 950 yr after penetration to illustrate bubble evolution. Right panels: bubble Lorentz factor/bubble radius as
a function of jet height as calculated through the analytical estimate (dotted line) of Barkov et al. (2010, 2012), used to derive all results presented
in this work, and compared to those obtained through our simulations (solid line).

This analytical approximation to the bubble evolution within
the jet, which we use to calculate the results presented in Sect. 5,
can be compared to results obtained through numerical sim-
ulations. For that, we simulate here the bubble-jet interaction
solving numerically the equations of relativistic hydrodynam-
ics (RHD) assuming axisymmetry, a gas with constant adiabatic
index γ̄ = 4/3, and a dynamically negligible magnetic field.
The RHD equations are solved using the Marquina flux formula
(Donat & Marquina 1996; Donat et al. 1998); further details on
the code can be found in de la Cita et al. (2016).

The resolution of the calculations is 1000 cells in the ver-
tical direction, the z-axis, and 200 in the radial direction, the
r-axis. Those numbers of cells correspond to a physical range
of zgrid = 1000−1300 pc and rgrid = 0−65 pc. The number of
cells was chosen such that the results did not change significantly
when going to higher resolution. The boundary conditions were
set to inflow at zgrid = 0 with parallel stream lines (the jet is rec-
ollimated), reflection at rgrid = 0, and outflow in the remaining
boundaries.

Figure 2 shows three density maps, illustrative snapshots of a
simulation of the jet-bubble interaction at ∼0.4, 400, and 950 yr
after bubble penetration inside the jet. Initial properties are:
Lj = 1044 erg s−1, Γj = 10, Mb = 2 × 10−6 M�, and rb,0 = 1.5 pc.
The simulation starts once the cloud has already expanded sig-
nificantly, moving with a Lorentz factor of 2, in the relativistic
regime (e.g. Barkov et al. 2012; Khangulyan et al. 2013). We

focus only on the relativistic regime, as starting from its actual
initial radius would require 102−1002 times more cells and thus
huge computing costs. As seen in the figure, the shocked bubble
evolves upstream of the jet; most of the bubble expansion occurs
at early times, and despite partial disruption the structure keeps
its integrity.

In Fig. 2 we also plot the bubble radius and Lorentz fac-
tor as a function of jet height obtained from the simulation, and
compare it to the results of the analytical calculation. The simu-
lated evolution is slightly slower than analytically predicted. We
note, however, that while the Lorentz factor of the bubble in the
simulation reaches a value of ∼8, it should eventually reach the
jet Lorentz factor at higher z. The chosen duration of the simula-
tion of ∼1000 yr was adopted as a trade-off between a moderated
computational time and illustrative effectiveness.

A noticeable difference in Fig. 2 between simulated and ana-
lytical results is bubble radius, computed as the mass-averaged
cylindrical radius to facilitate comparison. The radius evolves
more slowly in the simulation, reaching a final value of a factor
.2 smaller than the analytical estimate. We expect nevertheless
more convergence at larger z values.

We show thus that the analytical first-order approximation
to the bubble evolution used in this work, adopted to derive the
results presented in Table 1, is reasonably accurate in the rela-
tivistic regime. While instabilities might be important, once the
shocked bubble reaches relativistic speeds, its evolution is similar
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Table 1. Results.

Lj (erg s−1) 1043 1044 1045 1043 1044 1045

Γ 3 3 3 10 10 10

Inverse Compton: E′e = E′IC B = 0.1Beq

Lst (erg s−1) 6.5 × 1039 1.7 × 1040 1.7 × 1040 2.5 × 1039 6.9 × 1039 1.8 × 1040

Lpop (erg s−1) 1.1 × 1038 6.5 × 1038 8.4 × 1038 3.7 × 1040 4.7 × 1040 3.4 × 1040

Ldom (erg s−1) 1.4 × 1038 8.8 × 1037 5.5 × 1037 3.5 × 1040 3.1 × 1040 2.5 × 1040

〈Mb〉 (M�) 1.6 × 10−6 1.7 × 10−6 1.5 × 10−6 1.7 × 10−6 1.7 × 10−6 1.5 × 10−6

〈z0〉 (kpc) 0.33 1.0 1.6 0.67 1.1 1.6
PR (yr−1) 8.3 × 10−3 2.6 × 10−2 4.0 × 10−2 8.6 × 10−3 2.7 × 10−2 4.0 × 10−2

tobs (yr) 54 170 270 40 33 24
Synchrotron: E′e = E′Sy, B = Beq

Lst (erg s−1) 7.5 × 1041 1.9 × 1042 1.9 × 1042 1.3 × 1041 7.4 × 1041 2.5 × 1042

Lpop (erg s−1) 1.4 × 1040 4.0 × 1040 6.7 × 1040 1.1 × 1042 2.0 × 1042 2.5 × 1042

Lpeak (erg s−1) 5.8 × 1041 5.8 × 1042 5.8 × 1043 6.3 × 1042 6.3 × 1043 6.4 × 1044

〈Mb〉 (M�) 1.5 × 10−6 1.7 × 10−6 1.6 × 10−6 1.7 × 10−6 1.7 × 10−6 1.6 × 10−6

〈z0〉 (kpc) 0.26 0.88 1.9 0.91 1.3 1.9
PR (yr−1) 5.7 × 10−3 2.0 × 10−2 3.8 × 10−2 7.4 × 10−3 2.3 × 10−2 3.4 × 10−2

tpeak (yr) 1.3 0.14 0.014 4.8 0.48 0.046
Synchrotron: E′e = E′Sy, B = Bmin

Bmin (Beq) 0.02 0.01 0.01 0.04 0.03 0.02
Lpop (erg s−1) 2.1 × 1040 6.0 × 1040 1.4 × 1041 1.7 × 1042 1.8 × 1042 1.4 × 1042

Ldom (erg s−1) 6.9 × 1040 2.1 × 1040 4.3 × 1040 1.8 × 1042 1.1 × 1042 1.9 × 1042

tobs (yr) 13 45 32 38 65 10

Notes. Results for the emission of the whole population of red giants interacting with the jet in steady state (Lst) and through injecting bubbles at
penetration (Lpop), respectively; Ldom is the luminosity of the typical bubble event that dominates the aforementioned emission, and below it the
characteristics of this event are given. For six different jet configurations, we list all results in three cases: inverse Compton emission of electrons
with energy E′IC for B = 0.1Beq, and synchrotron emission at 100 MeV for Beq and Bmin. The non-listed characteristics of the dominant event in the
case of synchrotron emission with Bmin are the same as those of the emission with Beq, for each jet configuration. All the luminosities and energies
scale with η/0.1 ≤ 10. The luminosities and times are as seen by the observer.

to the analytic predictions, even if disrupted as a filamentary frag-
mented structure mixed with shocked jet material. The reason is
that the transversal expansion of the shocked bubble material is
slowed down in the laboratory frame by flow-frame time dilation,
and in the longitudinal direction by very similar bottom and the
top speeds of the shocked structure in the laboratory frame.

Therefore, from the simulation results, we find it reasonable
at this stage to adopt a final constant bubble radius, and a final
bubble speed close to that of the jet if D > 1. For the bubbles that
dominate the non-thermal emission (see Sect. 5.2), this condition
is fulfilled.

A more complete simulation, including earlier and later
stages of the bubble evolution, is planned for future work.

5. Radiated non-thermal power

Particles are assumed to be efficiently accelerated at the interac-
tion between the jet and the bubble. The non-thermal energy con-
tained in these particles is uncertain, although we focus here on
the case in which the energy budget is significant and detectable
radiation may be produced. The specific acceleration mechanism
is not considered, and it is just assumed that some fraction of the
shocked jet luminosity goes to non-thermal particles.

5.1. Energy losses

We assume that electrons (and positrons) are the dominant non-
thermal emitting particles. Accelerated protons may also be

present in the jet, although on the scales of interest significant
radiation losses are not expected for these particles (see however,
e.g. Aharonian 2000). For electrons, we considered the radia-
tive losses via inverse Compton (IC) and synchrotron emission.
Regarding non-radiative losses, we considered adiabatic losses
for the conical jet, and none after recollimation (but escape when
the bubble reaches H).

We computed the IC losses as in Bosch-Ramon & Khangulyan
(2009; see also Khangulyan et al. 2014). Their approximation is
valid for a Planck distribution of target photons of temperature T ,
and must be renormalized to the energy density of the considered
target photon field. We consider the photon field in an elliptical
galaxy as derived by Vieyro et al. (2017).

We also considered synchrotron losses (e.g. Longair 1981)
when taking B = Beq, a magnetic field of equivalent energy den-
sity to that of the jet, meaning

B2
0

4π
=

Lj

πRj(z0)2c
, (9)

with the field depending on height as

B(z) = B0

( z0

z

)2
, (10)

where B0 = B(z0). We discuss the effects on the synchrotron
radiation of considering a lower magnetic field in Sect. 5.2.3.
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5.2. Radiation

For all combinations of Lj = 1043, 1044, 1045, and Γj = 3, 10,
we computed the average luminosity of the whole population
of bubbles penetrating the jet (as seen by the observer), Lpop.
Results are presented in Table 1. All parameters except for jet
luminosity, Lj, and Lorentz factor, Γj, are fixed as described in
Sects. 2 and 3.

We evaluated the emitted non-thermal radiation at two
characteristic electron energies: first, for IC emission, at
the Thompson-Klein Nishina transition energy, at E′IC =

(mec2)2/kTΓ, where the maximum of IC emission is expected
for reasonable electron energy distributions, falling in the
gigaelectronvolt-Teraelectronvolt range; secondly, for syn-
chrotron emission, for the electrons that generate synchrotron
100 MeV photons as seen by the observer, at E′sy.

We assumed that at most a fraction η of the energy acquired
by jet acceleration can be radiated2, fixed to 0.1 throughout this
work. From first principles, it is not possible to derive the value
of η, but the adopted choice maximizes the predicted gamma-ray
emission without assuming a full non-thermal conversion of the
available energy. All the predicted luminosities thus scale with
η/0.1 ≤ 10.

We estimated the typical properties of the bubbles that con-
tribute the most to the overall luminosity as

〈A〉 =

∫
A(z, tRG)Lpop(z, tRG) dz dtRG

Lpop(z, tRG) dz dtRG
, (11)

where A denotes the quantity we are interested in evaluating (i.e.
Mb and z0). We refer to events with these properties as the “dom-
inant” events, and list their characteristics in Table 1. Their pen-
etration rate (i.e. rate at which events occur) along with peak
luminosity of the event, Ldom or Lpeak, and typical duration of the
peak, tobs or tpeak, are also listed. We note that Ldom is the average
luminosity of a dominant event along its evolution within the jet;
in reality, the luminosity is a function of jet height (see Eq. (13)),
larger at z0, where the star penetrates, and becomes progressively
dimmer as the radiative cooling efficiency diminishes.

We also compared the emission generated through this inter-
action mechanism to that generated in steady state, Lst, by the
same population of red giants (see Sect. 3). The apparent non-
thermal luminosity per unit volume at a height z due to jet-star
interactions in steady state is

dLst(z)
dV

= ηLjFrad(z)
δ3

j

Γ3
j

∫ 〈
S s(z, t)
S j(z)

〉
ns(z, t)dt, (12)

where 〈S s(m, t)/S j〉 is the time-averaged fraction of jet area
intercepted by one stellar interaction.

5.2.1. Inverse Compton emission

At electron energies E′IC, for all jet parameters considered, t′IC ∼
1012−1013 s. This is much larger than the characteristic accel-
eration time of any considered bubble, typically in the range
t′acc ∼ 106−109 s. Therefore, the IC emission at the energy of
interest will last until long after the bubble has been accelerated.

As the bubble propagates downstream in the jet, the former
radiates an IC luminosity L′b,IC ∼ E′b,max/t

′
IC(z) in the flow frame,

where E′b is the total energy emitted by one single bubble in the
same frame during its evolution

2 The bubble acquires in the laboratory frame an energy ∼Γj Mbc2 due
to jet acceleration.

Fig. 3. Inverse Compton and synchrotron loss times for a jet with L j =
1044 erg s−1, Γj = 10, and (top panel) B = 0.1Beq, evaluated at E′IC;
(bottom panel) B = Beq, evaluated at E′Sy. The time for the bubble to
reach the jet termination height, and the time of adiabatic losses, are
also plotted.

E′b(Mb, z0) =

∫ zmax

z0

η
Mbc2

t′IC(z)
dz

Γβc
; (13)

zmax is the maximum height the bubble reaches before losing
all energy, or the jet maximum height, H. This approxima-
tion implicitly assumes that the energy distribution of the non-
thermal electrons is ∝ E−2 (see Sect. 6.2).

Characteristic times for energy losses evaluated at E′IC, as
well as tesc, are plotted in Fig. 3. The energy losses are domi-
nated by adiabatic expansion up to the jet recollimation point.
At higher z, the shortest timescale is t′esc, meaning the bubbles
exit the jet before emitting (mostly through IC) all of their avail-
able energy.

We note that, contrary to the study of synchrotron gamma-
ray emission below, IC energy losses are computed taking B =
0.1Beq, which is a reasonable value for a jet with power domi-
nated by its kinetic energy. However, since the energy losses at
E′IC are dominated by non-radiative processes, considering more
(or less) intense magnetic fields does not significantly affect the
results.

We can estimate the luminosity detected by an observer, gen-
erated by the whole bubble population, averaged in time as

Lpop = δ3
j

∫ H

zBH

E′b(m, z)PR(m, z) dm dz, (14)
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where δj is the Doppler boosting factor. This is a valid descrip-
tion as long as there is more than one dominant bubble simulta-
neously emitting3, meaning that the source duty cycle is larger
than 1. In addition, the emission generated by the whole popula-
tion, Lpop, as seen by the observer will be larger than the emission
produced by one single, dominant event, Ldom.

The predicted apparent luminosities of the IC emission are a
few times 1040 erg s−1. These values are of the order of the steady
state emission generated by the whole stellar population within
the jet.

5.2.2. Synchrotron emission

If we evaluate the energy losses at E′Sy, t′Sy is dominant at all
heights for B′ = B′eq (see Fig. 3). The synchrotron emission
is so intense that the characteristic emission time is lower than
the acceleration time of the bubble, t′acc. Therefore, electrons of
energy E′Sy immediately radiate via synchrotron emission the
energy acquired via particle acceleration triggered by the jet-
bubble interaction. Electrons in the flow frame are accelerated at
a rate ξqB′c, where ξ, a free parameter representing the acceler-
ation efficiency, is fixed to 0.1. Such an efficiency is sufficient to
produce observable 100 MeV synchrotron photons, although for
ξ well below 0.1 synchrotron emission would not reach gamma-
ray energies (X-rays of luminosities similar to those of IC in
Table 1 could still be produced).

Synchrotron 100 MeV photons are produced when a single
bubble enters the jet and is accelerated, following a flare-like
lightcurve (see Barkov et al. 2012). From Khangulyan et al.
(2013), the apparent total energy emitted by a bubble in the syn-
chrotron fast cooling regime is:

Eb(Mb, z) = ηFradF̄eMbc2δ3
j , (15)

where we take F̄e = 0.2 (Barkov et al. 2010), and Frad is the effi-
ciency with which the particle loses energy through synchrotron
radiation. Doppler boosting is already accounted for in Eq. (15)
for the energy radiated by one single bubble.

Unlike in the case of the IC emission, synchrotron Lpeak is
1–3 orders of magnitude higher than the average luminosity Lpop,
with

Lpeak(Mb, z) = ηFradcFe,maxP0δ
2
j πr2

b, (16)

where we take Fe,max = 0.4 (Barkov et al. 2010), and rb is the
radius of the bubble once it has expanded and reached relativistic
velocities (Khangulyan et al. 2013). The apparent duration of
this intense emission can be roughly estimated as tpeak = Eb/Lb,
which shows that the emission is highly variable, like intense,
short flares occurring a few times per century or millennia.

For the high ξ adopted, the synchrotron 100 MeV emission
could reach luminosities of ∼1044 erg s−1 for the most power-
ful jets considered, even under low jet Lorentz factors. As the
emission is intense but short, we would have duty cycles of
PR · tobs ∼ 10−4 − 10−2, depending on Lj and Γj.

3 The Doppler-boosted luminosity of one single bubble is Lapp
b = δ4L′b.

If more than one star is within the jet emitting at different heights, the
photons emitted by the distribution of sources at the same time in K′
are not observed simultaneously in K, leading to δ4 → δ3/Γ (see Sikora
et al. 1997). Thus, if insufficient events take place at the same time, the
apparent luminosity of the whole population can be reduced to that of
one single bubble.

5.2.3. Synchrotron emission at low magnetic fields

Synchrotron emission at ∼100 MeV is highly dependent on the
value of the magnetic field: high magnetic fields yield an intense
emission radiated in a very short amount of time, yielding a low
duty cycle.

In order to maximize the duty cycle, we take the lowest pos-
sible value of the magnetic field, B = Bmin, for which electrons
with E′Sy still cool more efficiently through synchrotron emission
than through non-radiative losses. Looking at Fig. 3, this would
result in values of t′Sy just below t′ad and/or t′esc. The obtained
magnetic field values, Bmin, are listed in Table 1. For these val-
ues of B, luminosity is up to ∼1042 erg s−1, but the duty cycle can
be increased up to PR · tobs > 1.

We note that in this case with B = Bmin, t′sy > t′acc, mean-
ing that the synchrotron emission is computed as described in
Sect. 5.2.1, that is, as is done for inverse Compton radiation.

6. Discussion

The dynamical evolution of a bubble of stellar material expelled
within the jet is semi-quantitatively well-described by the ana-
lytical estimates used in Sect. 4, and only differs from simula-
tions by a moderate numerical factor. Our numerical estimates
on gamma-ray energy production are not significantly affected
by these differences as long as the bubble Lorentz factor eventu-
ally reaches ∼Γj. Only in the case of intense Synchrotron emis-
sion at high magnetic fields, could there be a small reduction of
luminosity, of a factor of a few, if indeed the bubble radius were
overestimated in the long run.

Results presented in Table 1 indicate that the emission gen-
erated by stars penetrating the jet can be relatively persistent at
high energies, through either inverse Compton or through syn-
chrotron emission in the case of low magnetic fields. With large
magnetic fields, emission at 100 MeV could be dominated by
bright and infrequent events on top of the persistent, lower IC
radiation.

The steady state emission of the whole population is unlikely
to be detectable. We note that the similar values of Lst for all the
explored jet configurations are due to the fact that it does not
strongly depend on either Γj or Lj. The small differences are due
to jet geometry, which influences the amount of stars within the
jet (e.g. a jet of Lj = 1043 erg s−1 recollimates at low heights),
or due to differences in Frad (e.g. under high B values, for
Lj = 1045 the impact of synchrotron losses on electrons at E′IC is
noticeable).

Inverse Compton emission of the bubbles at E′IC seems dif-
ficult to detect for the explored jet configurations unless η → 1,
or for a very nearby source. This is because non-radiative losses,
or even synchrotron losses, dominate the process.

Synchrotron emission at E′Sy with high magnetic fields can
result in bright, detectable flares, although the high luminosity
implies a short duration. If we consider lower magnetic fields,
persistent emission can be achieved, and luminosities of the
order of 1042 erg s−1 for Γj = 10.

There are some factors that may easily increase the radia-
tion in the scenario studied here. For instance, for significantly
lower values of ρISM at z ∼ kpc, say & 0.1 cm−3, the emission
energetics would grow by a factor of several due to the associ-
ated larger bubble mass (see Sect. 3.2), limited now by Min (see
Fig. 1). Furthermore, a younger, more massive red giant popu-
lation, or the sporadic presence of an asymptotic giant branch
(AGB) star within the jet, could also enhance the expected
emission.
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6.1. Younger red giant populations and AGB stars

Our results show that the emission produced by wind bubbles
as they penetrate the jet is generally dominated by the most
evolved stars within our modelled population (with Ṁ ∼ 1.4 ×
10−8 M� yr−1). The mass of the bubbles scales with mass-loss
rate as ∝ Ṁ3/2, and the luminosity emitted by the bubble inter-
acting with the jet is proportional to its mass (except for the case
of synchrotron emission of 100 MeV photons at Beq). Therefore,
our results are scalable with mass-loss rate.

If we had a population of red giants of MRG = 1.5 M� with
a total mass comparable to that of the Galaxy, it would imply an
increase of luminosity of a factor of∼20 in the case of low-B syn-
chrotron emission, and of a factor of ∼60 in the case of Inverse
Compton emission. In the case of high-B emission, emission
depends on the final radius of the bubble, and it would increase
by a factor of ∼6. In all cases, considering these less abundant
stars would lead to a decrease of event occurences of ∼0.4.

We note that in the rare occasion an AGB star penetrates
an AGN jet, its wind bubble can inject into the latter up to
∼10−2 M�. This could potentially lead to a long duration event
with IC luminosity ∼1044 erg s−1.

6.2. Caveats of the radiation estimates

In this work we estimate the energy radiated by accelerated
particles at a given energy, E′IC,sy, where the maximum of
emission is expected to be. In assuming that all the avail-
able energy that goes into particle acceleration is radiated
or lost at the mentioned energy, we are overestimating the
overall emission. Depending on the energy distribution of the
particles, this simple approximation can differ from a more
precise calculation. In the case of inverse Compton emission,
we expect this overestimation to be of a factor of a few, and
in the case of synchrotron emission, of up to one order of
magnitude (Vieyro et al. 2017, and in prep.). This has to be
taken into account when reading the luminosities in Table 1.
The approximations adopted are valid for electron energy dis-
tributions ∝E2, typical for astrophysical sources. Harder elec-
tron distributions would still lead to similar results to those
obtained but for very extreme cases, while steeper distributions
would imply an even higher overestimate of the gamma-ray
luminosity.

The radiation estimates were focused on gamma rays and a
broad band study would require more detailed modelling. Nev-
ertheless, it is worth exploring in the future the radio and X-ray
synchrotron emission in the jet-bubble interactions.

7. Summary

In this work we have studied the gamma-ray emission produced
when the bubbles formed by red giant winds penetrate the jet of a
blazar in an elliptical galaxy, and described their dynamical evo-
lution both analytically and through one illustrative simulation.
We have shown that the analytical approximation is reasonably
accurate at the present stage in the relativistic regime. We have
found that the gamma rays produced by the red giant wind bub-
bles interacting with jets may reach detectable levels if Lorentz
factors are high, non-thermal particles are generated very effi-
ciently, and particle acceleration takes place at very high rates (to
produce synchrotron 100 MeV photons). This predicted emis-
sion could be higher under the presence of an important popula-
tion of younger red giants, in the rare event an AGB star enters
the jet, or for relatively low values of ρISM. Unless B = Beq, duty

cycles are not far below one, and in some cases, a few dom-
inant bubbles could contribute simultaneously to the gamma-
ray emission. For B = Beq, short bright synchrotron 100 MeV
flares may be detected, with year or sub-year scale duration.
Most of the known blazars in the local universe are hosted by
elliptical galaxies. Therefore, provided that electrons are effi-
ciently accelerated in bubble-jet interactions, it is plausible that
some persistent or transient gamma-ray emission detected from
the nearest blazars could originate in events like those described
here.
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5
N O N - T H E R M A L E M I S S I O N R E S U LT I N G F R O M A
S U P E R N O VA E X P L O S I O N I N S I D E A N
E X T R A G A L A C T I C J E T

In this chapter we present our work "Non-thermal emission resulting
from a supernova explision inside an extragalactic jet" (Vieyro, Bosch-
Ramon, and Torres-Albà, 2019), in which we estimate the emission
produced by the explosion of a core-collapse supernova inside the jet
of a galaxy with significant star formation. We compute the lightcurve
of the emission as the supernova remnant moves through the jet, as
well as the SED at the expected maximum of emission. We include
simulations to illustrate the dynamical evolution of the interaction.
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ABSTRACT

Context. Core-collapse supernovae are found in galaxies with ongoing star-formation. In a starburst galaxy hosting an active galactic
nucleus with a relativistic jet, supernovae can take place inside the jet. The collision of the supernova ejecta with the jet flow is
expected to lead to the formation of an interaction region, in which particles can be accelerated and produce high-energy emission.
Aims. We study the non-thermal radiation produced by electrons accelerated as a result of a supernova explosion inside the jet of an
active galactic nucleus within a star-forming galaxy.
Methods. We first analyzed the dynamical evolution of the supernova ejecta impacted by the jet. Then, we explored the parameter
space using simple prescriptions for the observed gamma-ray lightcurve. Finally, the synchrotron and the inverse Compton spectral
energy distributions for two types of sources, a radio galaxy and a powerful blazar, are computed.
Results. For a radio galaxy, the interaction between a supernova and a jet of power ∼1043−1044 erg s−1 can produce apparent gamma-
ray luminosities of ∼1042−1043 erg s−1, with an event duty cycle of supernova remnant interacting with the jet close to one for one
galaxy. For a blazar with a powerful jet of ∼1046 erg s−1, the jet-supernova ejecta interaction could produce apparent gamma-ray
luminosities of ∼1043−1044 erg s−1, but with a much lower duty cycle.
Conclusions. The interaction of supernovae with misaligned jets of moderate power can be relatively frequent, and can result in steady
gamma-ray emission potentially detectable for sources in the local universe. For powerful blazars much farther away, the emission
would be steady as well, and it might be detectable under very efficient acceleration, but the events would be rather infrequent.

Key words. radiation mechanisms: non-thermal – galaxies: active – galaxies: nuclei – galaxies: jets

1. Introduction

Active galactic nuclei (AGNs) are composed of a supermassive
black hole accreting material from the central region of its galaxy
host. In order for the black hole to be active, dust, gas, and matter
must be available for accretion. One way to enhance accretion
is through galaxy mergers (Stockton 1982). At the same time,
galaxy interactions or mergers can stimulate nuclear star forma-
tion (Toomre & Toomre 1972).

Although galaxies hosting AGNs can be of different types,
they tend to be massive galaxies (M > 1010 M�) with younger
stellar populations than average (Kauffmann et al. 2003). Sev-
eral studies have shown that luminous AGN hosts are likely to
have higher star-formation rates (SFRs) than normal galaxies
(e.g., Kauffmann et al. 2003; Shao et al. 2010); but it may also be
the case for low or moderate luminosity AGNs, as suggested by
Hickox et al. (2014), Gürkan et al. (2015). There is growing evi-
dence supporting a close connection between nuclear starbursts
and AGNs (e.g., Alexander & Hickox 2012). For example, AGN
surveys show that the fraction of galaxies hosting AGNs is signif-
icantly lower for red galaxies (quiescent, composed mainly of old
stars) than for blue (star-forming) galaxies (Wang et al. 2017).

Given the large amount of dust released in supernova
(SN) explosions, these events were proposed as a possible
mechanism to link starburst phenomena and AGN feedback

(Ishibashi & Fabian 2016). Type Ia SNe are the only type of SNe
found in old, elliptical galaxies. These are thermonuclear explo-
sions associated either to an accreting white dwarf in a binary
system, or to the merger of two white dwarfs (e.g., Maoz et al.
2014). On the other hand, in star-forming galaxies, a high rate
of core-collapse SNe resulting from the explosions of massive,
short-lived stars is expected (Kelly & Kirshner 2012).

Since high SFRs favor the occurrence of core-collapse SNe,
one cannot neglect the possibility of a core-collapse SN tak-
ing place inside the jet of a radio-loud AGN. The result-
ing interaction, with the SN ejecta playing the role of a
dynamical obstacle, may lead to detectable non-thermal radi-
ation: When a jet interacts with an obstacle (e.g., clouds,
stars with strong winds), a bow-shaped structure forms in the
collision region of the two fluids. Particles can be acceler-
ated up to relativistic energies in this region, and produce
high-energy emission. The interaction between relativistic jets
and obstacles has been explored in several works. Many of
these works focused on studying the dynamical effects that
the interaction can have on the jet (e.g., Komissarov 1994;
Hubbard & Blackman 2006; Perucho et al. 2014, 2017); oth-
ers were devoted to study the radiative effects, as gamma-
ray flares (e.g., Barkov et al. 2010, 2012a; Bosch-Ramon et al.
2012; Banasiński et al. 2016), or steady high-energy emission
(e.g., Araudo et al. 2010, 2013; Bednarek & Protheroe 1997;
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Bosch-Ramon 2015; Bednarek & Banasiński 2015; Wykes et al.
2015; de la Cita et al. 2016; Vieyro et al. 2017). Star-jet inter-
actions were also proposed to explain the rapid-variability
observed in some powerful blazars (e.g., Barkov et al. 2012b;
Khangulyan et al. 2013; Aharonian et al. 2017).

In the present work, we have considered the dynamics and
radiation of an AGN jet interacting with a SN. At first, the explo-
sion is not halted by the jet presence until the SN ejecta becomes
diluted enough. Then, when the SN ejecta reaches a size sim-
ilar to the stagnation radius, that is, when the SN ejecta and
jet ram pressures balance each other, the SN ejecta expansion
is significantly slowed down by the jet impact in all directions
but downstream the jet. From that point on, the evolution of the
supernova remnant (SNR) is strongly affected by the jet impact.
The possibility of supernova-AGN jet interaction has been previ-
ously explored for instance by Blandford & Koenigl (1979), who
considered the prospect of such an interaction being the cause
of the knots observed in the jet of the galaxy M87. In addition,
Bednarek (1999) discussed the possibility of very efficient parti-
cle acceleration due to the interaction of an AGN jet with a SN
shell. In that work, the SN was assumed to be within or close
enough to the jet for the interaction to be significant, although
the dynamical evolution of the interaction and the associated
gamma-ray emission were not computed.

This article is organized as follows: in Sect. 2, the dynamical
evolution of a SN ejecta accelerated by a jet is described using
a simple model; this model is complemented in the Appendix
with hydrodynamical simulations. In Sect. 3, we explore the jet
parameter space, and study the outcomes of different scenar-
ios using a simple prescription for the gamma-ray lightcurve.
In Sect. 4 we compute the spectral energy distributions (SEDs)
resulting from the electrons accelerated in the jet-SN ejecta inter-
action; we explore two cases: a nearby radio galaxy, and a more
distant and powerful blazar. We discuss the adopted model and
its results in Sect. 5, and close with the conclusions in Sect. 6.

2. Dynamical evolution

The dynamical evolution of an obstacle, for example, a cloud of
gas, inside a jet has been extensively studied in several works.
The impact of the jet causes a transfer of momentum and the
consequent acceleration of the cloud. In addition, it produces a
shock wave that propagates trough the cloud, compressing and
heating it up. The heated material suffers a lateral expansion
occurring approximately at the speed of sound. The cloud also
forms an elongated tail in the downstream direction as a result
of the pressure gradient caused by the impact of the jet. Kelvin–
Helmholtz instabilities will start striping material from the cloud
downstream. Rayleigh–Taylor instabilities can also develop at
the cloud surface directly impacted by the jet, given the acceler-
ation exerted by the jet on the cloud. Eventually, the instabilities
should lead to the disruption of the cloud, mixing the latter with
the jet flow.

The above description is rather simplified; in reality it is far
more complex. Numerical studies show that for quite homoge-
neous clouds, the cross section can grow significantly before
the cloud total disruption (Bosch-Ramon et al. 2012). This takes
longer than the time it takes the shock to cross the cloud (e.g.,
Cooper et al. 2009; Pittard et al. 2010), and the (initial) accelera-
tion timescale of the cloud (Bosch-Ramon et al. 2012). Radiative
cooling, accompanied by subsequent cloud disruption, has been
shown to significantly extend in time the obstacle role of a cloud
impacted by a supersonic, non-relativistic wind (Cooper et al.
2009). On the other hand, relativistic simulations still show

efficient expansion and acceleration of the cloud despite its
disruption and radiative cooling (Perucho et al. 2017). The evo-
lution can also be altered by additional factors, such as magnetic
fields or thermal conduction, that are not taken into account in
this work (e.g., Klein et al. 1994; Fragile et al. 2005).

For the acceleration of the cloud, we have based our study on
Barkov et al. (2012a). In that work, the authors describe a model
for the acceleration of a cloud, in the present case the SN ejecta,
pushed by a magnetically-dominated jet. Here, we studied the
dynamical evolution in the case of a purely hydrodynamical jet,
since on the jet scales of interest most of the jet magnetic energy
is expected to have been already transferred to kinetic energy.

We refer to the laboratory and the SN ejecta reference frame
K and K′, respectively. For a relativistic jet with negligible ther-
mal pressure, the momentum flux of the jet in K′ is:

f ′ = Γ2
relβ

2
relρjhjc2, (1)

where hj = 1 + γ̂εj is the jet enthalpy, γ̂ the adiabatic index (4/3
and 5/3 for a relativistic and a non-relativistic ideal, monoatomic
adiabatic gas, respectively), and βrel = (βj − βc)/(1 − βjβc) the
relative velocity between the jet and SN ejecta in c units, which
have velocities βj and βc in K, respectively. The jet momentum
flux in K, f , relates to f ′ through:

f ′ =

(
1 − βc

βj

)2

Γ2
c f . (2)

where Γc is the Lorentz factor of the cloud.
The SN ejecta momentum increases due to the acceleration

caused by the jet in its direction of motion. The equation of
motion is (Barkov et al. 2012a):

dΓc

dt
=
πr2

cβc

Mcc
f ′, (3)

which, combined with Eq. (2), results in:

dΓc

dt
=
πr2

cβc

Mcc

(
1 − βc

βj

)2

Γ2
c f ≈ Lj

Mcc2

(
rc

rj(z)

)2 (
1 − βc

βj

)2

Γ2
cβc,

(4)

where Lj = πr2
j Γ2

j βjρjhjc2 (≈ πr2
j f c for Γj � 1) is the jet power

(including rest mass).
The jet is assumed to be conical, that is, with a constant open-

ing angle θ, where the radius of the jet is a function of the dis-
tance z to the black hole: rj(z) ≈ θ z. We adopt a jet Lorentz factor
of Γj = 10 and an opening angle of θ = 1/Γj.

The time lasted by the event as seen by the observer relates
to the time in the laboratory frame t as

tobs(z) =

∫ z

z0

(1 − βc cos i)dt =

∫ z

z0

(1 − βc cos i)
dz
βcc

, (5)

where i is the angle between the jet axis and the line of sight.
The impact of the jet, in addition to transferring kinetic

energy, heats up the SN ejecta as well. The SN ejecta is in pres-
sure balance with the shocked jet flow that is pushing, with the
pressure at the contact region being ∼ f ′. Since initially the jet
flow is strongly supersonic in K′, f ′ is larger than the jet lat-
eral total pressure, and the jet-SN ejecta pressure balance leads
to the above mentioned fast SN ejecta expansion, fueled by the
jet-transferred heat.

The expansion of the SN ejecta enhances the interaction with
the jet, favoring the acceleration of the former, and also its dis-
ruption. As already noted, simulations show that the (deformed)
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SN ejecta expansion and acceleration can continue for some
time (Bosch-Ramon et al. 2012; Perucho et al. 2017; see also
the Appendix). If the SN ejecta achieves a relativistic regime,
which is the case for a powerful jet, its expansion in the labo-
ratory frame is slowed down: (i) in the jet direction, by the rel-
atively small velocity difference between different parts of the
SN ejecta; (ii) in the direction perpendicular to the jet, relativis-
tic time dilation in the flow frame leads to a slow expansion.
We note that the lateral pressure of the shocked jet fluid, which
passes around the SN ejecta, may contribute to confine the SN
ejecta, slowing its expansion down to some extent (not consid-
ered here but at the end of the expansion; see below). These
effects combined allow the SN ejecta to keep some integrity even
when close to total disruption, extending the time needed for
fully mixing with the jet flow and the traveled distance inside
the jet in the laboratory frame. For weak jets, the SN ejecta
accelerates at a low rate, and it is expected to cover a longer
distance inside the jet before its disruption (Khangulyan et al.
2013). These predictions are supported by results presented in
the appendix, where we show the results of an axisymmetric,
relativistic hydrodynamical simulation of an interaction between
the SN ejecta and a relatively weak jet. Based on these results,
and on the above discussion for the powerful jet case, we have
assumed for simplicity here that most of the SN ejecta mass
remains in causal contact with the jet contact surface, effectively
evolving as a roughly spherical cloud, with its radius increas-
ing as

rc(t) = R0 +

∫
csdt
Γc(t)

, (6)

where R0 is the initial SN ejecta radius, and

c2
s =

γ̂Pc

hcρc
(7)

is the SN ejecta sound speed squared, with hc being the specific
enthalpy of the SN ejecta, and Pc its pressure. In the present
context, R0 is determined through balancing its pressure and f ′.
This condition can be written as

[
Pc = f ′

] ∼


3E0

10πR3
0

=
Lj

cπrj(z)2

 , (8)

where E0 is the total energy of the SN ejecta, adopted as the
standard isotropic SN luminosity of E0 = 1051 erg. For simplic-
ity, we adopted a reference SN ejecta mass value of Mc = 10 M�.
We note that, since βc ∼ 0 at the beginning of the interaction, we
use f ′ = f in Eq. (8).

Applicability of the dynamical model. When the SN ejecta
has expanded significantly, its pressure can become smaller than
the jet lateral pressure, taken here one hundredth of f as a fidu-
cial value. Its exact value does not have a strong impact on the
results as long as the jet is highly supersonic in K. Once the SN
ejecta pressure is equal to the jet lateral pressure, the SN ejecta
evolves more smoothly with the jet flow. From that point on, we
assumed that the jet energy and momentum transferred to the SN
ejecta become small, and therefore neglect any further accelera-
tion of particles.

When the SN ejecta covers the whole jet section, its expan-
sion rate is assumed to be the same as that of the jet, i.e., rc ∼ rj,
with the jet flow at the interaction location moving with the SN
ejecta. This is a reasonable assumption to zeroth order, as long as
the jet external medium is much denser than the jet itself, which
is expected for a jet on the galactic disk scales, as the denser

medium inertia encapsulates the jet shocked flow (see Sect. 5).
An accurate account of this situation can show complex features
in the jet and SN ejecta hydrodynamics; this requires a numerical
study, and a detailed account of such a process is out of the scope
of this work (see the appendix for a simulation with a simple gas
model).

3. General study

3.1. Simplified model

The galaxy host is assumed to be a starburst with a high SFR
(ṀSFR) and a disk geometry. We considered that the starburst
has an IR luminosity of LIR = 1012 L� (e.g., an ultraluminous
infrared galaxy, ULIRG, Sanders et al. 1988). The stellar and
IR fields are modeled as gray bodies with characteristic tem-
peratures of Ts = 30 000 K and TIR = 200 K, respectively
(Vieyro et al. 2017).

There are three important free parameters in the model, Lj,
Γj, and i. Throughout this work, we consider the jet Lorentz fac-
tor to be constant; in particular, we adopt Γj = 10, which is
a common value in AGNs (e.g., Jorstad et al. 2017). Moderate
variations around this value do not affect significantly the results
of the model for jets with modest power, but the effect would
be important for powerful blazars (see Sect. 5.4). The parameter
space of the jet luminosity and inclination can be studied adopt-
ing a simplified model of the apparent non-thermal luminosity.
The limitations of this simplified model are discussed in Sect. 5.

We considered that the SN explosion takes place at a height
z0 inside the jet. We fix z0 ∼ 50 pc, as these are roughly the scales
at which it is more likely that a SN explosion will occur within
the jet, for the adopted star-forming disk. For smaller z0, the jet
volume is much smaller; for larger z0, in the disk periphery and
beyond, star formation is suppressed.

Inside the jet, the shocked SN ejecta acceleration and evolu-
tion results in an evolution of the jet energy flux dissipated at the
jet-SN ejecta interaction surface in K′. This dissipated energy
flux of the jet can be taken as a proxy of the energy flux injected
into non-thermal particles. The corresponding power injected
into non-thermal particles at z, due to the jet-SN ejecta inter-
action, can be expressed in K′ as:

L′NT(z) = ηNT π r2
c βrelΓrel (Γrel hj − 1) ρj c3, (9)

where the constant ηNT is the fraction of jet energy that impacts
the SN ejecta and is converted into non-thermal energy. We note
that the rest-mass energy has been removed to derive L′NT. A
reference value of 0.1 has been adopted for ηNT in this work;
high enough so significant radiation is predicted, but well below
the upper-limit of 1 (see Sect. 5.5).

Only a fraction of the energy that is injected in non-thermal
particles is channeled into radiation. This fraction is quantified
with the radiative efficiency ξ′IC/sync(E′, z), which in K′ can be
estimated as

ξ′IC/sync(E′, z) =
t′−1
IC/sync

t′−1
rad + t′−1

nrad

, (10)

where t′−1
nrad accounts for the non-radiative losses in K′ (e.g.,

adiabatic losses and particle advection, of similar scale; see
Vieyro et al. 2017), and t′−1

rad = t′−1
IC + t′−1

sync for synchrotron and
IC losses in K′. The emitted energy in K′ is, then, L′intr =
L′NT(z)ξ′IC/sync(E′, z).
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The intrinsic luminosity should be corrected by Doppler
boosting. The IC and synchrotron lightcurves of the radiation
as seen by the observer can be estimated as

Lapp
IC/sync(tobs) = δc(z)4L′intr = δc(z)4L′NT(z)ξ′IC/sync(E, z), (11)

where δc is the Doppler boosting factor of the emitting flow:

δc =
1

Γc(1 − βc cos i)
, (12)

and tobs is related to z through Eq. (5). Equation (11) is valid
as long as the accelerated particles follow an energy distribution
similar to ∝E−2, meaning that the energy is equally distributed
among different energy scales (see also Sect. 4).

We have focussed here on electrons (and positrons) as radi-
ating particles, and synchrotron and IC as radiative processes, as
they emit the most efficiently in the regions of interest. Previous
works considered also hadronic emission close to or at the jet
base (e.g., Barkov et al. 2010, 2012b).

We derived the magnetic field to compute synchrotron emis-
sion assuming that the total magnetic energy density is a fraction
ζeq of the jet energy density. For a magnetic field predomi-
nantly perpendicular to the flow motion (e.g., toroidal), in K′
one obtains:

B′φ(z) ≈ 1
Γcz

√
4ζeqLj

θ2c
· (13)

An equipartition magnetic field, ζeq = 1, would imply in our
convention that the jet energy density is equally divided between
magnetic and particle energy density. Throughout the article we
adopt ζeq = 10−2 (except when otherwise indicated), which
results in a magnetic field 10 times below the equipartition value,
as estimated in some extragalactic jets (Hardcastle 2011).

We consider as main target photons for IC interac-
tions the infrared (IR) field associated with starburst galax-
ies (Vieyro et al. 2017), and compute the IC cooling rate
using the full Klein–Nishina cross section (Khangulyan et al.
2014) and following the target treatment described in
Dermer & Schlickeiser (1993).

To obtain the lightcurves of IC emission, we calculate Lapp
IC

at a reference energy of E′IC = (mec2)2/kTIRΓc, where E′IC is
approximately at the maximum of the IC cross section in K′ for
(quasi)head-on IC interactions, around the transition from the
Thomson to the Klein–Nishina regime.

3.2. Results of the simplified model

In Fig. 1, we show the evolution of the SN ejecta Lorentz factor
for blazar-like sources (i.e., i = 0◦), for different values of jet
power, Γj = 10 and z0 = 50 pc. The more powerful the jet, the
shorter the time it takes for the SN ejecta to be accelerated to
a higher Lorentz factor; it reaches a relativistic regime before
covering the whole jet section only for the most powerful jets
(Lj = 1046−1047 erg s−1). We recall that, for all the cases studied,
ηNT = 0.1.

In all cases, the SN ejecta expands and eventually covers the
whole jet cross section. After this point, the dynamical model
becomes less suitable to describe the evolution of the SN ejecta,
hence in the figure we show this evolution phase using dashed
lines (see Sect. 5 for a discussion of the validity of the model).

In Fig. 2, we show the approximated IC lightcurve in gamma
rays, as seen by the observer, for Lj = 1043−1044 erg s−1 and
different inclination angles. For intermediate inclinations, say
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Fig. 1. Evolution of the SN ejecta Lorentz factor for different jet powers,
for i = 0◦. The vertical ticks mark the point where the SN ejecta crosses
1 kpc. The lines become dashed when the SN ejecta covers the whole
jet section.
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Fig. 2. Gamma-ray IC lightcurves computed for different inclination
angles. As in Fig. 1, the vertical bars indicate the point where the SN
reaches 1 kpc.

i = 30◦, the apparent luminosities are above 1042 and
1041 erg s−1, during an observed period of ∼104 and ∼105 yr,
for Lj = 1044 and 1043 erg s−1, respectively. For completeness,
the lightcurves show the SN ejecta propagating until it reaches
z = 25 kpc. Nevertheless, the jet properties can change signifi-
cantly on kpc scales (e.g., the jets may be already disrupted in
weak, FRI-type jets), and our prescription for the SN ejecta evo-
lution may be far from correct in those regions. Therefore, effec-
tive jet-SN ejecta interaction may be reliable up to z . 10 kpc,
and in fact results beyond z ∼ 1 kpc (indicated in the figures by
vertical ticks) should be taken with caution.

For the most powerful jets, Lj ≥ 1045 erg s−1, synchrotron
self-Compton (SSC) is the main mechanism of gamma-ray emis-
sion and for such process the semi-analytical approach described
in Sect. 3.1 is no longer valid. For these jets, however, the
approach is still valid for, and worth applying to, the synchrotron
gamma-ray emission, which may reach &100 MeV as seen by the
observer. The critical synchrotron energy can be estimated as

Ec = ς 236 MeV δc, (14)
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Fig. 3. Gamma-ray synchrotron lightcurves for powerful jets with
i = 0◦. As in Fig. 1, the solid-to-dashed transition indicates the moment
the SN ejecta covers the jet section, and the vertical bars show the point
where the SN crosses 1 kpc.
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Fig. 4. Luminosity injected into non-thermal particles in K′, L′NT
(dashed lines), and corrected by Doppler boosting, L′NTδ

4
c (solid lines),

for Lj = 1044−1046 erg s−1, and i = 0◦. The vertical bars show the point
where the SN ejecta crosses 1 kpc.

where ς < 1, determines the particle acceleration rate Ė =
ς q B c, and typically is not well constrained. For values of ς &
1/δc, the critical energy can reach values of ∼100 MeV as seen
by the observer. Figure 3 shows the synchrotron lightcurves for
the powerful jets; we consider blazar-like sources, since high δc
values are necessary to obtain photons of 100 MeV as seen by the
observer. As in Fig. 2, the evolution is computed until z = 25 kpc,
and the vertical bars mark the moment when the jet crosses 1 kpc.
It can be seen that for these jets, the synchrotron radiation could
dominate the gamma-ray emission in the Fermi energy range.
As mentioned in Sect. 3.1, we have adopted ζeq = 10−2; since
synchrotron losses are dominant for high energy electrons, the
luminosities obtained at ∼100 MeV are similar for ζeq = 10−4−1.

In Fig. 4 we compare the power injected into non-thermal
particles in the fluid frame, L′NT, and corrected by Doppler boost-
ing, L′NTδ

4
c , for Lj = 1044 erg s−1 (IC lightcurve) and Lj =

1046 erg s−1 (synchrotron lightcurve). In both cases, the rapid rise
in the luminosity at the beginning of the event is caused by the
increase of the flux injected into non-thermal particles (given
by Eq. (9)). The SN ejecta reaches low Lorentz factors for the

Table 1. Main parameters of the model.

Parameters Radio galaxy Blazar

L: jet power (erg s−1) 1044 1047

Γj: jet Lorentz factor 10 10
i: inclination angle 60 0
z: redshift 0.026 1

weakest jets (at least within 1 kpc, as can be seen in Fig. 1), thus
Doppler boosting is not strong, and it only moderately increases
the luminosity, as seen by the observer. For the strongest jets
(&1045 erg s−1), Doppler boosting is more relevant throughout
the interaction. The higher peak luminosities and slower decay
in L′NTδ

4
c are the result of Doppler boosting in all the cases.

In Barkov et al. (2012a), the characteristic effective
timescale of the interaction, that is the time during which the
SN ejecta-jet interaction intensity is strong enough for effective
particle acceleration to occur, can be roughly estimated as

∆t ∼ 103
(

Γj

10

) (
Lj

1046 erg s−1

)−1 (
Mc

10 M�

)
yr. (15)

This expression is valid once the SN ejecta covers the complete
jet section, which occurs early in all the cases studied here. This
is in agreement with the results shown in Fig. 3 for powerful jets.
For weaker jets, the slow acceleration of the SN ejecta renders
Eq. (15) not suitable to estimate ∆t.

4. Spectral energy distributions

As illustrative cases, the synchrotron and IC SEDs are computed
at the time when the SN ejecta covers the jet section for two
cases: a nearby radio galaxy with an intermediate jet power, and
a powerful blazar at higher redshift. Both galaxies are consid-
ered to host a nuclear starburst as described in Sect. 3. We con-
sidered the radio galaxy to be located in the local universe at a
distance d = 100 Mpc (z ≈ 0.026, for H0 = 70 km s−1 Mpc−1,
ΩΛ = 0.7, and ΩM = 0.3), with a jet power Lj = 1044 erg s−1,
and an inclination angle i = 60◦. On the other hand, the more
powerful blazar is considered to be located at z = 1 (equivalent
to a luminosity distance of 6.6 Gpc), hosting a powerful jet with
Lj = 1047 erg s−1 pointing toward the observer. Table 1 lists all
the relevant parameter values of the model and the sources.

In order to compute the SEDs, we assume an injection rate
of non-thermal particles in K′ following an energy distribution
of the form:

Q′(E′, z) = Q0(z)E′−α exp(−E′/E′max(z)), (16)

where α = 2 is taken as a fidutial value, typical for effi-
cient accelerators, and characteristic of diffusive acceleration
mechanisms. Functions Q much softer in energy would lead
to gamma-ray emission much more difficult to detect, whereas
harder Q would slightly increase the gamma-ray output. The
value of E′max, determining the maximum particle energy, has
been derived as in Vieyro et al. (2017). The total non-thermal
luminosity injected is:
∫

Q′(E′, z)E′dE′ = L′NT(z). (17)

For each z value, the transport equation in steady state is solved
for an homogeneous emitter (one-zone), which has the following
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Fig. 5. Synchrotron and IC SEDs for the radio galaxy (left) and the blazar (right) cases, together with the sensitivities of different gamma-ray
instruments (Fermi -pink-, presently operating Cherenkov telescopes -brown-, CTA -green-), at z = 51.3 and 55.3 pc, respectively.

semi-analytical solution:

N′(E′, z) =
1

|Ė′(E′, z)|
∫ E′max

E′
Q′(E∗, z)dE∗, (18)

where |Ė′(E′, z)| = E′ t′−1
nrad+rad(E′, z) accounts for the radiative

and the non-radiative electron energy losses (Vieyro et al. 2017).
We consider three different target fields for IC interactions: the
radiation from the stars in the galaxy, IR photons associated with
the starburst, and synchrotron emission (for SSC). The SSC cal-
culations are correct as long as IC losses of synchrotron targets
are not dominant. Although for powerful jets SSC is the main
mechanism for gamma-ray emission (as shown in Fig. 5), it is
not the dominant radiative loss mechanism.

Figure 5 shows the computed SEDs obtained for the radio
galaxy (left panel) and the blazar (right panel), together with the
sensitivities of the Fermi observatory, MAGIC, as an example of
current imaging air Cherenkov telescopes (IACTs), and the future
Cherenkov Telescope Array (CTA). These SEDs correspond to
the moment when the SN ejecta covers the whole jet section (see
the solid-to-dashed line transition in Fig. 1). For the radio galaxy
this occurs at z = 51.3 pc, when the SN ejecta has a Lorentz factor
of only Γc = 1.0003, whereas for the blazar, the Lorentz factor is
Γc = 1.43, at z = 55.3 pc. Although the peak in the lightcurves is
predicted to be somewhat later in both cases (as seen, for exam-
ple, in Fig. 3 for the blazar case), we compute the SEDs when
rc equals rj because, up to this point, the semi-analytical treat-
ment for the SN ejecta evolution is reasonably accurate. Never-
theless, the difference in the luminosity levels in the lightcurves
between the moment when rc = rj, and their maxima, is only a fac-
tor of approximately two to three. Gamma-ray absorption effects
are important above 10 TeV and have not been computed for the
SEDs, but they are discussed in Sect. 4.2 below.

4.1. Main observational characteristics

The radio galaxy case yields the most optimistic predictions for
detection, as its IC emission may be detectable by Fermi and
current IACTs, for the adopted parameter values. In the blazar
case, the synchrotron losses are dominant, causing a significant
decrease in the gamma-ray IC luminosity. This effect, together
with the large distances involved (say z ∼ 1), makes the jet-SN

ejecta interactions difficult to detect from very powerful blazars
with current instruments, but potentially detectable by CTA in
the future. We note that a blazar of intermediate power, say
Lj ∼ 1044 erg s−1, would resent a similar SED to the one of
the radio galaxy (Fig. 5, left panel), with a higher normalization
due to beaming effects. This case could be easily detected in the
local universe, although this kind of source is rare with respect
to sources of equal power with misaligned jets.

Very bright (or weak) radio sources may be evidence of the
presence of high (/low) magnetic fields, and can be used to con-
strain the ζeq parameter. Low X-ray fluxes may also be an indi-
cator of a very low magnetic fields. These comparison between
bands may be difficult for weak radio and X-ray emission as it
could be easily masked by other persistently emitting regions.

We can compare our predictions on different wavelengths
with the steady emission detected from sources with similar
characteristics to those of the two examples studied here. For
instance, the well known quasar 3C 273 has a jet close to the
line of sight with an estimated power of Lj ∼ 1046 erg s−1. The
host galaxy is classified as an ULIRG, implying high SFR and IR
luminosity. The gamma-ray luminosity observed by Fermi dur-
ing a quiescent state in 2009 (Abdo et al. 2010) is L1−10 GeV &
1045 erg s−1, comparable to the blazar case (right panel of Fig. 5).
For the adopted value of ζeq = 10−2, the radio fluxes obtained
are also similar to the typical observed fluxes from 3C 273,
whereas in X-rays intrinsic jet emission, or even an accretion
disk (as the one in 3C 273), could hide the radiation from a jet-
SN ejecta interaction. In the radio galaxy case we take M87 as
reference. This galaxy has a jet of Lj ∼ 1044 erg s−1, with an
inclination angle of i = 20◦. The detected radio luminosity is of
L230 GHz ∼ 7× 1040 erg s−1 (Doeleman et al. 2012), similar to the
one obtained here. In the ∼GeV range we also obtained fluxes
comparable to those observed in the steady state of M87. In
X-rays, however, our predictions are greater than the fluxes of
M87; this could be alleviated by reducing ζeq, which would affect
also the predicted radio luminosity, or adopting a much lower
value for ς (the acceleration rate efficiency).

The observer luminosities predicted in this work for jet-SN
ejecta interactions are comparable to those already observed in
steady sources, and particular spectral shapes cannot be pre-
dicted from a purely phenomenological particle acceleration
model (one may say that typical acceleration spectra render
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Fig. 6. Absorption maps in the IR and OB star radiation fields, for the radio galaxy (left panel) and the blazar (right panel).

typical radiation spectra). The magnetic field strength is also dif-
ficult to assess from first principles, adding more freedom to
the spectral outcome of synchrotron and IC. In addition, the
long timescales involved imply that the predicted lightcurves
cannot be distinguished from intrinsic jet persistent emission.
We can state, however, that SN ejecta are arguably the largest
effective internal obstacles that AGN jets can encounter. Any-
thing as massive, such as a compact molecular cloud, will be
too diluted to fully enter the jet, whereas smaller objects such
as stars and their winds can hardly cover a whole jet but in
rare occasions: a large wind momentum rate plus a weak jet;
lighter obstacles will produce also shorter events. Finally, for
relatively nearby sources, radio VLBI could be used to resolve
the obstacle, and discriminate different scenarios. For instance,
Müller et al. (2014) found evidence of jet-obstacle interaction
(probably with a star) in Centaurus A (see also Snios et al. 2019).
A detailed case-by-case study, rich in observational information
(not very common), is needed to ascertain whether a particular
source persistent activity may be associated to a jet-SN ejecta
interaction.

4.2. Gamma-ray absorption

Gamma-ray absorption cannot be neglected in the explored sce-
nario in the IR and UV fields of the starburst. Figure 6 shows
maps of gamma-ray opacity, associated to e± pair creation in the
IR and OB star radiation fields, for the radio galaxy (left panel)
and the blazar (right panel) cases. Absorption above ∼10 TeV
is due to the IR field of the starburst. OB star emission affects
mostly gamma rays of energies &100 GeV.

The IR absorption can be roughly estimated by τγγ ∼
0.2σTnIRRd, where nIR = LIR/πR2

dc(2.7kTIR). For the values
adopted in Sect. 3.1, we obtain τγγ ∼ 80. This implies that all
the emission at energies &10 TeV should be absorbed when the
SN is within or close to the starburst disk, which is the case
for the considered events around their maxima. This absorption
would lead to pair creation in the jet surroundings, with a sub-
sequent secondary synchrotron and IR-target IC emission. Given
the complex structure of the jet-SN ejecta interaction region, it is
difficult to assess the anisotropy level of the secondary radiation,
as some pairs may get boosted if injected in the unshocked jet,
while others would get isotropized in the surroundings. We spec-
ulate that, in the blazar scenario, this secondary emission may be
minor with respect to the overall beamed emission, whereas for

radio galaxies this contribution may be more important (see, e.g.,
Inoue 2011).

The UV field of OB stars, unlike the IR field, has a consider-
ably lower impact. The optical depth takes now values of .10−2

for the radio galaxy, and even lower for the blazar case. This
absorption should lead to secondary pairs emitting at ∼10 GeV
energies, although their contribution would probably be minor.

5. Discussion

In this work, we studied the interaction of a relativistic jet with
a SNR and its radiative consequences. First, we estimated in a
simplified manner the observed gamma-ray luminosity evolution
expected from this interaction. We then calculated, with more
detail, the SED expected for a radio galaxy at d = 100 Mpc and
a blazar at z = 1. We discuss below some of the assumptions
adopted in this work.

5.1. Model comparison

In Fig. 7 we compare the luminosity evolution obtained using
the simplified treatment given by Eq. (11) and the luminosity
computed as described in Sect. 4. The plot corresponds to jets
with Lj = 1043−1044 erg s−1, i = 60◦ and ζeq = 10−2. We
have also included a comparison for a more powerful jet, of
Lj = 1046 erg s−1 and i = 0◦, for which we considered a well
below equipartition magnetic field, B = 10−3Beq, in order for
the external IC to dominate the emission over SSC. For the
less powerful, non-blazar jets, the simple analysis predicts the
emission rather accurately; for the powerful blazar, the simple
prescription overestimates the luminosity by approximately an
order of magnitude (as found already in Vieyro et al. 2017). The
discrepancy of the synchrotron emission around ∼100 MeV pre-
dicted for blazar-sources by the two approaches (not shown in
the figure) is higher than for the IC emission; during the peak of
the event, however, we obtain the same difference of ∼0.1.

5.2. Nature of the emitting flow

The assumptions that the emitter moves with the SN ejecta
and has its size are in fact assumptions whose validity depends
on the scenario. When the SN ejecta is slow, it efficiently
acquires momentum, but not energy, while for a faster and
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Fig. 7. Comparison between the gamma-ray lightcurves obtained with
the simplified prescription (solid curve) and the more detailed treat-
ment (dashed curve; stars indicate the points where the luminosity was
computed). We consider i = 60◦ and ζeq = 10−2 for Lj = 1043 and
1044 erg s−1, and i = 0◦ and ζeq = 10−6 for Lj = 1046 erg s−1. The vertical
ticks indicate the moment the SN reaches 1 kpc (for Lj = 1043 erg s−1

this takes place at tobs ∼ 1.8 × 104 yr, hence it is not shown in the plot).

diluted SN ejecta the energy transfer becomes more efficient
(see Barkov et al. 2010, for a discussion of the energy transfer
phases). Therefore, for a slow SN ejecta with a radius smaller
than that of the jet, the shocked jet flow can be far more efficient
at dissipating jet power in the form of non-thermal particles than
within the SN ejecta. The emission from this quasi-stationary
flow will be beamed, which would not be the case for an emit-
ter moving with the SN ejecta. On the other hand, in the sub-
relativistic regime, the emitter is expected to be larger than the
SN ejecta due to the extended oblique shock farther downstream
(Bosch-Ramon 2015). Thus, the predicted radiation luminosity
is affected by these unaccounted factors: beaming from a quasi-
stationary flow, and a larger dissipation region.

When the SN ejecta becomes relativistic, the energy trans-
ferred from the jet to the shocked jet flow and to the SN ejecta
becomes similar, and thus the latter may become a significant
emitter in addition to the shocked jet flow. Both the shocked jet
flow and the SN ejecta will still have different Doppler boost-
ing patterns until Γc → Γj, point at which particle acceleration
should become very weak or null.

Despite the qualitative differences, in the context of phe-
nomenological modeling the model and most of the parameter
values are basically the same regardless of the actual emitting
flow: the shocked jet flow or the SN ejecta. The magnetic field
values may otherwise differ in both regions.

In the scenario we studied, the radius of the SN ejecta tends
to the jet radius. If the SN ejecta covers the whole jet section well
before Γc → Γj, the shocked jet flow is still the most significant
emitter, but it will move at the same velocity as the SN ejecta
as long as the shocked jet flow is encapsulated by the external
medium around the SN ejecta (see the following discussion and
the Appendix).

5.3. A jet covered by the SN ejecta

As mentioned in Sect. 2 the shape of the SN ejecta impacted by
the jet grows sidewards and forms an elongated tail along the jet
direction. The ability of the SN ejecta to intercept jet energy is
the most important factor in our study, and this depends exclu-
sively on the size of the SN ejecta perpendicular to the jet. The

lateral expansion of the SN ejecta near the surface impacted by
the jet is expected to be fast. Here, for simplicity, we assumed
that this expansion takes place at the sound speed, and that the
density evolves as if the SN ejecta were spherical. SN ejecta dis-
ruption, plus some lateral pressure exerted by the shocked jet,
makes this approximation less accurate. However, as discussed
in the Appendix, the evolution of the main parameters obtained
with the semi-analytical approach does not deviate significantly
from the results of axisymmetric, relativistic hydrodynamical
simulations1.

Expansion leads the SN ejecta to cover the whole jet section.
At that point, we assume that the SN ejecta is confined by the
jet walls and expands at the same rate as the conical jet. For a
jet propagating in vacuum this approximation would be wrong,
since nothing would prevent the SN ejecta to expand further.
However, extragalactic jets usually propagate in media much
denser than the jet itself, in particular when crossing their host
galaxies. Thus, the dense external medium, heated and com-
pressed by the SN ejecta when rc & rj, strongly slows down its
expansion with its large inertia. At most, the speed of the lateral
expansion of the SN ejecta should be that of the Sedov-Taylor
phase, with Ṙc,st ∼ (Lj/ρISM)1/5t−2/5. For most cases, after just
∼100 yr, Ṙc,st already becomes lower than θβjc, meaning that the
SN ejecta and the jet do eventually expand at roughly the same
rate. Such a situation is likely to prevent the SN ejecta from
expanding sidewards beyond the jet. If Γc → Γj, this situation
may not have such a strong impact on the jet global structure,
although the medium-SN ejecta interaction could slow down
the latter. For slow or slowed-down SN ejecta, the braked jet
should become disrupted at the z of the interaction with the SN
ejecta, and shocked jet material flowing backwards may strongly
affect jet propagation even far upstream, filling a lobe-like struc-
ture. The SN ejecta should also get disrupted by the jet impact,
although at a slower rate, at least when the SN ejecta density is
still higher than the jet density (e.g., Bosch-Ramon et al. 2012;
see also the appendix).

Some of the effects discussed can be found in the com-
plementary simulation presented in the Appendix. An accurate
treatment of this scenario, combining detailed hydrodynamical
simulations and precise radiation calculations, is left for future
work.

5.4. Varying Γj and Mc

The jet Lorentz factor adopted in this work, Γj = 10, was
taken as a reference value for illustrative purposes, but adopt-
ing Γj = 5 does not have a significant impact on the results for
the weakest jets. We note that the velocity of the jet is likely
non uniform through the section of the latter. The jet is expected
to develop a shear layer as a transition region to the external
medium. In addition, it has been proposed that the jet could
consist of a light, ultra-relativistic, electron-positron pair plasma
central spine, and a hadronic, heavier and slower outer layer,
resulting from the Blandford–Znajek and Blandford-Payne pro-
cesses (e.g., Xie et al. 2012; Ghisellini et al. 2005 and references
therein). A non-uniform velocity profile with jet radius may not
have a major impact in the explored scenario: the SN ejecta
completely covers the jet before getting relativistic speeds, and
thus the effect of any radial profile of the jet properties should
tend to get smoothed out over the jet-SN ejecta contact surface.

1 We note here the complexities and uncertainties related to imple-
menting an accurate numerical approach, which makes a semi-
analytical treatment valuable for exploring several cases.
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In any case, a non-homogeneous jet thrust and energy flux is
likely to affect the SN ejecta evolution (e.g., enhancing instabil-
ity growth), which is worth of a devoted future numerical study.

We also considered the impact of a less massive SN ejecta,
adopting Mc = 1 M�. The main difference obtained in this case
is the duration of the events, which become approximately ten
times shorter than for Mc = 10 M�, for the same Lj-value; the
lightcurve peak luminosities are, on the other hand, similar.

5.5. Impact of ηNT

An additional free parameter of the model is the acceleration
efficiency ηNT. Here we have adopted a constant value of 0.1
throughout the paper. This parameter at present can only be con-
straint observationally, with a range as wide as ηNT = 0−1, and
its value may also change as the properties of the jet-SN ejecta
contact region evolve. Here, our results simply scale linearly
with ηNT, and any change in the efficiency linearly affects the
predicted luminosities. We note that additional acceleration sites
may be present as well, as for instance: the more oblique region
of the jet-SN ejecta shock present when rc � rj and Γc � Γj; or
the region encompassing the SN-ejecta, the jet termination, and
the external medium when rc & rj. Here, we have considered
only the jet-SN ejecta interaction region with section ∼π r2

c .

5.6. Duty cycle

To determine how frequent the jet-SN ejecta interactions are
in an AGN hosting a central disk-like starburst, one can esti-
mate the SN rate expected in this type of galaxy. Stars with
initial masses M > 8 M� end their life as core-collapse SN
(Matzner & McKee 1999); the upper limit on the progenitor
mass is not clearly determined, but there is evidence that mas-
sive stars, with M & 20 M�, collapse into a black hole, failing
in produce a SN (Smartt 2015). We considered an initial mass
function φ(m) ∝ m−α, where α = 0.3 for 0.01 ≤ m/M� < 0.08,
α = 1.8 for 0.1 ≤ m/M� < 0.5, α = 2.7 for 0.5 ≤ m/M� < 1,
and α = 2.3 for m/M� ≥ 1 (Kroupa 2001). Assuming a constant
SFR, the core-collapse SN rate can be estimated according to
(Mattila & Meikle 2001):

RSN = ṀSFR

∫ 20 M�
8 M�

φ(m)dm
∫ 120 M�

0.1 M�
mφ(m)dm

· (19)

For ṀSFR = 100 M� yr−1, the SN rate in the starburst disk results
in ∼70 SN per century.

For a starburst disk with radius Rd = 300 pc and total
thickness hd = 100 pc, only ∼0.01% of these SNe will take
place inside the jet with the adopted geometry. As discussed in
Sect. 3.2, for a jet power Lj ∼ 1043−1044 erg s−1, a non-blazar
source (say i ∼ 30◦), and ηNT = 0.1, the interaction could result
in a gamma-ray luminosity &1041−1042 erg s−1 for periods of
∼104 yr. This implies that for a single radio galaxy, the duty cycle
of core-collapse SNe exploding within the jet should be approxi-
mately one. These gamma-ray luminosities may be detectable by
Fermi and current IACTs, and in the future by CTA, for sources
up to a few hundreds of Mpc, perhaps even further away for a
more extreme choice of parameter values (e.g., ηNT → 1). In
addition, provided the high duty cycle, several of these sources
in the sky may be simultaneously producing gamma rays due to
jet-SN ejecta interactions.

Regarding blazar type sources, the most powerful ones, say
Lj ∼ 1047 erg s−1, may be detectable at z ∼ 1 in the future by

CTA. However, the brief nature of such events, with a lightcurve
peak duration ∼100 yr and a duty cycle per source of ∼1%, and
the scarcity of objects, would imply a low frequency of occur-
rence.

As future work, we plan to study the statistics of starburst
AGN with jet-SN ejecta interactions. In addition, Type Ia SNe
can also occur in non star-forming galaxies, which are much
more numerous than galaxies hosting starbursts. The interaction
between a jet of an AGN and a Type Ia SN should also be stud-
ied, as many AGN are massive elliptical galaxies with jets. This
study is also work under way.

6. Conclusions

In galaxies with high SFRs and jets of moderate power, the duty
cycle of the interaction of the jet with SNe could be close to
unity. This implies a rather steady gamma-ray luminosity that
may be detectable, perhaps by Fermi and current IACTs, and
more likely by the future instrument CTA, for sources in the local
universe. Since there are several nearby galaxies with the char-
acteristics assumed in this work, jet-SN ejecta emission could be
responsible for some of the radio galaxies and relatively weak
blazars detected as persistent gamma-ray sources. Blazars with
powerful jets, not common in the local universe, might be still
detectable at farther distances due to the expected higher lumi-
nosities, although the shorter duration of the events and scarce
object numbers make their detection more unlikely.
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Appendix A: Two-dimensional hydrodynamical
simulations

To quantify the precision of the semi-analytic model used to
describe the evolution of a SN ejecta accelerated by the jet (see
Sect. 2), we have performed axisymmetric, relativistic hydrody-
namical (RHD) simulations in two dimensions of the interac-
tion between a jet and a spherical cloud. We have considered
a jet of negligible thermal pressure (1% of the jet ram pres-
sure), Lj = 1045 erg s−1, and Γj = 10, and a uniform cloud at
rest of 10 M�, initial radius Rc = 1.25 × 1018 cm (12.5 cells),
and in pressure balance with the jet ram pressure (see Sect. 2).
At the considered interaction location, the magnetic field was
assumed to be dynamically negligible. The code that solved the
RHD equations was the same as in de la Cita et al. (2017): third
order in space (Mignone & Bodo 2005); second order in time;
and using the Marquina flux formula (Donat & Marquina 1996;
Donat et al. 1998). The adiabatic index of the gas was fixed to
4/3, corresponding to an ideal, monoatomic relativistic gas.

The grid adopted consisted of a uniform grid with 150 cells
between rgrid

0 = 0 and rgrid
max = 1.5×1019 cm in the r-direction, and

300 cells between zgrid
0 = 1.48 × 1020 and zgrid

max = 1.78 × 1020 cm
in the z-direction. An extended grid was added with 150 cells
in the r-direction, from rgrid

max = 1.5 × 1019 and r,grid
max ≈ 1020 cm,

and with 200 cells in the z-direction, from zgrid
max = 1.78 × 1020

and z,grid
max ≈ 4.2 × 1020 cm. The resolution was chosen such that

no significant differences could be seen in the hydrodynamical
results when increasing the resolution.

Inflow conditions (the jet) were imposed at the bottom of
the grid, reflection at the axis, and outflow in the remaining grid
boundaries. On the scales of the grid, for simplicity we approx-
imated the jet streamlines as radial, and added a smooth but
thin shear layer transiting from the jet properties to the exter-
nal medium properties (radial velocity of 108 cm s−1, number
density ≈1 cm−3, pressure equal to the jet thermal pressure) at
θ ≈ 1/Γj.

Figure A.1 shows combined maps of pressure (left) and den-
sity (right) at different times, showing the beginning of the inter-
action (top left), and three intermediate stages: t = 592.6 yr (top
right), t = 1188.1 yr (bottom left), and t = 1848.9 yr (bottom
right). The plots show some of the effects discussed in Sects. 2
and 3, namely:
1. The SN ejecta completely covers the jet cross section from

an early time;
2. Despite disruption, the cloud evolves roughly as a coher-

ent structure (see also the figures shown below) until it has
moved significantly further downstream;

3. The cloud does not expand much beyond the jet original
radius before its disruption;

4. The jet begins to accelerate the SN material after ∼1000 yr
(similar to what is shown in Fig. 1 for the jet with Lj =

1045 erg s−1), although in fact the simulation acceleration
time is a few times longer.

To better illustrate the similarities between the semi-analytical
treatment and the numerical simulations, in Fig. A.2 we show
the comparison between the evolution of the main parameters
of the cloud derived using both approaches. In the left panel
we show the evolution of the cloud Lorentz factor; the accel-
eration of the cloud is reasonably reproduced by the treatment
presented in Sect. 2, although, as mentioned above, the accel-
eration time obtained from the simulation is longer, favoring
detectability (the duty cycle discussed in Sect. 5.6 is a con-
servative estimate if the acceleration time is longer). In the
right panel, we have plotted the evolution of the mass-averaged
cylindrical radius of the cloud. This parameter differs some-
what from the spherical semi-analytical case, but the differ-
ences are small in the long run, and with the jet still being
effectively fully covered by the SN ejecta, which means that
our approximation should be accurate enough at this stage.
A generalization of the simulation to include other cases, and
the computation of the radiative outcome, are left for future
work.
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Fig. A.1. Combined color maps of a SN material pressure (left) and density (right) at different times: beginning of the interaction (top left),
t = 592.6 yr (top right), t = 1188.1 yr (bottom left), and t = 1848.9 yr (bottom right).
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Fig. A.2. Comparison between the cloud evolution obtained using the semi-analytical approach (black lines) and the average values evolution
obtained in the numerical simulations (red lines) for the Lorentz factor (left), and mass-averaged cylindrical radius (right). The time shown in
these plots is in the laboratory frame.
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6
T Y P E I A S U P E R N O VA E X P L O S I O N I N S I D E A N
E X T R A G A L A C T I C J E T

In this chapter we present our work "Type I a supernova explosion
inside an extragalactic jet", which has been sent for publication to
A&A. In this work we follow the procedure explained in the previous
section, but applied to Type I a supernovae in ellipitical galaxies.
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ABSTRACT

Context. Elliptical galaxies are the preferred hosts of blazars and radio-loud AGN. In addition, type Ia supernovae are frequent in
these galaxies and can, in occasion, take place within the relativistic jet. As the supernova ejecta is impacted by the jet, shocks form
in which particles can be accelerated up to relativistic energies, leading to non-thermal emission.
Aims. We study the dynamical evolution and the non-thermal emission of a type Ia supernova ejecta impacted by the jet of an AGN
in an elliptical host.
Methods. We used semi-analytical models to describe the dynamics of the interaction between the SN ejecta and the jet. Then, we
estimated the lightcurves of the expected high-energy emission for different jet powers. Finally, we computed the synchrotron and IC
SEDs for the particular case of M87 and for two blazars, a weak, nearby one, and a powerful one at redshift z = 0.5.
Results. The interaction between the ejecta of a type Ia supernova and the jet of a powerful blazar, with power Lj = 1047 erg s−1, could
result in steady gamma-ray emission above 1044 erg s−1 for 3 × 103 yr. For a jet with power Lj = 1044 erg s−1, the steady gamma-ray
emission could reach above 1042 erg s−1 for ∼ 4 × 103 yr. In particular, this interaction taking place in the radio galaxy M87 could
account for the observed X-rays and a significant fraction of its gamma-ray luminosity.
Conclusions. The jets of AGN hosted in elliptical galaxies could interact with the ejecta of Type Ia supernovae, resulting in a few
sources potentially detectable by MAGIC at z . 0.25, and tens with CTA at z . 0.5.

Key words. Radiation mechanisms: non-thermal – Galaxies: active – Galaxies: nuclei – Galaxies: jets

1. Introduction

Active galactic nuclei (AGN) can be found in the nucleus of
galaxies as their central supermassive black hole accretes the
surrounding material. This process may lead to the production of
relativistic, collimated outflows, or jets (Begelman et al. 1984).
Since these jets are launched from the innermost regions of the
galaxy, they inevitably interact with a variety of different obsta-
cles as they cross the host galaxy.

The interaction between jets and penetrating objects has been
previously studied in many different works, both as means of
jet deceleration (e.g. Komissarov 1994; Hubbard & Blackman
2006; Perucho et al. 2017) and production of gamma-ray emis-
sion. Interaction with individual objects, such as stars or gas
clouds, can explain both rapid variability in blazars (e.g. Barkov
et al. 2012; Khangulyan et al. 2013; Aharonian et al. 2017),
and gamma-ray flares (Barkov et al. 2010; Bosch-Ramon et al.
2012; Banasiński et al. 2016). Interaction with whole popula-
tions of obstacles, however, may lead to the production of steady,
gamma-ray emission (e.g. Araudo et al. 2010, 2013; Bosch-
Ramon 2015; Wykes et al. 2015; Vieyro et al. 2017; Torres-Albà
& Bosch-Ramon 2019).

Another obstacle an AGN jet may encounter is the material
ejected (i.e. the ejecta) by a supernova (SN) explosion that has
taken place within it. Blandford & Koenigl (1979) mentioned
this scenario as a possible way to explain the knots of M87, and
Bednarek (1999) as a scenario for particle acceleration. More

Send offprint requests to: N. Torres-Albà
e-mail: ntorres@fqa.ub.es

recently, Vieyro et al. (2019) studied this scenario in detail, in
the context of core-collapse SNe in star-forming galaxies, in-
cluding numerical simulations of the dynamical evolution of the
SN ejecta within the jet, and calculations of the potentially as-
sociated gamma-ray emission. They concluded that the emission
could be detectable both in nearby radio galaxies and powerful
blazars at higher redshift.

Whereas AGN surveys show that the fraction of galaxies
hosting AGN is significantly lower for elliptical galaxies (qui-
escent, with no ongoing star formation) than for star-forming
ones (Wang et al. 2017), given the higher abundance of inac-
tive elliptical galaxies, the latter tend to be the preferred hosts
of radio-loud AGN (e.g. Kotilainen et al. 1998; Falomo et al.
2000; Scarpa et al. 2000; Nilsson et al. 2003; Olguín-Iglesias
et al. 2016).

While Vieyro et al. (2019) focused on core-collapse SNe,
Type Ia SNe are the only SNe that take place in early-type galax-
ies with negligible star formation. These SNe are produced in the
thermonuclear explosions associated either to an accreting white
dwarf in a binary system, or to the merger of two white dwarfs
(e.g. Maoz et al. 2014). In this work, we consider a type Ia SN
exploding within the jet of an elliptical galaxy, and study its dy-
namical evolution after being impacted by the jet. At the contact
surface between the SN ejecta and the jet, a double bow-shock
is generated, in which particles can be accelerated to very high
energies, leading to gamma-ray emission.

The article is organized as follows: In Sect. 2, the dynam-
ical evolution of a SN ejecta accelerated by a jet is described
using a simple analytical model. Then, in Sect. 3 we explore the
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Fig. 1. Evolution as a function of observed time of the Lorentz factor
of the SN ejecta, for i = 0o and Γj = 10, for different jet powers. The
considered evolution ranges from z = 1 − 4 kpc.

jet parameter space, and study the outcomes of different scenar-
ios through computing the gamma-ray lightcurve. In Sect. 4 we
compute the spectral energy distributions (SEDs) resulting from
the electrons accelerated in the jet-SN ejecta interaction, and in
Sect. 5, the event rates and duty cycles for these interactions are
computed. Finally, we discuss the adopted model and its results
in Sect. 6, and close with the conclusions in Sect. 7.

2. Dynamical evolution

After the SN explosion, the ejecta expanding inside the relativis-
tic jet is accelerated through momentum transfer. At some point,
a shock wave is produced as the jet impacts the SN ejecta, re-
sulting in heating and expansion of the shocked material.

The detailed semi-analytical approach to describe the dy-
namical evolution of the ejecta from a core-collapse SN in-
side an extragalactic jet can be found in Vieyro et al. (2019),
based on the theoretical work of Barkov et al. (2010, 2012) and
Khangulyan et al. (2013). Vieyro et al. (2019) compared the re-
sults of the analytical model to those derived from simulations
of the same scenario, reaching the conclusion that the used an-
alytical approximation is valid to describe the evolution of the
SN ejecta as long as it reaches at least midly relativistic speeds,
which is the case for the jet configurations studied in this work.

We use the same analytical approximation to describe the
acceleration and expansion of the ejecta of a Type Ia SN as it
is pushed by the jet. However, in this case, the considered host
galaxy is a massive elliptical instead of a starburst, with negli-
gible star formation, in which SNe are expected to be mostly of
type Ia. This leads to a few differences in regards to the evolution
of the SN ejecta.

To begin with, the typical Type Ia SN ejecta has a lower mass
than a core-collapse one, of Mc ' 1 M� (e.g. Scalzo et al. 2014;
Wilk et al. 2018). Also, while core-collapse SNe are expected
to occur in regions with high star formation, a Type Ia may take
place anywhere within the galaxy. We consider that the possible
progenitors of the SNe are mostly located within the bulge of
the elliptical galaxy, which holds most of its stellar mass, and
through which the jet is expected to remain collimated and rela-
tivistic (and can thus more efficiently accelerate the SN ejecta).
We take as reference values to model a generic bulge of an ellip-
tical host those derived by Gebhardt & Thomas (2009) for M87,

a nearby, well-studied elliptical radio galaxy. That is, a bulge of
∼ 3 kpc of radius, which we assume spherical for simplicity. We
then consider a SN exploding at a height z0 ∼ 1 kpc, a charac-
teristic height at which we expect events to be frequent, and still
low enough for the SN ejecta to travel a large distance within the
galaxy.

We take into account that, for the less powerful jets, the pres-
sure of the external medium (PISM) may be large enough to halt
the free expansion of the initially conical jet, forcing it to recolli-
mate and adopt a cylindrical geometry. In particular, we consider
PISM = 10−12 erg cm2 (see Torres-Albà & Bosch-Ramon 2019).

A SN ejecta expelled at z0 = 1 kpc within the jet has initially
a higher total pressure than the jet. This results in a free expan-
sion of the SN ejecta, which halts once its ram pressure reaches
equilibrium with that of the jet. The free expansion phase within
the jet lasts longer than in the ISM, given the lower density of
the extragalactic jets. For a type Ia SN with the standard en-
ergy of 1051 erg (Gamezo et al. 2003), and a jet of 1044 erg s−1,
the equilibrium is achieved at a radius of R0 ∼ 6 pc, 900 yr af-
ter the explosion. For a more powerful jet, of 1047 erg s−1, the
free-expasion phase lasts ∼ 90 yr, and the equilibrium radius is
R0 ∼ 0.6 pc.

The jet can only affect the evolution of the SN ejecta from
the moment their ram pressures balance each other. Then, the
SN ejecta is shocked, and expands and accelerates due to the in-
teraction with the jet. As discussed in Vieyro et al. (2019), it can
be assumed that the SN ejecta effectively evolves as a roughly
spherical cloud, with radius increasing as:

rc(t) = R0 +

∫
csdt
Γc(t)

, (1)

where cs is the sound speed of the jet-shocked SN ejecta. The
radius increases up to reaching the jet radius, at which point the
SN ejecta covers the whole jet section and its expansion rate is
assumed to be that of the jet (i.e. rc ∼ rj, see Vieyro et al. 2019,
for a discussion and simulations of the dynamical evolution and
its effects on the jet).

As the SN ejecta expands, it is more efficiently acceler-
ated by the jet due to its larger impact area. The Lorentz factor
achieved by the SN ejecta is shown, as a function of the observed
time, in Fig. 1.

3. Estimation of emitted radiation

We consider jets of different power, Lj, within an M87-like
spherical bulge, as described in Sect. 2. We study the expected,
apparent non-thermal luminosity of the interaction adopting a
simplified model.

This simplified model assumes that, at every height z, the
interaction of the SN ejecta with the jet results in the generation
of non-thermal particles. Expressed in the reference frame of the
ejecta, K′, the luminosity injected into non-thermal particles is:

L′NT = ηNTS cρjΓrel(Γrelh − 1)βrelc3, (2)

where ηNT is the fraction of jet energy invested into non-thermal
particle acceleration, and S c the ejecta section. A fixed value of
ηNT = 0.1 is considered throughout this work, and all results on
expected luminosity are scalable with this value.

As in Vieyro et al. (2019), we focus on acceleration of elec-
trons/positrons, as leptonic radiation processes are the most effi-
cient ones in the regions of interest. The accelerated electrons
cool through either radiative (inverse Compton, synchrotron
emission) or non-radiative processes (adiabatic losses, particle
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Fig. 2. Inverse Compton lightcurves evaluated at electron energy E′e =
E′IC for different jet powers, for inclination angle i = 0o and Γj = 10. The
considered evolution ranges from z = 1−4 kpc, while the triangles mark
the 3 kpc passage. The solid line represents the lightcurve calculated
through the analytical approximation, while the dashed lines are the
same lightcurves calculated through proper integration of the SED in
the 0.1 − 30 GeV range, and the dashed-dotted lines are the lightcurves
obtained integrating the SED in the 30 GeV−100 TeV range.

advection). For all the cases studied in this work, synchrotron
self-Compton losses are negligible in front of the mentioned
emission channels.

The observed emission resulting from this cooling is

Lapp
IC/Sy(z) = δ4

c(z)L′NTξ
′
IC/Sy(Ee, z), (3)

where δ is the Doppler boosting factor, and ξIC/Sy is the ra-
diative efficiency of a particular emission channel (see Vieyro
et al. 2017). This approximation assumes that the non-thermal
energy is at least distributed evenly for different electron energy
decades, i.e. N(E) ∝ E−2 or harder (as in, e.g., Vieyro et al.
2019). Much softer electron energy distributions would be some-
how equivalent to adopting a small value of ηNT.

To compute the synchrotron emission, we assume the mag-
netic energy density to be a certain fraction, ζeq, of the equiparti-
tion value (i.e. total magnetic energy density is equal to half the
jet energy density). The toroidal magnetic field, considered to be
dominant, goes as

B′(z) =
1

Γcz

√
4ζeqLj

θ2c
(4)

until jet recollimation, at which point it becomes constant.
As main targets for the IC interaction, we consider the radia-

tion field generated by the red-giant population within the bulge
of M87, as in Vieyro et al. (2017), which can account for the
luminosity of the whole stellar population. We also considered
the photon field generated by the accretion disk of the AGN, as-
suming it has an overall luminosity equal to that of the jet, and
concluded that it is negligible at such jet heights, specially when
considering Doppler (de)boosting (i.e., the target photons come
from ’behind’ the SN ejecta, with respect to the latter motion).

One can obtain a reasonably accurate approximation for the
lightcurves of IC emission, estimating L′IC as if all the avail-
able non-thermal energy (Eq. 2) were emitted by electrons with
energy E′IC = (mec2)2/kT∗Γc. These electrons emit gamma-ray
photons at the energy in which the maximum of IC emission is
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Fig. 3. IC (30 GeV − 100 TeV) and synchrotron (0.1 − 100 MeV)
lightcurves for a jet of Lj = 1046 erg s−1, comparing the results shown on
Fig. 2 with the effects of assuming a lower Lorentz factor or higher in-
clination angle. The triangles mark the 3 kpc passage, point after which
IC emission is slightly overestimated.

expected (as done in Vieyro et al. 2017; Torres-Albà & Bosch-
Ramon 2019).

This simple analytical calculation results in the lightcurves
plotted in Fig. 2, for different jet powers. The figure also includes
a comparison with the lightcurves computed through the proper
integration of the spectral energy distribution (SED; see the fol-
lowing section), within two different ranges. The first range, with
energies of the emitted photons between 0.1 − 30 GeV, approxi-
mately corresponds to the Fermi range; and the second, from 30
GeV to 100 TeV, would account for the overall emission in the
CTA range.

The analytical approximation differs from the proper calcu-
lation of the integrated energy emitted in the CTA range by a
factor of ∼ 6 at the lowest jet powers, and a factor of . 1.1 at the
highest jet powers. In the Fermi range, the integrated calculation
is below the analytical approximation by a factor of ∼ 5−7 rather
consistently.

We note that all lightcurves are plotted until tobs(z = 4kpc).
However, we model the IC emission using the stellar distribution
within a bulge of height 3 kpc, and consider an isotropic photon
field. Once the SN ejecta has exited the bulge, photons come
with oblique directions towards the accelerated electrons in K′,
and are relativistically less boosted. This implies that the curves
past 3 kpc are a slight overestimation.

Figure 3 shows lightcurves for the particular case of a jet with
Lj = 1046 erg s−1, but considering a Lorentz factor of Γ = 3 or
an inclination angle of i = 45o. The biggest differences between
these cases and the Γ = 10 blazar are given by the considerable
diminishing of the Doppler boosting. As the bubble acceleration
keeps on increasing, Doppler boosting is more and more signif-
icant at larger tobs; therefore, the Γ = 10 blazar lightcurve does
not fall as quickly as the others. As a result, despite this bright-
est case being the shortest in observed duration, it is the one
that spends the longest time close to its highest luminosity (and,
therefore, is likely to be detectable for a longer time). Figure 3
also shows the behaviour of synchrotron emission in the 0.1−100
MeV range, which is much more intense than IC. However, emit-
ted photons only reach 100 MeV in cases of very high particle
acceleration efficiency (see SEDs in Sect. 4 for details).
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4. Spectral energy distributions

At the peak of the IC emission, as given by the lightcurves in Fig.
2, we calculate the SEDs for the IC and synchrotron emission.
We consider three different cases: the particular case of M87, a
nearby blazar, and a powerful blazar at higher redshift.

The SEDs are computed as in Vieyro et al. (2019), in particu-
lar adopting N(E) ∝ E−2, but considering different target photon
fields. The maximum energy achieved by accelerated electrons is
defined by the energy loss/gain balance (with losses being dom-
inated by synchrotron emission at the highest electron energies).
The acceleration rate is computed as

t′−1
acc(E′, z) = ε

eB′(z)c
E′

, (5)

where ε ≤ 1 is the acceleration efficiency. In the particular case
of Lj = 1044 erg s−1, and at the interaction height of the maxi-
mum electron IC emission (i.e. where the SEDs are computed),
electrons can achieve energies of

E′e,max ∼ 1016ε1/2 eV, (6)

while protons (if present; see Sect. 6.3 for a discussion) would
reach

E′p,max ∼ 3 × 1019ε eV, (7)

since their losses are dominated by either escape of adiabatic
expansion.

4.1. M87

For the particular case of M87, we consider a jet with Lj =

1044 erg s−1 (Owen et al. 2000), half-opening angle θ = 0.1
(Biretta & Meisenheimer 1993; Doeleman et al. 2012), Lorentz
factor Γj = 3 (Biretta et al. 1995), inclination i = 20o (Acciari
et al. 2009) and luminosity distance DL = 16 Mpc (as in NED,
as of March 2019).

Figure 4 shows the SEDs resulting from the interaction be-
tween the jet and the SN ejecta. The equipartition fraction is
taken to be ζeq = 10−2 as per our default value (as is the case
for Cen A, Hardcastle et al. 2003), and the ζeq = 10−4 case is
included for comparison. In both cases, in order to recover an X-
ray emission similar to that detected by Wilson & Yang (2002),
ε must be much lower than 1. The mentioned parameters heavily
modify the synchrotron emission, but since IC emission is gen-
erated by lower-energy particles, it is hardly affected by changes
in the acceleration efficiency or the magnetic field. However, in
the extreme case of ζeq = 1, the synchrotron emission would be
intense enough to result in a decrease of a factor ∼ 2 − 3 of the
peak of IC emission. In such a scenario, X-ray emission would
be too high to be compatible with current observations

Our study does not imply that the parameter configuration
ζeq = 10−2, ε = 10−6 or ζeq = 10−4, ε = 10−4 are best-fit param-
eters for M87. This particular configuration is simply compati-
ble with the observed data, and thus with this interaction taking
place within the jet of M87 at the time of observation. If this
were the case, it could account for up to ∼ 30% of the gamma
ray emission detected by MAGIC, though in order to explain the
remaining emission and in particular the Fermi detection, other
processes need to be taking place simultaneously1

1 We note that the radio and X-ray emission shown corresponds solely
to that of the brightest knot in the jet; while the gamma-ray emission
detected is produced by the sum of the nucleus and the full jet.

Fig. 4. Synchrotron and IC SEDs for M87 and ε = 10−1, for (top) high
magnetic field, ζeq = 10−2 and (bottom) low magnetic field, ζeq = 10−4.
Curves with lower acceleration efficiencies, ε, are included for compar-
ison. Also plotted are sensitivity curves for Fermi (Ackermann et al.
2012, after 10 years of survey), MAGIC (Aleksić et al. 2016) and CTA
(both after 50h of direct observation), as well as MAGIC data from
Aleksić et al. (2012), Fermi data from Abdo et al. (2009), X-ray data
from Wilson & Yang (2002) and radio data from Doeleman et al. (2012).
X-ray and radio data both correspond to emission at kpc scales, taken
from the brightest knot (knot A) in the jet of M87, and have error bars
smaller than the size of the point. The resolution of gamma ray observa-
tories does not allow to disentagle emission from the kpc-scale jet and
the nucleus. All data were taken during the source’s low-emission state.

From lightcurve computations, we estimate that emission at
a level similar to that reached by the shown SED would last for
∼ 5000 yr. Considering a system with the same parameters but
Γj = 10, which could serve as a model for other nearby radio
galaxies, the overall non-thermal luminosity at the peak of emis-
sion would be a factor of ∼ 5 higher, and the event would remain
at maximum brightness a ∼ 20% longer time.

4.2. Blazar sources

We consider two blazar sources, with jet luminosities Lj = 1044

and 1047 erg s−1, Γj = 10, θ = 0.1, in which a Type Ia SN has ex-
ploded within the jet. We take as default parameters ζeq = 10−2

and ε = 10−1. The powerful blazar is placed at a moderate red-
shift of 0.5, while the less powerful one is placed at 100 Mpc,
resulting in the SEDs plotted in Figure 5.
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Fig. 5. Synchrotron and IC SEDs for a blazar with (top) Lj =
1047 erg s−1 and at a redshift 0.5 and (bottom) Lj = 1044 erg s−1 and
at a distance of 100 Mpc, for ζeq = 0.1 and ε = 10−1, 10−4. Also plotted
are sensitivity curves for Fermi (Ackermann et al. 2012, after 10 years
of survey), MAGIC (Aleksić et al. 2016) and CTA (both after 50h of
direct observation). The vertical, dashed line marks E = 400 eV.

The duration of these events, with a luminosity comparable
to that shown in the SED, would be of tobs ∼ 6000 yr for Lj =

1044 erg s−1 and of tobs ∼ 2000 yr for Lj = 1047 erg s−1.
In the case of blazars, we are not modeling specific sources

and therefore we have no direct comparison with observations in
order to constraint the parameters. A possible comparison with
observational data, however, is obtaining a SED with a shape
that is compatible with that of the blazar sequence determined
by Ghisellini et al. (2017). The average SED at lower observed
luminosities shows a synchrotron peak at ∼ 1017 Hz, which cor-
responds to ∼ 400 eV (dashed, vertical line in Fig. 5). Our model
recovers a peak centered near this energy, and an overall similar
SED shape, only for lower acceleration efficiencies than initially
considered, of ε ∼ 10−4.

5. Event rate and duty cycle

5.1. Type Ia supernova rate within the jet

Type Ia SN event rate has been extensively studied and has
proven to be a difficult quantity to constrain, given that it de-
pends on the evolutionary path of the progenitor system and the
nature of the binary companion. Theoretical estimations depend
on population models, and yield different results depending on
the assumed proportion of SNe coming from systems formed by
two white dwarfs, or by a white dwarf and an evolved star (Ruiter

et al. 2009). In order to better constrain these unknowns, the SN
rate is generally studied as a function of the stellar mass, star
formation rate (SFR), luminosity, and morphology of the galaxy.

We assume an elliptical galaxy with an age of 10 Gyr, and
consider that all the stars have been generated at the birth of
the galaxy in one single starburst (tgal = 0). These are the same
assumptions taken to derive the stellar photon field of the galaxy,
used to compute the IC emission. In such a case, a Type Ia SN
event rate of

rSN ∼ 4 × 10−2(Mgal/1010M�)−1(100 yr)−1 (8)

is expected (Mannucci et al. 2005; Scannapieco & Bildsten
2005; Maoz & Mannucci 2012). The elliptical galaxy M87,
which we use throughout this work as a reference for a typi-
cal elliptical, has an estimated stellar mass of 2× 1011M� within
its bulge (Gebhardt & Thomas 2009). This yields a Type Ia SN
event rate of ∼ 0.9 (100 yr)−1, although only a fraction of these
will take place inside the jet.

As mentioned in Sect 2, we consider a jet that can recollimate
when in pressure equilibrium with the external medium. A jet
with Lj = 1044 erg s−1 and Γj = 10 recollimates at a distance
of ∼ 1 kpc; in this case, the number of SNe taking place within
the galaxy bulge and the jet is rSN ∼ 2 × 10−4(100 yr)−1. A jet
with Lj ≥ 1045 erg s−1, or one with lower luminosity and Γj = 3,
would not recollimate within the bulge of the galaxy, and thus
rSN ∼ 2 × 10−3(100 yr)−1.

However, it is worth mentioning that the pressure profile of
the jet environment could be different than assumed. If that were
the case, the jet might remain conical up to ∼ 3 kpc, or become
parabolic, and the duty cycle could be up to a factor of ten higher
for weak jets.

5.2. Expected number of detectable blazars

The duration of each individual event is given by the lightcurves
seen in Fig. 2. For a weak jet, of Lj = 1044 erg s−1 and Γj =

10, the expected duration of an event is of tobs ' 104 yr. This
implies a duty cycle of rSN · tobs = 2 × 10−2 for each individual
elliptical galaxy. Therefore, 2% of the time a SN ejecta should be
interacting with these weak jets, if they are hosted in an elliptical
galaxy.

Focusing on weak blazars, one could expect to detect events
occurring in the local universe (see Fig. 5, bottom panel). The
blazar number density peaks at different redshift according to
the luminosity. BL Lacs dominate the local luminosity function
for Lobs

γ < 1046 erg s−1; the average redshift is ∼ 0.5. MAGIC
could detect such sources up to distances of DL ∼ 50 Mpc, while
CTA should be able to do so up to redshift z ∼ 0.1. The average
number of sources within such volumes is of ∼ 0.06 and ∼ 100,
respectively; most of these with Lobs

γ . 1045 erg s−1 (Zeng et al.
2014). This implies that MAGIC is most likely unable to detect
such sources, while a couple of blazars within the local universe
(which present interaction with a Type Ia SN remnant) may be
detectable by CTA once it is operational.

In the case of powerful jets, event length is shorter, of tobs =
2 × 103 yr, but since the jets do not recollimate the duty cycle
is larger, of rSN · tobs = 4 × 10−2. FSRQ are the most luminous
blazars, with gamma luminosities of 1041 < Lobs

γ . 1050 erg s−1.
The number density peaks at z ∼ 0.8, with an average luminosity
of 6 × 1047 erg s−1. MAGIC could detect such sources up to
redshift of z ∼ 0.25, while CTA should be able to do so up to
z ∼ 0.5. The estimated number of sources within these volumes
is approximately ∼ 100 and ∼ 1.2×103, respectively (Ajello et al.
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2012). A 4% of these sources should have detectable gamma-
ray emission, as given by Fig. 5 top panel, produced through the
interaction between SNe and jets. This implies that about ∼ 4 of
these sources in the sky could be detectable by MAGIC, and up
to ∼ 50 by CTA in the near future.

All the estimations presented above consider jets with Γj =
10. If we were to consider that all jets have Γj = 3, the redshift
up to which those sources are detectable would be significantly
reduced. Repeating the same procedure, we would obtain that
no BL Lacs are present within the small redshift range, and only
about ∼ 5 FSRQs are (detectable by CTA only). Therefore, given
the duty cycle of ∼ 4%, we expect that most of the time we would
not detect a type Ia SN-jet interaction taking place.

5.3. Expected number of detectable radio galaxies

The case of radio galaxies is sightly different. Due to the lack of
significant Doppler Boosting, the maximum distance at which
we can detect the interaction between a Type I SN and an AGN
jet is smaller. We consider a radio galaxy with reasonable jet pa-
rameters of Lj = 1044 erg s−1 and i = 45o. CTA would detect
the jet interacting with a Type I SN up to luminosity distances
DL ' 30 Mpc or DL ' 50 Mpc, for Γj = 3 and 10, respec-
tively. The number of radio galaxies within these volumes is,
respectively, 7 and 14 (see catalogue by van Velzen et al. 2012).
MAGIC could detect sources up to DL ' 16 Mpc if Γj = 10,
volume which contains 5 known radio galaxies. For Γj = 3, it
is likely that we would reach detectable levels only for M87, for
which we know the current gamma-ray emission is somewhat
above that generated by a SN-jet interaction.

For the SN rate within the jet of a radio galaxy and the event
lengths given in Sect. 3, the resulting duty cycle is rSN · tobs =
10−2. This means that, statistically, a 1% of the sources (i.e. at
most one detectable radio galaxy) would be hosting one such
event at a time.

6. Discussion

6.1. Blazar detectability

As shown in Figs. 4 and 5, the detectability in gamma-rays of
the Type Ia SN interacting with AGN jets is barely influenced
by assumptions on the value of the magnetic field (unless it is
extremely high), or the efficiency of electron acceleration ε. As
calculated in Sect. 5, we may expect this interaction to be de-
tectable in tens of blazars once CTA is operational.

Currently, the number of persistent blazars detected (cor-
rectly identified as such and with known redshift) at TeV en-
ergies is 15 at z < 0.1 and 42 at z < 0.5 (from TeVCat, Wakely
& Horan 2008, as of 22 April 2019). Therefore, the number of
blazar jets interacting with a SN we estimate to be detectable
with CTA is of the same order as the number of currently de-
tected VHE blazars. However, CTA will also increase the total
number of detected blazar sources. Dubus et al. (2013) estimate
that ∼ 20 new blazars would be detected with CTA in a 250 h
blank survey, while dedicating 50 h to observe each source in the
whole Fermi/LAT catalogue could result in ≥ 170 detections (a
30% of the whole Fermi catalogue) with the most favorable array
configurations. Thus, regardless of the emitting mechanism, it is
likely that many more persistent VHE blazars will be discovered,
either serendipitously or through other means. What our study
shows is that a non-negligible fraction of these objects may be
detected due to their jets interacting with Type Ia SNe.

6.2. Interaction of the accelerated SN ejecta with CMB
photons

In the interaction between the SN ejecta and the jet, the domi-
nant radiative losses of electrons are synchrotron emission and
IC scattering of photons from the stellar population within the
galaxy bulge. Inverse Compton scattering with CMB photons is
a comparatively inefficient channel. However, as the SN ejecta
moves downstream of the jet, both the magnetic field and the
stellar photon field weaken.

We consider here an extension of the evolution of the SN
remnant within the jet up to distances of z = 10 kpc, and compute
the radiative losses through IC upscattering of CMB photons,
using the analytical approximation introduced in Sect. 3. In the
range of z = 4 − 10 kpc, we consider that the ISM pressure
within the galaxy diminishes sufficiently for the jet to expand
conically in all cases (i.e. also for the weak, recollimated jets).
We present results of the expected IC luminosity for the three
cases considered in the previous sections.

For M87, the observed emission could be of LCMB = 5 ×
1040 erg s−1, and for the Lj = 1044 erg s−1 blazar, we can expect
LCMB = 2 × 1041 erg s−1; in both cases during tobs ∼ 104 yr.
The case of the powerful Lj = 1047 erg s−1 blazar is slightly
different. Since it accelerates the remnant much more efficiently,
the shock is weak at such heights, and it reaches a maximum
LCMB = 1042 erg s−1 which decays one order of magnitude in
about tobs ∼ 5000 yr. Note, however, that the corrections depicted
in Fig. 2 should be applied to all derived luminosities.

If the blazars were to have Γj = 3, we could expect a similar
luminosity for the weak blazar case, though a shorter event; and
a much lower luminosity for a powerful blazar, given by the fact
that synchrotron losses are still very relevant in this particular
scenario.

6.3. Hadrons and CR

The same shocks that accelerate electrons could accelerate
hadrons present in the source, injected into the jet by the SN
itself. At the considered jet heights, the magnetic field is too low
for synchrotron emission to be an efficient radiation channel for
protons. Similarly, photohadronic production against the diluted
star photon field is inefficient, and the low energy of the target
photons (kT∗ ∼ 0.3 eV) requires proton energies that are most
likely unfeasible. In the same way, pp interactions with the mat-
ter of the SN ejecta itself are an inefficient radiation mechanism.
Given the large cooling times, hadrons lose energy adiabatically
and eventually escape the jet, filling the surrounding medium.
For instance, they can be carried to the jet termination regions,
where they may be reaccelerated and fill the jet lobes. The most
energetic hadrons could diffuse into the intergalactic medium.

The expected composition for these cosmic rays is that of
the metals produced in a Type Ia SN, consisting mostly of iron-
peak elements (Cr-Ni), of which about ∼ 0.5−0.6 M� is the iron
isotope 56Fe (Nomoto et al. 1984; Thomas et al. 1998). Since the
supernova rate within the jet can range from rSN ∼ 2 × 10−5 −
2× 10−6 yr−1, all elliptical galaxies with a jet would be injecting
∼ 10−5−10−6 M� yr−1 of iron into the jet lobes; some of this iron
could escape in the form of very energetic CR into the IGM.

6.4. Observational signatures and constraints

The presence of a SNR within the jet of an AGN would be
characterized by the significant enhancement of emission, in the
shape of a bow-shock, around the obstacle. While this structure
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cannot be resolved in gamma-rays, radio observations of nearby
galaxy Centaurus A show a distinct bow-shaped feature, inter-
preted as the result of the presence of a red-giant star within the
jet (Müller et al. 2014). The presence of individual X-ray knots
within the inner kiloparsec can also be explained through the
presence of a stellar population (Wykes et al. 2015).

A SNR within the jet would have a higher luminosity than
one single, or even a population of, AGB stars (Vieyro et al.
2017). Also, the SNR would be expected to cover the whole jet
section, unlike the knot generated by one single star. Distinguish-
ing this morphologies, however, would require a high enough
resolution to appreciate the size of the interaction region. This is
only feasible for nearby sources.

The (multiple) star and the SNR scenarios evolve differently,
as stars cross the jet while the SNR moves downstream (see
e.g. Snios et al. 2019); however, the dynamical timescales are
of thousands of years, not allowing to make this distinction. On
the other hand, a significant difference between the two scenar-
ios is in the highest energy CR output. As mentioned above, a
SN exploding within the jet results in an average iron production
of 10−5 − 10−6 M� yr−1. Main sequence and AGB stars within
the jet would generate mainly intermediate-mass CR, with 16O,
12C and 14N as the key isotopes. Their iron output would be of
10−11 − 10−8 M� yr−1, depending on population assumptions,
per elliptical galaxy (Wykes et al. 2015, derived for Cen A). The
composition of CR cannot be ascertained for individual galax-
ies. However, if jetted elliptical galaxies dominated the CR at
the highest energies, one would expect the overall density of iron
in those CR to be dominated by SNR exploding within the jets
of those galaxies. Currently, the composition of extragalactic CR
(ECR) is not well-constrained enough to derive a conclusion; but
the iron to proton relative abundances are expected to affect the
ECR spectrum (e.g. Allard et al. 2005). In the future, this might
be a way to constrain the number of Type Ia SN taking place
within the jet.

The acceleration of protons in the interaction between a jet
and the SN ejecta can lead to efficient to proton-proton colli-
sions (see e.g. Barkov et al. 2010, in a similar scenario), and the
subsequent emission of gamma rays and neutrinos. Therefore,
one cannot in principle exclude this scenario to explain the neu-
trino event detected from TXS 0506+056 (IceCube Collabora-
tion et al. 2018). However, we note that proton-proton radiation
will be efficient only very close to the base of the jet. Although
the rate of such an event strongly depends on the stellar distri-
bution in the inner pc region, the associated probability may be
easily orders of magnitude below those studied here, which cor-
respond to kpc scales.

Possible constraints on the parameters of our model are de-
termined, mostly, by the shape of the synchrotron emission in X-
rays. Our model is compatible with this interaction taking place
within the jet of M87 when considering low acceleration effi-
ciencies, ε ∼ 10−4 − 10−7, depending on the adopted value of the
magnetic field. Likewise, the computed blazar SEDs are similar
to the blazar sequence of Ghisellini et al. (2017) for ε ∼ 10−4.
These values are compatible with previous observational studies,
which also show that particle acceleration efficiency in blazars
should be low, with derived values of ε of 10−4.5 (Inoue & Taka-
hara 1996), ≤ 10−5(Finke et al. 2008), 10−7 (Sato et al. 2008) or
10−5 (Inoue & Tanaka 2016).

The strength of the magnetic field is more difficult to con-
strain comparing with observational data. In this work we have
taken ζeq = 10−2 as our default value, based on observations
of the jet of Cen A (Hardcastle et al. 2003). As shown in the
SED of M87, lower values of the magnetic field would also be

compatible with observations when adopting higher acceleration
efficiencies. A magnetic field in equipartition with the jet energy
density, however, would be incompatible with X-ray observa-
tions.

Despite what Cen A observations tell us about the jet, we
must note that the magnetic field within the SN ejecta is not nec-
essarily the same as that of the jet. Our model makes no dis-
tinction between the properties of particles accelerated in either
shock (i.e., the shocked jet material or the shocked SN ejecta
material), and adding more parameters would needlessly com-
plicate the model without improving its constraining power.

7. Summary and conclusions

We have studied the dynamical evolution and gamma-ray emis-
sion of the ejecta of a Type Ia SN within the jet of an ellipti-
cal galaxy. The bulk of the expected emission, according to our
model, is produced in X-rays and soft gamma-rays, and VHE
gamma rays in the CTA range. We cannot rule out the presence
of significant emission in the Fermi range, but it would require
a rather extreme acceleration efficiency (ηNT . 1). Our results
indicate that as many as ∼ 50 blazars could be observed up to
z ' 0.5, thanks to this interaction taking place within them (if
most of the sources have Lorentz factors Γj ∼ 10). More locally,
we could expect to detect a few BL Lacs, given the same as-
sumption; and, statistically, at most one radio galaxy at a time.
If the sources have, in their majority, Γj ∼ 3, we could expect to
not detect even one single event most of the time.

Acknowledgments

This work was supported by the Spanish Ministerio de
Economía y Competitividad (MINECO/FEDER, UE) under
grant AYA2016-76012-C3-1-P with partial support by the Eu-
ropean Regional Development Fund (ERDF/FEDER), MDM-
2014-0369 of ICCUB (Unidad de Excelencia ‘María de
Maeztu’), and the Catalan DEC grant 2017 SGR 643. N.T.A.
acknowledges support from MINECO through FPU14/04887
grant. F.L.V acknowledges support from the Argentine Agency
CONICET (PIP 2014-00338) and the National Agency for
Scientific and Technological Promotion (PICT 2017-0898).
The NASA/IPAC Extragalactic Database (NED) is oper-
ated by the Jet Propulsion Laboratory, California Insti-
tute of Technology, under contract with the National Aero-
nautics and Space Administration. This research has made
use of the CTA instrument response functions provided by
the CTA Consortium and Observatory, see http://www.cta-
observatory.org/science/cta-performance/ (version prod3b-v1)
for more details. This research has made use of the TeVCat on-
line source catalog (http://tevcat.uchicago.edu).

References
Abdo, A. A., Ackermann, M., Ajello, M., et al. 2009, ApJ, 707, 55
Acciari, V. A., Aliu, E., Arlen, T., et al. 2009, Science, 325, 444
Ackermann, M., Ajello, M., Albert, A., et al. 2012, The Astrophysical Journal

Supplement Series, 203, 4
Aharonian, F. A., Barkov, M. V., & Khangulyan, D. 2017, ApJ, 841, 61
Ajello, M., Shaw, M. S., Romani, R. W., et al. 2012, ApJ, 751, 108
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A G N J E T S V E R S U S A C C R E T I O N A S R E I O N I Z AT I O N
S O U R C E S

In this chapter we present our work "AGN jets versus accretion as
reionization sources", which has been sent for publication to A&A. In
this work, we explore the possibility of AGN jets having contributed
to the reionization of the Universe through inverse Compton scatter-
ing of CMB photons.
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ABSTRACT

Context. Cosmic reionization put an end to the dark ages that came after the recombination era. Observations seem to
favor the scenario of massive-star photons generated in low-mass galaxies being responsible for the bulk of reionization
and, whereas a possible contribution from AGN accretion disks has been widely considered, they are currently thought
to have had a minor role in reionization.
Aims. We aim to study the possibility of AGN having contributed to reionization not only through their accretion disks,
but also through ionizing photons coming from the AGN jets interacting with the IGM.
Methods. We adopt an empirically derived AGN luminosity function at z ' 6, use X-ray observations to correct it for
the presence of obscured sources, and estimate the density of jetted AGN. We then use analytical calculations to derive
the fraction of jet energy that goes into ionizing photons. Finally, we compute the contribution of AGN jets to the H
II volume filling factor at redshifts z ' 15− 5.
Results. We show that the contribution of the AGN jet lobes to the reionization of the Universe at z ∼ 6 might have
been as high as & 10% of that of star-forming galaxies, under the most favorable conditions of jetted and obscuration
fraction.
Conclusions. The contribution of AGN to the reionization, while most likely not dominant, could have been higher than
previously assumed, thanks to the radiation originated in the jet lobes.

Key words. Radiation mechanisms: non-thermal – Galaxies: active – Galaxies: jets – dark ages, reionization – cosmology:
miscellaneous – intergalactic medium

1. Introduction

Cosmic reionization represents an important stage in the
evolution of the Universe, putting an end to the dark ages
that came following the recombination era. Observations
indicate that the intergalactic medium (IGM) was com-
pletely reionized at redshift z ' 6 (e.g. Fan et al. 2006;
Pentericci et al. 2014; Tilvi et al. 2014; McGreer et al.
2015). However, the onset and duration of reionization re-
main uncertain. The latest Plank results (Planck Collabo-
ration et al. 2018) favor a reionization that happened late
and fast (z = 7.82 ± 0.71), consistent with it being driven
by photons from massive stars in low-mass galaxies (e.g.
Robertson et al. 2015), as long as the escape fraction of the
ionizing radiation is high enough (e.g. Stark 2016).

In addition to star-forming galaxies, accretion disks of
active galactic nuclei (AGN) are also possible sources of
ionizing photons at high redshift (e.g. Arons & McCray
1970; Meiksin & Madau 1993). Thus, they have since long
been considered possible contributors to reionization (e.g.
Grazian et al. 2018), or at least indirect factors in the reion-
ization process (e.g. Seiler et al. 2018; Kakiichi et al. 2018).
Such sources, however, are presently thought to play a mi-
nor role in the reionization of hydrogen (e.g. Hopkins et al.
2007; Onoue et al. 2017; Parsa et al. 2018; Matsuoka et al.
2018).

Send offprint requests to: N. Torres-Albà
e-mail: ntorres@fqa.ub.edu

Still, accretion might not be the only ionizing radia-
tion source in AGN. In particular, the termination regions
of AGN-produced jets are known to be filled with non-
thermal electrons (Croston et al. 2018), which cool effi-
ciently through Inverse Compton (IC) and synchrotron ra-
diation. At such large distances from the jet base, and tak-
ing into account the high density of the CMB photon field
at z ' 6, it is expected that IC would dominate radiative
losses, upscattering CMB photons to higher energies (e.g.
Wu et al. 2017).

For the brightest blazars, there is evidence to indicate
that jets may be as powerful as accretion radiation, if not
more (Ghisellini et al. 2014; Sbarrato et al. 2016). Sbarrato
et al. (2015) suggest that at z ' 6 the jetted fraction of the
most powerful AGN might be close to one. Whereas radia-
tion from an accretion disk is easily absorbed by the dense
obscuring medium surrounding the AGN, the jet lobes are
located in regions free from dense surrounding material.
Therefore, if the jetted fraction is high enough, the num-
ber of sources that contributed to reionization with photons
from their jet lobes might be larger than those contributing
with accretion disk photons.

Recently, Bosch-Ramon (2018) explored the possible
role of AGN jets and their termination regions in the reion-
ization epoch, using empirically derived black-hole mass
functions and assuming a certain duty-cycle and accretion
power. The conclusion reached in that work was that jet

Article number, page 1 of 6



A&A proofs: manuscript no. output

lobes might contribute non-negligibly to the reionization of
the Universe at z & 6.

In this work, we carry out a more quantitative study of
the impact of AGN jet lobes in reionizing the Universe, ex-
panding it up to significantly higher redshifts. To do that,
we improve the estimations of Bosch-Ramon (2018) us-
ing recent, empirically derived quasar luminosity functions
(LFs) at z ' 6, and correcting them for possible obscured
sources. The work is structured as follows: In Sect. 2, we
discuss the adopted luminosity functions and how we cor-
rect them to account for the presence of obscured sources.
In Sect. 3, we compute the fraction of jet power that goes to
ionizing radiation. In Sect. 4, we use the obtained results to
estimate the contribution of AGN jets to the ionizing pho-
ton density at z ' 6, and to the H II volume filling factor
in the IGM in the range z ' 15− 5. Finally, we summarize
and discuss our results in Sect. 5.

2. Luminosity function

In order to characterize the AGN population at the epoch of
reionization we must assume a quasar LF. Various studies
have attempted to construct the LF at z ∼ 6, including
those based on optical/UV (e.g. Willott et al. 2010b; Onoue
et al. 2017; Kulkarni et al. 2018), X-ray (e.g. Parsa et al.
2018; Vito et al. 2018), or radio data (e.g. Caccianiga et al.
2019).

LFs derived from radio studies tend to be incosistent
with X-ray results, finding a lower density of sources as well
as different density peaks as a function of redshift (see, e.g.
Ajello et al. 2009; Caccianiga et al. 2019). Wu et al. (2017)
and Saxena et al. (2017) attribute the low number density
of radio sources at z > 3 to quenching of radio emission due
to higher densities of the CMB (see also Sect. 5). On the
other hand, X-ray studies are also inconsistent with those
derived from rest-UV surveys, finding an excess of sources
at lower luminosities. This is presumably associated to dust
obscuration effects, which are much more important at UV
wavelengths. However, the mentioned X-ray and radio LFs
cover a broad redshift range, reaching much later times than
we are interested in, and are generally derived using smaller
source samples. We therefore opt to use the most recent UV
results, and correct them for the effects of obscuration. In
particular, we use the LF derived in one of the latest and
most complete studies (Matsuoka et al. 2018), based on
a compilation of rest-UV data (Jiang et al. 2016; Willott
et al. 2010b; Matsuoka et al. 2018). Their sample has the
advantage of covering a broad luminosity range, but within
a narrow 5.7 < z < 6.5 redshift range.

To the LF from Matsuoka et al. (2018) we added a cor-
rection for the absorbed AGN fraction based on results from
Vito et al. (2018), who analyzed X-ray data of AGN in the
3 < z < 6 range. They derive an obscured AGN fraction of
≈ 0.8 at high X-ray luminosities, as well as a decrease of
obscuration at Lx < 1043 erg s−1. Although this decrease
goes against the well-established trend that low-luminosity
AGN are more frequently obscured than those of higher
luminosity (e.g. Lawrence 1991; Ueda et al. 2003; Steffen
et al. 2003; Simpson 2005), Vito et al. (2018) attribute this
unexpected result to incompleteness of the sample at low
luminosities, and thus determine it is unreliable. Based on
this, we assumed first a constant obscuration (CO) fraction
of 0.8, a value that is compatible with their data in all lumi-
nosities in which the sample is complete. The LF we derive

Fig. 1: Luminosity functions derived by Matsuoka et al.
(2018); Willott et al. (2010a) compared to those used in
this work. The two curves used here are based on that of
Matsuoka et al. (2018) and include a constant correction
for osbcuration (CO), or a differential correction for obscu-
ration (DO).

is:

ΦCO(M1450) =
Φ∗

100.4∗(αCO+1)(M−M∗) + 100.4∗(β+1)(M−M∗)
,

(1)

in units of Gpc−3 mag−1, where αCO = −1.23 and β =
−2.73, M∗ = −24.9 is the break magnitude, and Φ∗ = 5×
10.9 is the normalization corrected for an 80% of obscured
sources.

Nevertheless, as mentioned, there could be a trend in
the obscured AGN fraction at z ∼ 6 to increase at low lu-
minosities, as confirmed by Ueda et al. (2014) for z . 3.
This would imply that the less luminous sources in the
sample adopted by us could have obscured fractions larger
than the assumed value of 0.8, which could make our cor-
rected LF conservative at low luminosities. We can account
for this effect with a second correction, which we refer to
as correction for differential obscuration (DO). Therefore,
we consider that 80% of the brightest observed sources, of
Lbol = 1048 erg s−1, are obscured and, following the trend
derived by Ueda et al. (2014), we then assume that sources
three orders of magnitude fainter should be obscured ∼ 4
times more often. This yields a second LF,ΦDO, with the
same parameters but αDO = −1.76.

In Fig. 1, we compare our two LFs, CO and DO, with
that originally derived by Matsuoka et al. (2018), and that
of Willott et al. (2010a).

For further comparison, we also transformed the mag-
nitude LFs, Φ(M1450), to bolometric luminosity using a
correction factor of 4.4, as in Willott et al. (2010a) (from
Richards et al. 2006). We then transformed this to a black-
hole mass function (BHMF, ΦBH). For this conversion, one
must assume an Eddington ratio (λEdd ≡ Lbol/LEdd). For
the sake of consistency, we used observational data taken
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Fig. 2: Black hole mass functions derived from the luminos-
ity functions in Fig. 1, compared to that of Willott et al.
(2010a).

from Fig. 3 of Matsuoka et al. (2019), who analyzed the
same sample of AGN used to derive our LFs. Using those
data, we found an average λEdd = 0.83±0.12, and no signif-
icant trend with AGN luminosity or black-hole mass. Aver-
ages in all the different luminosity bins taken are compati-
ble, within the errors, with the average value for the whole
sample.

In Fig. 2, we compare the BHMFs derived in this work to
that of Willott et al. (2010a), used by Bosch-Ramon (2018)
to obtain a first estimation of the contribution of AGN jets
to reionization. Our BHMFs are lower than that of Willott
et al. (2010a), partly due to the fact that we do not account
for the presence of quiescent black holes. In this sense, the
BHMF from e.g. Willott et al. (2010a) serves as a kind of
upper-limit; that is, our BHMFs should not exceed those
including quiescent (or weakly accreting) AGN, as they are
AGN-BHMFs. Willott et al. (2010a) also used UV data to
derive an observational LF, but instead of transforming it
into a BHMF, they assumed a Schechter BHMF (hence the
noticeably different shape), transformed the BHMF into an
LF, and re-fitted it to the data. Other differences arise from
small changes on the duty cycle and the assumed value of
λEdd, and a different correction prescription for obscured
sources.

3. Ionizing efficiency of jet lobes

The termination regions of AGN jets are expected to inflate
lobes on scales ∼ 100 kpc, with the lobe pressure poten-
tially dominated by non-thermal electrons. Moreover, the
energetics of shocked shells of IGM at z & 6 may be domi-
nated by thermal cooling, through free-free continuum and
line emission. Due to these factors, a significant fraction of
the jet luminosity could be transformed into photons that
would ionize, excite and heat the IGM either through di-
rect or indirect (via secondary electrons) interactions (see
Bosch-Ramon 2018, and references therein).

We estimated the ionizing power of IC interactions be-
tween the relativistic electrons in the lobes, and CMB pho-
tons, which are upscattered into H-ionizing photons. We
adopted different broad electron energy distributions and
assumed a minimum particle energy of Ee,min = 1 MeV. In
such a scenario, the energy injected into accelerating elec-
trons in the jet would be turned into ionizing luminosity
with an efficiency of ≈ 30 − 40% for p . 3 in a (cooled)
electron energy distribution ∝ E−p (adopting the energy
ratio going to ionization from Shull & van Steenberg 1985).
For p > 3, the efficiency quickly goes down (e.g. 1% for
p = 4), unless higher values of Ee,min, even above the min-
imum electron energy required to produce H-ionizing pho-
tons (Ee,min ≈ 4×10−5 erg, or a Lorentz factor γe,min ≈ 50,
at z ' 6), are assumed. If that is the case, then higher ef-
ficiencies, of up to ∼ 40%, can be reached regardless of the
value of p. Note that Wu et al. (2017) adopt γe,min ∼ 100
for their modeling of lobe radio emission in high-z blazars
(see sect. 3.2 in Bosch-Ramon 2018).

Bosch-Ramon (2018) described that the shocked IGM
shell may be close to radiative. In fact, for a jet lobe suf-
fering strong IC losses, the evolution of the shocked IGM
shell formed by a jet with power 1044 erg s−1 (equivalent
to a black hole mass ' 106 M� under our assumptions)
would be likely radiative under primordial abundances. A
larger, yet relatively small, IGM metallicity, say 1% the so-
lar value, would result in this shell evolution being even
more radiative. For such a shocked IGM shell, the expected
thermal-to-ionizing luminosity efficiency would be similar
to that of IC, as the emission would be likely released in
the far UV. However, a proper assessment of the thermal
losses of the shocked IGM shell requires a detailed char-
acterization of the jet lobe-IGM interaction (including IC
losses), and some knowledge on the medium metallicity.

4. Contribution to reionization

The luminosity functions ΦCO,DO(M1450) can be converted
first into functions of luminosity L1450 and then into func-
tions of bolometric luminosity, Lbol, using the mentioned
4.4 correction factor. We assume that all AGN are jetted,
extrapolating the results found by Sbarrato et al. (2015)
for the few powerful blazars detected at high redshift at
gamma-ray energies. Deviations from this assumption, as
well as from the obscured fraction taken in Sect. 2, are
included within a parameter ε. All numerical results pre-
sented in this section use an ε = 1. See a discussion on this
assumption in Sect. 5.

It is then necessary to estimate how much energy goes
into ionizing radiation as a function of Lbol. First of all, we
must assume a relation between accretion disk luminosity
and jet power, Lj = χLbol. There is evidence of a corre-
lation between the two (e.g. Rawlings & Saunders 1991;
Celotti et al. 1997; Ghisellini et al. 2010), and Ghisellini
et al. (2014) find that the power of bright relativistic jets
tends to be even larger than the luminosity of their accre-
tion disks. We assume a value of χ = 1, and again all results
on ionizing photon density scale with it.

Following the results from Sect. 3, we assume that a
factor ξ = 0.3 of the jet power goes into ionizing radiation,
which implies that lobe pressure is dominated by relativis-
tic electrons that can produce H-ionizing photons via IC,
and/or the shocked IGM shell is radiative. The H-ionizing
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luminosity (comoving) density is then computed as:

ε̇CO,DO =

∫
χ ξ ε ΦCO,DO(Lbol) Lbol dLbol . (2)

We integrate in the range Lbol = 1043 − 1048 erg s−1,
which corresponds to AGN with black-hole masses in the
range MBH ≈ 105 − 1010 M�. The resulting values are
ε̇CO = 4.3 × 1038 erg s−1 Mpc−3 and ε̇DO = 9.2 ×
1038 erg s−1 Mpc−3. Considering 13.6 eV per H-ionizing
photon, this translates to photon densities of ṅCO,DO =
3.2 × 1049, 6.8 × 1049 s−1 Mpc−3. These results, obtained
for z = 6, can be compared to those derived by Mat-
suoka et al. (2018) using their LF (uncorrected for ab-
sorption), which takes into account only the ionizing pho-
tons produced in the accretion disk of the AGN, ṅdisk =
6.3× 1048 s−1 Mpc−3.

We can extrapolate our results to higher redshifts. The
evolution of the H II volume filling factor in the IGM,
QHII(t), is given by:

dQHII

dt
=
ṅion
nH
− QHII

trec
, (3)

where nH and trec are the mean hydrogen density and re-
combination time, respectively (see Madau et al. 1999). To
numerically integrate this equation we consider that the
IGM is fully neutral at z ' 15, when reionization might
have started (Bromm & Yoshida 2011; Dunlop 2013).

The ionizing photon densities necessary to balance re-
combination (in the ionized IGM, i.e., QHII = 1.0) is

ṅcrition = 1050.0CHII

(
1 + z

7

)3

s−1Mpc−3 , (4)

where CHII is an effective HII clumping factor (Bolton &
Haehnelt 2007), within the range CHII = 1.0 − 5.0 (Shull
et al. 2012). We plotted a comparison between ṅcrition and
our derived ṅion for two cases: assuming ṅion constant with
redshift, and assuming it evolves as ∝ 10−0.7z (normaliz-
ing using the LF at z ∼ 6; Matsuoka et al. 2018) in Fig. 3.
The figure also includes the evolution of the ionizing photon
density generated by star-forming galaxies, ṅstars (Robert-
son et al. 2015); and that generated by AGN disks (Mat-
suoka et al. 2018). Figure 3 also depicts the evolution of
the HII volume filling factor as a function of redshift, in-
cluding contributions from all the different considered ṅion.
The clumping factor used in both plots is CHII = 3.0, and
varying it in the 1.0− 5.0 range can lead to relatively small
variations (see Matsuoka et al. 2018).

The plot for ṅion shows that star-forming galaxies are
enough to fully maintain the IGM ionized at z = 6. The
contribution from AGN disks is likely small, at most of a
∼ 4%, while AGN jets could contribute with a ∼ 10% (CO)
or ∼ 20% (DO).

The plot for the QHII evolution shows that, assuming a
constant ṅion, the contribution of AGN jets to reionization
could be of∼ 5 % (CO) or∼ 10 % (DO) at z = 6, redshift at
which the contribution of star-forming galaxies may suffice
to fully reionize the IGM.When adopting ṅion(z) ∝ 10−0.7z,
derived from the z-evolution of the LF normalization at
z . 6, one finds that the contribution of AGN to QHII at
z ∼ 6 would be lower by a factor of ∼ 3.

Fig. 3: Evolution of the H II volume filling factor (top)
and the ionizing photon density (bottom) as a function of
redshift. The plotted contributions are those of AGN disks
(Matsuoka et al. 2018), star-forming galaxies (Robertson
et al. 2015), and AGN jets (constant obscuration, CO, and
differential obscuration, DO), for ε = 1. The shaded area
represents the estimation of the redshift of instantaneous
reionization (1σ confidence interval, Planck Collaboration
et al. 2018). The solid black line (bottom) represents the
critical photon density necessary to keep the IGM ionized.

5. Summary and discussion

We have used LFs derived from UV data at z ∼ 6 to esti-
mate the contribution of AGN jets to the reionization of the
Universe. In order to do this, we have taken the LF of Mat-
suoka et al. (2018) and corrected it in three different ways
to account for the presence of obscured sources. We have
considered an obscuration factor constant at all AGN lu-
minosities (CO), fainter sources being more obscured than
brighter ones (DO), and an LF with no turnover (NT).
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We have estimated that ∼ 30% of the jet energy of these
sources could have turned into ionizing radiation. We have
computed the contribution of AGN jet lobes to the ionizing
photon density and H II volume filling factor at z > 6.

5.1. Contribution to reionization

The contribution of star-forming galaxies as derived by
Robertson et al. (2015) is both dominant and sufficient to
reionize the Universe at z ' 6, though this result depends
on key assumptions such a large escape fraction of ioniz-
ing radiation, fesc ' 0.2, and the luminosity function ex-
tending up to MUV ' −13 (see e.g. Robertson et al. 2015;
Stark 2016). Considerable uncertainty remains in the stel-
lar masses of z > 6 galaxies, and there is also the possibility
of an accelerated decline in ρSFR(z > 8) (e.g. Oesch et al.
2014), which would reduce their impact on reionization.

The contribution of jets to reionization is difficult to
estimate without a precise knowledge of the evolution of the
LF normalization at high redshifts (i.e. ṅion(z)). It might
be negligible if one assumes a strong decay with redshift,
or it might be as high as & 10% if it remains constant,
the jetted AGN fraction is close to 1 and the fraction of
obscured sources is high.

Our results indicate that AGN jet lobes could generate
as many as ∼ 20% of the necessary photons to keep the
IGM ionized at z = 6 (ṅobs ∼ 7× 1050 s−1 Mpc−1, Madau
2017), well above the ∼ 4% derived for accretion disks, due
to the lack of obscuration effects in the jet lobe scenario.

However, this higher reionization impact requires as-
suming a number of things. First; either a large relativis-
tic electron pressure in the lobes or radiative shocked IGM
shells, or both. Secondly, a jetted AGN fraction of almost 1.
And thirdly, that our estimation of the number of obscured
sources at z ∼ 6 is correct. Again, if these conditions are
not met, their contribution becomes negligible.

Asides from this consideration, different approaches to
estimate the ionization power of AGN jets can render rel-
atively different results. For instance, using the BHMF de-
rived byWillott et al. (2010a), Bosch-Ramon (2018) derived
ṅion = 1.5× 1050 s−1 Mpc−3 in a best-case scenario, a fac-
tor of ∼ 2 larger than our ṅDO. Similarly, considering a
higher minimum AGN luminosity (i.e. Lj = 1045 erg s−1,
equivalent to MBH ' 107 M�, which corresponds to the
faintest data points in the sample used to derive the LFs)
can lead to significant changes. The contribution of both
AGN disks and of ΦCO to reionization would vary only in
a ∼ 10%; and that of ΦDO by a factor of ∼ 2. However,
it is unlikely that no AGN of lower luminosities exist, and
one must take into account that the contribution of those
sources may be significant. Remarkably, changes in α (in
this work, α = −1.23,−1.76), the least constrained of the
LF parameters, yield very different results.

5.2. Jetted fraction and obscured sources

Asides from α, another important and not fully con-
strained parameter is the normalization (i.e. total num-
ber of sources). The results presented in Sect. 4 all scale
linearly with ε. Our assumption of ε = 1 implies that all
AGN at z ' 6 are jetted. Sbarrato et al. (2015) analyzed
Swift data of known z > 4 blazars (i.e. five sources with
Lj ∼ 1047 erg s−1) and suggested that jetted sources might

be enough to represent all AGN at those redshifts. This
conclusion strongly depends on the derived Lorentz factors
of the blazars, and the small statistics imply a large un-
certainty on the jetted source fraction. Also, whether their
results hold for lower luminosity AGN is uncertain.

This ε should also include possible deviations from the
assumed 80% of obscured sources. Whereas Vito et al.
(2018) find this value in the z = 3− 6 range, most of their
sources have z < 4. Maximum obscuration fraction may
be expected at z ∼ 2 − 3, at the peak of star-formation
in the Universe. Therefore, while Vito et al. (2018) do not
observe this trend, a decay of obscuration fraction at z ' 6
is possible.

Our results, therefore, all scale with

ε = fjet

(
1− fobsc
1− 0.8

)−1

, (5)

where fjet and fobsc are the jetted and obscured AGN frac-
tions, respectively. If ε < 0.2, AGN jets would be contribut-
ing to reionization less than accretion disks; for example,
with fobsc = fjet = 0.5, ε = 0.2 is already reached.

We note that studies of X-ray binaries show that their
jets are produced under certain conditions of accretion (ad-
vection dominated), at either very low rates (λEdd ∼ 0.1) or
very high rates (λEdd ∼ 1), and that otherwise disk emission
dominates (e.g. Fender et al. 2004). The Eddington ratios
of z ∼ 6 quasars of Matsuoka et al. (2019) are distributed
around the mean value of ∼ 0.8. If the behaviour of SMBH
at high-z depended on accretion in a similar manner, the
jetted AGN fraction could be low. However, it is unclear
whether the behaviour of X-ray binaries can be extrapo-
lated to SMBH at high-z.

We note that the X-ray data of Vito et al. (2018) only
extends up to AGN with Lbol = 1047 erg s−1, and, despite
they do not observe a clear trend with luminosity, assuming
Lbol = 1048 erg s−1 to have an obscured fraction of 0.8 may
be an overestimation. However, redoing the calculations ex-
cluding the most luminous AGN (Lbol = 1047 − 1048 erg
s−1) results only in a decrease of QHII of a ∼ 10% when
using ΦCO and a negligible one when using ΦDO.

On another note, the limited sensitivity of the cur-
rent surveys means that we have no accurate knowledge
of the number of low-luminosity AGN at high z. For in-
stance, intermediate-mass black holes in the center of gas-
rich dwarf galaxies may be active at z & 6, as mechanical
feedback could shutter both star-formation and AGN activ-
ity (e.g. Silk 2017). Also, weakly accreting black holes of any
mass could contribute to reionization to some extent, but
would pass unnoticed to observations. Finally, the present
observational constraints on black-hole past activity (e.g.
accreted mass, accretion rate, etc.) do not allow the deriva-
tion of strong constraints on the ionizing contribution of
AGN jets at very high z (see Bosch-Ramon 2018, and ref-
erences therein).

5.3. Comparison to AGN accretion

The results shown in Sect. 4 for the contribution of AGN
accretion disks to reionization are directly taken from Mat-
suoka et al. (2018). They do not correct their Φ for the
presence of obscured sources, as they assume no ionizing
radiation can escape them. However, in a jetted source, a
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small fraction of ionizing radiation can escape in the direc-
tion of the jets (which must be unobscured) and contribute
to the ionization of the surrounding medium. This would
increase the contribution of disks as

ṅdisk = 4(1 + 5ερ)% (6)

where ρ is the escape fraction caused by the drilling of the
jets. Setting, for example, ρ = 0.1 and using ε = 1 as done
for jets, AGN disks may contribute to ṅion a 6% instead of
the 4% mentioned above. This implies that ε < 0.2/(1− ρ)
makes the contribution of AGN disks more relevant than
that of jets, deviating from the minimum ε given in the
previous section if ρ is large.

5.4. Quenched radio emission

As mentioned in Sect. 2, there is a discrepancy in the LF
at different energy bands, with radio LFs, which should ac-
count for jetted sources, finding lower densities of AGN at
high redshift than those derived at high energies. It is how-
ever natural to expect significantly less synchrotron emis-
sion with respect to IC emission in the extended jet regions,
as the CMB energy density is ∝ (1+z)4. The reason is that,
unless radiation comes from very close to the jet base, syn-
chrotron emission is suppressed at high redshift. This can
take place in two different contexts: (i) Non-radiative losses
can be dominant (e.g. adiabatic losses due to the jet expan-
sion). Since the photon energy density of the CMB is larger
than the energy density of the magnetic field, IC emission
can be much brighter than synchrotron emission. To exem-
plify this, we can consider the particular case of a jet with
a total power of 1044 erg s−1, a Lorentz factor of 10, Poynt-
ing flux equal to a 10% of the matter energy flux, and a
half-opening angle of 0.1 rad, at z ∼ 6. In such a case, the
synchrotron emission can only overcome the CMB IC lumi-
nosity at a distance . 10 pc from the jet base. The same
jet in the local universe could have a synchrotron compo-
nent brighter than the IC one up to a jet height ∼ 300 pc.
This effect leads to comparatively stronger IC emission.
(ii) IC emission might be so intense that it would domi-
nate over non-radiative losses, with radio electrons losing
most of their energy via IC CMB. This effect reduces the
radio emission with respect to the case with dominant non-
radiative losses. Accounting for these effects, one may easily
expect different LF z-evolutions at different frequencies.

Wu et al. (2017) study this mechanism for radio quench-
ing at z > 3 and conclude that it can efficiently dim the
diffuse radio emission from jetted AGN. However, their lim-
ited sample does not allow them to confirm whether the
mechanism is entirely sufficient to explain the radio-loud
AGN deficit at high redshifts.

Finally, it is worth mentioning that, in addition to ion-
izing the medium, about 10–20% of the energy of jet lobe
hard photons may go to heat the IGM at z & 6. An accu-
rate estimate of the level of IGM heating due to jet lobes
is beyond the escope of this work, but certainly it should
be compatible with the thermal history of the IGM at very
high redshift (see, e.g., D’Aloisio et al. 2017; Garaldi et al.
2019).
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S U M M A RY, D I S C U S S I O N A N D C O N C L U S I O N S

In this chapter we summarize the results found in the different arti-
cles presented in the thesis, as well as the discussion of those results
and the reached conclusions. We add to the discussion our prospects
for future work.

8.1 infrared and x-ray emission from nearby lirgs

In the first part of the thesis we have presented an X-ray analysis
of 84 individual galaxies, which are contained within 63 LIRGs of
the GOALS sample (CGII). Using Chandra data, we have provided
arcsecond-resolution images, spectra and radial surface brightness
profiles for each object. We have contrasted the derived X-ray proper-
ties with IR results obtained through the analysis of Spitzer and Her-
schel data. We have also provided a comparison with the IR-brightest
U/LIRGs in GOALS (CGI), studied by Iwasawa et al. (2011).

8.1.1 AGN detection in the sample

To determine the AGN presence within the sample we have used
diagnostic criteria in IR (detection of [Ne v] line, equivalent width of
the PAH feature) and X-rays (hardness ratio, detection of Fe Kα line,
absorption feature).

We have found that the percentage of sources with an AGN in
the CGII sample (31 ± 5 %) is compatible, within the errors, with
that found for the CGI sample (38 ± 7 %). Previous studies have
found a significant increase of AGN presence with IR luminosity (e.g.
Veilleux et al., 1995; Valiante et al., 2009; Yuan, Kewley, and Sanders,
2010; Alonso-Herrero et al., 2012). We do not recover this result with
enough significance, perhaps due to the low statistics of the sample,
or because AGN in CGI are efficiently obscured.

We invoke a similar explanation to justify the low percentage of
dual AGN in CGI. Simulations by Capelo et al. (2017) and observa-
tions by (Koss et al., 2012) indicate that the presence of dual AGN in
systems that host at least one AGN is ∼ 20− 30%, with an observed
37.1% in major mergers. The fractions we derive for CGI and CGII
are (11± 10)% and (20± 14)%, respectively. While CGII galaxies fall
within the expected range, the CGI results are low for a sample in
which major mergers predominate.

AGN detection in CGI galaxies could be hindered by obscuration,
as IR-brighter sources are expected to have larger quantities of gas
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and dust in their inner regions. Another possible explanation is that
dual mergers reside in galaxies in which the nuclei are too closely
interacting for even Chandra to resolve them (and even more so in the
case of MIR observations). In the first scenario, future observations
with NuSTAR (Privon et al., in prep) might find signatures of heavily
obscured AGN within the CGI galaxies. In the second scenario, per-
haps the angular resolution of JWST (much better than that of Spitzer
or Herschel) will allow for precise IR diagnostics to complement the
Chandra observations.

Another interesting result, derived from comparison to MIR diag-
nostics is the high number of X-ray detected AGN which are not en-
ergetically significant (contribute to < 0.2Lbol) in the sample. 19 out
of 32 AGN in the full (CGI+CGII) sample are detected in X-rays and
yet completely covered by the starburst emission in IR. This result
highlights the potential of X-ray observations for AGN detection in
U/LIRGs. Current models of galaxy evolution predominantly assume
mergers of galaxies trigger an AGN phase, and there is debate regard-
ing whether they are an essential step in galaxy formation. Therefore,
detecting the AGN (even when not energetically dominant) is essen-
tial to understand the process of galaxy evolution.

It is possible that the non-dominant AGN detected in these galax-
ies represent the obscured stage predicted by the evolutionary model
of Sanders et al. (1988). Star formation appears to be the dominant
source of energy in most of the galaxies, which might imply it quenches
itself, perhaps without a significant role of the AGN. The AGN could
become more strongly active at a later stage and actively contribute to
quenching, or it might just become energetically relevant as a byprod-
uct of the decrease of star formation.

Future work in these aspects will be carried out through analy-
sis of the NuSTAR data and, hopefully, through analysis of the 94

systems in GOALS for which Chandra data is still unavailable. A con-
trast between JWST observations and X-ray data is also considered as
a future work prospect.

8.1.2 IR to X-ray luminosity correlation

We have compared the IR and X-ray luminosities for all sources within
the sample. A comparison to an existing correlation, derived by Ranalli,
Comastri, and Setti (2003), shows an X-ray faintness in the brightest
GOALS galaxies. This effect, already shown by Iwasawa et al. (2011),
has generally been attributed to self-obscuration of the starburst (e.g.
Lehmer et al., 2010).

We have shown that our spectral model is compatible with obscu-
ration being the cause of the faintness in soft X-rays, as expected.

We estimate that the necessary H2 masses to obscure the hard X-
ray emission could be of ∼ 1010 − 1011 M� within the inner 500 pc



8.1 infrared and x-ray emission from nearby lirgs 155

of the galaxy, in the most extreme cases. While U/LIRGs have large
amounts of molecular gas in their nuclei, we want to note that no
work individually compares their X-ray faintness to their derived H2
masses. Recent 12CO and 13CO observations with the IRAM-30m tele-
scope (Herrero-Illana et al. in prep) of 55 GOALS galaxies will pro-
vide a sample with which to start this comparison. As future work,
we intend to test the self-obscured starburst model using these data.
The confirmation or rejection of this hypothesis is particularly inter-
esting, given how alternative explanations may exist for the observed
X-ray faintness.

A scenario in which an obscured AGN is responsible for the en-
hanced IR emission, while remaining undetected in X-rays, was pro-
posed by Iwasawa et al. (2009). Our work shows that most X-ray AGN
in the sample are not energetically significant, according to MIR de-
terminations. This scenario, therefore, seems unlikely.

A new hypothesis is the possibility, supported by the work of Díaz-
Santos et al. (2017), that the star-forming regions in GOALS galax-
ies are very young, with not many end-products of stellar evolution
(SNRs, X-ray binaries) yet formed. This would imply their repro-
cessed UV photons could contribute to the IR luminosity, while re-
maining X-ray faint. Investigating this novel possibility is something
we leave for future work.

8.1.3 Soft-band emission

We have computed radial profiles of the soft X-ray emission for the
sources in the sample. We have shown that the characteristic region
in which X-ray emission is emitted tends to be similar to the size of
the IR emission (although proper comparison would require IR data
at a similar resolution to that of Chandra). We have also shown that
emission tends to be compact, with half the sources in the sample
emitting most of their photons in the inner ∼ 1 kpc. CGI galaxies have
larger soft X-ray radii, which we attribute to an effect of obscuration,
or of the greater strength of their winds.

The multiwavelength size comparison also shows sources that de-
viate strongly from the expected 1:1 relation (e.g. ESO 343−IG013 N,
NGC 7592, IRAS F12112+0305). The reason for these deviations is
worth investigating in the future, for each individual galaxy. Future
JWST observations, with a resolution more similar to that of Chandra,
will also provide a better comparison for the whole sample.

In order to show the effects of obscuration in soft band we have
modeled the spectra in the 0.5− 2 keV range using a two-phase gas
model; with an inner, hotter, obscured component and an external,
colder, non-obscured one. We have shown that the model can sat-
isfactorily fit the data, although without being superior to a model
with one single phase and an enriched metallicity.
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Both effects (multi-phase gas and non-solar metallicity) are expected
in the starburst-heated gas of a U/LIRG, and the quality of our data is
not enough to allow for a distinction between the two models. As fu-
ture work, we intend to relate the soft-band emission modeling with
the radial profiles in two ranges: 0.5− 1 keV and 1− 2 KeV. In this
way, we expect to see whether the softer emission (generated by the
coldest component of the two-phase model) truly originates in the
outer regions of the galaxy.

8.2 interaction of agn jets with obstacles

In parts II and III of the thesis we have analyzed the interaction of
AGN jets with different kinds of obstacles. In our first work, we con-
sidered the population of stars always present within the jet, impact-
ing the flow with their stellar winds (which we refer to as "steady-
state" interaction), both for star-forming galaxies, and older elliptical
galaxies. A second work considered the material that stars accumu-
late around themselves as they propagate through the ISM (which
we refer to as "bubbles"), and is introduced into the jet at the moment
stars penetrate it. In our two final works we considered supernova
explosions taking place within the jet; core-collapse supernovae in
starbursts, and type Ia supernovae in galaxies without significant star
formation.

In our analysis we have modeled the populations of stars within
the inner regions of both U/LIRGs and elliptical galaxies, in order to
characterize their winds, their distribution, and their orbital velocities.
We have also estimated supernova rates in these two different types
of galaxies, and given predictions regarding the detectability of the
events.

We have calculated the dynamical evolution of obstacles within jets
using a semi-analytical model, and compared the results to simula-
tions.

We have used a semi-analytical approach to derive the possible non-
thermal emission produced in these interactions. We have focused
on gamma-ray radiation, but the derived SEDs also show the non-
thermal contribution at all wavelengths. Our radiation models are
purely leptonic, as these are the most efficient mechanisms at large
scales (e.g. Barkov et al., 2012; Barkov, Bosch-Ramon, and Aharonian,
2012; Khangulyan et al., 2013, and also estimations within this thesis).
We have also given estimates on the possible dynamical impact of
these interactions on the jet.
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8.2.1 Non-thermal emission

The main focus of our work in parts II and III of the thesis has been to
determine the relevance of the non-thermal emission produced when
stellar populations interact with extragalactic jets in different ways.

Non-thermal emission can be produced through all the mecha-
nisms studied (steady-state, bubbles, and SN explosions), although
with different characteristics.

Steady-state emission is moderately faint for the populations and
sources modelled in Ch. 3, although for starburst galaxies (if magnetic
fields are below equipartition) emission is close to the detectability
threshold for CTA. Given how the number of high-mass stars within
the jet (see Sect. 8.2.5) and the fraction of energy converted into non-
thermal radiation (η in our works) are not well-known, it is possible
that some sources could produce detectable emission. For M 87, our
modeled radio galaxy, gamma-ray emission is two orders of magni-
tude below the emission detected by MAGIC. For an equipartition
magnetic field, the predicted X-ray emission is comparable to that of
knot A (the brightest); but this is likely to be an overestimation, since
these intense X-rays are observed only in the knots (and steady-state
emission would be diffuse throughout the whole jet).

In this first work, when boosting the observed radiation to account
for relativistic effects, we used a Doppler factor of δ4 (Eq. 27 in Ch. 3).
In fact, it should have been δ3/Γ , as explained in Ch. 4 (Eq. 12) and in
Sikora et al. (1997). The difference between the two mentioned equa-
tions is of a factor ∼ Γ2 for small viewing angles, which could imply
a large overestimation of the SEDs shown in Ch. 3. However, we have
realized that there is a simpler way to estimate the energy available
for particle acceleration. In the first work, we estimated the effective
area of interaction between the jet and the stars, < Ss/Sj >, as the
energy intercepted by the shock is proportional to this quantity. This
approach is based on the extrapolation of small-scale simulations per-
formed by de la Cita et al., 2016. However, we could have used the
same approach as adopted for wind bubbles, and assume that the
non-thermal energy is proportional to the total amount of matter in-
jected into the jet by the stellar winds, ΓṀc2. This is true as long as
the shocked wind reaches the jet velocity, as assumed in that work.
This approach does not rely on as many parameters (and is there-
fore less error-inducing), and combining it with the correct Doppler
boosting, it yields results very similar to those presented in Ch. 3. The
conclusions derived there are, therefore, valid.

The case of bubbles introduced by stellar penetration into the jet
is slightly different. Due to the high velocity of their winds, OB stars
in starburst galaxies do not introduce a significant amount of mate-
rial within the jets. The emission associated to this phenomenon can
therefore be relevant only in elliptical galaxies, which have slow-wind



158 summary, discussion and conclusions

stars. Gamma-ray emission from this interaction is likely to be de-
tectable only through synchrotron emission at ∼ 100 MeV, which im-
plies an efficient acceleration rate of the emitting electrons (ε > 0.1).
Observational results from blazar studies, and the results derived by
ourselves in Ch. 6, seem to favour much lower efficiencies (although
it does not imply this is necessarily the case in all scenarios). Whether
the emission is likely to be persistent or characterized by bright, infre-
quent events depends solely on the value of the magnetic fields (with
lower fields implying slower losses, and therefore longer, steady ra-
diation). This interaction could, however, be relevant at X-ray wave-
lengths, which are certainly emitted through synchrotron, even for
low efficiencies. IC emission is only expected to be detectable if more
massive bubbles, of younger red giants, penetrated the jet (see also
Sect. 8.2.5).

We note that the steady-state emission in elliptical blazars shown
in Ch. 4 was computed using the < Ss/Sj > approach, although with
the correct Doppler boosting. Therefore, it is likely underestimated
by a factor of a few times Γ . Therefore, it is much more relevant than
initially discussed in Ch. 4, and likely to eclipse the bubble-associated
emission unless a particularly massive one penetrated the jet.

Supernova explosions within jets are much more infrequent than
the previously discussed interactions, but likely to contribute to the
non-thermal emission in a significant manner once they occur inside
the jet. For galaxies with intense star formation, the emission can
be easily detectable at gamma-rays both for radio-galaxies, and for
blazars at z ∼ 1 (the latter with Fermi and CTA, but not with current
Cherenkov arrays). In the case of elliptical galaxies, the interaction
is less bright, as it frequently occurs further downstream of the jet,
and the mass expelled by type Ia supernovae is also smaller than that
of core-collapse supernovae. However, our estimations show that as
long as jet Lorentz factors are high enough, tens of cases could be
detected by CTA. The SNR events would last for thousands of years,
given the slow evolution of the remnant, which brings the duty cycles
of this interaction up to a few percent.

8.2.2 Observational distinctions between scenarios

As discussed in Ch. 6, distinguishing between a particularly massive
star interacting with a jet in steady-state and a massive cloud (either
a bubble or a SNR) is not easy with the current observational limita-
tions.

For nearby sources, X-ray and radio imaging resolutions might be
enough to disentangle morphological signatures of the emission. Un-
like stellar populations or wind bubbles, a SNR is expected to cover
the jet section for the majority of its interaction with the jet, which al-



8.2 interaction of agn jets with obstacles 159

lows to rule out single bright knots with a too-small section in nearby
radio-galaxies.

Both wind bubbles and SNR are expected to move downstream of
the jet, while a star (or group of stars) within the jet would cross it
roughly horizontally. The crossing time can be of the order of thou-
sands of years, which means that they would appear as stationary
knots in observations. A wind bubble (say, of ∼ 10−6 M�) would
be accelerated quickly enough to appreciate, in timescales of years,
its movement. A SNR, however, is slowly accelerated within the jet
for thousands of years, which makes the detection of proper motion
hardly possible.

For blazar sources at large distances the distinction between sce-
narios is further complicated by the lack of resolution. With only the
detection of the non-thermal SED, a scenario of strong steady-state
emission cannot be distinguished from the presence of a supernova
remnant within the jet. A wind bubble could be differentiated, in prin-
ciple, if massive enough to overshadow the steady-state emission (or
the contribution of other wind bubbles), as the emission of the former
is expected to fade after a few years.

Distinguishing between emissions would be possible, in principle,
from SED fitting in galaxies for which the stellar populations and
radiation and magnetic fields were very well determined. Again, this
is only possible for nearby sources.

8.2.3 Usability of simplified models

One of the important results of this thesis is how it establishes the
usability of simplified models to describe phenomena that have a
high computational cost if calculated accurately.

Throughout the works in this thesis, we have approximated both
the IC and synchrotron gamma-ray emission as if emitted only by
electrons of the energy at which emission is strongest. This estimation
can give an order-of-magnitude idea of the overall detectability of the
emission, while being computationally cost-efficient. However, this
approach results in an overestimation of the emission. We show for
different scenarios how the accurately-computed IC lightcurve is only
a factor of ∼ 10− 1 lower than the simple estimation. In Ch. 5 and 6

we plot these differences, and show that they are very small both for
non-blazar sources and for powerful elliptical blazars.

The approximation should be used with more caution when try-
ing to gauge the synchrotron emission. As it generally spans a wide
range of frequencies, there is not a narrow peak of emission in the
SED, which translates into a larger part of the radiation being emitted
at lower wavelengths than those of interest. Also, one should remem-
ber that it is unknown whether gamma-ray energies can be reached
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through synchrotron processes (since the acceleration efficiency is
generally unconstrained, and may be too low).

The simplified model is useful when calculating the emission of
multiple, evolving obstacles (as done in Ch. 4), which would be very
costly to compute accurately.

Another semi-analytical approximation used in the work is the
model for the dynamical evolution of clouds within the jet (from
Barkov et al., 2012). In Ch. 4 and 5 we have compared it with results
of simulations and concluded that it correctly describes the evolution,
although it slightly overestimates the final radius of the bubble and
the speed of the acceleration. These effects are increasingly important
with larger cloud masses.

Future work in this aspect will include dynamical simulations of
the described scenarios, with particular attention to the initial and
final stages of the evolution of the clouds within the jet, and their
possible dynamical impact (particularly in the case of SNR).

8.2.4 Jet mass-loading

The jet is expected to be dynamically affected if enough material can
be introduced in it. As estimated in Ch. 3, it is likely that the popula-
tions of stars expected to be present within the jets of elliptical galax-
ies are enough to slow them down on kiloparsec scales. A proper
study of this mass-loading, using the population models in this the-
sis, will be carried out as future work.

From our simple estimations, we are confident to say that wind
bubbles from penetrating stars are unlikely to affect the jet dynami-
cally through the loaded mass. It is possible, however, that their re-
peated and frequent impacts help develop instabilities in the shear
layer, which could facilitate the entrainment of external material. This
is difficult to ascertain without the use of simulations.

Finally, supernovae explosions within the jet are expected to even-
tually affect it dynamically. The simulations shown in Ch. 5 do not
extend until such large times, but a detailed study of the final stages
of the interaction is a future work worth carrying out.

8.2.5 Modeling of stellar populations

An accurate modelling of the stellar populations within the galaxy
is necessary in order to make accurate predictions of the expected
non-thermal emission.

In this thesis, we have used prescriptions which are not strongly
dependent on the characteristics of one single source. In this way,
our estimations allow us to predict whether the interaction could be
relevant, regardless of particular source morphologies. Comparisons
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with specific sources should take into account a variety of details that
we have left out of our models.

In starburst galaxies, we have imposed star formation in the shape
of a disk that overlaps with the jet near its base. It is well known,
however, that star formation in U/LIRG disks may be clumpy (e.g.
Wilman, Edge, and Johnstone, 2005), or even have the shape of a ring
surrounding the central engine (e.g. Xu et al., 2015). It is also possi-
ble that the jet or AGN winds quench star formation near the centre
(e.g. Dubois et al., 2013; Naab and Ostriker, 2017), resulting in the
mentioned ring configurations. Other works suggest that the launch-
ing of the jet may induce star-formation instead of quenching it, al-
though most likely emptying the central regions of gas (e.g. Gaibler
et al., 2012). The process of jet launching, however, seems to temporar-
ily increase star formation in the nucleus; and the timescales of gas
depletion are of a few Myr. There is, therefore, possibilities for this
interaction to occur in star-forming galaxies.

It is also possible that massive clusters formed in a knotty area
within the ring enter the jet due to their orbital motions. As men-
tioned in Ch. 3, a number of massive stars (i.e. M & 40 M�) of the
order of 10 is enough to produce significant non-thermal emission.
Wykes et al. (2015) studied the stellar populations of Centaurs A,
and found a star-formation region possibly intersecting the jet. They
reached the conclusion that their emission is likely significant.

In elliptical galaxies, the main challenge is determining the ages of
the populations of red giants (which determines their mass). In our
works, we assumed all stars formed when the galaxy was formed; but
this is unlikely. Since galaxies are expected to form after undergoing
mergers and bursts of star formation, different populations of stars
are expected to coexist in them. "Younger" red giants are more mas-
sive, and are expected to have heavier winds. However, due to the
known shape of the initial mass function, they are also expected to
be less numerous. We expect these younger populations to result in
more infrequent, yet brighter events (both for steady-state and bubble
interaction), dominating flaring over the persistent emission.

In order to properly estimate the exact characteristics of the emis-
sion in a source, one needs a better knowledge of the geometry and
the star-formation history of the galaxy. Such precise studies are only
possible for nearby galaxies. We expect that, with future observations,
we will be able to apply the already developed tools to predict the
non-thermal emission in nearby sources.

8.3 agn jets as reionization sources

In part IV of the thesis we have estimated the impact of AGN jets
in the reionization of the universe. We have assumed a significant
fraction of AGN could be jetted at high redshift. Since the jets are
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not covered by large column densities of obscuring material, their
emission can escape and interact with the IGM. Then, through IC
upscattering of CMB photons (much denser at high redshifts), they
could significantly contribute to the production of ionizing radiation.

We have used the AGN LF based on the latest rest-UV data at z ∼ 6
and corrected them for the effects of obscuration. With an obscuration
fraction of fobsc ∼ 0.8 (Vito et al., 2018) and a jetted fraction of fjet ∼ 1
(Sbarrato et al., 2015), jets could contribute up to a ∼ 10% to the H II
volume filling factor at z ∼ 6.

The data of Vito et al. (2018), however, mostly includes sources
in the range z = 3 − 4. The obscuration fraction could be lower at
higher redshifts, but not enough sources have been detected this far
to make accurate predictions. Recently, Vito et al. (2019) reported the
discovery of the first heavily obscured quasar at z > 6. The source is
part of the program to observe ten z > 6 quasars (Vito et al. in prep),
which might offer better constraints on the evolution of obscuration
fraction with redshift once it is published.

Whether all (or most) AGN are jetted at high redshift is also not
well constrained. Sbarrato et al. (2015) suggest that this might be
the case, although their sample is small and contains mostly very
bright sources. Our predictions of jet impact on reionization scale as
ε = fjet × 0.2/(1− fobsc). Once future observations allow us to bet-
ter constrain both fjet and fobsc, our results could be easily used to
give an accurate estimation of the importance of jets as reionization
sources.
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