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M. Strzys,6 Y. Suda,16 T. Surić,39 M. Takahashi,6 F. Tavecchio,3 P. Temnikov,36 T. Terzić,23 M. Teshima,6,16

L. Tosti,40 S. Truzzi,13 A. Tutone,3 S. Ubach,27 J. van Scherpenberg,16 G. Vanzo,1 M. Vazquez Acosta,1

S. Ventura,13 V. Verguilov,36 C. F. Vigorito,15 V. Vitale,41 I. Vovk,6 M. Will,16 C. Wunderlich,13 D. Zarić,29

E. Bissaldi,42 G. Bonnoli,13,43 S. Cutini,44 F. D’Ammando,45 A. Nabizadeh,46 A. Marchini47

and M. Orienti45

Affiliations are listed at the end of the paper

Accepted 2021 July 5. Received 2021 June 11; in original form 2021 March 19

ABSTRACT
We report here on the first multiwavelength (MWL) campaign on the blazar TXS 1515–273, undertaken in 2019 and extending
from radio to very-high-energy gamma-rays (VHE). Up until now, this blazar had not been the subject of any detailed MWL
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observations. It has a rather hard photon index at GeV energies and was considered a candidate extreme high-synchrotron-peaked
source. MAGIC observations resulted in the first-time detection of the source in VHE with a statistical significance of 7.6σ . The
average integral VHE flux of the source is 6 ± 1 per cent of the Crab nebula flux above 400 GeV. X-ray coverage was provided
by Swift-XRT, XMM–Newton, and NuSTAR. The long continuous X-ray observations were separated by ∼9 h, both showing
clear hour scale flares. In the XMM–Newton data, both the rise and decay time-scales are longer in the soft X-ray than in the
hard X-ray band, indicating the presence of a particle cooling regime. The X-ray variability time-scales were used to constrain
the size of the emission region and the strength of the magnetic field. The data allowed us to determine the synchrotron peak
frequency and classify the source as a flaring high, but not extreme synchrotron-peaked object. Considering the constraints and
variability patterns from the X-ray data, we model the broad-band spectral energy distribution. We applied a simple one-zone
model, which could not reproduce the radio emission and the shape of the optical emission, and a two-component leptonic model
with two interacting components, enabling us to reproduce the emission from radio to VHE band.

Key words: Radiation mechanisms: non-thermal – galaxies: active – objects: individual: TXS 1515–273.

1 IN T RO D U C T I O N

Almost all of the extragalactic sources detected above 100 GeV
are classified as active galactic nuclei (AGNs): galaxies hosting
a supermassive black hole in their centre whose gravitational po-
tential energy is the ultimate source of the AGN luminosity. Up
to ∼10 per cent of AGNs develop two narrow jets of relativistic
particles extending well outside the galaxy and emitting non-thermal
radiation over the whole electromagnetic spectrum (Padovani et al.
2017). The spectra observed from jetted-AGNs depend strongly on
the viewing angle of the jet with respect to the Earth, leading to their
empirical classification. Jetted-AGNs with jets seen from large angles
are classified as radio galaxies, while those seen at small viewing
angles (θ < 10◦–15◦) are known as blazars. Blazars’ spectra are
fully dominated by the jet emission, which can completely outshine
the rest of the galaxy. They can be divided into flat spectrum radio
quasars (FSRQs) and BL Lac objects (BL Lacs), depending on their
optical spectra: FSRQs show strong, broad emission lines while BL
Lacs display at most weak emission lines (Stickel et al. 1991; Stocke
et al. 1991).

The broad-band spectral energy distribution (SED) of blazar
emission is characterized by two distinct humps (Ghisellini et al.
2017). The first one peaks at infrared to X-ray frequencies
and is commonly explained as due to synchrotron emission
from ultra-relativistic electrons accelerated in the jet. The sec-
ond hump, peaking above MeV energies, is most likely due to
inverse Compton (IC) scattering, possibly of the same electrons
on their own synchrotron emission (synchrotron self-Compton,
SSC). The presence of a sub-dominant hadronic component is
also possible, as discussed in Aharonian (2000) and Murase et al.
(2012).

The energy of the synchrotron peak leads to a further sub-
classification of blazars. The peak frequency ranges from IR–optical
to UV–soft-X bands in low, intermediate, or high synchrotron-
peaked sources (LSP, ISP, HSP, respectively, see Abdo et al. 2010).
In particular, HSPs display a synchrotron emission peaking at
frequencies νX � 1015 Hz. Furthermore, evidence for objects with
synchrotron peak frequency exceeding the HSP soft-X-ray band was
found in Ghisellini (1999) and Costamante et al. (2001), with the
most extreme high frequency-peaked blazars (EHBL) showing peaks
above 1017 Hz (Costamante & Ghisellini 2002; Bonnoli et al. 2015)
and a hard spectrum (photon index ≤2) at the Fermi Large Area
Telescope (LAT) energies, with the IC peak generally in the energy
range above 100 GeV. The origin of such an extreme peak exceeding
TeV energies and an explanation for the hard intrinsic spectrum at
sub-TeV energies are still widely debated. This feature indicates the

presence of a hard accelerated particle spectrum with most of the
energy carried by the highest energy particles.

As reported in Fossati et al. (1998), evidence of an empirical
sequence connecting blazar classes with their bolometric luminosity
was found, with LSP showing higher luminosity with respect to HSP
blazars. The sequence was later revised by Ghisellini et al. (2017),
finding good agreement with the original one. It is worth mentioning
that the existence of the blazar sequence has been disputed ever since
it was proposed, and it is still under debate (e.g. Keenan et al. 2020).

For any given blazar, only complete energy coverage, ranging from
radio to TeV energies will allow for a robust study of the emission
mechanisms. However, due to the variability of these objects, it is of
crucial importance that these multiwavelength (MWL) observations
are performed simultaneously.

Although reported in the Second and the Third Catalogue of AGNs
detected by the Fermi-LAT (Ackermann et al. 2011, 2015), in the
general Fermi-LAT catalogues (Nolan et al. 2012; Acero et al. 2015;
Abdollahi et al. 2020) and in the high-energy catalogues (Ackermann
et al. 2013, 2016; Ajello et al. 2017), the source TXS 1515–273 has
been very little studied, and it has never been investigated intensively
in the X-rays before the observations reported in this work. An upper
limit on its redshift z < 1.1 was established in Kaur et al. (2018)
with photometric methods. Recently, firm detection of spectral lines
settled the redshift to z = 0.1285 (Becerra González et al. 2020;
Goldoni et al. 2021).

In 3FGL and all prior Fermi-LAT catalogues the source had been
indeed classified as a blazar candidate of uncertain type (Lefaucheur
& Pita 2017) and only in 4FGL was it classified as a BL Lac
object, with a photon index �2, which makes it an EHBL candidate
(Abdollahi et al. 2020). EHBLs are of special interest in searching
for new very-high-energy (VHE) gamma-ray blazars today as they
are still rare and little studied (see e.g. Biteau et al. 2020). Some of
them have shown a hard-TeV behaviour, with IC emission peaking
above ∼ 10 TeV, while others were classified as EHBL showing
extreme behaviour only during flares. According to Foffano et al.
(2019) and Biteau et al. (2020), this may suggest the necessity for a
classification of the EHBL class into different sub-classes.

Triggered by flaring activity in the high-energy gamma-ray band
(HE, 0.5 MeV ≤E ≤ 100 GeV) reported by the Fermi-LAT (Cutini
2019), an MWL campaign on TXS 1515–273 was organized at the
end of 2019 February. During the flaring activity, the source was
observed in different energy bands, ranging from radio to VHE
gamma-rays. Simultaneous or quasi-simultaneous observations were
carried out by KVA, Swift, XMM, Nuclear Spectroscopic Telescope
Array (NuSTAR), and Major Atmospheric Gamma-ray Imaging
Cherenkov (MAGIC) in order to investigate the location of the
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Table 1. Summary of the different observations performed.

Instrument MJD start MJD stop

MAGIC 58541.18 58547.21
Fermi-LAT 58540.72 58547.71
NuSTAR 58544.59 58545.31
XMM 58543.95 58544.21
Swift-XRT 58541.65 58560.71
Swift-UVOT 58541.65 58560.93
KVA 58541.22 58718.86
Siena 58542.17 58564.10

SED peaks and look for evidence of extreme behaviour during the
flare. Following the observations, MAGIC announced the first-time
detection of the source in the VHE band (Mirzoyan 2019). In this
paper, we report the results of this observing campaign.

The paper is organized as follows. In Section 2, we describe
the analysis in the different energy ranges and provide the results
obtained. In Section 3, we present the studies of the MWL variability.
In Section 4, we report on the detailed analysis of the available X-
ray data sets, focusing on the short-time-scale variability and the
spectral evolution. In Section 5, we describe the studies of the SED of
TXS 1515–273, in particular its modelling and classification. Finally,
in Section 6 we present our conclusions.

2 A NA LY SIS R ESULTS

Here, we present a summary of the MWL analysis performed on the
acquired data. The list of the instruments and the relative time-range
of observations are provided in Table 1. Further details on each data
set are given in the following sections.

2.1 Very-high-energy gamma-rays

The MAGIC telescope (Aleksić et al. 2016) is a stereoscopic system
of two 17-m diameter imaging atmospheric Cherenkov telescopes.
MAGIC telescopes performed observations of TXS 1515–273 start-
ing on 2019 February 27 (MJD 58541) up to 2019 March 5 (MJD
58547). The observations were performed at a high zenith angle,
ranging from 55◦ to 62◦, under both dark time (4.8 h) and moonlight
conditions (3.3 h), implying a high night sky background level. For
this reason, we optimized the analysis chain for data taken under
moonlight conditions. For further details on the MAGIC performance
under moonlight, refer to Ahnen et al. (2017). Data were analysed
using the MAGIC analysis and reconstruction software MARS (Zanin
et al. 2013). The observations led to a significant detection in the
VHE range with a significance of 7.6σ . We derived the night-wise
gamma-ray flux integrated above 400 GeV. The MAGIC observed
flux is reported in Table A1.

Since the acquired signal was not strong enough to evaluate the
spectrum for each night, we combined all the data to obtain the
overall spectrum. We fitted it with a power-law function, folded with
the energy dispersion using the Bertero unfolding method (Bertero
1989) and corrected for gamma-ray absorption by the interaction
with the extra-galactic background light (EBL) using the Domı́nguez
et al. (2011) model. After the unfolding and the EBL correction, the
MAGIC soft spectrum between 200 and 900 GeV is well described
by a power-law model:

dN

dE
= N0

(
E

E0

)−�

, (1)

where � = 3.11 ± 0.32stat is the photon index, E0 = 546 GeV
is the normalization energy, selected as the decorrelation energy
and N0 = (1.76 ± 0.28stat) × 10−11 TeV−1 · cm−2 · s−1 is the corre-
sponding normalization constant. The systematic uncertainties of
the MAGIC telescopes are below 15 per cent on the absolute energy
scale, 11–18 per cent on flux normalization, and ±0.15 on the spectral
slope (Aleksić et al. 2016). The soft spectrum in the VHE range
suggests that the IC bump is likely peaking at GeV energies, as
discussed in Section 5.3.

2.2 High-energy gamma-rays

The Large Area Telescope (LAT) instrument onboard the Fermi
Gamma-Ray Space Telescope satellite is a pair-conversion telescope
with a precision converter-tracker and calorimeter that detects
gamma-rays (Atwood et al. 2009).

Data from the Source event class were analysed using the Fer-
mitools v1.2.1 and the fermipy1 v0.18 python package, applying
standard quality cuts (’DATA QUAL>0 && LAT CONFIG==1’)
and the zenith distance cut (<90◦) to reduce the Earth limb
contamination. Only events with reconstructed energy in the 300
MeV–500 GeV range within 12◦ of the nominal position of the
studied source were selected. A time window of 7 d between
2019 February 27 (MJD 58541) and 2019 March 5 (MJD 58547)
was selected in temporal coincidence with MAGIC observations to
evaluate the measured flux as a function of the time. A different
time selection, from 2019 February 27 up to and including 2019
March 3 (MJD 58545) was selected for the spectral analysis, for
reason that will be explained in detail in Section 5.3. A binned
likelihood analysis was performed with 8 bins per energy decade for
the selected region of interest. The instrument response function
used was P8R3 SOURCE V2. All of the sources in the 4FGL
catalogue (Abdollahi et al. 2020) were included in the model, along
with the isotropic (iso P8R3 SOURCE V2 v1) and the Galactic
(gll iem v07) models (Acero et al. 2016).2

In the fitting procedure, the spectral parameters of sources that
are significantly detected within a radius of 5◦ around the source of
interest were left free together with the normalization of the diffuse
components. All of the other catalogue sources’ parameters were
fixed to the published 4FGL values. A dedicated likelihood analysis
was performed for each time bin. The resulting light curve in daily
bins is shown in Fig. 1, while the observed flux and the test statistic
(TS) in each time bin are reported in Table A2.

The average spectrum obtained from Fermi-LAT data is described
by a power-law model, with the following spectral parameters:
N0 = (20.5 ± 7.2) × 10−13 MeV−1 · cm−2 · s−1, � = 2.2 ± 0.3 and
fE > 300 MeV = (4.5 ± 1.3) · 10−8 cm−2 s−1 GeV, with E0 = 2.3 GeV.

2.3 X-rays

Following the detection of the source at VHE gamma-rays,
TXS 1515–273 was observed at X-ray energies with the NuSTAR
telescope, the XMM–Newton observatory, and the Neil Gehrels Swift
observatory. In this section, we will present these observations and
their outcomes.

1https://fermipy.readthedocs.io/en/latest/
2https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/4fgl/Galactic D
iffuse Emission Model for the 4FGL Catalog Analysis.pdf
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Figure 1. MWL light curve of TXS 1515–273 from 2019 February 27 to 2019 March 6. From top to bottom: VHE gamma-rays by MAGIC, HE gamma-rays
by Fermi-LAT, X-rays by Swift-XRT (blue triangles), NuSTAR (red open circles), and XMM–Newton (yellow squares) in different energy bands and R-band by
KVA and Siena observatory. 95 per cent confidence upper limits are indicated as downward arrows in VHE gamma-rays where the flux is compatible with zero
as well as in the HE band for each time bin where the TS value for the source was found to be smaller than 9. The individual light curves are daily binned.
Dashed horizontal grey lines indicate the level of detected flux during 2014 Swift-XRT observations and the reference flux level in the 4FGL catalogue. The
grey vertical bands are drawn to highlight the MAGIC observation time slots. Magnitudes for optical data were corrected for Galactic extinction, and the host
galaxy contribution was subtracted (details in the text).
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2.3.1 XMM–Newton observation

The XMM–Newton observatory (Jansen et al. 2001) is a space-based
X-ray observatory that carries three medium spectral resolution
X-ray telescopes, two Reflection Grating Spectrometers for high
resolution spectroscopy (Den Herder et al. 2001), and a 0.3-m
optical/UV imaging telescope onboard (see Section 2.4.2). The three
X-ray telescopes at the focus of the European Photon Imaging
Camera (EPIC; 0.2–10 keV) are a pn-CCD operating in full frame
mode (Strüder et al. 2001) and two multi-object spectrometer CCDs
(MOS1 and MOS2) operating in small-window mode (Turner et al.
2001).

The ToO XMM–Newton observation of TXS 1515–273 closest to
our campaign was performed at the beginning of 2019 March 2 for
∼25 ks of exposure time with the three X-ray telescopes. Using
the XMM–Newton Science Analysis System SAS version 17.0.0 and
the latest available calibration files, we reduced and analysed the
data by following the standard procedure explained in the SAS user
guide.3 The source spectra were extracted from a source-centred
circular region with a radius of 35 arcsec for all three instruments to
have the best signal-to-noise ratio. The background spectra likewise
were extracted from source-free regions on the same chips. We
also used a time filter expression to divide the whole observation
into short segments with durations of 300 s. Then we extracted the
final corresponding spectra from these segments to study the source
variation over shorter time-scales.

In order to estimate the Galactic column density of Hydrogen (NH)
in the direction of the source, we used the full data set obtained by
all three X-ray instruments onboard of XMM–Newton. The spectra
are binned in a way that each spectral bin contains 20 counts. The
joint fit of the spectra is done using XSPEC V12.10.1S, using photon
absorption model folded with a power-law and log-parabola model,
while the NH was set as a free parameter in our analysis. Moreover,
the model was multiplied by a constant to account for the cross-
calibration between the three instruments. The multiplicative factor
was fixed to 1 for the EPIC-pn and left as free parameter in the
models which are used for MOS1 and MOS2. The observed spectrum
can be described well by a power-law model with photon index
�XMM = 2.53 ± 0.01 (χ2/d.o.f . = 2019/1882). We found that the
log-parabola model cannot describe the observed spectrum better
than the power-law model. The cross-calibration factor between the
instruments was below 2 per cent. The value for the Galactic column
density of Hydrogen from our spectral analysis is NH = (1.68 ± 0.03)
× 1021 cm−2. The estimated value of NH is in agreement with the
results presented in Willingale et al. (2013). Therefore, the Galactic
column density of Hydrogen is fixed to the estimated NH value in
the spectral analysis with shorter time bins and for the analysis of
data from other X-ray instruments. The observed flux with XMM–
Newton is reported in Table A3.

2.3.2 NuSTAR observation

The NuSTAR carries two co-aligned grazing incidence X-ray tele-
scope systems, Focal Plane Module A and B (FPMA and FPMB),
operating in a wide energy range of 3–79 keV (Harrison et al. 2013).
These independent CdZnTe detector units provide X-ray imaging
resolution of 18 arcsec (full width at half-maximum, FWHM) and
spectral resolution of 400 eV (FWHM) at 10 keV. The NuSTAR

3https://xmm-tools.cosmos.esa.int/external/xmm user support/documentati
on/sas usg/USG/

ToO observation of TXS 1515–273 was performed at the end of
2019 March 2 (∼9 h after the end of XMM–Newton observation) for
a 34 ks exposure time. The data reduction and product extraction
were done using the NuSTAR Data Analysis Software NUSTARDAS

V1.8.0 with a CALDB version 20180419. We performed the standard
data reduction procedure explained in the NuSTAR user guide.4 In
order to extract the source spectrum, a source-centred circular region
with a radius of 30 arcsec was used for both FPMA and FPMB.
Likewise, the background was extracted from a source-free region
with a larger radius of 60 arcsec. By creating user-selected good
time intervals, we divided each exposure into six segments which
enabled us to extract the spectra with durations of about 500–600 s
each.

We fitted both spectra collected from FPMA and FPMB simultane-
ously in XSPEC V12.10.1S using a cross-calibration normalization for
each segment of observations. Due to the low count rate, we grouped
all of the X-ray spectra to have at least 1 count per each energy bin.
We then took the W-statistics (Wachter, Leach & Kellogg 1979) into
account to do the fitting procedure. The photon absorption model
folded with a power law is used by assuming a fixed NH, which
was estimated in Section 2.3.1. The cross-calibration factor was
always below 3 per cent. The results of this analysis are presented in
Section 4. The NuSTAR observed flux is reported in Table A4.

2.3.3 Swift-XRT observations

The Neil Gehrels Swift (Swift) satellite (Gehrels et al. 2004) carried
out eight observations of TXS 1515–273 between 2014 September 30
and 2019 March 18. The observations were performed with all three
instruments onboard: the X-ray Telescope (XRT; Burrows et al. 2005,
0.2–10.0 keV), the Ultraviolet/Optical Telescope (UVOT; Roming
et al. 2005, 170–600 nm) (see Section 2.4.1), and the Burst Alert
Telescope (BAT; Barthelmy et al. 2005, 15–150 keV). The hard
X-ray flux of this source turned out to be below the sensitivity of
the BAT instrument for such short exposures and therefore the data
from this instrument will not be used. Moreover, the source was not
included in the Swift-BAT 70-month hard X-ray catalogue (Oh et al.
2018).

The multi-epoch event lists of the Swift-XRT data were down-
loaded from the publicly available Swift-XRT Instrument Log.5

These observations were carried out in photon-counting mode.
Following the standard Swift-XRT analysis procedure described by
Evans et al. (2009), the data were processed using the configuration
described by Fallah Ramazani, Lindfors & Nilsson (2017) for blazars,
assuming a photon absorption model folded with a power-law model
and fixed NH as estimated in Section 2.3.1. In Table A5, we provide
the results obtained from fitting the Swift-XRT spectrum.

Two Swift-XRT snapshots (MJD 58544.84 and 58544.97), simul-
taneous with the NuSTAR data, are combined with each other. A
joint fit was performed using these XRT data set and the full data
obtained by NuSTAR. The observed spectra can be described by a
photon absorption model (assuming fixed NH) folded with a broken
power-law model (χ2/d.o.f. = 405/378). The spectrum shows a break
at 3.34 ± 0.34 keV. The photon indexes before and after the break
energy are �1 = 2.10 ± 0.11 and �2 = 2.72 ± 0.03, respectively.
The cross-calibration factor between Swift-XRT and NuSTAR data
was 15 per cent.

4https://nustar.ssdc.asi.it/news.php#
5https://heasarc.gsfc.nasa.gov/W3Browse/swift/swiftxrlog.html
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2.4 Optical and UV

2.4.1 Swift-UVOT observations

During the Swift pointings, the UVOT instrument observed
TXS 1515–273 in all of its optical (v, b and u) and UV (w1, m2,
and w2) photometric bands (Poole et al. 2008; Breeveld et al.
2010). We analysed the data using the uvotsource task included
in theHEASOFT package (v6.28) with the 20201026 release of the
Swift/UVOTA CALDB. Source counts were extracted from a circular
region of 5 arcsec radius centred on the source, while background
counts were derived from a circular region of 20 arcsec radius in a
nearby source-free region. The observed magnitudes are reported in
Table A9.

The UVOT flux densities were corrected for Galactic extinction
using the E(B–V) value of 0.209 from Schlafly & Finkbeiner (2011)
and the extinction laws from Cardelli, Clayton & Mathis (1989).
From the V-band fluxes, we subtracted the host galaxy contribution,
which was estimated assuming a host galaxy absolute magnitude
MR = −22.8, galaxy colour V–R = 0.8 (Fukugita, Shimasaku &
Ichikawa 1995), and z = 0.1285. Within the aperture of 5 arcsec,
its contribution is 0.13 mJy. We corrected only the V-band because
the host galaxy contribution to other UVOT bands is negligible. We
note that the magnitudes in Table A9 are the observed ones, i.e.
corrections for neither the host galaxy contribution nor the Galactic
extinction have been performed.

2.4.2 XMM-OM observations

The Optical Monitor (OM) observed the source in the b, u, and w1
filters in imaging mode. The total exposure times of the imaging
observations are approximately: 9400, 4700, and 9400 s. The data
were processed using the SAS task omichain. The count rate is
converted to flux using the conversion factors given in the SAS
watchout dedicated page.6 The observed magnitudes with XMM-
OM are reported in Table A6. These magnitudes were then corrected
for extinction using the same E(B–V) value and extinction laws as
for the UVOT data.

2.4.3 KVA

The optical R-band observations were performed using the 35-cm
telescope attached to the 60-cm KVA telescope located at La Palma.
The data analysis was performed using the standard procedures with
the semi-automatic pipeline developed in Tuorla (Nilsson et al. 2018).
As the source is not part of the Tuorla Blazar monitoring program,7

a proper calibration was required in order to perform differential
photometry. A comparison star and a control star were selected
among known stars in the same field of view and were calibrated
with respect to stars in the field of other targets observed on the same
night under photometric conditions.

The magnitudes were corrected for Galactic extinction using the
same E(B–V) value as for correcting the UVOT data. The host
galaxy flux was estimated in the same way as for the UVOT,
resulting in a contribution of 0.303 mJy within the used aperture of
5 arcsec.

Observations of the source were performed for several months
after the flaring state to estimate the flux during quiescent periods.
The overall light curve is reported in Fig. 2, while the observed

6https://www.cosmos.esa.int/web/xmm-newton/sas-watchout-uvflux
7http://users.utu.fi/kani/1m/index.html

Figure 2. HE gamma-ray (top, green diamonds) and R-band (bottom, KVA in
blue circles and Siena observatory in red triangles) light curves of TXS 1515–
273. Fermi-LAT light curve is shown in weekly bins, with 95 per cent
confidence UL indicated. The light curve starts from a few months before
the flare period up to 2019 August. The large flare can be seen during
our observations. The optical light curve has daily bins, starting from the
observations carried out during the flare.

magnitudes (without host galaxy subtraction or Galactic extinction
corrections) are reported in Table A8.

2.4.4 Siena

The Astronomical Observatory of the University of Siena observed
TXS 1515–273 in the context of a program focused on optical
photometry of blazars in support of MAGIC. The instrumentation
consists of a remotely operated 30-cm Maksutov-Cassegrain tele-
scope installed on a Comec 10 micron GM2000-QCI equatorial
mount. The detector is a Sbig STL-6303 camera equipped with a
3072 × 2048 pixels KAF-6303E sensor; the filter wheel hosts a set of
Johnson–Cousins BVRI filters. Multiple 300 s images of TXS 1515–
273 were acquired in the R band at each visit. Observations were
always performed closely around culmination given the southern
declination of the source. After standard dark current subtraction
and flat-fielding, images for each visit were averaged and aperture
photometry was performed on the average frame by means of the
MaximDL software package. The choice of reference and control
stars was consistent with the one for the KVA data. The obtained
magnitudes reported in Table A7 were corrected for Galactic extinc-
tion and the host galaxy magnitude, which results in a contribution
of 0.37 mJy within the used aperture of 7 arcsec, was subtracted as
was done for the KVA data. Table A7 reports the magnitudes without
these corrections.

2.5 Very Long Baseline Array

TXS 1515–273 has been observed six times with the Very Long
Baseline Array (VLBA) Experiment (Lister et al. 2019) at 15 GHz as
part of the Monitoring Of Jets in Active galactic nuclei with VLBA
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Experiments (MOJAVE) program8. It was observed three times in
2017 (January 28, May 25, and June 17), once in 2018 (May 31) and
twice in 2019 (June 13 and July 19). We retrieve the fully calibrated
MOJAVE data sets and we produced images in Stokes’ I, Q, and
U using the task IMAGR in AIPS. We then combined images in
Stokes Q and U and produced polarization intensity images and
the associated error maps. We fitted the visibility data with circular
Gaussian components at each epoch using the model-fit option in
DIFMAP. Model-fitting the visibility reveals the core and two quasi-
stationary components: the first one at 0.15–0.2 milliarcsec from the
core and the second one at 1.5 milliarcsec (both with a nearly constant
flux). From the data, there is no evidence for a new jet component
emerging from the core, but the cadence of the observations is not
optimal for detecting new components. The core flux was almost
constant within the error bars, varying between 81 ± 6 (2019 June)
and 99 ± 7 mJy (2017 May), in the first five epochs, while in the last
epoch (2019 July) there is marginal hint of increased flux (109 ± 8
mJy).

The source was not polarized in 2017 with an upper limit to the
polarized flux density ≤0.2 mJy and to the fractional polarization
≤0.15 per cent. In 2018 May, the polarized flux increased to 0.8 ± 0.1
mJy, corresponding to a fractional polarization of 0.5 per cent. In
2019, the polarized flux increased again to 1.5 ± 0.2 mJy (about
1.5 per cent) and 1.0 ± 0.1 mJy (0.8 per cent) in June and July,
respectively. However, the sparse time coverage does not allow us
to set any robust connection between the polarized emission and the
MWL activity.

3 MULTIWAV ELENGTH VARIABILITY

The light curves of TXS 1515–273 in the different wavelengths from
radio to VHE gamma-rays are reported in Fig. 1. The MWL light
curves include all observations from MJD 58541 to MJD 58548. For
comparison purposes, we show dashed grey lines in the Fermi-LAT
and Swift-XRT light curves representing the reference value flux from
the 4FGL catalogue (Abdollahi et al. 2020) and a previous detection
from Swift-XRT. From the reference level of the 4FGL catalogue and
a previous observation in the X-rays, it is evident that the source was
in a high state in the X-ray and the HE band. The long term optical
and HE gamma-ray light curves shown in Fig. 2 also indicate clearly
that the observed flux in those energy ranges was higher than usual.
A significant increase of activity was also observed by Swift-UVOT
between 2014 and 2019 with all optical and UV filters (see Table A9).

The Fermi-LAT light curve shows a significantly higher flux in HE
during the night of 2019 March 4, when the MAGIC observations in
VHE gamma-rays were prevented by bad weather. The Fermi-LAT
SED was evaluated up to and including the night of 2019 March 3,
to exclude this high state for which we did not have MAGIC data
(see Fig. 1 and Section 5.3).

We also searched for intra-night variability in different bands.
Intra-night variability was detected in X-ray observations on 2019
March 2 with both XMM–Newton and NuSTAR. The longest continu-
ous MAGIC observations were ∼2 h, but due to lack of statistics we
could not investigate further for intra-night variability. In the Fermi-
LAT band, the source is too weak to detect hour-scale variability as
found in X-ray band. In optical band, the variability in general has a
rather small amplitude. We remark, however, that the XMM–Newton
and NuSTAR observations, despite being very close in time, were
not overlapping: as a result, different variability time-scales are not

8https://www.physics.purdue.edu/MOJAVE/

(a)

(b)

Figure 3. XMM–Newton light curves for TXS 1515–273 for soft (top) and
hard (bottom) energy band. The dashed curves superimposed on the data
represent the exponential function used to fit the peak, the rise and decay time
of the bursts. The red shaded areas represent the uncertainties of the fit.

unexpected, as indeed was found (see Section 4). Consequently, we
also decided to model the SED separately for the XMM–Newton and
NuSTAR epochs, as we will discuss in detail in Section 5.3.

4 SH O RT-T I M E X - R AY VA R I A B I L I T Y

Our observing campaign had particularly good coverage in X-
rays, including XMM–Newton, Swift-XRT, and NuSTAR. The long
exposures of XMM–Newton and NuSTAR observations allow us to
investigate in detail the short-time-scale variability of the source in
X-rays.

4.1 Flare time-scales

The light curves showed multiple flares (see Figs 3 and 4) and in the
following we investigate the details of this variability and use it to
constrain physical parameters of the emission region.

To constrain the variability time-scale, an exponential function in
the form

F (t) = A ·
{

exp[(t − tpeak)/trise] if t < tpeak

exp[(tpeak − t)/tdecay] if t > tpeak
(2)
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(a)

(b)

Figure 4. NuSTAR light curves for TXS 1515–273 for soft (top) and hard
(bottom) energy band. The dashed curves superimposed on the data represent
the exponential function used to fit the peak, the rise and decay time of the
bursts. The red shaded areas represent the uncertainties of the fit.

was used to fit the peak time, the rise and fall profiles of the bursts
visible in the light curves. In both epochs, we fitted the soft and
the hard energy band light curves independently, as shown in Figs 3
and 4.

The results of the fit are reported in Table 2. We cross-checked
the results of our fit with different time binning of the light curves,
i.e. 5, 10, and 15 min for XMM–Newton and ∼10 and ∼20 min
for NuSTAR. As a confirmation of the consistency of the results, no
significant difference was found for the different binning.

We also tried several combinations for start and stop bins. First,
we selected a reasonable range for them to vary, performing the fit of
the flare profile with different combinations of the range edges. We

always kept the same fit range for soft and hard light curves. Finally,
we picked the range that gave the best agreement with experimental
data, i.e. with the minimum χ2 value. The parameter tpeak was always
set free to vary during the fitting procedure.

As shown in Figs 3 and 4, rapid variations on the time-scale of the
order of hours were detected in the two epochs. The derived time-
scales are not anomalous compared to X-ray flares seen in other
blazars (MAGIC Collaboration 2020a, c).

The flare profiles in all bands are symmetric, i.e. within the
derived error bars the rise and decay time-scales of the flares are
not significantly different. The rise times of both the observed X-
ray flares are longer in the low-energy band than in the high-energy
band. The difference is significant both in the XMM–Newton and
NuSTAR results, with a confidence level higher than 99 per cent and
90 per cent for the two data sets, respectively. In standard acceleration
scenarios, low-energy electrons are supposed to be accelerated faster
than high-energy ones. If the rise-time of the flare is dominated by the
acceleration time-scale, then the rise-time in the lower energy band is
expected to be shorter than the one in the high-energy band. However,
higher energy electrons cool faster than lower energy electrons, and
therefore in a cooling dominated regime one would indeed expect the
higher energies to rise faster (e.g. Kirk, Rieger & Mastichiadis 1998)
as seen in our data. This should also result in the high-energy flux
peaking earlier than the lower energy flux, as seen in XMM–Newton
data. In NuSTAR data, this is not evident, which is in line with lower
statistical significance in difference of rise times between the two
bands as well.

4.2 Spectral evolution

We investigated the dependence of the photon index on the flux in
the full energy range (0.3–10 keV for XMM–Newton, 3–79 keV for
NuSTAR). The XMM–Newton photon index showed little variations,
ranging between 2.35 ± 0.05 and 2.76 ± 0.06 (using 5-min binning
within the full time range of observation), while the NuSTAR photon
index showed a wider dynamical range, varying between 2.01 ± 0.26
and 4.33 ± 0.71 (using 10-min binning within the full time range of
observation). In both of the epochs studied, this dependence showed
a more complicated behaviour than simple spectral hardening. We
also examined the relation between the integral flux and the hardness
ratio, but no clear correlation between these quantities was found in
our data sample.

We then focused our search on the most prominent flares in the X-
ray light curves (i.e. the one we also used to constrain the variability
time-scale), see Fig. 5. We slightly narrowed the time window with
respect to the time range shown in red in Figs 3 and 4 focusing
on the most prominent flare time slots, MJD 58544.00–58544.08,
(i.e. 25–125 min after the beginning of the observations) for XMM–
Newton and MJD 58545.08–58545.17, (i.e. 670–810 min after the
beginning of the observations) for NuSTAR. In this time epoch, the
data are statistically consistent with a simple harder-when-brighter

Table 2. Results of the fit of the burst profile for the XMM–Newton and the NuSTAR epoch. The starting time corresponds
to MJD 58543.0 for XMM–Newton and to MJD 58544.6 for NuSTAR.

Instrument and energy trise tpeak tdecay tpeak

(min) (min) (min) (MJD)

XMM (0.3–3 keV) 316 ± 34 107 ± 3 262 ± 32 58544.06
XMM (3–10 keV) 159 ± 29 93 ± 6 193 ± 37 58544.06
NuSTAR (3–10 keV) 225 ± 42 773 ± 10 123 ± 17 58545.14
NuSTAR (10–79 keV) 127 ± 41 771 ± 16 86 ± 18 58545.14
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(a)

(b)

Figure 5. XMM–Newton (top) and NuSTAR (bottom) photon index versus
integral flux for TXS 1515–273 during short X-ray flares. The coloured arrows
represent the time evolution.

trend. Indeed, we fitted the data in both epochs with a linear function
and we found that the reduced χ2 is 0.97 for the XMM–Newton flare
and 0.55 for the NuSTAR flare.

4.3 Constraints on emitting region parameters from variability
time-scales

Using the shortest time-scale from these variability studies for
individual epochs, the size of the emission region can be constrained
as a function of the Doppler factor δ:

R ≤ ctvarδ

(1 + z)
, (3)

where we used tvar = 159 ± 29 min for the XMM–Newton epoch and
tvar = 86 ± 18 min for the NuSTAR epoch (see Table 2).

Since we have no strong constraints on the Doppler factor neither
from our observing campaign nor from the previous observations of
the source, we used δ ∼ 20 first, but then iterated the value during
the SED modelling (see Section 5.3). The values close to 20 are

Table 3. Results of the variability time-scale fit and estimation of R and B.

Epoch δ R B
(×1015cm) (G)

XMM 20 5.07 ± 0.92 0.14 ± 0.02
NuSTAR 20 2.73 ± 0.58

rather typical for VHE gamma-ray emitting BL Lacs (Tavecchio
et al. 2010).

As we were able to constrain the variability time-scales in both
epochs in the two different energy bands, we followed Zhang et al.
(2002) to use these time-scales to constrain the magnetic field
strength of the emission region. The synchrotron cooling time of
electrons is inversely proportional to the square root of the energy
of the photons. Indeed, the results of our fit are consistent with this
scenario, as we find the XMM–Newton lower energy photons cooling
time is longer than the one found for the NuSTAR higher energy ones.

The magnetic field strength is then calculated using the formula
from Zhang et al. (2002):

B = 210

(
1 + z

El × δ

)1/3 [1 − (El/Eh)1/2

τsoft

]2/3

G (4)

where El and Eh are taken as the logarithmic mean energies in the
low and high-energy band in units of keV for the low-energy band
and the high-energy band considered, and τ soft is the difference in the
decay time values for the energy bands considered. We decided to
combine the observations from the two epochs because the time lag
in our observations is not statistically significant. By working under
the assumption that the magnetic field does not vary between the
two epochs, we used the low-energy band of XMM–Newton and the
high-energy band of NuSTAR, and τsoft = tdecay,XMM − tdecay,NuSTAR =
10.56 ± 2.20 ks.

The upper limit value of R and the estimated value of B correspond-
ing to δ = 20 obtained with the variability time-scales estimated from
the two epochs are reported in Table 3. These values were used to
model the SED, as we will describe in Section 5.3.

5 SP E C T R A L E N E R G Y D I S T R I BU T I O N

In this campaign, we measured the SED of TXS 1515–273 for the first
time from the optical to the VHE gamma-ray band. This allowed us
to investigate the source classification and possible emission models
during the flaring state.

5.1 Source classification

As reported in Biteau et al. (2020), it is possible to distinguish
three kind of extreme behaviours: HBL sources showing extreme
behaviour during flaring states, when synchrotron and IC peaks shift
towards higher frequencies, going back to their standard HBL-like
state, as observed for Mrk501 (Ghisellini 1999); sources with a
steady hard synchrotron without evidence for a hard spectrum at
TeV energies; finally, sources showing a persistently hard IC hump
peaking at and above TeV energies and a synchrotron peak in the
X-ray band. Our excellent X-ray and VHE gamma-ray data allowed
us to search for these signatures in the SEDs that we measured at
different times for TXS 1515–273.

TXS 1515–273 was very little studied before the flare occurred
in 2019. As explained in the previous sections, the photon index
reported by Abdollahi et al. (2020) seemed to suggest a possible
EHBL classification. Thus, we examined archival data from the ASI

MNRAS 507, 1528–1545 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/507/1/1528/6325192 by guest on 21 February 2025



TXS 1515–273 1537

Figure 6. Results of the fit of the SED synchrotron bump with a log-parabola.
Data are shown in different colours, representing: NuSTAR epoch (NuSTAR
and Swift data sets taken on MJD 58544.84 and 58544.97, green squares),
XMM epoch (XMM–Newton and XMM-OM data set, blue triangles), 2014
Swift data set (grey circles). Dotted curves are showed superimposed on SED
points with the same colours, representing the fit curves and the uncertainty
bands. Vertical dashed line are also shown, in correspondence of the peak
frequency evaluated from the fit parameters.

Table 4. Results of the log-parabola fit of the synchrotron peak of the SED
of the three different epochs considered.

Epoch Log of peak frequency (Hz)

2014 Swift 13.46 ± 2.53
XMM 15.28 ± 0.06
NuSTAR and 2019 Swift 15.56 ± 0.11

Space Science Data Center (SSDC)9 to test if the source could indeed
be classified as such. According to Bonnoli et al. (2015), a good
criterion to select EHBLs relies on the high X-ray-to-radio flux ratio.
As reported by the authors, a high ratio of X-ray versus radio flux
(FX/FR > 104) would indicate a good EHBL candidate. Based on
archival data, considering the flux in the ∼1016–1019 Hz band and in
the ∼109–1010 Hz band for FX and FR, respectively, we found a ratio
of ∼30, which led us to the conclusion that it was not a good EHBL
candidate.

In order to estimate the peak frequency and classify the source, we
combined strictly simultaneous data in the optical and X-ray band to
perform a fit of a log-parabola to the data in the log–log plane:

νFν(ν) = f0 10−b (log10(ν/νs))2
, (5)

where νs is the peak frequency. This fit was performed separately
on data from the current observations and a previous Swift-UVOT
and Swift-XRT observations from 2014. We considered data from the
two epochs separately in order to take into account a possible shift in
the peak frequency between the two observing periods, combining
Swift-XRT observations from MJD 58544.84 and 58544.97 with
the NuSTAR data set. The results of the fit procedure on the three
considered data sets are reported in Fig. 6. The best-fitting values for
the three data sets are reported in Table 4.

The best-fitting values found for the most recent observations
classify the source as HSP during the flare. For 2014 data, however,
the value found νs � 1013.46 ± 2.53 Hz does not allow any conclusion

9http://www.asdc.asi.it/

to be drawn on the classification of the source. However, it is clear
that νs moved to higher energy between the XMM–Newton and the
NuSTAR observations, which were separated by less than a day. This
is most naturally explained by the injection of fresh electrons or the
dominance of a new emission component. Even in the flaring state
detected by NuSTAR the peak frequency does not exceed 1017 and
therefore it is clear that TXS 1515–273 is not an extreme synchrotron
peaked source.

5.2 Emission models

Most blazars’ observations are fitted with radiative models. These
models are usually classified as leptonic and hadronic models.

In the simple one-zone SSC model, TeV emission is the result of
the IC scattering of electrons and positrons in the jet on photons cre-
ated by the electron population itself via synchrotron emission. The
SSC model is supported by several observations of good temporal
correlation between the TeV and X-ray flares (see Coppi & Aharonian
1999; Maraschi et al. 1999; Takahashi et al. 2000; Krawczynski et al.
2001). In this simple one-zone SSC model, the energy density has
been found to be largely dominated by particle energy density rather
than the magnetic field; this unusually low magnetization seems to
be in contradiction with theoretical and observational constraints
of equipartition conditions, which cannot be reproduced in BL Lac
objects with the one-zone model (Tavecchio & Ghisellini 2016). It
was recently suggested, however, that equipartition can be achieved
in one-zone models via the introduction of an anisotropic electron
population (Tavecchio & Sobacchi 2020). The one-zone SSC is still
the default model and, given the fact that during this campaign all
of the energy bands were found to be in the same high state, we
apply this model to the data using the constraints for the size of the
emission region and magnetic field strength we found in Section 4.3.

Another possible way to solve the contradiction on the low
magnetization can be obtained by taking into consideration the
existence of additional seed photons from other parts of the jet
(e.g. Georganopoulos & Kazanas 2003; Ghisellini, Tavecchio & Chi-
aberge 2005). In these models, one assumes the jet to be structured.
As shown in Tavecchio & Ghisellini (2015), the assumption of a
supplementary source of soft photons intervening in the IC emission
allows the reproduction of the observed SED assuming equipartition
between the magnetic and the electron energy densities. There is also
observational evidence for spine-sheath models from very long base-
line interferometry observations (e.g. Attridge, Roberts & Wardle
1999; Giroletti et al. 2004) and indications for multiple components
contributing to the optical band from long-term variability (Lindfors
et al. 2016) and polarization (see e.g. Valtaoja et al. 1991).

In our case, the X-ray variability indicates that the X-ray emission
region is very compact. Therefore, it must either be located very
close to the central engine (to fill the full diameter of the conical jet)
or be embedded in a larger emission region. Our X-ray light curves
show several flares and the SED peak moves to higher energies from
the XMM–Newton epoch to the NuSTAR epoch. This can be either
due to the variation of the particle distributions within the emission
region (e.g. fresh injection of particles) or due to the flaring region
(filling the full diameter of the jet) consisting of several emission
regions. Therefore, we also model the SEDs with a two-component
model such that we keep the parameters of the larger region constant
between the two SED epochs and only vary the parameters of the
small emission region.

Another possible explanation of the VHE emission observed is
given by hadronic models (e.g. Mannheim 1993; Mücke & Protheroe
2001; Aharonian & Taylor 2010; Cerruti et al. 2015), where energetic
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(a) (b)

Figure 7. Broad-band SED and modelled spectra for TXS 1515–273. The SED has been modelled considering the VLBA SED point in the radio band, KVA,
XMM-OM, and XMM–Newton SED points in the optical and X-ray energy band and the Fermi-LAT and MAGIC SED points in the gamma-ray band, using
a one-zone model (left) and a two-component model (right). Coloured points represent observations in the different energy bands during the observations of
2019, grey points represent archival data. The red solid line represents the models, the green dotted line represents the blob emission and the blue dashed line
represents the jet emission. Further details can be found in the text. See Table 5 for parameters.

(a) (b)

Figure 8. Broad-band SED and modelled spectra for TXS 1515–273. The SED has been modelled considering the VLBA SED point in the radio band, KVA,
Swift, and NuSTAR SED points in the optical and X-ray energy band and the Fermi-LAT and MAGIC SED points in the gamma-ray band, using a one-zone
model (left) and a two-component model (right). Only Swift data simultaneous to NuSTAR observations were used. Coloured points represent observations in
the different energy bands during the observations of 2019, grey points represent archival data. The red solid line represents the models, the green dotted line
represents the blob emission and the blue dashed line represents the jet emission. Further details can be found in the text. For parameters, see Table 5.

photons are produced in jets via hadronic interactions. These models
are based on the assumption of the presence of high-energy protons
in the jet which are accelerated together with the electrons. While
the low-energy peak is still explained by synchrotron radiation of
electrons, in this scenario the VHE gamma-rays are thought to be
produced by interactions of the relativistic protons with soft photons
or with the magnetic field. In particular, the recent indication of a
link between a neutrino track event and the blazar TXS 0506+056
(Aartsen et al. 2018a, b) can be interpreted in a lepto-hadronic
scenario where electrons and protons are accelerated in the jet,
and synchrotron photons from the electrons lead to photo-hadronic
neutrino production (Ansoldi et al. 2018; Keivani et al. 2018; Cerruti
et al. 2019).

However, since our study shows that TXS 1515–273 is a rather
typical HSP in flaring state and since no neutrinos have been detected
from the direction of TXS 1515–273 (Aartsen et al. 2020), in the next
section we investigate only one-zone and two-component leptonic
models for the SED.

5.3 Spectral energy distribution modelling

We derived the broad-band SED from radio to VHE shown in Figs 7
and 8. For comparison purposes, archival data from the SSDC and
from a previous Swift-XRT detection are also shown as grey dots.

The light curve in the Fermi-LAT band showed the presence
of a high-flux state on MJD 58546. Since no VHE observations
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Table 5. SED modelling parameters for one-zone SSC and two-component models. Parameters are reported for the two available X-ray data set. See the text
for the description of the parameters and the models.

X-ray Model Component γ min γ b γ max n1 n2 B K R δ UB/UE

data set ( × 103) (×104) ( × 105) (G) (×104 cm−3) (×1015 cm)

XMM–Newton one-zone – 4.3 3.1 10.0 2.21 3.95 0.14 59 4.56 18 5 × 10−3

2-component blob 6.0 3.5 6.0 1.96 4.0 0.14 6.1 3.95 18 4 × 10−3

jet 0.52 0.52 0.19 1.74 2.84 0.14 0.0041 320 3.8 1.4

NuSTAR one-zone – 4.9 5 4.5 2.51 3.72 0.14 980 3.22 24 6 × 10−3

2-component blob 2.5 2.7 5.8 1.99 3.5 0.14 9.3 2.92 22 3 × 10−3

jet 0.52 0.52 0.19 1.74 2.84 0.14 0.0041 320 3.8 1.4

were available on that day, we performed the Fermi-LAT spectral
analysis starting from MJD 58541 up to MJD 58545 in order to
have a smooth connection between the HE and the VHE gamma-ray
observations. For what concerns the optical and X-ray observations,
since these were not simultaneous and the source showed short-
term variability in the X-ray energy range, we decided to separate
the data sets into NuSTAR, Swift-XRT, and Swift-UVOT observa-
tions and XMM–Newton and XMM-OM observations. We modelled
these data sets separately since the model we adopted is not time
dependent.

Given the fact that the source was in a high state in all energy bands,
the SED was at first modelled with a simple one-zone SSC model;
the radiation is emitted in a region in the jet by a single homogeneous
population of electrons (Maraschi & Tavecchio 2003) which is
responsible for the emission from infrared to VHE frequencies. The
emitting region can be described as a sphere with radius R with
a uniform magnetic field B. The Doppler factor, δ, is required to
take into account the relativistic effects. For HSP sources, this factor
is usually ∼10–50: within this range we selected a value for each
epoch that would reproduce a model in good agreement with our
data, having a consistent model by using the same value of δ to
estimate R and B.

A good agreement between the model and the SED data was
found using δ = 18 for the XMM–Newton epoch, which corresponds
to an estimated magnetic field intensity B = 0.14 ± 0.02 G and to an
upper limit on the size equal to R ≤ 4.56 ± 0.83 × 1015 cm, and δ =
24 for the NuSTAR epoch, which corresponds to B = 0.13 ± 0.02 G
and R ≤ 3.28 ± 0.69 × 1015 cm.

The population of relativistic electrons is described by a broken
power-law model, where K is a normalization factor that represents
the density of electrons with γ = 1, n1 the index from γ min to
γ br and n2 from γ br to γ max, for a total of six parameters. The
model includes the Klein–Nishina cross-section σ KN for the IC
spectrum calculation, which is important in the case of emission
above the GeV range. Since our analyses in Sections 4.2 and 5.1
clearly demonstrated that between the XMM–Newton and NuSTAR
observing epochs the synchrotron peak moved to higher energies and
spectral evolution with time changed the pattern, we assume that the
new blob dominates the emission in the NuSTAR epoch, i.e. we let the
electron energy spectrum parameters vary rather arbitrarily between
the two epochs.

For both data sets, we found acceptable agreement between the
models and the data available from optical to VHE gamma-ray (see
Figs 7a and 8a). The parameters of the one-zone model are given in
Table 5. Even if we tried a large number of different combinations of
parameters, it was hard to find parameters that would reproduce
well the shape of the synchrotron bump. Parameters that would
describe well the shape of the spectrum in the X-ray band led to

an underestimation of the optical flux while changing the set of
parameters so that the optical shape was well described by the model
would overproduce the X-ray flux. Moreover, we also had to take into
account the IC bump which extends to VHE gamma-ray energies.
In the XMM–Newton epoch, the biggest challenge for the model
is to reproduce the rather soft XMM–Newton spectra and still let
the second peak extend to VHE gamma-rays without overproducing
the HE gamma-ray part. The selected model is a compromise and
is below the VHE gamma-ray points. In the NuSTAR epoch, the
selected model produces well the level of the flux in the UV-band
and the shape and level of the NuSTAR observations, but does
not describe the shape in the optical band and overproduces the
Swift-XRT data. The second bump is well described in the NuSTAR
epoch.

As expected, the one-zone model is not able to reproduce the
emission at radio frequencies (15 GHz): this is due to the small and
dense emission region. The emission foreseen by the one-zone model
is synchrotron self-absorbed. It is likely that the radio flux originates
from a different, larger, region of the jet, transparent at those
frequencies. Also, as is typical for one-zone models, both the XMM–
Newton and NuSTAR one-zone models are far from equipartition (see
Table 5, last column).

The two-component model could potentially improve the mod-
elling of the synchrotron component and there exists numerous ob-
servational evidence supporting two-component models for BL Lac
objects in general (see Section 5.2). Therefore, we modelled the
observed SEDs with the two-component model described in MAGIC
Collaboration (2020b), and references therein. The model includes
two spherical blobs embedded in one another which are interacting.
Each of the blobs is filled with relativistic electrons with a broken
power-law distribution. The two blobs have the same magnetic field
strength, but different Doppler factors and sizes, increasing the num-
ber of parameters from eight to 15. We call the two emission regions
‘blob’ (smaller region) and ‘jet’ (larger region). The interaction
between the emission regions provides additional seed photons for
Compton scattering. The larger emission region dominantly provides
seed photons to the smaller region (Tavecchio et al. 2011). The
gamma–gamma absorption is negligible (see MAGIC Collaboration
2020b). The two-component model describes the data from the radio
to the VHE range well (see Figs 7b and 8b) with the parameters given
in Table 5. The improvement with respect to the one-zone model is
most evident in the radio and optical part. While the lowest radio
frequencies are still not reproduced in the two-component model,
the ‘jet’ component connects smoothly the 15 GHz MOJAVE point
to the optical data and the shape of the optical SED is reproduced
better. The jet component is closer to equipartition, but we do not find
solutions where the blob component itself would be in equipartition;
indeed, for XMM–Newton and NuSTAR we find values of the order of
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10−3–10−4. The main difficulty is to produce the Compton domi-
nance we see in the observed SED.

6 SUMMARY AND DISCUSSION

In this paper, we present an MWL analysis of the source TXS 1515–
273, a BL Lac object which had been very little studied before
this campaign. When compared to archival data in the X-ray and
HE gamma-ray energy bands and optical monitoring following the
analysed period, at the end of 2019 February the source was found
to be in a flaring state in all energy bands, which lead to its first
detection in the VHE gamma-ray band by MAGIC. Since this time,
no further TeV observations have been published so no additional
information on its VHE gamma-ray emission is available.

Thanks to the very good X-ray coverage of the source during the
flaring state it was possible to detect an hour-scale variability in the X-
ray fluxes and a clear change in the spectral shape between the XMM–
Newton (MJD 58544) and NuSTAR (MJD 58545) observations. We
produced the XMM–Newton and NuSTAR light curves in two energy
bins each and constrained the rise and decay times of the flares.
We find rapid variations on the time-scale of the order of hours
in both data sets. Studies of variability of blazars in the NuSTAR
band (Bhatta, Mohorian & Bilinsky 2018) show that the time-scale
we found is in line with the fastest variability seen in many HSP
sources. In few cases, even shorter time-scales variability has been
found, e.g. for Mrk 421 (MAGIC Collaboration 2020a) and for
1ES 1959+650 (MAGIC Collaboration 2020c), although different
analytical functions were adopted in these works to profile the flares.
The short time-scale variability was used to constrain the size of the
emission region and the intensity of the magnetic field, both used
later during the analysis to find a suitable model for the broad-band
emission.

TXS 1515–273 was very little studied prior to this work and
therefore the source had not yet been properly classified. Up to
and including the 3FGL Fermi-LAT catalogue, the source was
still classified as a blazar candidate of uncertain type. Only in
the 4FGL catalogue was it classified as a BL Lac object, but the
SED type was not defined. The good coverage in the optical–X-
ray energy band obtained in this observational campaign allowed
an accurate determination of the synchrotron peak frequency νs and
the classification of the source as a HSP source during this flare.
Furthermore, during the flare, the peak clearly shifted to higher
energies in a time-scale of less than a day. Such behaviour is
rather common in blazars, see e.g. Pian et al. (1998) or MAGIC
Collaboration (2020c), in which a clear shift in the synchrotron bump
was reported during flare activity with respect to archival data. In our
case, thanks to very good X-ray coverage we could follow this shift
on daily time-scales.

We also investigated the behaviour of the jet at 15 GHz using
the VLBA data from the MOJAVE program. We found no new
components or moving components, which is in line with what is seen
in other TeV blazars with high synchrotron peak frequency (see e.g.
Piner & Edwards 2018, and references therein). HSP objects usually
do not show high linear core polarization levels (Lister et al. 2011),
which is what we also find for TXS 1515-273 in the first epochs of
data. However, in 2019 the core was significantly polarized, which
might be connected to the general high state, but the sparse coverage
of the VLBA observations did not allow a strong conclusion to be
drawn.

We also modelled the broad-band SED from radio to VHE gamma-
rays. The evolution of the SED from the XMM–Newton to the

NuSTAR epoch clearly suggests that an injection of new electrons
or a new blob is starting to dominate the emission. The one-zone
model describes well the data from the X-ray band to VHE gamma-
rays for both epochs, but has problems reproducing the shape of the
optical part of the SED and does not reproduce the radio. The latter
is expected as the small emitting region considered is optically thick
to radio emission. The radio emission must then originate from a
different component. These issues are solved when a two-component
model is considered, in which the blob is responsible for the
emission from X-ray to VHE gamma-rays, while the jet dominates
the emission at radio wavelengths. The introduction of the two-
component model increases the number of model parameters from
eight to 15, allowing for a more accurate modelling of the emission.
In particular, the jet emission results in important contributions in
the optical band. Moreover, assuming the two emission regions to be
co-spatial, seed photons for the IC scattering are provided also from
the jet.

Finally, we examined the ratio between the magnetic field density
and the electron energy density, UB/UE. In both epochs, we find
that the one-zone SED parameters are quite far from equipartition,
with the magnetic field energy density dominated by the kinetic
energy of the relativistic particles by several orders of magnitude.
In the two-component model instead the jet itself is in equipartition,
but within the constraints on emission region size and magnetic
field strength we derived from the X-ray observations (assuming
‘typical’ Doppler factors), we did not find solutions where the blob
would be in equipartition. We note that Tavecchio & Ghisellini (2016)
found a two-component model solution for the low-state SED of
Mrk421 where the blob itself was in equipartition. However, this
seems not to always be possible in the case of flares (see also MAGIC
Collaboration 2019).
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APPENDIX A : D ETAILS OF THE MULTIWAV ELENGTH A NA LY SI S

Here, we provide more detail on the observations and the analysis performed in the different energy ranges.

Table A1. Observed flux of TXS 1515–273 observation with MAGIC. The 95 per cent confidence level upper limits
are also reported for observations with less than 3σ significance.

MJD Time Flux (> 400 GeV) Flux (> 400 GeV) UL Significance
(h) (×10−12 cm−2 s−1) (×10−12 cm−2 s−1) σ

58541.21 1.31 6.28 ± 2.16 3
58542.27 1.97 7.42 ± 1.29 7
58543.20 1.31 – 4.47 0
58544.19 0.35 – 1.79 0.7
58545.22 2.12 3.85 ± 1.19 5
58547.19 1.04 – 4.65 1

Table A2. Observed flux of TXS 1515–273 observation with Fermi-LAT. The exposure time for each bin is 24 h, and
the MJD values reported in the first column correspond to the middle of the time bin. The 95 per cent confidence level
upper limits are reported for bins with TS < 9.

MJD Flux (> 300 MeV) Flux (> 300 MeV) UL TS
(× 10−7 cm−2 s−1) (× 10−7 cm−2 s−1)

58539.22 0.635 ± 0.328 9.36
58540.22 0.821 ± 0.371 11.75
58541.22 0.674 ± 0.316 22.00
58542.22 0.549 ± 0.296 11.35
58543.22 – 0.228 0
58544.22 0.511 ± 0.294 10.62
58545.22 – 1.266 6.74
58546.22 4.664 ± 0.842 138.29
58547.22 – 0.192 0
58548.22 – 1.020 0.97

Table A3. Log and fitting results of XMM–Newton observations of TXS 1515–273 with NH fixed to Galactic absorption.
Fluxes are corrected for the Galactic absorption.

MJD Exposure time Flux (3–10 keV) Flux (0.3–10 keV)
(ks) (×10−12 erg cm−2 s−1) (×10−12 erg cm−2 s−1)

58544.10 25 2.47 ± 0.02 8.16 ± 0.05

Table A4. Log and fitting results of NuSTAR observations of TXS 1515–273 with NH fixed to Galactic absorption.
Fluxes are corrected for the Galactic absorption.

MJD Exposure time Flux (3–10 keV) Flux (4–79 keV)
(ks) (×10−12 erg cm−2 s−1) (×10−12 erg cm−2 s−1)

58544.95 34 5.69 ± 0.04 3.25 ± 0.02
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Table A5. Log and fitting results of Swift-XRT observations of TXS 1515–273 using a PL model with NH fixed to
Galactic absorption. Fluxes are corrected for the Galactic absorption.

MJD Exposure time Flux 0.3–10 keV Photon index
(s) (×10−12 erg cm−2 s−1) (�X)

56930.87 1193.7 1.08 ± 0.20 2.84 ± 0.32
58488.34 229.8 5.37 ± 0.11 2.55 ± 0.30
58541.65 2462.3 1.69 ± 0.65 2.14 ± 0.51
58544.12 536.6 8.16 ± 0.81 2.50 ± 0.14
58544.84 401.2 1.78 ± 0.21 2.00 ± 0.15
58544.97 529.0 1.75 ± 0.19 2.29 ± 0.15
58547.43 2497.3 3.83 ± 0.23 2.73 ± 0.10
58551.62 1648.2 2.73 ± 0.26 2.89 ± 0.14
58554.60 2582.2 5.24 ± 0.29 2.61 ± 0.92
58560.71 2467.3 2.38 ± 0.17 2.88 ± 0.13

Table A6. Observed magnitudes with XMM-OM.

MJD B U W1
(AB mag) (AB mag) (AB mag)

58544.10 16.639 ± 0.005 17.089 ± 0.008 17.406 ± 0.009

Table A7. Observed magnitudes for TXS 1515–273
with Siena Observatory.

MJD Observed magnitude
(mag)

58542.17 15.43 ± 0.02
58551.14 15.50 ± 0.02
58564.10 15.56 ± 0.03

Table A8. Observed magnitudes with KVA.

MJD Observed magnitude
(mag)

58541.22 15.46 ± 0.02
58542.21 15.42 ± 0.02
58543.23 15.5 ± 0.02
58544.24 15.43 ± 0.06
58545.24 15.44 ± 0.02
58547.23 15.39 ± 0.02
58549.24 15.45 ± 0.02
58551.22 15.48 ± 0.02
58552.24 15.54 ± 0.02
58554.21 15.48 ± 0.02
58555.2 15.39 ± 0.02
58556.2 15.46 ± 0.02
58557.19 15.51 ± 0.02
58558.17 15.52 ± 0.02
58559.24 15.57 ± 0.02
58560.22 15.66 ± 0.08
58565.25 15.68 ± 0.03
58580.18 15.78 ± 0.02
58584.2 15.8 ± 0.03
58586.19 15.76 ± 0.02
58596.14 15.99 ± 0.04
58600.16 15.92 ± 0.03
58603.14 15.93 ± 0.03
58609.95 16.0 ± 0.06
58617.12 16.05 ± 0.04
58633.9 15.89 ± 0.03
58643.93 16.11 ± 0.03
58658.97 16.14 ± 0.03
58666.94 16.14 ± 0.03
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Table A8 – continued

MJD Observed magnitude
(mag)

58673.92 16.0 ± 0.03
58678.91 16.08 ± 0.04
58687.9 15.95 ± 0.03
58692.91 15.98 ± 0.03
58699.92 16.03 ± 0.03
58706.89 16.0 ± 0.04
58714.88 15.93 ± 0.03
58718.87 15.86 ± 0.03

Table A9. Observed magnitudes for TXS 1515–273 obtained with Swift-UVOT.

MJD V B U W1 M2 W2
(mag) (mag) (mag) (mag) (mag) (mag)

56930 16.74 ± 0.14 17.72 ± 0.16 16.96 ± 0.12 17.50 ± 0.16 17.71 ± 0.14 17.74 ± 0.12
58488 – – 16.58 ± 0.07 – – –
58541 15.95 ± 0.06 16.56 ± 0.06 15.97 ± 0.06 16.19 ± 0.07 16.60 ± 0.09 16.52 ± 0.07
58544 15.89 ± 0.07 16.60 ± 0.06 15.92 ± 0.07 16.23 ± 0.08 16.67 ± 0.10 16.58 ± 0.07
58547 15.87 ± 0.05 16.49 ± 0.05 15.88 ± 0.06 16.25 ± 0.07 16.58 ± 0.08 16.60 ± 0.07
58551 16.07 ± 0.07 16.59 ± 0.06 16.01 ± 0.07 16.36 ± 0.08 16.70 ± 0.09 16.63 ± 0.08
58554 15.87 ± 0.05 16.52 ± 0.05 15.82 ± 0.06 16.24 ± 0.07 16.50 ± 0.08 16.52 ± 0.07
58560 16.09 ± 0.06 16.77 ± 0.06 16.10 ± 0.06 16.37 ± 0.08 16.70 ± 0.08 16.84 ± 0.07
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20Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas, E-28040 Madrid, Spain
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23Croatian MAGIC Group: Department of Physics, University of Rijeka, 51000 Rijeka, Croatia
24Universität Würzburg, D-97074 Würzburg, Germany
25Finnish MAGIC Group: Finnish Centre for Astronomy with ESO, University of Turku, FI-20014 Turku, Finland
26Ruhr-Universität Bochum, Fakultät fur Physik und Astronomie, AstronomischesInstitut (AIRUB), 44801 Bochum, Germany.
27Departament de Fı́sica, and CERES-IEEC, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Spain
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