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Cosmology and Fundamental Physics with Blazars

• Too many topics for one talk! 

• Cosmology 

• Extragalactic background light 

• Cosmic star formation rate 

• Hubble constant 

• Intergalactic magnetic field 

• Fundamental physics 

• Axion searches 

• Searches for Lorentz Invariance Violation 

• With a brief interlude on extreme blazars…
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What is the Extragalactic Background Light?
Driver 2021 
arXiv:2102.12089

• Second most intense diffuse photon field (after CMB)  
• Imprint from reionization, star formation, galaxy evolution, emission by active 

galactic nuclei 
• Cosmic Optical Background: light from stars/galaxies, Cosmic Infrared 

Background: light re-radiated after absorption by dust
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Why is the EBL important?
Saldana-Lopez et al 2021 
arXiv:2012.03035

• Tracks stellar and galactic formation 
from epoch of reionization to present day 

• Route to measure cosmic star 
formation rate (CSFR) 

• Reionization signature at ~1 µm 
• Polycyclic aromatic and amorphous 

hydrocarbon signature at ~15 µm 

• Sensitive to potential further 
contributions: unresolved populations, 
dark matter decay… 

• Relevant for cosmic ray propagation 

• Multi-messenger aspect - core-collapse 
supernovae contribute to both EBL and 
diffuse supernova neutrino background 
(MeV neutrinos)
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Why is the EBL important?

• EBL important observationally 
• Limits the distances accessible with 

photons 
• Impacts photon spectra (& detectability) 

of extragalactic γ-ray sources

GRB190114C, z=0.4

z=0.03

z=0.14

Biteau et al 2020 
arXiv:2001.09222

MAGIC 2019 
arXiv:2006.07249

Credit: M. Kowalski
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Direct measurements

• Direct measurements of night sky background 
• Notoriously difficult - subtract off much larger zodiacal light and diffuse 

galactic light contributions 
• Cross-calibration of multiple instruments an issue 

• Several recent results (Pioneer, New Horizons) show smaller EBL 
intensity 
• Measurements taken far from Sun, low zodiacal light contribution 
• Latest New Horizons publication claims COB anomaly (Lauer et 

al 2022 ApJL 927 L8) 

Driver 2021 
arXiv:2102.12089

Mattila & Väisänen 2019 
arXiv:1905.08825
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Estimates with galaxy counts

• Galaxy counts, integration of flux in magnitude bands 
• Combination of wide and deep surveys has improved estimates 

• GALEX, SDSS, VST KiDS, WISE, HST Candles 
• Not sensitive to diffuse/unknown components 

• Treat as lower limits

Driver 2021 
arXiv:2102.12089
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Modelling the EBL

• Empirical (e.g. Dominguez 2011, Franceschini 2017) 
• Based on local luminosity density + galaxy number counts 

• Phenomenological (e.g. Andrews 2018, Finke 2010) 
• Based on cosmic star formation rate, radiative transfer + population 

synthesis models 
• Semi-analytic (e.g. Gilmore 2012) 

• Based on N-body simulations accounting for dark matter, baryonic 
physics, feedback in galaxy evolution

Good 
agreement Models start 

to diverge

EP & J. Biteau   
arXiv:2112.05952 
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Indirect Measurements of EBL with Gamma-ray Emitters

Photons from distant gamma-ray sources interact with EBL 
photons via pair production, γ-ray flux attenuated 
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TeV Transparency
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The opacity can be determined from models of the EBL if its evolu-
tion with redshift is known and, independently, from c-ray observa-
tions if the intrinsic blazar spectrum is known. Concordance
between these two independent determinations of scc can serve
as a test for the validity of the underlying assumptions in each
method.

Figs. 12 and 13 depict the evolution of the comoving intensity of
the EBL, the corresponding evolution of the proper number density
of background photons, the optical depth to blazars at various red-
shift, and the corresponding attenuation factor. Results are plotted
for the BE evolution model of Franceschini et al. [107] and the BE
evolution model of Domínguez et al. [81].

Determining the c-ray opacity from observations requires
knowledge of the intrinsic blazar spectrum. Differences between
the observed and expected flux at a given energy Ec would then
be simply attributed to EBL attenuation. Figs. 12 and 13 show that
the sharp drop of the EBL intensity at UV and shorter wavelengths
renders the universe almost transparent to GeV photons. Conse-
quently, the observed %1–50 GeV spectrum is very likely the
intrinsic blazar spectrum. So instead of assuming a theoretical limit
on the spectral index, one can use the GeV – 10s of GeV energy
spectral slope from Fermi data as a proxy for the intrinsic spectra
at TeV energies.

Assuming that this power law can be extrapolated from GeV to
TeV energies, one can derive the TeV optical depth to the observed
blazar. This approach was used by Georganopoulos et al. [116] and
in method 1 in [192] to set firm upper limits on EBL models using
the GeV to TeV spectra of PKS 2155-304 (z # 0:116) and 1ES
1218+304 (z # 0:182). Assuming that the GeV spectrum is unatten-
uated by the EBL, [169] used optical, X-ray and GeV data to model
the TeV flux of PKS 2155-304 using a one-zone SSC model. Com-
parison of the model results with observations, they derived the

TeV opacity to this blazar, and found it to be consistent with most
EBL models.

Fig. 14 compares the dependence of the optical depth derived
from EBL models (hatched curves) to that derived for select bla-
zars: Mrk 501, 1ES 1218+304, and 3C 66A. Each hatched band
spans the range of optical depths predicted by the EBL models of
Franceschini et al. [107], Finke et al. [99], Domínguez et al. [81],
and Gilmore et al. [117]. The colored dots represent the optical
depths derived from the c-ray observations of the three blazars.
The intrinsic blazar spectrum was assumed to be a power law
determined by the observed flux at 1 GeV and the spectral index,
CGeV . The observed flux in the TeV range was assumed to be a
power law with a spectral index CTeV (see Table 2). The c-ray opac-
ity in the TeV range was then derived from Eq. (11). The band of
opacities for each blazar was obtained by performing 100 Monte
Carlo simulations of the intrinsic and observed spectra using the
uncertainties in the spectral indices and c-ray energies into
account.

The figure shows that the c-ray derived optical depths of Mrk
501 and 1ES 1218-304 are in general agreement with model pre-
diction. The discrepancy between the EBL and the c-ray derived
optical depth for 3C 66A is typical of most blazars listed in Table 2.
We note that the redshift to 3C 66A is still somewhat uncertain [9].
The convergence between observational limits on the EBL and
models suggests that the origin of the discrepancy can be mostly
attributed to our still incomplete knowledge of the intrinsic spec-
tra of blazars.

The EBL not only affects the c-ray spectra of individual c-ray
sources, but also the spectrum of the extragalactic c-ray back-
ground (EGRB) which consists of the cumulative contribution of re-
solved and unresolved sources and a possible truly diffuse
emission component.

Recently, the Fermi Large Area Telescope (LAT) provided a new
measurement of the diffuse c-ray background (DGB) at energies
between 0.2 and 100 GeV [7], obtained by the subtraction of

Fig. 12. Basic EBL model results by Franceschini et al. [107]: Top left: the comoving EBL and CMB intensities versus wavelength for different redshifts. Top right: the proper
number density of EBL and CMB photons versus energy for the same grid of redshifts as the previous panel. Bottom left: the c-ray opacity versus energy, Ec for different
redshifts. Bottom right: the amount of attenuation versus energy for the same grid of redshifts as the previous panel. The figure illustrates the change in the slope of scc at
energies corresponding to the wavelength at which the slope of the EBL spectrum changes.

E. Dwek, F. Krennrich / Astroparticle Physics 43 (2013) 112–133 127
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ity in the TeV range was then derived from Eq. (11). The band of
opacities for each blazar was obtained by performing 100 Monte
Carlo simulations of the intrinsic and observed spectra using the
uncertainties in the spectral indices and c-ray energies into
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The figure shows that the c-ray derived optical depths of Mrk
501 and 1ES 1218-304 are in general agreement with model pre-
diction. The discrepancy between the EBL and the c-ray derived
optical depth for 3C 66A is typical of most blazars listed in Table 2.
We note that the redshift to 3C 66A is still somewhat uncertain [9].
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models suggests that the origin of the discrepancy can be mostly
attributed to our still incomplete knowledge of the intrinsic spec-
tra of blazars.
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E. Dwek, F. Krennrich / Astroparticle Physics 43 (2013) 112–133 127

• Optical depth τ increases with energy and redshift

Dwek & Krennrich 2013 
arXiv:1209.4661
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Thomson cross sectionscattering anglenumber density 
of EBL photons

distance element 
depends on ΛCDM parameters

To probe full EBL spectrum, need γ-ray sources emitting 
to high energies, located out to large distances
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Introducing the Instruments MAGIC

H.E.S.S.

VERITASImaging atmospheric Cherenkov 
telescope arrays (IACTs) 

Energy range: ~30 GeV - ~100 TeV 
Angular resolution: <0.1° @ 1 TeV  

Field of view: several degrees 
Limited duty cycle 

>10 years of observations

Energy range: 100 MeV to ~1 TeV
Large duty-cycle

Large field of view
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Introducing the Targets: Blazars

• Class of AGN with jets well-aligned 
with our line of sight 

• Numerous 🙂  
• Detected to cosmological distances 🙂  

• z=3 at HE (<100 GeV) 
• z~1 at VHE (>100 GeV)

• Intrinsic spectral cutoffs/internal absorption at high energy? 😕  
• Spectral hardening/softening, extreme flux variability 😕  
• Redshift/distance determination can be challenging 😕
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Fig. 11.— SED of Mrk 421 with two 1-zone SSC model fits obtained with di!erent minimum
variability timescales: tvar = 1 day (red curve) and tvar = 1 hour (green curve) . The

parameter values are reported in Table 4. See text for further details.
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Blazar Emission Mechanisms

Abdo et al 2011 
arXiv:1106.1348

Sychrotron radiation

Leptonic models: 
inverse-Compton 

e±γ→e±’γ’ 

Hadronic models: 
pγ→π0,π±→γ,X

Emission mechanism(s) not well understood, particularly at high energies

γHE
γVHE

• Simplest leptonic models describe only some sources well 
• Models with internal jet structure or external photon fields, semi- or fully-

hadronic models introduced  
• Caveat: obtaining simultaneous multiwavelength data challenging

optical/UV
X-ray
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Introducing Extreme HBLs PERSPECTIVENATURE ASTRONOMY

Extreme blazars were discovered in 1996–1997, with BeppoSAX 
observations of flares from Mkn 501 (ref. 9) and 1ES 2344+514  
(ref. 10). Mkn 501 reached synchrotron peak frequencies of 
! >h 100 keVx , with an increase in the luminosity by a factor of 20 in 

a few days and a typical ‘harder when brighter’ behaviour (Fig. 1a). 
BeppoSAX also discovered in 1999 the first example of an extreme 
source in low or quiescent state, with 1ES 1426+428 displaying a 
hard and straight power-law spectrum over three decades in energy7. 
With observed ! !h 100 keVx , Mkn 501 and 1ES 1426+428 can be 
considered prototypical of the extreme-synchrotron subclass.

The first extreme-TeV blazars were discovered in 2006 with the 
High Energy Stereoscopic System (HESS)6. The intrinsic spectra of 
1ES 1101"232 and H 2356+304 were unusually hard, even after 
accounting for absorption with the lowest possible EBL intensity, 
locating the #-ray peak definitively above 1–3 TeV. With the pres-
ent knowledge of the EBL, 11 blazars with measured redshift can 
be classified as extreme-TeV objects, as listed in Table 1 (see also 
TeVCat11 and references therein). Three other blazars have shown 
extreme-TeV properties but only temporarily, namely Mkn 501, 
1ES 1727+502 and 1ES 1426+428. Extreme-TeV properties were 
also found in IC 310, a peculiar nearby AGN (redshift, z = 0.0189) 
whose jet might be misaligned by 10–20° from the line of sight12. 
The record for the highest #-ray peak energy observed is held by 
the prototypical extreme-TeV blazar 1ES 0229+200 (Fig. 1), with 
! !"h 10 TeV and an intrinsic spectrum with ! " .# 1 5 (ref. 13).

Most extreme-TeV sources appear steady over years at TeV 
energies, although large statistical uncertainties make it difficult to  
rule out flux variations such as those seen in X-rays over similar 
timespans. The only firm evidence was found in 1ES 1218+304, 
with a fast flare over a few days reaching about 20% of the Crab neb-
ula flux14. There are also indications of a factor of two to three varia-
tions in 1ES 0229+200 on year timescales15. In both cases, the TeV 
spectrum remained hard, indicating no change in the extreme-TeV 
character of these objects. In contrast, during a long active phase 
in 2012, Mkn 501 showed both that synchrotron and #-ray peaks 
shifted from normal to extreme energies, by about three decades 
and about one decade in energy, respectively16. The synchrotron 
peak of 1ES 1727+502 similarly shifted between 2011 and 201317.

The relationship between extreme-synchrotron and extreme-
TeV blazars is not well established. There are 24 extreme blazars with 
firm redshift and published TeV spectrum (Table 1), all of which are 
now detected at GeV energies by the Fermi Large Area Telescope 
(Fermi-LAT)18. Of these, 23 are extreme-synchrotron sources, at 
least half of which (13/23) are also extreme-TeV blazars. In contrast, 
12 of the 14 known extreme-TeV blazars are also extreme-synchro-
tron blazars in same-epoch observations or in other epochs. This 
suggests that extreme-TeV sources may have a greater tendency to 
display extreme-synchrotron behaviour at some point in time than 
the other way round.

As illustrated in Fig. 1, the emerging picture is that there are 
three distinct extreme behaviours:
 (1) Blazars that become extreme during large !ares, when both 

peaks shi" to higher energies (Mkn 501-like). #ese objects re-
vert back to their standard HBL state.

 (2) Blazars that show a steady, hard synchrotron spectrum up to 
10–100 keV (1ES 1426+428-like), which is not accompanied by 
a persistently hard TeV spectrum.

 (3) Blazars that show a persistently hard #-ray spectrum with a 
peak above several TeV, which remains mostly unchanged 
across !ux variations (1ES 0229+200-like). #eir synchrotron 
spectrum tends to peak in the X-ray band.

Catalogues and population studies. Population studies of extreme 
blazars are currently restricted to the extreme-synchrotron subclass, 
due to the lack of an unbiased extragalactic survey at TeV energies.

The largest catalogue of extreme blazars to date is the 3HSP, 
which builds on the 1WHSP and the 2WHSP catalogues (see 
ref. 19 and references therein). The 1WHSP catalogue assembled 
a large sample of HBLs starting from the AllWISE release of the 
Wide-field Infrared Survey Explorer (WISE) and applying further 
restrictions on their infrared slope, as well as on their infrared/radio 
and infrared/X-ray flux ratios. The 2WHSP abandoned the infra-
red slope criterion, as it excluded sources dominated by the host 
galaxy. The 3HSP catalogue complemented the 2WHSP sample 
with Fermi-LAT #-ray sources with hard spectra ("# < 2) and with 

a b c
WISE BeppoSAX99 HESSSwift-NuSTAR

Whipple
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Fig. 1 | Prototypical SEDs illustrating the three types of extreme behaviours. a,b, SEDs of two extreme-synchrotron blazars, showing their energy flux 
F! as function of frequency !, during short-lived large flares (a) and long-lasting quiescent states (b). c, SED of an extreme-TeV blazar. Observed #-ray 
spectra are corrected for EBL absorption63. Nearly contemporaneous historical data are shown with the same colour and labelled accordingly. Black labels 
in a denote two daily observations in April 1997. Grey points correspond to archival data. Error bars denote 1# statistical uncertainties. Arrows denote 
upper limits at the 95% confidence level. Guideline SSC models are presented as dash-dotted lines. Dotted lines show the host-galaxy emission, modelled 
with the template spectrum of a giant elliptical galaxy95, scaled to match the magnitude of the host galaxy96. Data and models are from refs. 9,97,98 for Mkn 
501, ref. 99 for 1ES 1426+428 and ref. 8 for 1ES 0229+200.

NATURE ASTRONOMY | VOL 4 | FEBRUARY 2020 | 124–131 | www.nature.com/natureastronomy 125

Biteau et al 2020 
arXiv:2001.09222

“Changing look” 
Peaks shift during flares

Synchrotron-hard 
Sychrotron spectrum 10-100 keV

TeV-hard 
γ-ray peak > 1 TeV

Unusually high synchrotron or γ-ray peak → hard γ-ray spectrum 
Many sources not strongly variable, allowing deep exposures 

Hard emission to high energies makes for ideal candidates for EBL measurements

*BL Lacs: subclass of blazars with weak emission lines
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Extreme HBLs: Modelling Challenges
PERSPECTIVENATURE ASTRONOMY

function, would otherwise be expected to represent the most com-
mon subclass along the blazar sequence.

The challenge of modelling extreme blazars
The simplest one-zone SSC models generally represent well the sta-
tionary SED of most HBLs with ! <!h 1 TeV (ref. 3), including purely 
extreme-synchrotron sources. This suggests that extreme-syn-
chrotron sources are the high-energy tail of the blazar population. 
However, the origin of the extreme-TeV emission is still unknown, 
as it presents two essential challenges:
 (1) !e peak of radiation at TeV energies: ! >!h 1 TeV.
 (2) !e hard intrinsic spectrum of the component radiated at sub-

TeV energies: "! < 2.
A hard intrinsic spectrum at TeV energies, ! !! "!

#$%F  with 
! " .# 1 5, typically implies a hard accelerated particle spectrum with 
spectral index p < 2, # #! " #Nd d p where N and # are the number 
and Lorentz factor of the particles, so that most of the energy is car-
ried by the highest-energy particles, an unusual case in astrophys-
ics. The spectral index derives from a competition between energy 
gains and escape or energy losses in the acceleration region. In shock 
acceleration, this competition leads to spectral indices "p 2 (ref. 24; 
ref. 25 for relativistic shocks). Additional effects, such as nonlinear 
backreaction of the accelerated particles, could harden the spectra 
to p < 2. Both p > 2 and p < 2 appear to be possible in other accel-
eration scenarios, for example, turbulent acceleration26, shear accel-
eration (for example, ref. 27) or reconnection (for example, ref. 28),  
as energy gains and loss rates depend on additional parameters. 
Ab initio reconnection simulations have in particular now shown  
hard particle spectra for a large ratio of magnetic to rest-mass 
energy density28.

The observations of most blazars are matched by phenomeno-
logical models, which leave the acceleration scenario unspecified 
and fit the environmental parameters and the accelerated particle 
spectrum to reproduce SEDs. These models are separated into two 
classes: leptonic for electrons and positrons; hadronic for protons 
and nuclei.

Leptonic scenarios. In simple one-zone SSC models, TeV radiation 
results from inverse-Compton scattering of electrons or pairs with 
comoving-frame energy $#e. A peak emission beyond 1 TeV imposes 
! " >! 1 TeVD e  in the Klein–Nishina regime, which implies high 
Lorentz factors for the electrons, ! " #= ! > " " !# # $m c 2 10 ( 10)e e e

2 5
D

1, 
where me is the electron mass and c the speed of light. Both the high 
!! and hard "! of extreme-TeV blazars are matched by such models 
provided the electron distribution shows a minimum Lorentz factor 
with a sufficiently large value, sometimes up to # ! "10 10min

4 5 (for 
example, ref. 29). These models require an unusually low radiative 
efficiency and conditions out of equipartition by several orders of 
magnitude. A sub-TeV spectrum as hard as "! = 2/3 can be obtained 
in an environment with a very weak magnetic field ( !"B 1 mG) 
where spectral softening due to synchrotron cooling is reduced.

A different approach within the leptonic framework consid-
ers additional inverse-Compton components from external photon 
fields. Models with a sheath surrounding an inner jet30,31 struggle to 
reproduce a high !!, due to the intense target photon field. However, 
upscattering of photons from the broad-line region in a compact 
emission zone32 or from the cosmic microwave background (CMB) 
in the extended kpc-jet33 could produce hard spectra up to TeV ener-
gies. These scenarios require either a sufficiently luminous broad-
line region, which is not expected for extreme blazars and other BL 
Lacertae objects, or a very energetic particle distribution over kpc 
scales. The latter would lead to steady TeV emission over thousands 
of years, in contradiction to flux variations detected in 1ES 1218+304.

The most successful leptonic models applied to extreme-TeV 
blazars thus appear to be simple SSC models that involve elec-

tron distributions with either a large minimimum Lorentz factor,  
#min >> 1, or hard particle spectra, p < 2, as well as a magnetic  
field strength well below equipartition32,34. As an example, the model 
for 1ES 0229+200 in Figs. 1 and 3 assumes a moderate #min = 100, a 
very hard particle spectrum with index p = 1.4, a high Doppler factor  
%D = 50 and a low magnetic field of 2 mG. The electron energy  
density dominates over the magnetic one by a factor of about 105.

The requirement of weak magnetization that limits spectral soft-
ening from radiative cooling appears to disfavour reconnection sce-
narios, which may otherwise produce high #min values (for example, 
ref. 34). Stochastic acceleration could result in narrow pseudo-Max-
wellian particle distributions with high peak energies (for example, 
ref. 35), although a magnetic field well below equipartition implies a 
slow acceleration process in this case.

(Lepto-)hadronic models. Typical hadronic scenarios for extreme 
blazars are based on the co-acceleration of protons and electrons 
and attribute the TeV emission to proton synchrotron radiation 
or to the decay of pions from proton–photon interactions, possi-
bly mixed with SSC emission from secondary pairs (for example,  
ref. 36). Proton synchrotron scenarios require ultrahigh-energy par-
ticles with $#p > 1019 eV % (B#/100 G)&1/2 in a strong comoving-frame 
magnetic field, B# (ref. 37). Mixed models propose instead an energy 
budget dominated by the kinetic energy of protons. Such models 
require hard particle injection spectra, with p from 1.3 to 1.7, as well 
as large jet energetics, typically close to the Eddington limit of the 
central black hole.

If extreme blazars accelerate very-high-energy cosmic rays, the 
observed TeV emission might even result from secondary radiation 
produced outside the source, through an electromagnetic cascade 
triggered by photo-pion or photo-pair production on the EBL and 
CMB (for example, refs. 38–41). The original version of this scenario 
assumed protons or nuclei with energies of about 1016 eV, well below 
the ankle of the UHECR spectrum (at a few 1018 eV). However, 
nuclei at these energies are deflected by magnetic fields associ-
ated with structures of the cosmic web (voids, clusters, filaments, 
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Fig. 3 | Phenomenological models of the observed SED of the extreme 
blazar 1ES 0229+200. Data are the same as in Fig. 1c, but !-ray data 
are not corrected for EBL absorption. Error bars denote 1& statistical 
uncertainties. Arrows denote upper limits at the 95% confidence level. 
Representative leptonic (SSC8) and hadronic (proton synchrotron36) 
models are shown as black and purple lines, respectively. The blue line 
covering only the !-ray range depicts the external cascade model38.  
The orange dashed line shows the emission from the host galaxy.
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Black line: Leptonic (SSC) 
Purple line: Hadronic (proton sychrotron) 

Blue line: External cascade

• Leptonic models can fit data, but 
with 
• Unusually low magnetic fields 

(out of equipartion) 
• Unusually large Lorentz factors 
• Unusually hard electron 

spectra 
• (Lepto-)hadronic models can fit 

data, but with 
• Jet power close to Eddington 

limit 
• Unusually strong 

magnetic fields 
• Unusually hard particle 

spectra 
• Other ideas 

• External cascade 
• Co-acceleration on internal/

recollimation shocks (Zech & 
Lemoine 2021, arXiv:2108.12271)
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Searching for Extreme HBLs
~30 xHBLs with confirmed redshift detected at TeV energies 

Active efforts to identify more candidates for current-generation IACTs & CTA
Y.-L. Chang et al.: The 3HSP catalogue of extreme and high-synchrotron peaked blazars

carried out based on 1/2WHSP sources, resulting in 200 dedi-
cated observations to HSPs and HSP-candidates.

Flags are also associated with ⌫peak and redshift values with
the following meaning:
1. firm estimation;
2. uncertain value;
3. lower limit;
4. photometric redshift of an object with featureless optical

spectrum;
5. photometric redshift of an objects for which no optical spec-

trum is available.
We note that flags 4 and 5 only apply to redshift. Moreover, the
uncertain value for the ⌫peak estimate means that we are not sure
exactly what the synchrotron peak frequency is, due to insu�-
cient non-thermal data, but we could still tell that the frequency
is higher than 1015 Hz. Sources with an uncertain flag for syn-
chrotron peak frequency are not necessarily candidates, as some
of them have blazar like optical spectrum or have already been
included in 5BZCat. The source flag and the synchrotron peak
frequency flag are marked independently.

As shown in Fig. 5, sources with a redshift flag equal to 4
have featureless optical spectra, but the emission from the host
galaxy is not completely overwhelmed by the non-thermal radi-
ation, thus a photo-z can still be estimated from IR data or in part
of the optical band. Flag 3 (lower limits) sources also have fea-
tureless spectra; however, their SEDs are totally dominated by
synchrotron radiation. There are still some sources with SEDs
that are non-thermal dominated and for which no optical spec-
trum is available. The redshift in this case remains blank; this
applies only to 11.94% of the sources.

5. Completeness and statistical properties of the

3HSP catalogue

The demographic properties and the cosmological evolution of
blazars have been extensively debated by the community, and
for a long time the existence of the so-called blazar sequence
has been a controversial topic. With the largest ever HSP blazar
catalogue, the overall properties of the 3HSP sample can be dis-
cussed thoroughly, and here we present arguments in tension
with the blazar sequence scenario. We start by checking the
completeness of the 3HSP catalogue in the radio and the X-ray
energy bands.

Figure 9 shows the radio–X-ray flux plane of the 3HSP,
comparing it with the Sedentary survey (Giommi et al. 1999,
2005; Piranomonte et al. 2007) and the Deep X-ray Radio Blazar
Survey (DXRBS, Padovani et al. 2007). The corresponding
approximate synchrotron peak frequencies were estimated using
extrapolation, and the relationship between ⌫peak and the X-ray-
to-radio flux ratio ( fX/ fr) with the equation, ⌫peak = ( fX/ fr +
16.068 ± 0.306)/0.377 ± 0.019. According to the error of the
two fit parameters, we estimate that the uncertainty on this esti-
mation is around one order of magnitude for ⌫peak. We note that
this relationship was derived from the 3HSP subsample, so we
only convert the radio-to-X-ray flux ratio to synchrotron peak
frequency for HSPs (or equivalently ⌫peak > 1015 Hz).

The black dotted line indicates the X-ray-to-radio flux ratio
that separates low-energy peaked BL Lacs (LBL) and HBL,
which is fX/fr = 3.2 ⇥ 10�12 erg cm�2 s�1 Jy�1 in Padovani et al.
(2003) and Padovani (2007). Three black dashed lines represent
the flux ratios, from left to right, fX/ fr = 8⇥10�14, 3⇥10�10, and
2⇥10�9 erg cm�2 s�1 Jy�1, respectively. The first value represents
the minimum X-ray-to-radio flux ratio for BL Lac objects and
for flat spectrum radio quasars (FSRQs; Padovani 2007) based

Fig. 9. Sampling of the radio flux density–X-ray flux plane with the
3HSP, Sedentary, and DXRBS samples. The blue dashed and dotted
lines are the slope limits for the 3HSP sample. The black dotted line
is the flux ratio that separates LBL and HBL. The green and yellow
dotted lines denote the forbidden region for BL Lacs and FSRQs. The
red dashed lines indicate the incomplete regions of 2WHSP.

on the data from Padovani (1997) and Siebert et al. (1998). The
second value is the maximum flux ratio for FSRQs, while the
third is the maximum flux ratio for BL Lacs (⌫peak ⇡ 1020 Hz:
Padovani et al. 2003; Padovani 2007).

Among the radio and X-ray catalogues used for the 3HSP
selection, NVSS and RASS have the largest sky coverage, and
we used the NVSS and RASS catalogues to estimate the radio
and X-ray limits for Fig. 9. Given that the minimum radio flux
cut applied for the 3HSP–NVSS subsample, the radio limit for
this 3HSP subsample in this figure is set to 3.5 mJy, while the
X-ray limit for the 3HSP–RASS subsample is set to the mini-
mum RASS flux value in the subsample, ⇡2⇥10�13 erg cm�2 s�1.
However, it should be noted that in some cases radio and X-ray
flux limits can be lower as we used several other radio and X-ray
catalogues to build the 3HSP sample. In practice, the exact radio
and flux limits of 3HSP are lower than the limits set here.

According to Fig. 9 the 3HSP is not complete, neither in
radio nor in X-rays. Sources with radio flux brighter than 3.5 mJy
but X-ray flux fainter than 2 ⇥ 10�13 erg cm�2 s�1 (upper red
dashed region) are not selected as they are not detected by cur-
rent large-area X-ray surveys. On the other hand, some bright
X-ray but faint radio sources (lower red dashed region) are
missed, since these sources are not included in today’s large-
area radio catalogues. If we were to increase the radio flux limit
to ⇡22 mJy, we would define a complete, radio flux-limited HBL
sample. Similarly, when setting the X-ray flux limit to a higher
value ⇡7 ⇥ 10�12 erg cm�2 s�1, the sample would become com-
plete in the X-ray band.

The blue dotted line in the figure represents the radio to
X-ray ratio fX/ fr = 9 ⇥ 10�11 erg cm�2 s�1 Jy, which is the
flux criteria applied when adding new sources that are not in
the 2WHSP catalogue. This value is just slightly lower than
the average value we obtained from the old 2WHSP subsample
with ⌫peak close to 1015 Hz. The left blue dashed line ( fX/ fr =

1⇥10�11) corresponds to the slope criteria applied when building
the 1/2WHSP, and yields a relatively low ⌫peak value (1014.2 Hz),
while the blue dotted line marks the sources with ⌫peak around
1015 Hz. Some HSPs have a radio-to-X-ray flux ratio lower than
fX/ fr = 9 ⇥ 10�11, and to select them during the assembling
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4 L. Costamante

Figure 1. Plane of the broad-band index !x! vs the X-ray "F" flux at 1 KeV, for all BL Lacs in the Sedentary Survey and 5BZCAT samples (blue and

grey markers, respectively). Gamma-ray data are obtained from the Fermi 3LAC catalog (open circles). For non-detected objects (triangles), a reference flux

of 8e-11 cm!2 s!1 (in the 1-100 GeV band) is adopted as upper limit (see text). This translates to a lower limit to !x! , as indicated by the arrows. Given

the correlation between the axes, the non-detected objects form a line in the figure (whose scatter is given by the K-correction). Hard-TeV BL Lacs (green

full circles) cluster in the upper quadrant, while soft-TeV BLLacs (red full circles) show lower !x! values. The red star marks the position of 1ES 1426+428,

which is extreme in synchrotron but not in TeV. The green lines connect the positions of the prototypical hard-TeV BL Lac 1ES 0229+200 in 3 different states

(Costamante et al. in preparation): 1) during the first 2 years of Fermi operation (upper limit from the 2LAC catalog with same-epoch Swift data); 2) detection

in years 2011-2013 with average RXTE flux in the same epoch; 3) 3LAC catalog values as the other objects.

still be found inside the selection box simply because of a lower

Compton dominance, due to – for example – higher magnetic fields

in the emitting region. In fact, considering a simple one-zone SSC

scenario, higher synchrotron peak frequencies would tend to reduce

the Compton dominance, all else being equal, due to the decrease

of seed photons available for Thomson scattering (see for example

Fig. 2 in Costamante & Ghisellini 2002).

In order to further reduce the chance of spurious objects, two

additional cuts are introduced. The first is based on the gamma-ray

spectral slope, if the object is detected in the 3LAC or in the Third

Catalog of Hard Fermi LAT Sources (3FHL, Ajello et al. 2017):

namely, if the photon index !3LAC > 2.2 or !3FHL > 2.4. These

values are larger than the typical 1! error in these data, indicat-

ing that the source has most likely a steep GeV spectrum locating

the gamma-ray peak below 1 and 10 GeV, respectively. This cut

excludes 6 objects.

The second cut is based on the broad-band colour-colour dia-

gram with the WISE infrared flux, plotted in Fig. 2. The W3 filter

is chosen as best compromise between infrared sensitivity and the

minimization of the contribution of the host galaxy (see e.g. Fig.

2 in Arsioli et al. 2015). The hard-TeV objects tend again to clus-

ter towards low values of "wx , indicating that they have a harder

slope between infrared and X-ray energies than regular HBL. This

is to be expected when the synchrotron emission peaks in the X-ray

band, and the W3 flux is dominated by the non-thermal emission

from the jet. Nonetheless, the W3 band can still be contaminated by

MNRAS 000, 1–7 (2019)

Costamante 2019 
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Unveiling the TeV gamma-ray nature of EHBLs 1751

Figure 6. Extrapolation at the VHE of the Fermi-LAT points obtained for
1ES 0229+200 with Ecut-off = 12 TeV. We report also the real TeV data (not
EBL deabsorbed) of Aharonian et al. (2007d) to show that they match well
our extrapolation only if considering the right value of the Ecut-off.

Some sources in our sample have already been observed by
the VERITAS collaboration (Archambault et al. 2016) and by the
H.E.S.S. collaboration (Abramowski et al. 2014), however without
detection. In Table 3, we report their time exposure, the significance,
and the resulting upper-limit values. All upper limits provided by
the VERITAS collaboration and by the H.E.S.S. collaboration are
in good agreement with our spectral extrapolations in Fig. D2.
This fact underlines that these low-VHE flux EHBLs may need
longer exposures to be detected, and will be good targets for the
forthcoming CTA telescopes.

Implications of the redshift. The known redshift values of our
sources are limited between 0.03 and 0.36. Since we are dealing
with photons up to several TeV, in this redshift range the EBL
absorption is expected to affect significantly the observability of
our sources. This effect is evaluable in our figures: while the
ones with redshift below 0.1 are not significantly affected by EBL
absorption in the HE and VHE bands up to some hundreds of
GeV [see for example Fig. D2(a) in relation with other sources,
considering the different spectral index and absolute flux], sources
with higher redshift (z > 0.25!0.30) suffer a non-negligible effect
that decreases significantly the observed radiation in the same band
[see for example Fig. D1(f)]. This EBL absorption affects the flux
of these sources at the Earth, and their detection for redshifts higher
than about 0.5 would need a large amount of integration time from
the current IACTs and, in some cases, also by the forthcoming CTA
observatory.

Hint of HE curvature. In order to check the hypothesis of power-
law behaviour, for all sources we performed a curvature test on the
Fermi-LAT data with a ! -square ratio test on the power-law model
used for extrapolations in Fig. D2. We report the results in Tables 2
and 3. For 29 out of 32 sources (88 per cent), no signs of curvature
seem to be present in the second peak at high energies and the
computed ! -square ratio test is of the order of 1. On the other hand,
a hint of curvature is present in the Fermi-LAT SEDs of RBS 259,
1ES 1028+511, and RX J0324.6+3410. It is worth to note that
a hint of curvature already in the Fermi-LAT data means that IC
peak is probably located well below the energies of our reference
1ES 0229+200. This probably means that they are probably good
candidates as HBL-like EHBLs, rather than hard-TeV EHBLs.

Results. In our EHBL list, some currently TeV gamma-ray
undetected sources show particularly favourable spectral features
that could make them well detectable also by the current gen-
eration of IACTs. In particular, considering the combination of
known redshift, hard spectra in HE gamma-rays, and good ex-
trapolations to the VHE (see Fig. D2), some sources like PKS
0352!686, 1RXS J225146.9!320614, BZB J1417+2543, and
BZB J0244!5819 may be good targets also for the MAGIC, the
H.E.S.S., and the VERITAS telescopes, likely detectable in less
than 50 h of observations.

6 C O N C L U S I O N S

In this paper, we aim at providing a sample of extremely high-peaked
BL Lac objects and studying their broad-band spectral features.

Since the SED of these sources in the " F"(") plot reveals a
synchrotron peak located in hard X-rays, we adopt the Swift-BAT
105-month hard X-ray catalogue to build our reference source
sample and to eventually achieve a statistical flux completeness.
We complement the SED data of these luminous objects in the hard
X-ray band with archival radio, UV, optical, and soft X-ray data. For
the HE gamma-ray band, we use the Fermi-LAT 3LAC catalogue,
and update the results with a new 10-yr Fermi-LAT analysis of our
source sample.

Our work results in a sample of 32 EHBL objects out of 158
of the reference Swift-BAT 105-month blazar sample. Most of
them are characterized by spectral properties similar to those of
the archetypal EHBL 1ES 0229+200 at energies below about 100
GeV. The broad-band SEDs of all objects show a synchrotron peak
located at frequencies higher than 1017 Hz, confirming their EHBL
nature. Since the synchrotron peak position is particularly relevant
for the classification of EHBLs, we have provided a new estimation
of the synchrotron peak frequency for all sources using all the
available X-ray and hard X-ray archival data.

Even though all sources in the sample generally show compa-
rable spectral observables, some discrepancies appear in their TeV
gamma-ray spectra. Some indicators like the flux variability in hard
X-rays and HE gamma-rays, the curvature of their HE gamma-ray
spectra, and the TeV detection are not homogeneous in the sample.
This fact inspired us to study the available VHE spectra of the TeV
gamma-ray detected sources.

We found that the sources seem to be subdivided at least into two
main groups: ‘HBL-like’ EHBLs with VHE gamma-ray spectra
peaking in the 0.1–1.0 TeV range, and ‘hard-TeV’ EHBLs peaking
above about 10 TeV. The former are probably an extrapolation
of the HBL class to sources with a high synchrotron peak above
1017 Hz, but with their IC hump peaking already in the near-TeV
gamma-ray band. These sources are characterized by moderate-to-
high flux variability, and in some cases even notable flaring activity.
Conversely, the latter show a rather stable flux and an IC peak
energy exceeding the 10 TeV threshold. Richer samples of sources
may provide more information on whether the two subclasses of
sources form two distinct populations or a continuum transition.
For example, in our sample the source H 2356!309 might represent
a ‘transitional’ type of EHBL with IC hump peaking at few TeV
and intermediate spectral features with respect to HBL-like and
hard-TeV EHBLs.

The results obtained in this sample of objects confirm the features
found in the literature with regard to the different IC peak locations
of the EHBL sources and provide a first collection of such spectral
differences in a unique sample of sources. Furthermore, we found
that the TeV behaviour of the EHBL class seems not to be strongly
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Finding Extreme HBLs

adopted for the upper limit calculations. For some of the
sources, different photon indices (2–4) were assumed to check
the robustness of the upper limits. In all cases, the calculated
upper limits show small variations when different photon
indices are assumed. However, these variations are within the
instrument systematic uncertainties (<15%). Given the VHE
gamma-ray detection of 1ES 1426+428 in 2012, the observed
photon index of 2.6 was used for the calculation of the upper
limits for the observation periods in 2010 and 2013, when the
source was not detected.
In order to evaluate and compare the intrinsic emission of

each source, the observed spectra have been corrected for EBL
absorption assuming the model by Franceschini et al. (2008;
!lled black markers). The indices are reported in Table 3, last
column, where the errors listed are statistical only.
MAGIC Collaboration et al. (2019b) tested the effect of

using eight different EBL models, including those described by
Franceschini et al. (2008) and Domínguez et al. (2011), on the
EBL density constraints. Their results show that such an effect
is negligible within the tested models.
Very remarkably, the intrinsic spectral indices obtained by

!tting with a power-law function (dashed blue lines in
Figure 1) are all quite hard, suggesting that the VHE gamma-
ray emission covers the energy range still below the second HE
SED peak. RBS!0723 represents the only exception, even if the
faintness of the signal combined with the large distance
severely affects the observed and de-absorbed spectra. There-
fore, according to the MAGIC observations TXS!0210+515,
whose intrinsic spectral index !int is 1.6 !±! 0.3, is a newly
detected hard-TeV EHBL. 1ES!1426+428 and 1ES!2037
+521, !int!=!1.8 !±! 0.5 and !int!=!2.0 !±! 0.5, respectively,
are also compatible with the hard-TeV EHBL nature hypoth-
esis. The hint-of-a-signal source, RGB!J2042+244, !int!=
1.7 !±! 0.6, seems to also be a hard-TeV EHBL. The extreme
position of the second peak in these sources will be further
investigated in Section 7.

Figure 1. Spectral energy distributions of the four extreme blazars detected
with the MAGIC telescopes and for the hint-of-a-signal source in E2dN/dE
representation: observed data (open gray markers) and EBL-corrected data
(!lled black markers) using the Franceschini et al. (2008) model. The dashed
lines represent the power-law !t to the EBL-corrected data.

(The data used to create this !gure are available.)

Table 3
Results of the MAGIC Spectral Analysis of the EHBLs Detected at VHE

Gamma-Rays Together with the One which Shows a Hint of a Signal (RGB
J2042+244) and 1ES!0229+200, the Reference Source

Source z Edec F0!!!10!12 !obs !int

(GeV) (cm!2 s!1)

TXS!0210+515 0.049 1574 0.10!±!0.03 2.0!±!0.3 1.6!±!0.3
RBS!0723 0.198 300 10.0!±!2.0 3.6!±!0.8 2.7!±!1.2
1ES!1426
+428a

0.129 242 25.6!±!0.1 2.6!±!0.3 1.8!±!0.5

1ES!2037+521 0.053 400 5.6!±!0.6 2.3!±!0.2 2.0!±!0.5
RGB!J2042
+244b

0.104 379 2.6!±!0.5 2.3!±!0.3 1.7!±!0.6

1ES!0229+200 0.140 521 3.6!±!0.4 2.6!±!0.1 1.8!±!0.1

Notes. Columns from left to right: source name, redshift, decorrelation energy,
differential energy "ux derived from the observed spectrum at the decorrelation
energy, spectral index of the observed spectrum, spectral index of the intrinsic
spectrum corrected for EBL absorption with the Franceschini et al. (2008)
model. Only statistical errors are reported.
a Data from 2012 subsample.
b Only a hint of a signal was detected for this source.
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Gamma 2022 - VERITAS Highlights - Quinn 

AGN Science: new detection of RBS 1366
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• Acquired additional data for unbiased Luminosity Function study ⇒ 60 hrs total.

• Analysis of complete data set  ⇒ New VHE Extreme HBL 

• Flux ~ 0.5% Crab


• Spectral index:  (preliminary)

> 5!

!3.1 ± 0.5

MWL data and SSC scaling 
courtesy of Eileen Meyer

RBS 1366:


• 


• z = 0.237

log "sync
peak [Hz] = 17.2 ± 0.2
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Preliminary - Gamma 2022

VERITAS Highlights, J. Quinn, Gamma 2022

Extreme BL Lacs with H.E.S.S. and Swift Angel Priyana Noel

Figure 3: SEDs of the EHBLs presented in this work. Optical data were extracted from NED, WISE,
GALEX and DENIS. X-ray, Fermi and H.E.S.S. data are presented in this work. The dashed line is the SSC
calculation, which includes absorption on the EBL.

the sources. As mentioned in the introduction, Klein-Nishina suppression can become important at
energies above 1 TeV. However, the current data sets are rather well described with the SSC model,
which also reveals that both sources can be described with similar parameters for the underlying
particle distribution. Further data taking might be required to probe the emission at energies beyond
1 TeV for these sources. A dedicated modeling also considering hadronic interactions as done in,
e.g., Ref. [19] together with an analysis of CT5 data will be presented elsewhere. The detections
reported here further increase the the growing sample of EHBLs [see, e.g., 20, for recent MAGIC
detections]. This will facilitate future constraints on the EBL in the IR as well as searches for pair
cascades produced in the intergalactic medium.
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Several xHBLs discovered in last two years!
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EBL Imprint on (Extreme) Blazar Spectra
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EBL Measurement with Fermi-LAT
• Sample of 739 blazars, 0.03 < z < 3.1 
• Joint fit of observed spectra with:
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• Reconstruct EBL at several redshifts
τγγ from theoretical models

Fermi-LAT 2018 
arXiv:1812.01031
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EBL Measurement with Fermi-LAT
• EBL depends on cosmic star formation history (CSFH) 
• MCMC used to extract CSFH reproducing measured EBL optical 

depths 
• Good agreement with physical model (Finke 2010)  
• GRB at z=4.35 included to extend redshift range

.star formation 
rate density

⇢̇(z)
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• Fermi 2018 dataset + archival spectra 
from Biteau & Williams 2015 

• Same four intrinsic spectral models as 
Biteau & Williams 2015
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EBL Measurements from Archival Spectra

Biteau & Williams 2015 
arXiv:1502.04166
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Model dependent constraints
-LAT (2012)Fermi

H.E.S.S. (2013)
1.13 x Gilmore+12

Model-independent constraints
 rays + localγ

 rays onlyγ

Lower limits

Upper limits

• Archival dataset of 30 blazars, 86 
spectra 
• 15 xHBLs 

• Independent of EBL shape assumption 
• Use Fermi-LAT spectra 
• Four possible concave shapes for 

intrinsic spectra 

Desai et al 2019 
arXiv:1903.03126

50% of 
COB from 

z<0.9
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IACT Combined Measurements
H.E.S.S. 2017 MAGIC 2019 VERITAS 2019

• 12 blazars, 32 spectra 
• z = 0.03-0.944 
• 316 hours

• 9 blazars, 21 spectra 
• z = 0.031-0.287 
• 477 hours

• 14 blazars, 16 spectra 
• z = 0.044-0.604 
• 1406 hours

Complementary source selection 

*xHBL

*xHBL
*xHBL
*xHBL
*xHBL
*xHBL

*xHBL

*xHBL

*xHBL

*xHBL

*xHBL
*xHBL
*xHBL
*xHBL

*xHBL
*xHBL

*xHBL
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EBL Measurement with H.E.S.S.
• Wavelength-resolved likelihood analysis 

• EBL number density decomposed into four energy bins 
• Joint fit to EBL level & spectral parameters on unfolded spectra 
• Log parabola for intrinsic spectra  

H.E.S.S. 2017 
arXiv:1707.06090
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EBL Measurement with MAGIC

Not wavelength-resolved
✓
dN

dE

◆

obs

=

✓
dN

dE

◆

int

exp(�↵⌧��)

• MAGIC spectra used together with contemporaneous Fermi-LAT 
spectra 

• Two approaches: model-dependent & wavelength-resolved likelihood 
analysis 

• Five possible concave shapes for intrinsic spectra

MAGIC 2019

MAGIC 2019 
arXiv:1904.00134
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EBL Measurement with MAGIC
• Wavelength-resolved analysis 

• EBL reference model Dominguez 2011; other models also 
considered 

✓
dN

dE

◆

obs

=

✓
dN

dE

◆

int

exp(�↵1⌧1)...exp(�↵n⌧n)

• Preference for wavelength-resolved results over reference models is 
marginal: 1.2-2.4σ depending on reference model

MAGIC 2019
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EBL Measurement with VERITAS

• Derive opacity from ~500K generic EBL 
shapes 

• Three possible concave shapes for 
deabsorbed spectra 
• Weight EBL shapes according to fit χ2

VERITAS 2019 
arXiv:1910.00451 

Strong constraints on high edge of EBL intensity
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VERITAS 68% containment
Biteau&Williams 2015
H.E.S.S. 2017
MAGIC 2019
Gilmore 2012 Fiducial
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Is the EBL resolved?
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VERITAS 68% containment
Biteau&Williams 2015
H.E.S.S. 2017
MAGIC 2019
Gilmore 2012 Fiducial

• Good agreement with lower limits from galaxy counts 
• No indication of diffuse component - EBL spectrum attributable to resolved 

galaxies 
• Uncertainties still large for λEBL above a few microns

Still have work to do at large λEBL
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The Future: Probing Large λEBL

M87 
• Nearby, hard-spectrum radio galaxy   
• At z=0.004, probes λEBL = 28-100 µm 

for τ = 1 
• Aggressive monitoring campaign to 

search for flares 
• Joint MAGIC-VERITAS effort to 

combine spectra 
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M. Nievas Rosillo 2020

Preliminary

Gamma-ray bursts: 
A new source class for EBL measurements!GRB190114C, z=0.4

MAGIC 2019 
arXiv:2006.07249



29

Hubble constant & the EBL

(Planck Collaboration '18)CMB 

(Riess+ '18, '19)Distance ladder 
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distance element 
depends on ΛCDM parameters

• Compare EBL from galaxy counts with measurements of optical depth 
• Marginalized likelihood approach with Hubble constant free

Biteau & Williams 2015 
arXiv:1502.04166
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Hubble constant & the EBL

(Planck Collaboration '18)CMB 

(Riess+ '18, '19)Distance ladder 

(Biteau+ '15)-ray / local EBL γ
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number density 
of EBL photons - also depends on ΛCDM parameters (z>0.2)

distance element 
depends on ΛCDM parameters

• Compare observed EBL opacity against model predictions (Dominguez 2011 
& Finke 2010) 
• MCMC approach with Hubble constant and Ωm 

Dominguez et al 2019 
arXiv:1903.12097
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Axion-like particles & the EBL

z=0.03

z=0.14

• Axions/axion-like particles appear 
some beyond the standard model 
theories 

• Light, neutral, couples to photon 
• Dark matter candidate 

• Photon-ALP mixing induced by 
(extra)galactic magnetic fields 

• Reduction of optical depth → 
spectral uptick at high energies 

• Current optical depth measurements 
consistent with classical expections  

• Upcoming experiments probe 
broader space in mass/coupling
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Lorentz Invariance Violation & the EBL
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Semi-analytic EBL with
Lorentz Invariance

Pl = E
QG

LIV: n=1, E
Pl E-8 = 6 x 10

QG
LIV: n=2, E

z=0.1

z=0.03

• Lorentz invariance violation 
predicted in e.g. quantum gravity 
scenarios 

• Impacts EBL: higher pair-production 
threshold/lower opacity for 
subluminal modification   

• Set constraints on LIV scale 
competitive with constraints from 
time delay & photon decay

EP & J. Biteau 
arXiv:2112.05952 
 

Credit: H. Martinez-Huerta  
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Conclusions
• Gamma-ray measurements show good consistency with lower limits on EBL intensity 

from galaxy counts 
• No hint of diffuse component (but uncertainties large) 

• Measurements growing more robust 
• Ignorance of intrinsic spectral shape major confounding factor 
• EBL evolution with redshift still guided by theoretical models for IACT 

measurements 

• COB well-resolved, CIB only partially resolved 
• Interesting region for testing models 
• Statistics limited & at edge of current IACT energy ranges 
• Substructure still to be resolved 

• EBL measurements provide route to other interesting physics 
• Independent measurement of Hubble constant 
• Axion-like particle searches 
• Constraints on Lorentz invariance violation 

• Extreme HBLs particularly relevant for EBL studies, and interesting in their own right



Thanks!
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Latest New Horizons Measurement

angular resolution is too poor to allow classi!cation of most
galaxies above the detection threshold as nonstellar, thus our
solution is to add the light from masked galaxies with V< 19.9,
as cataloged by the PANSTARRS survey (Flewelling et al.
2020), to the IGL "ux (see Section 3.7).

The histogram !tting algorithm is designed to take into
account the !ne scale structure of the distribution of pixel
intensity values that results from the image calibration
operations applied to the initially integer raw pixel values.
The histogram !tting procedure also ignores all pixels with
values well away from the histogram peak. In application, we
!nd the sky following the masking procedure is only 7% less
than the sky measured with no masking at all. The average sky
value of the 16 images is 1.058± 0.035 DN or a V-band
surface brightness of 26.4 mag arcsec!2; the associated error is
statistical and is the error in the mean of the 16 images. This
corresponds to 24.22± 0.80 nWm!2 sr!1 in "ux units at the
LORRI pivot wavelength of 0.608 !m. As shown in Figure 2,
this sky level is signi!cantly less than the typical raw sky levels
of the seven !elds of NH21 but is essentially as expected given
the estimated reduction of the DGL and SSL components.

3. The Cosmic Optical Background Flux

Isolating the COB "ux from the total sky requires correcting
for a number of foreground sources. We describe these in detail
in NH21 but present their speci!c contributions to the present
!eld here. A summary of the decomposition of the total sky is
shown in Figure 3. The "uxes in all components and their
associated errors are listed in Table 1. We break down the
errors into systematic and statistical terms, as we discussed in
detail in NH21. Understanding which uncertainties are
systematic is critical when combining the measurements in
several !elds as we did in NH21. In the present case of a single
!eld, the errors in all "ux components are independent, but
again, this is no longer true when we compare the present
results to those in NH21.

3.1. Scattered Light from Bright Stars (SSL) and
Galaxies (SGL)

As noted in Section 2.1 the !eld was selected for its low SSL
of 5.17± 0.52 nWm!2 sr!1. The error is systematic and is
dominated by uncertainty in the New Horizons scattered light
function. The SGL term comes from scattered light contributed
by bright galaxies outside the LORRI !eld. The surface density
of bright galaxies is so low that this "ux,
0.07± 0.01 nWm!2 sr!1, is almost negligible.

3.2. Diffuse Galactic Light (DGL)

The selection of the !eld was done to minimize the DGL
foreground, as discussed in Section 2.1. We repeat the
estimated DGL foreground "ux here as
2.22± 1.00 nWm!2 sr!1, based on the Zemcov et al. (2017)
conversion of the 100 !m "ux, as given by NH21 Equation (7)
with C100= 9.8± 3.9 nWm!2 sr!1.
As one check on our conversion, we integrated the Onishi

et al. (2018) DGL coef!cients derived from their WD01 and
WLJ15 dust models (normalized to the 1.1 !m measurement of
their MBM32 !eld) as a function of wavelength over the
LORRI response function. This produced a mean coef!cient
only 10% larger than ours (when we compute our coef!cient
for the same galactic latitude as their MBM32 !eld), which is
well within our assumed "40% errors.
As a second check, we subtracted all the known "ux

components from the present and NH21 total sky "uxes, except
any estimate for the DGL "ux, and !tted a line to the residuals
(which also contained the presumably constant anomalous "ux)
as a function of 100 !m "ux. The slope of the line provides an
estimate of the conversion coef!cient. We recovered
C100= 10.1± 5.2 nWm!2 sr!1, in good agreement with the
scaling used in NH21.
The systematic component in the DGL error dominates and

is mainly due to the large error in the "ux-conversion
coef!cient, with a smaller contribution from the error in the
100 !m "ux. The statistical error is due to uncertainty in the
correction of the 100 !m map for residual zodiacal light. See
Table 1 for both components.

3.3. Integrated Faint Starlight (FSL)

The integrated light of faint stars (FSL) below the LORRI
photometric detection limit is another foreground source that
must be accounted for. Our approach is to integrate TRILEGAL
models (Girardi et al. 2005, 2012) of the expected population

Figure 3. A stacked bar chart showing the amplitudes of the known sky
components for the present !eld (leftmost bar) as compared to the seven NH21
!elds. The black horizontal lines with error bars show our measured total sky
values and their uncertainties for each !eld. The small "ux from bright galaxies
masked out in the LORRI !eld is not included in this !gure.

Table 1
Sky Flux Decomposition

Component nW m!2 sr!1 Stat. Sys.

Total Sky 24.22 ± 0.80 0.80 0.00
!Scattered Starlight (SSL) 5.17 ± 0.52 0.00 0.52
!Scattered Milky Way Light (DGL) 2.22 ± 1.00 0.32 0.95
!Faint Stars (FSL) 1.16 ± 0.18 0.06 0.17
!Two-photon continuum (2PC) 0.93 ± 0.47 0.00 0.47
!Scattered Galaxy Light (SGL) 0.07 ± 0.01 0.00 0.01
+Bright Field Galaxies 1.70 ± 0.07 0.04 0.06

= Cosmic Optical Background 16.37 ± 1.47 0.86 1.19
! Integrated Galaxy Light (IGL) 8.31 ± 1.24 0.78 0.97

= Anomalous Flux 8.06 ± 1.92 1.16 1.53
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yield a fractional error of 13.1% in the IGL !ux. The difference
between the IGL derived from the power-law "ts versus that
derived using a quadratic "t to the galaxy counts yields a
fractional change in the IGL of 6.6%. Summing these two error
components in quadrature yields a combined systematic
fractional error of 14.7% in the IGL !ux. The total error in
the IGL must also include the statistical uncertainty due to the
effects of cosmic variance over a single LORRI FOV. The
cosmic variance error for a single LORRI FOV used in this
work is the same as the single-"eld CV error adopted in NH21
(Trenti & Stiavelli 2008), which translates to an IGL fractional
error of 11.8%. Summing, in quadrature, this statistical error
with the above systematic error yields a total fractional error of
18.8% in the faint IGL !ux. This is smaller than our
conservative estimate of 30% used in NH21 but represents a
more accurate assessment of the error in the faint IGL
component. Our computed faint IGL !ux in the current "eld
is 6.61± 1.24 (0.97 (sys), 0.78(stat)) nWm!2sr!1.

Combining the bright and faint galaxy contributions to the
IGL gives a total IGL !ux for our "eld of
8.31± 1.24 (0.97 (sys), 0.78(stat)) nWm!2sr!1. This IGL cor-
responds to the expected light in the LORRI bandpass from all
galaxies brighter than V= 30 mag.

3.8. The Detection of a Signi!cant Anomalous Flux
Background

We "nd that IGL accounts for only half of the COB.
Subtracting it from the COB yields an anomalous unexplained
!ux component of 8.06± 1.92 (1.16 stat.,
1.53 sys. ) nWm!2sr!1. The present anomalous sky residual
compared to those in the seven NH21 "elds is shown in
Figure 4. The present !ux is statistically consistent with all
seven previous "elds, but its signi"cance is markedly greater.

4. An Anomalous Background

4.1. The COB from Galaxy Counts and !-Ray Absorption

A large anomalous background component would not be
expected under the simple and perhaps default hypothesis that
the COB and the IGL !ux derived from the faint galaxies
already known by HST deep counts are one and the same. The
IGL has been estimated many times by many different parties,

including us in NH21, and recently by Driver et al. (2016) and
Saldana-Lopez et al. (2021). IGL traces from both groups are
plotted as a function of wavelength over the LORRI passband
in Figure 5. There is excellent agreement on the IGL level over
the ensemble of estimates. Driver et al. (2016), Saldana-Lopez
et al. (2021), and our own estimate all imply a contribution to
the COB !ux of "8 nWm!2 sr!1 over the passband sampled
by LORRI. To be fair, these results are often based on the same
observations, but this at least shows that there is a little
interpretive “wiggle room” allowed in the analysis
methodologies.
Very-high-energy (VHE) !-ray observations can be used to

estimate the COB !ux and is a completely different approach
than integrating over the external galaxy !ux, which has the
virtue of depending only on the total !ux density of optical
photons, independent of any association with a stellar system.
This is the very same quantity that we have attempted to
measure with New Horizons. Observations of VHE (0.1–30
TeV) !-rays from cosmologically distant active galactic nuclei
show that !-rays are absorbed as a function of the distance of
the source and the energy of the !-ray photons (H.E.S.S.
Collaboration et al. 2013; Fermi-LAT Collaboration et al.
2018). Quantum electrodynamics predicts that such an effect
must occur (Nikishov 1962). The !-ray photons interact with
optical photons to produce e!/e+ pairs. In effect, the ambient
!ux density of optical photons acts as an absorbing medium,
attenuating the transmission of !-rays over large distances. We
show the COB constraints from "ve recent VHE !-ray studies:
Ahnen et al. (2016), the H.E.S.S. Collaboration et al. (2017),
the Fermi-LAT Collaboration et al. (2018), Desai et al. (2019),
and Acciari et al. (2019) in Figure 5. The concordance of the
COB inferred from galaxy counts and VHE !-ray absorption
evident in Figure 5 is a compelling argument that the COB may
well be entirely due to the light of known galaxies and holds no
surprises. However, while a number of VHE !-ray traces
shown in Figure 5 do appear to be essentially coincident with
the IGL traces, it is noteworthy that when the analysis allows

Figure 4. A bar chart showing the amplitudes of the anomalous sky
components for the present "eld (blue) as compared to the seven NH21 "elds. Figure 5. The present result is compared to previous COB measures over the

wavelengths spanned by the LORRI passband. Our NH21 COB !ux (for the
Zemcov DGL) is shown in gray, offset to the blue for clarity. Direct COB !ux
measurements are shown as points with error bars. The Zemcov et al. (2017)
!ux limit and the Mattila et al. (2017) 0.52 "m limit are shown as 2# upper
limits with 1# arrows. IGL estimates are shown as lines with 1# bounds. COB
!uxes inferred from VHE !-rays are shown as shaded bands.
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Lauer et al 2022 
https://doi.org/10.3847/2041-8213/ac573d
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Probing the EBL spectrum

Access COB with 
distant γ-ray sources

Access CIB with (relatively) nearby  
and “extreme” γ-ray sources 

Integral of σγγ over angle 
drives broad peak in λEBL 

probed for given Eγ/z

�EBL ' 0.5� 5µm⇥
✓

E�

1TeV

◆
⇥ (1 + z)2

To probe full EBL spectrum, need γ-ray sources emitting 
to high energies, located out to large distances
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10 Year Lightcurves and Flux Variability

>200 GeV >200 GeV

Some sources are fairly stable… Others are dramatically variable…

• Spectral + flux variability can warp integrated spectra 
• Harder-when-brighter trend OR observing conditions 
• Test for spectral variability for different flux states, separate spectra if needed
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nEBL / (1 + z)3 ! nEBL / (1 + z)3�fevo , fevo = 1.2
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Redshift evolution and Opacity calculation

• Translate EBL spectra at z=0 to τi(E, z) 
• EBL evolution with redshift handled empirically
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The opacity can be determined from models of the EBL if its evolu-
tion with redshift is known and, independently, from c-ray observa-
tions if the intrinsic blazar spectrum is known. Concordance
between these two independent determinations of scc can serve
as a test for the validity of the underlying assumptions in each
method.

Figs. 12 and 13 depict the evolution of the comoving intensity of
the EBL, the corresponding evolution of the proper number density
of background photons, the optical depth to blazars at various red-
shift, and the corresponding attenuation factor. Results are plotted
for the BE evolution model of Franceschini et al. [107] and the BE
evolution model of Domínguez et al. [81].

Determining the c-ray opacity from observations requires
knowledge of the intrinsic blazar spectrum. Differences between
the observed and expected flux at a given energy Ec would then
be simply attributed to EBL attenuation. Figs. 12 and 13 show that
the sharp drop of the EBL intensity at UV and shorter wavelengths
renders the universe almost transparent to GeV photons. Conse-
quently, the observed %1–50 GeV spectrum is very likely the
intrinsic blazar spectrum. So instead of assuming a theoretical limit
on the spectral index, one can use the GeV – 10s of GeV energy
spectral slope from Fermi data as a proxy for the intrinsic spectra
at TeV energies.

Assuming that this power law can be extrapolated from GeV to
TeV energies, one can derive the TeV optical depth to the observed
blazar. This approach was used by Georganopoulos et al. [116] and
in method 1 in [192] to set firm upper limits on EBL models using
the GeV to TeV spectra of PKS 2155-304 (z # 0:116) and 1ES
1218+304 (z # 0:182). Assuming that the GeV spectrum is unatten-
uated by the EBL, [169] used optical, X-ray and GeV data to model
the TeV flux of PKS 2155-304 using a one-zone SSC model. Com-
parison of the model results with observations, they derived the

TeV opacity to this blazar, and found it to be consistent with most
EBL models.

Fig. 14 compares the dependence of the optical depth derived
from EBL models (hatched curves) to that derived for select bla-
zars: Mrk 501, 1ES 1218+304, and 3C 66A. Each hatched band
spans the range of optical depths predicted by the EBL models of
Franceschini et al. [107], Finke et al. [99], Domínguez et al. [81],
and Gilmore et al. [117]. The colored dots represent the optical
depths derived from the c-ray observations of the three blazars.
The intrinsic blazar spectrum was assumed to be a power law
determined by the observed flux at 1 GeV and the spectral index,
CGeV . The observed flux in the TeV range was assumed to be a
power law with a spectral index CTeV (see Table 2). The c-ray opac-
ity in the TeV range was then derived from Eq. (11). The band of
opacities for each blazar was obtained by performing 100 Monte
Carlo simulations of the intrinsic and observed spectra using the
uncertainties in the spectral indices and c-ray energies into
account.

The figure shows that the c-ray derived optical depths of Mrk
501 and 1ES 1218-304 are in general agreement with model pre-
diction. The discrepancy between the EBL and the c-ray derived
optical depth for 3C 66A is typical of most blazars listed in Table 2.
We note that the redshift to 3C 66A is still somewhat uncertain [9].
The convergence between observational limits on the EBL and
models suggests that the origin of the discrepancy can be mostly
attributed to our still incomplete knowledge of the intrinsic spec-
tra of blazars.

The EBL not only affects the c-ray spectra of individual c-ray
sources, but also the spectrum of the extragalactic c-ray back-
ground (EGRB) which consists of the cumulative contribution of re-
solved and unresolved sources and a possible truly diffuse
emission component.

Recently, the Fermi Large Area Telescope (LAT) provided a new
measurement of the diffuse c-ray background (DGB) at energies
between 0.2 and 100 GeV [7], obtained by the subtraction of

Fig. 12. Basic EBL model results by Franceschini et al. [107]: Top left: the comoving EBL and CMB intensities versus wavelength for different redshifts. Top right: the proper
number density of EBL and CMB photons versus energy for the same grid of redshifts as the previous panel. Bottom left: the c-ray opacity versus energy, Ec for different
redshifts. Bottom right: the amount of attenuation versus energy for the same grid of redshifts as the previous panel. The figure illustrates the change in the slope of scc at
energies corresponding to the wavelength at which the slope of the EBL spectrum changes.

E. Dwek, F. Krennrich / Astroparticle Physics 43 (2013) 112–133 127

• Theoretical input 
• fevo tuned to reproduce evolution of 

standard models  
• Successful to highest z considered 

• τi(E, z) computed numerically (i = 1 - 480000) 
• E = 0.1 - 20 TeV 
• z = 0.03 - 1.0 
• Logarithmic spacing
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Limits on corrected spectra
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Limits on corrected spectra

EBL model 3

• How hard is too hard? 
• Power law corrected spectra not allowed to be arbitrarily steep 
• Physical limit Γ ~ 1.5 (rough) 
• Take more conservative Γ = 1.0 based on Fermi-LAT flare catalog

S. Abdollahi et al 2017


