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The high-energy gamma-ray sky is dominated by blazars, active galactic nuclei with their jets
pointing towards us. Measuring distances to these sources is challenging because any spectral
signature from the galaxy may be outshone by the non-thermal emission from the jet. In this
contribution, we present a method to constrain redshifts for these sources that relies only on
data from the Large Area Telescope on board the Fermi Gamma-ray Space Telescope. This
method takes advantage of signatures that arise in gamma-ray spectra and result from pair-
production interactions between photons with energies larger than approximately 10 GeV and the
extragalactic background light. We find upper limits to the distances to 303 gamma-ray blazars
that previously did not have redshifts, including 157 BL Lacertae objects, 145 of uncertain class,
and 1 flat-spectrum-radio quasar, whose redshift is otherwise unknown. These derivations can be
useful for planning observations with Imaging Atmospheric Cherenkov Telescopes and also for
testing theories of supermassive black hole evolution. Our results are applied for estimating the
detectability of these blazars with the MAGIC telescopes, finding that at least 4 of them could be
studied in a reasonable exposure of 20 hours.
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1. Introduction

Blazars are active galactic nuclei (AGNs) with their jets pointing towards us. These are the most
numerous type of extragalactic sources detected at high-energy (HE, 100 MeV < E < 100 GeV)
and very-high-energy (VHE, E > 100 GeV) gamma rays. They can be classified in two main groups
based on the presence or absence of emission lines in their optical spectra, with flat-spectrum-radio
quasars (FSRQs) being characterized by the presence of broad emission lines and the opposite for
BL Lacerate objects (BL Lacs). The absence of strong emission lines in the spectra of BL Lacs
makes it difficult to constrain the distance at which they are located. For this reason, the redshifts of
many of these sources remain unknown. In fact, roughly 50% of the blazars in the 4FGL catalogue
do not have redshift measurements [1, 2].

Determining the distances to blazars is essential to study their evolution and emission mecha-
nisms. This has led to the development of new methodologies to estimate their redshifts which are
not based on optical spectral measurements, such as the use of the attenuation by the extragalactic
background light (EBL) [3-5]. The EBL, that is the accumulated radiation produced by star forma-
tion processes throughout the history of the universe, leaves an imprint in the HE gamma-ray spectra
of blazars that can be used to determine the distances at which they are located. The pair-production
interaction of EBL photons with gamma rays emitted by AGNs leads to an optical depth, 7(E, z),
that depends on the energy of the gamma-ray photons and the redshift of the emitting source.
This optical depth is responsible for attenuation in the £ > 10 GeV gamma-ray spectra of blazars
[e.g., 6, 7]. In this contribution, we present a new methodology to estimate the redshifts of blazars
using gamma-ray data taken by the Large Area Telescope (LAT) on board the Fermi Gamma-ray
Space Telescope and the attenuation generated by the EBL.

2. Sample selection and data analysis

For our analysis, we first select all blazars in the 4FGL-DR?2 catalogue [8]. These correspond
to (non-variable/variable blazars) 621/510 BL Lacs, 866/446 blazar candidates of uncertain type
(BCUs), and 129/565 FSRQs. The sources are classified as variable or non-variable depending
on whether the Variability_Index value given in 4FGL-DR?2 is higher or lower than 18.48, as
explained in [9]. For each of these sources we perform a likelihood analysis using the Fermi-LAT
spectral data given in the 4FGL-DR?2 catalogue and following the next steps:

1. We perform a likelihood analysis in the 1 GeV - 2 TeV range assuming there is no EBL (7 = 0)
and we extract the spectral parameters of all the sources lying in our region of interest (ROI,
7 deg) plus a radius R (3 deg).

2. We perform a likelihood analysis in the 1 GeV - 10 GeV energy range, freezing all the
values of the spectral parameters to those obtained in the previous step, except for our source
of interest. The EBL is also not considered in this step, since the EBL absorption is not
significant at energies below 10 GeV. Thus, this step allows us to determine the intrinsic
gamma-ray spectrum of the considered source.

3. We extrapolate the spectral shape obtained in step (2) to the 10 GeV - 2 TeV range and add the
EBL attenuation. The absorption due to the EBL is added as an exponential term in the optical
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Figure 1: Example of the TS profile obtained for one of the blazars of our sample, 4FGL J0540.5+5823,
showing the TS obtained in our analysis for each redshift value considered (from 0.01 to 3 in steps of 100).

depth, exp[—7(E, z)]. We perform the analysis for different values of the redshift, going from
0.01 to 3 in steps of 100, and for each of these redshifts we extract the log-likelihood value
of the analysis performed.

4. We create a Test Statistics (TS) profile for each of the sources of our sample by comparing
the log-likelihood value obtained in step (3) with the one derived in step (1), obtaining a
profile such as the one given in Fig. 1. The TS is defined as TS = 2log(L; — Lg), where
Ly is the likelihood value of the null hypothesis (i.e. no EBL absorption) and L; is the
likelihood value of the alternative hypothesis (i.e. EBL absorbed spectrum at the considered
redshift). The maximume-likelihood value of the redshift for the considered source is that
corresponding to the peak of the TS profile, TSpeak. The redshift obtained with this method
should be interpreted as an upper limit, since the gamma-ray spectra of the blazars could have
an intrinsic curvature that is not due to the EBL attenuation.

After performing the analysis for all the sources in 4FGL-DR2, we select only those for which
TSpeak > 1, and for which the TS profile shows a peak for z < 3. This leaves us with 344/331
non-variable/variable blazars in our sample: 5/40 FSRQs, all of them with redshift in the 4LAC
catalogue [1], except 4FGL J1532.7-1319; and 338/293 blazars classified as BL Lacs or BCUs, of
which 172/130 do not have a redshift in 4LAC. Thus, we have obtained estimates for the redshifts

of 303 gamma-ray blazars that previously had an unknown redshift.

3. Results and discussion

3.1 Estimates of the redshift of blazars

In order to demonstrate that our methodology gives reliable results, we compute the EBL
redshift of all blazars with redshift in 4FGL-DR?2 that fulfill the conditions explained in the previous
section (TSpeax > 1 and TS profile showing a peak in z < 3). We then compare the resulting redshift
values with the ones given in 4LAC. Figure 2 shows the EBL redshift obtained here versus the one
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Figure 2: Comparison of the redshift obtained with our methodology using the EBL attenuation with that
given in the 4LAC catalogue for the non-variable sources of our sample that have a redshift in 4LAC, and
TSpeax = 1 (166 sources, left) and TSpeax > 4 (91 sources, right).

Al

plll
— -
—
e
e
e
-
— % —
—e
e

N S S
o
e
——
—_—
e
o
e
EBL Redshift
-
o
N,
R
e
———
——"*
N

EBL Redshift
N

0.1

TSpeak >1 TSpmk >4

=3
—
\\\ ——
o N

i ] 01 1
4LAC Redshift 4LAC Redshift

Figure 3: Comparison of the redshift obtained with our methodology using the EBL attenuation with that
given in the 4LAC catalogue for the variable sources of our sample that have a redshift in 4LAC, and
TSpeax = 1 (162 sources, left) and TSpeax > 4 (111 sources, right).

given in 4LAC for the 166 non-variable sources of the sample with TSpeax > 1 and for the 91 non-
variable sources with TSpeax > 4. Figure 3 shows the same comparison plot for the 162 variable
sources with TSpeax > 1 and for the 111 variable sources with TS,e.x > 4. These figures show
that the redshifts obtained here can, indeed, be interpreted as upper limits, both for variable and
non-variable sources.

For the variable sources, it has been tested that the resulting redshift values are different for
distinct time periods. However, in most cases the resulting redshift is still an upper limit. For a
detailed study and discussion of the sources that lie below the one-to-one line in Figures 2 and 3,
see [10].

The redshift estimates derived here for the 303 selected blazars with previously unknown
redshift can be found in Table 1 of [10]. The photon index of all these sources as a function of
their flux above 10 GeV is shown in Figure 4, and compared with all the sources from 4FGL-DR2
catalogue. As expected, the blazars for which we could estimate the redshift with the methodology
explained above (i.e. the analysis gave a TSeax > 1 and the TS profile peaked for z < 3) are located
in the lower part of the diagram, meaning that they correspond to blazars with hard spectra, i.e. low
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Figure 4: Photon index given in 4FGL as a function of the integrated flux above 10 GeV for all the blazars
in the 4FGL-DR?2 catalogue (in grey) and for the blazars selected here for the estimation of their redshift (in
blue).

photon index.

3.2 Application of the obtained redshift estimates to make detectability predictions

As a possible application case of the obtained redshift estimates, we check the detectability
predictions with the MAGIC telescopes of some gamma-ray blazars of our sample using the
estimated redshifts. In particular, for this study, we select all the blazars of the sample that can be
observed with a zenith angle < 45 deg from the MAGIC site.

The Crab Nebula and background rates given in [11] are used for the estimation of the expected
detection significance of the blazars with MAGIC. These rates are given for two different zenith
angle ranges, 0-30 deg and 30-45 deg. We assume observations around culmination time to
determine the zenith angle at which each source could be observed, and classify our sources in the
two different zenith angle ranges to employ the corresponding Crab Nebula and background rates.
These rates are used to derive the expected number of excess and off events that would be observed
from the considered source in 20 hours. The total number of background events in each energy bin
is calculated as the background rate times the considered observation time, i.e. 20 hours in this case.
The number of excess events is obtained by scaling linearly the flux of our source with that of the
Crab Nebula in each energy bin, and then multiplying by the Crab Nebula rate and observation time.
The number of excess and background events are finally used to compute the statistical detection
significance of each source.

The spectral shape of the source is assumed to be the one obtained in our LAT data analysis for
the redshift calculation, which is a PowerLaw or a LogParabola. This spectral shape is extrapolated
to TeV energies and the EBL absorption is applied using the optical depth values given in [12],
based on the EBL model by Saldana-Lépez et al. [13]. For the source redshifts used in estimating
the expected detection significances, we use the 68% upper confidence interval values for the TS peak
values given in Table 1 of [10].

From the 303 blazars in our sample, there are 180 that can be observed with a zenith angle
< 45 deg from the MAGIC site, from which 3 give an expected detection significance > 5 o with
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4FGL Source Name  Redshift Upper Limit ~ TS,.qx  HEP (GeV)  Type Association TeV  MAGIC (o)
J0035.9+5950 1.03+¢:08 739.82 373 bll IES 0033+595 Y 5.6
J0136.5+3906 0.73%015 35.07 251 bl B30133+388 Y 44
11942.7+1033 0.55+¢:12 35.58 181 bll  87GB 194024.3+102612 N 6.0
12056.7+4939 0.17+4.06 6.39 310 beu RGB J2056+496 Y 115

Table 1: Main information of the 4 sources for which we get an expected detection significance > 5o with
MAGIC in 20 hours. The information shown is: name of the source in the 4FGL catalogue, redshift upper
limit derived from our EBL-attenuation methodology (uncertainties are at 68% C.L.), value of the peak of the
TS profile, highest energy photon, source type (bll is BL Lac and bcu is blazar candidate of uncertain type),
source association, whether the source is detected by IACTs (Yes or No), and predicted detection significance
with MAGIC in 20 hours.

MAGIC in 20 hours. If we take the redshifts at the TSye.x values, we get an additional candidate
to be detected by MAGIC. The results for these 4 sources are shown in Table 1, where the listed
significances are obtained using the upper limit value of the redshift. Out of these candidates,
3 of them have already been detected at TeV energies. In fact, 4FGL J0035.9+5950 and 4FGL
J0136.5+3906 were detected by MAGIC [14, 15], while 4FGL J2056.7+4939 was detected by
VERITAS [16]. 4FGL J1942.7+1033 has yet to be detected in VHE gamma rays, although our
results show that it could be a good target for IACTs.

4. Summary and Conclusions

We have obtained estimates for the redshifts of 303 gamma-ray blazars that previously did not
have redshift measurements, employing a new methodology that uses solely Fermi-LAT data and
the EBL absorption. Most of these blazars are BL Lacs, for which the determination of the redshift
is more challenging due to the lack of emission lines in their spectra. Determining blazar redshifts
is necessary in order to understand their evolution and their emission mechanisms, as well as to be
able to plan observations with IACTs. In fact, these new redshifts have allowed us to calculate the
detectability of these blazars with the MAGIC telescopes, finding that at least 4 of them could be
detected with an exposure of 20 hours.
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