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Abstract: In this study our goal was to identify the possikRects that influence with the Spectral Energy
Distribution of a blazar, which we deducted tha Broppler Boosting effect and cosmological redsHiften we
investigated how the spectral energy distributianies by changing intrinsic parameters of theilet Its Lorentz
factor, the angle of the line of sight respectht® jet orientation or the blazar redshift. The oted results showed a
strong enhancing of the Spectral Energy Distribufar nearly 0° angles and high Lorentz factorsjevne increase
in redshift produced the inverse effect, reductmg mormalization of the distribution and moving theak to lower
energies. These two effects compete in the obsengbf all known blazars and our simple model soméd the
experimental results, that only those blazars wjgtimal characteristics, if at very high redshéfte suitable to be
measured by the actual instruments, making theystfithlazars with a high redshift an issue thatdseeery deep
observations at different wavelengths to collectugyh data to properly characterize the source jadipal

I INTRODUCTION

We know that active galactic nuclei or AGN are gada
with an accreting supermassive blackhole in thd@reehe
blackhole attracts matter by its enormous grawiteti force
and an accretion disk may be formed. Some of thitemiaa
this disk is expelled by the strong magnetic figdsating two
jets. More specifically, in this study we are goiogvork with
blazars, a well-known type of AGN which have oné®fets
pointing directly or nearly towards the Earth. Blez have
normally a large radiation power and the smallijeg-of sight
angles make them the best candidates to be measveadf
they have considerable redshift. Each blazar Spidetrergy
Distribution or SED generally has its maximum ie fange
between X-rays and-rays (MeV-GeV) with two main
contributions. The synchrotron radiation comporaaks in
the hard X-rays and the Inverse Compton (IC) effledhe
100 GeVy-rays but there are some evidences in [1] thatadeve
that this measured values can be wrong as thevhasit is
called “blazar sequence”.

According to this effect, the more powerful blazahsft
their SED to lower energies while the weaker oresat. For
synchrotron, the peak shifts to ultraviolet (UV)iletthe IC's
peak falls below the GeV range. Moreover, powesfakars’
SED are dominated by the IC effect. This is thécadly an
intrinsic effect of the radiation source and thatuction
makes them more easily to detect on the X-rayseafighe
spectrum if they redshift is not great enough. Thiszar
sequence phenomena added to the strong redsleitt édir
z>6, results in a situation where only extremelwedul
blazars with small angles can be measured fronEtrh.
Being able to study other types of blazars requirgtssuments
with a better sensitivity in the MeV and hard X-sagnge of
the spectrum, which is not achievable at present.

As an academic study we wanted to explore the coadbi
effect produced by the Doppler Boosting effect ahd
cosmological redshift. We started by obtaining ouvdel
emitter source, the relativistic jets created iazals. These
jets that point at us are constituted by ionizedtenand we
focused our study in charged particles like elewrand
positrons and their high energy spectrum emissiwmide the

jet those particles are moving at relativistic sfge@roducing
high energy interactions in the process. This suena
produces a wide spectrum of radiation that maioines, as
we can see in more detail in [2], from Inverse Ctmp
scattering. Low energy photons inside the jet aadtsred by
relativistic electrons, which leads to an energgnsfer,
obtaining high energy photons between the MeV ar¥ G
range. There is a second important component of the
spectrum, at lower frequencies, that comes fronclsyoiron
radiation. It is related to the radiation emitteg dl these
charged particles which are accelerated by the gtagiields
present inside the jet. Other radiation contrimgioare
neglected in this study due to their minimal rele&in the
studied spectrum range.

We modelled these two processes phenomenologically
contribute to the spectral energy distributionffroow on
SED, as follows:
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We used index ‘1’ for synchrotron’s contributiondan
index ‘2’ for the Inverse Compton’s one. We divideygly?,
wherey is the jet Lorentz factor, which is related to cpé
relativity and depends on the relative velocityd &mimpose
that the luminosity remains equal in the laboratoayme (to
be distinguished from the observer ‘apparent’ eimigs
Letter¢ is used forthe energy, and and exponent that we
define phenomenologically to have a value of Odrifrits
measured range that goes from 0.5-1. The varidhleN,, &1
andezin the expressions work as parameters to normalize
model and we have been modifying their value duthrg
study in order to make sure that our spectrum pediere
similar in intensity, being the IC peak slightlyrdmant to
match the experimental data. We useg P, No=1,¢, =10
and &=10'%. The primes indicate that these quantities are
measured in the fluid’'s reference frame while thardities
without them are measured directly by the observer.

With the expressions in equation 1, we computed the
flux's SED measured from the observer’s referemamé at
a redshift equal to zere k F(g)o). Cosmological redshift, z,

e xL'(e, =

(1)
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is related to the measured lengthened wavelengtm fa
distant object due to the expansion of the Univdtszan be

cosmological redshift which increases the radiasion
wavelength by a factor (1+z) that reduces the tetargy

calculated comparing the relative change betweem thobserved:

observed and the emitted wavelength of a well-knsaurce.

Then, we compared thisx F), with the same quantity from

the laboratory’s reference frame situated in thettEa x

e=¢&/1+2) 4)

This parameter z is called redshift factor and itelated

F(e)%, which has an attenuation due to the cosmologicalwith the luminosity distance:

redshift effect. For all the descripted processesassumed
that the particle and photon emission in the jifrence frame
was isotropic, to simplify our flux's SEDs calculus

We used a simple model which showed that the Dopple where g is the comoving distance. Moreover, we calculated

Boosting effect compete with the cosmological réftish
getting different peak positions from varying thelue of
parameters like the redshift (z), the angle oflihe of sight
with respect to the jed) and the jet Lorentz factoy)(

Il DOPPLER BOOSTING

As the emitting flow of the jet travels at relastic speed,
we can account for changes in the intrinsic jex’8USED.
This variation on the SED is caused by the Dopptersting
effect, which can be also called Doppler de-Boagstifect
when there is a reduction in value. This effect Hage
contributions, first of all it reflects the impaaf the Doppler
effect (known as a modifier of the frequency ofiadidn,
making it more reddish or bluer depending on tHecity and
direction of motion of the emitter). It also consid the light
retardation effect, which reduces the time in whigh
relativistic source is apparently emitting. Finallgere is the
contribution of the relativistic aberration, whidauses an
increase of the apparent energy distribution byceotrating
towards the observer all the radiation emitted withistortion
of the angle in which the source emits.

In our simple model we gathered all these phenoraada
computed the result. We got that the Doppler Bogstiffect
can be summarized as a faciaeen in detail in [3]:

1

6= y(1-pB cos 6)

(2)
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this comoving distance, using a flat (K=0) universedel
described in [5], for different values of z andrthvee used its
value to calculate the relation between the medsfivg’'s
SED viewed from the observer & F()%) at the given
redshift and the flux’'s SEC: x F()o) of the studied object
but neglecting the cosmological redshift:

exF(g)o exL(e) exL(€)
eXF(E)s =T = Grotana? ~ Grorana? (O
where the ‘2’ index indicates that these quantitiage been
transformed by the cosmological redshift and theiridex
indicates a Doppler Boosting transformation.

In our model we have not considered any contriloutio
the redshift due to gravitational effects. If sosnper massive
objects are along the path from our blazar to tree=over, we
neglected all interaction between the SED and them.

\A RESULTS

After working with our simplified model, we obtaide
better vision on how the observed flux's SED wdsciéd by
the selected parameters. All the resultant plowskthe
different flux's SEDs versus the energy,in log-log scale.

Thee x F() is measured in three different reference frames.

We used the index ‘0’ to describe the SED aftengighe
Doppler Boosting transform, which correspond to waa
observer will see for and object at a determinechamang
distance, but neglecting the cosmological redstafter

This 3, known as Doppler factor, depends on the determining the @, we did not divide by (1+2)The ‘z’ index

relativistic velocity of the source, included iretjet’s Lorentz
factor, and on the angle measured by the obsefss.
Doppler Boosting transformation affects the enexgyvell as
the SED by following a simple relation:

e=8¢
eXL(e);= &xL(&); -8 3)

The value of the exponent p goes, as we can sgf,in
from p=4 for a spherical isotropic source or sdechlblob’
to p=3 for a straight conventional jet. For clarignd
simplicity, we will not study blobs further, so dalie work
from now on will be focused on the emitted SED fram
straight jet.

[l COSMOLOGICAL REDSHIFT

indicates that the SED is transformed by Doppleodiiog
and then redshifted due to the expansion of thedvse. This
apparent flux reflects what a real observer woughsure in
the Earth from an emitter with a certain redshiftinally, we
computed the flow frame flux’s SED, which is measuin
the rest frame of the jet and has not been tramsfdrby
Doppler Boosting, neither by the cosmological réfdstffect.
We structured this section in three main partsh eae
focused in one of the intrinsic parameters thattrobrour
model. To study effect of the angle of the line sight
with respect to the jet, we are going to study galafo from
0 to 90°. The studied jet Lorentz factors willyse,5 and 10,
to typify the low, moderate, and high relativistegimes of
the jet. The last parameter that we will use isréushift, we
will use z=0.01 (to avoid an indetermination in the
mathematic model for really close objects), 1,8l 40 which
will provide a wide perspective on objects locaedifferent

Although we compute a certain Doppler redshift or distances.

blueshift as a result from the velocity of the med matter in
the jet and jet-line of sight angle we cannot netgibat our

Universe is in expansion. Hence, we need to conside
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A. Flux's SED dependence 00

As the Doppler factod depends on the andlave started
to compare the results for a given value of thesmdd and
the jet Lorentz factor, z=1 ang&2 while changing the angle
of sight respect to the jet from 0°, 30° and 99fe. grouped
the two components of the flux's SED, showing tledhX-

for each angle witthe flux's SED measured at the rest source’s
reference frame.

Figure 2 shows what we were expecting, the higher
separates the curves, increasing the angle effethae x
F(e)o. For the 0° angle we observe a similar Dopplersiing
effect than in the previous case. The main diffeeds visible

rays and sofy-rays coming from the synchrotron radiation i the 30° angle. While it was boosted for slighiativistic

(ranged between 100 eV to’HY) and the higher energetic
ones coming from the Inverse Compton in the-1a0eV
range.
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FIG.1: Flux's SED transformed with the Doppler Boosting
equation. We used as parameters z=1 w# and we varied
between 0°, 30° and 90°. We comparestRe-(¢)o of a jet for each
angle withthe flux's SED measured at the flow reference frahine
synchrotron and the IC components are plottedarséme line style
for an easy recognition.

Figure 1 shows how the doppler boosted transformec

flux’'s SED, with the ‘0’ index, has a variation afound 2
orders of magnitude in value between the two exdreases.
We can deduce from the plot that for small anglesget a
boosting effect, the curves are over the flow fr@&®, while
for bigger angles (around 60°), thealls below 1, and we
observe a de-boosting effect. It is also remakéatbbserve
the energy shift in the peaks, being shifted tohéig
frequencies by the doppler boost or to lower onestd the
90° angle. The energy shifts are within a range fefv MeV
in the synchrotron component to hundreds of Ge\thim
Inverse Compton which follow the ratgd d900=7.47.

If we repeat the same graphic with a higher rektiivjet,
v=10, we expect to get similar results but magnitigdthe
increase in the Doppler factor.
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FIG.2: Flux's SED transformed with the Doppler Boosting
equation. We used as parameters z=1 and chaydg® and we
varied® between 0°, 30° and 90°. We comparesthd=()o of a jet
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regimes, it becomes de-boosted for high valugs Dfie shift

on the peaks is increased by a factor 10. We cdncgethat
outside the low angles with respect to the jet, the
cosmological redshift will reduce even more theesbed
SED, making them considerably more difficult to e for

the actual instruments.

B. Flux's SED dependence ony

As the jet is relativistic, we proposed three sci@sawith
values of the jet Lorentz factor going from a loslativistic
effect withy=2 to a moderatg=5 and then a high relativistic
regime fory=10. To have a reference point to compare the
different figures we fixed three different anglésp°, 5° and
60°. However, for all the cases we have chose®aaztypical
value for high redshift observable blazars as se¢8).
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FIG.3: FluxX's SED transformed with the Doppler Boosting
equation. We used as parameters z=5 @w@f and we varied
between 2, 5 and 10. We compare ¢heF()o of a jet for the three
Lorentz factors witlthe flux’s SED measured at the flow frame.
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FIG.4: Flux's SED transformed with the Doppler Boosting
equation. We used as parameters z=5 @wtif and we varied
between 2, 5 and 10. We compare dheF()o of a jet for the three
Lorentz factors withhe flux's SED measured at the flow frame.

Figures 3 and 4 show that for small angles thegegntz
factor enhance the flux's SED measured in the fofsame
by 2 orders of magnitude in both components inréigdiand
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slightly 1 order in figure 4. The more relativistihe jet

becomes, the strongest the Doppler Boosting effeand the

& X F(e)o peak shifts to higher energies, but in figure 4stast

to appreciate a change in that behaviour. We exXjpedhe

60° angle plot a smaller boost or even a de-bdtestte
Figure 5 supports this:
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FIG.5: Flux's SED transformed with the Doppler Boosting
equation. We used as parameters z=5 @G#@0° and we varied

between 2, 5 and 10. We compare ¢heF(g)o of a jet for the three
Lorentz factors withhe flux's SED measured at the flow frame.

The Doppler Boosting effect in fact de-boostsale-()o
and shifts the peaks to lower energies. In faet,itlsreasing
Lorentz factor helps to amplify this de-boostinégef.

The global results show that for a small given argey
factor increases the observed flux's SED. Howevtkis
increment depended heavily on the studied angl@ssae
encountered in figure 5, bigger angles like60°, showed
results of a de-boosting effect despite the ineedy. We
could conclude that in a general situation, theabetur of the
Doppler Boosting effect depends on both the anfjleeline
of sight with respect to the jet and the jet Lozefatctor, as
we demonstrated in this two firsts sections, andirth
contributions share relevance in the increase oredse of
the observed flux's SED.

This give credit to the studies that classify biazas one
of the higher redshift objects detectable of thé/erse. One
of the major reasons for this is having their gtgned with
our sight, which optimize the Doppler Boosting eff¢hat
allow us to detect theirs SEDs in the X-ray apday
spectrum.

C. Flux's SED dependence on z
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FIG.6: Observedlux’'s SED transformed with the Doppler Boosting
equation and then applying the cosmological retisWe used as
parametersy=10 and6=0° and we varied z between 0.01, 1, 5 and
10. We compare the four differenk F()% obtainedwith the flux’s
SED measured at the flow frame with z=0.01.

Figure 6 shows in colours the different observec'#
SEDs for the selected range of redshifts. Grey blagk
curves represent the flux's SED in the jet resinigato easy
compare with the observed flux's SED. Due to threcast O
redshift, the first violet curve appears as the fidepBoosted.
The next higher z curves show a non-lineal attéonaif the
SED'’s peak. We can observe that for the z=0.01wskan
the plot) and for all the others z values, the ol flux’s
SED never appear below the source one. Incredsigrtgle
in the next figure, we expect to reduce the obgbiSED
significantly and check if it falls enough to jdgtiwhy it is
hard to detect active galactic nuclei at high rétsh
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FIG.7: Observedlux’'s SED transformed with the Doppler Boosting
equation and then applying the cosmological retisWe used as
parametersy=10 andd=30° and we varied z between 0.01, 1, 5 and

To finish our study, we wanted to compare how the 10. We compare the four differenk F()% obtainedwith the flux’s

increase in cosmological redshift competed agaihst

Doppler Boosting effect for a blazar whose jetlasngle of
0=0° and a high relativistic Lorentz factgrl0. We selected
four values for z, being z=0.01 our nearest soascEMple

and then we increased the redshift to z=2, z=5aA@ as the
furthest emitter in our model. By applying the Dtgp
Boosting effect and afterwards computing the cosugiohl

redshift associated with each z, we are going topaoe the
& X F(g)% with the flux's SED of the jet in its rest frame.

Treball de Fi de Grau

SED measured at the flow frame with z=0.01.

As the angle is increased to 30° we notice a idrast
reduction one x F()% in figure 7, falling below the flux's
SED measured from the rest reference frame ofethd his
proves again that the Doppler Boosting is sensitivemall
changes in the angle but does not reveal if redalthe can
revert the boosted SED from a direct pointing tgetis

To better understand how the competition between th
cosmological redshift and the Doppler Boosting oscwe
plotted for two significant z values (z=1 and z=1th the
& X F)o ande X F(e)% comparing them with the flux’s SED
in the jet’s rest frame.
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FIG.8: Comparison of the X F(g)o ande X F(g)% with the flux's
SED measured in the flow frame. We use z=1,0 and=0° as they
are the typical measured blazar parameters.
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FIG.9: Comparison of the X F(g)o ande X F(g)% with the flux's
SED measured in the flow frame. We use zz3+20 and=0° which
simulates a hypothetic high redshift blazar.

In figures 8 and 9 we can observe as a summarhell
processes used in this study. The flux measurederjet’s
rest frame is Doppler Boosted initially due to tleéativistic
relative velocity of the fluid inside the jet, diifg the SED
peak to higher frequencies and enhancing the féxes Due
to the Universe expansion, this SED is attenuateftre
arriving to us, which make that the observed flusED
appears shifted to lower energies.

Our model inspection ends here and despite gointp up
z=10, a higher redshift than any measured blagat riow,
the Doppler Boosting effect dominates over the adegical
redshift. That dominance should reflect in the expental
data by being able to observe high redshift blazeith
redshifts up to 10. Nevertheless, as we early baea in [6],

the higher redshift blazar measured was about a¥® most
of blazar’s known population is between z=1 and.z=3

V. CONCLUSIONS

The dependence on the jet Lorentz factor is highly
correlated with the angle. For smaller angles @9)-1
enhances thex F(), while increasing the. Out of this limits
the nature of the effect changes, seeing highdvodsting
effects while increasing the

As we just said, the angle of the observer lingigifit with
respect to the jet plays a major role in this modethange
in the angle can suppose up to a 100% variatidhdrflux’s
SED at even small relativistic regimes. Furthermbtazars
are one of the brightest measured objects in thidoskause
they generally have a near 0° valu#daind are always in a
high relativistic regime with typical values gfaround 10.
Following the same argument, the strong angle digere
could make a powerful and distant blazar thatighdlly out
of sight to became impossible to measure due tootsting
effects provided by that angle.

Finally, we studied the effect of cosmological taftson
top of the Doppler Boosting effect. As we workedhna fixed
0 andy, we noticed a remarkable attenuation, but it weagen
enough (inside our defined bounds for parametess) t
completely revert the boosting effect, althougtréheas an
important shift of the flux’s SED. This result des us to the
conclusion that Doppler Boosting effect would allos to
measure blazars with relatively high values of 2 the
mechanism known as blazar sequence, which intetgic
lower the most powerful blazars, added to the sgtishift of
the SED’s peak due to the cosmological redshié tlae main
reasons that restrict their study nowadays. By kg the
lower energy spectrum (hard X-rays and MeV range)
provided with new instruments that could achievgoad
sensitivity we will be able to observe the fluxE[S peaks of
even further blazars.
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