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The Big Picture: Cosmology

Many observables that reflect the universe’s evolution 
We will focus on diffuse light
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Extragalactic Background Light

Imprint from reionization, star formation, galaxy evolution, 
emission by active galactic nuclei 

Unresolved sources? Dark matter decay? Exotic physics?
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Extragalactic Background Light

• COB = Cosmic optical background 
• Light from stars, galaxies, etc

• CIB = Cosmic infrared background 
• Light reprocessed by dust

H. Dole et al.: The Cosmic Infrared Background Resolved by Spitzer. 13

• A stacking analysis in three fields covering 0.85 square
degrees including a sample of 19181 MIPS 24 µm sources
with S24 ! 60 µJy lets us probe faint 70 and 160 µm galax-
ies one order of magnitude below the confusion level and
with a high signal-to-noise ratio. We take into account in
our noise budget uncertainties coming from: photometry,
calibration systematics, and large-scale structure.

• 24 µm galaxies down to S24 = 60 µJy contribute 79%,
92%, 69% of the CIB at respectively 24, 70 and 160 µm
(using 2.7, 6.4 and 15.4 nW m!2 sr!1 as the total CIB
values at 24, 70 and 160 µm, respectively). This is the first
direct measurement of the contribution of MIR-selected
galaxies to the FIR background.

• We derive the contributions to the CIB by flux density
bin, and show good agreement between our stacking anal-
ysis and the published source counts. This is a strong con-
straint for models. Moreover, we show that the CIB will be
mainly resolved at flux densities of about S70 " 0.9 mJy
and S160 " 3 mJy at 70 and 160 µm, respectively.

• We directly measure that the total CIB, peaking near
150 µm, is largely resolved into MIR galaxies. Other
works (Pérez-González et al., 2005; Le Floc’h et al., 2005;
Caputi et al., 2006, especially) show that these MIPS
24 µm sources are " 3 # 1011 L" LIRGs distributed at
redshifts z " 1, with stellar masses of about 3 # 1010 to
3# 1011 M" and specific star formation rates in the range
0.1 to 1 Gyr!1.

• Using constant color ratios 160/24 and 70/24 for MIR
galaxies fainter than 60 µJy, we derive new conservative
lower limits to the CIB at 70 and 160 µm including the
faint IR galaxies undetected at 24 µm: 7.1±1.0 and 13.4±
1.7 nW m!2 sr!1, respectively. These new estimates agree
within 13% with the Lagache et al. (2004) model.

• Using these new estimates for the 70 and 160µm CIB,
we show that our stacking analysis down to S24 ! 60 µJy
resolves >75% of the 70 and 160 µm CIB.

• Upper limits from high-energy experiments and direct
detections together with lower limits from galaxy counts
and stacking analysis give strong constraints on the EBL
SED.

• We estimate the Extragalactic Background Light
(EBL) Spectral Energy Distribution (SED) permitted
zone (between lower and upper limits), and measure
the optical background (COB) to be in the range 19.5-
35.5 nW m!2 sr!1, and the IR background (CIB) in the
range 24 to 27.5 nW m!2 sr!1. The ratio COB/CIB thus
lies between 0.7 and 1.5.

• We integrate our best estimate of the COB and the CIB,
and obtain respectively 23 and 24 nW m!2 sr!1; We find
a COB/CIB ratio close to unity.

• The galaxy formation and evolution processes have pro-
duced photons equivalent in brightness to 5% of the CMB,
with equal amounts from direct starlight (COB) and from
dust-reprocessed starlight (CIB). We compute that the
EBL produces on average 115 infrared photons per visible
photon.
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Fig. 14. Schematic Spectral Energy Distributions of the
most important (by intensity) backgrounds in the uni-
verse, and their approximate brightness in nW m!2 sr!1

written in the boxes. From right to left: the Cosmic
Microwave Background (CMB), the Cosmic Infrared
Background (CIB) and the Cosmic Optical Background
(COB).
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Refers to one part of the diffuse photon background

EBL density evolves with time/redshift

*Connection to other 
diffuse fields (X-ray, 

radio, neutrino)
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EBL: Observational Impact

• EBL interesting from perspective of 
cosmology 

• 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

J. Biteau, EP, A. Taylor et al 2020

Acciari et al 2019
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Modeling the Extragalactic Background Light

5.3. Cosmic chemical evolution (CCE) models

CCE models treat the universe as a closed system in which all
galaxies within a large comoving volume element are represented
by their basic ingredients: stars, interstellar gas, metallicity, and
radiation. Chemical evolution equations, analogous to those used
to follow the chemical evolution of the Galaxy (e.g.[46,231,193]),
are used to follow the evolution of the average stellar, gaseous,
and radiative contents in each comoving volume in a self consis-
tent manner. CCE models were pioneered by Pei and Fall [195],
and most recently updated by Pei et al. [196]. Inputs parameters
for their model are the mean rest frame UV luminosity density as
a function of redshift, and the mass of the ISM gas as determined
from H I column densities derived from studies of quasar absorp-
tion lines through damped Lya systems. The decrease in the ISM
gas with redshift and the UV luminosity density were used to de-
rive a solution for the evolution of the CSFR with redshift which
is consistent with that determined from the extinction-corrected
Ha, and with SCUBA 850 and ISO 15 lm surveys. Similar to FE mod-
els, population synthesis models were then used to calculate the
stellar SED at each redshift, and an LMC extinction law was
adopted to calculate the fraction of starlight absorbed by the dust.
A power-law distribution in dust temperature was used to calcu-
late the spectrum of the reradiated IR emission. The model repro-
duced various observational constraints, including the comoving
rest-frame 0.44, 1.0, and 2.2 lm spectral luminosity densities in
the !0–2 redshift interval, the 12, 25, 60, and 100 lm local lumi-
nosity densities; and the mean abundance of metals in damped
Lya systems in the !0.4–3.5 redshift interval.

5.4. Semi-analytical (SA) models

SA models follow the formation and evolution of galaxies in a
cold dark matter Lambda dominated (KCDM) universe using the
cosmological parameters derived from the 5-year Wilkinson Micro-
wave Anisotropy Probe (WMAP5) observations [128] as the initial
conditions. SA models then follow the growth and merger of dark
matter halos, and the emergence of galaxies which form as bary-
onic matter falls into the potential wells of these halos. The fate
of the infalling gas is determined by many different processes:
the formation of stars in a multiphase interstellar medium, AGN
and supernovae feedback processes that quench their formation,
the evolution of the stellar radiation field, the heating and cooling
of the interstellar medium and its chemical enrichment, the ex-
change of material with the intergalactic medium through infall
and galactic winds, and the growth of the central black hole. A
description of recent developments and references to previous
work can be found in [222]. Model prediction are compared to a
basic set of observational constraints such as the observed charac-
teristics of galaxies: their morphology, colors, and spectral energy
distribution, and morphology; and their integrated cosmological
properties: their number counts and luminosity function in differ-
ent wavebands and redshifts, their mass function, the cosmic star
formation rate, and the EBL generated by them. As in all EBL mod-
els, determination of the galaxies’ SED is complicated by the de-
tailed microscopic and large scale parameters needed to calculate
the amount of starlight that is absorbed by dust, and the spectrum
of the reradiated emission. Recent SA models have combined the
models for galaxy formation with radiative transfer models to
determine the galaxies’ SED [103,102,222,241].

SA models are inherently complex, incorporating a large num-
ber of physical processes, some poorly known, to derive galaxy
properties. However, they are the most physically motivated mod-
els, and quite successful in reproducing a large number of observa-
tional constraints.

5.5. Comparison of model predictions with observations

A detailed comparison of all model types with EBL limits and
observations was presented by Hauser and Dwek [124]. Here we
will represent mostly the models that have been developed since
then: BE models by Stecker and Scully [229], Franceschini et al.
[107], and Domínguez et al. [81]; The FE model of Finke et al.
[99]; and the SA model of Gilmore et al. [117]. Fig. 9 compares
the various models to the current limits and observations of the
EBL. In general, all models, except for the BE models of Stecker
et al. provide adequate fits to the EBL.

6. EBL constraints from c-ray observations of blazars

The attenuation of c-rays by the EBL can in principle be used to
determine the EBL intensity at wavelengths corresponding to the
c-ray observations. Neglecting the possible scattering or produc-
tion of second generation c-ray photons along the line of sight to
the blazar, the intrinsic c-ray flux from the blazar, FInt"Ec#, can be
related to the observed one, Fobs"Ec# by:

Fobs"Ec# $ FInt"Ec# exp%&scc"Ec#' "15#

where the optical depth, scc, is given by Eq. (9). Determination of
the EBL assumes that all the attenuation is caused by interaction
with the EBL, instead of photons in or around the vicinity of the bla-
zar. Furthermore, it requires knowledge of the intrinsic blazar spec-
trum. Assuming that all the attenuation is attributed to the EBL,
several upper limits have been derived on the EBL intensity by mak-
ing various assumptions on the intrinsic blazar spectrum. The c-ray
derived EBL limits are compared to those derived from UV to sub
millimeter observations in Fig. 10, and described below.

Fixed power law: Early observations of the blazars Mrk 421 and
3C 279 suggested that their !GeV–TeV spectrum could be approx-
imated by a single power law ([201,227], respectively). If so, then
any deviations of the observations from the extrapolated power
law to higher energies should be attributed to EBL attenuation.
Stecker and de Jager [226] derived an upper limits at 1–5 lm of
10 nW m&2 sr&1, assuming that a straight power law extrapolation
of the spectrum of Mrk 421 from GeV energies obtained from the
EGRET [163] with an index of C $ 1:96( 0:14 holds up to the
TeV regime, where the index was measured by the Whipple Collab-
oration to be C $ 2:25( 0:19. Biller et al. [61] included the statis-
tical uncertainties of the GeV spectrum, and demonstrated vastly
different extrapolations with significantly higher upper limits,
thereby yielding conservative upper limit to the EBL in the
mid-IR at 10 lm.

Fig. 9. Models of the EBL are compared to observational limits on the EBL.

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

• Backward evolution models 
• Start with local luminosity 

density + galaxy number 
counts

Multiple approaches to predict the EBL intensity & spectrum

• Forward evolution models 
• Start with cosmic star 

formation rate, radiative 
transfer + population 
synthesis models

• Semi-analytical models 
• Start with ΛCDM universe 
• Account for dark matter, 

baryonic physics, 
feedback in galaxy 
evolution

Dwek & Krennrich 2013

Good agreement

Models start to diverge
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Measuring the Extragalactic Background Light
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background 
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unknown components 
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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

scc!Ec; z" # $ log
F!Ec; z"obs

F!Ec"int

! "
!16"

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

scc!Ec; z" # $ log
F!Ec; z"obs

F!Ec"int

! "
!16"

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].
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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
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TeV energies, one can derive the TeV optical depth to the observed
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TeV opacity to this blazar, and found it to be consistent with most
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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
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diction. The discrepancy between the EBL and the c-ray derived
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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
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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
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Probing 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

J. Biteau & EP in prep
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Blazars: A Convenient Probe
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Abdo et al 2011
Fossati et al 1998

UV/optical X-ray High 
Energy

Very 
High 

Energy

• Blazars: γ-ray emission to very high energy, located at cosmological distances 
• BL Lacertae objects: sub-class of blazars with weak emission lines 

• Complicates redshift measurement 🙁  
• Do not expect significant internal absorption 🙂  
• Numerous! >80% of extragalactic sources at highest energies

• Classify according to first 
emission peak position  

• High-frequency-peaked objects 
less luminuous
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Blazar variability
• Why is simultaneous data important? → blazar fluxes variable at all 

observed wavelengths 
• Variability irregular and not necessarily correlated between energy bands

Note differing 
instrument 

sensitivities!

O. Gueta 2019
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Extracting the EBL Imprint from Blazar Spectra
Observed spectrum:
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Intrinsic spectrum:

The challenge: use observed blazar 
spectra to measure EBL spectrum

However, without a full understanding of underlying emission 
mechanisms we have

• How to extract a robust EBL measurement?  
• Source selection 

• BL Lac objects only - no internal absorption expected/observed in 
nearby sources 

• Multiple sources  
• No modeling  
• No multiwavelength input 
• Minimal spectral assumptions
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Detecting γ-ray Blazars with VERITAS

Credit: J. Holder

October 21, 2015 0:14 World Scientific Review Volume - 9.75in x 6.5in jholder˙ACTs page 7

Atmospheric Cherenkov Gamma-ray Telescopes 7

Fig. 5. An illustration of the stereoscopic imaging technique. A gamma-ray triggers an elec-
tromagnetic cascade in the Earth’s atmosphere, which generates Cherenkov radiation in a pool
on the ground. Telescopes within this light pool are used to form an image of the shower, which
allows reconstruction of the arrival direction of the incident primary photon.

made up of hundreds of individual mirror facets.
The second requirement is for a large field-of-view. Cherenkov images from air

showers are approximately elliptical in shape, with an angular extent of up to a few
degrees. The images are o↵set from the arrival direction of the shower primary - in
the case of gamma-ray initiated showers, this means that the image is o↵set from the
gamma-ray source position in the field-of-view. The angular distance of the o↵set
is proportional to the shower impact parametera (Figure 5). Even a point source of
gamma-rays, therefore, requires a field-of-view of a few degrees diameter. In reality,
many known sources of gamma-ray emission (particularly supernova remnants and
pulsar wind nebulae) have a large angular extent. Additionally, analysis of ACT
data typically uses a portion of the field-of view in which there are no known gamma-
ray sources to estimate the background of remaining cosmic ray showers. Currently
operating arrays have fields-of-view of 3� � 5�, while plans for the next generation
of instruments reach 8� � 10�.

The requirement for a very large field-of-view for each telescope dictates a small

aThe distance between the shower core projected onto the ground and the telescope.

VERITAS 
FLW Observatory in southern AZ 
Energy range: ~85 GeV - 30 TeV 
Angular resolution: 0.1° @ 1 TeV 

Field of view: 3.5° 

Multiple telescopes  
for stereoscopic imaging

very-high-energy  
γ-ray

air shower

Cherenkov 
light pool

Photomultiplier tube cameras 
for faint & fast signal 
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VERITAS EBL Blazar Observations

• Multi-year monitoring program  
• Total ~100 hours per season on 7 objects 

• ~10% of total observing time per season 
• Regular exposures every few weeks rather than triggering on 

multiwavelength activity 
• Source selection 

• High- or intermediate-peaked BL Lac objects 
• Well-measured or constrained redshift > 0.1 
• Consistently detected with VERITAS 
• Hard spectral index in Fermi-LAT range (<2) 

• Objects where we were “lucky” 
• All known northern TeV blazars sources monitored through snapshot 

program and in multiwavelength  
• Bright flares detected through self- or multi-wavelength trigger 

• Source selection 
• High- or intermediate-peaked BL Lac objects 
• Well-measured or constrained redshift 
• Hard spectral index in Fermi-LAT range (<2)
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14 BL Lac objects, primarily high-frequency-peaked objects 
Largest number of TeV blazars used for an EBL measurement (*non-archival)

**Multiple spectra based on flux state
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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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EBL with VERITAS: Method

• Generate generic EBL spectra at z=0  
• Second order splines 
• Grid points in λEBL reflect width of 

integrated cross section 
• Intensity drawn randomly [1, 50] nW 

m-2sr-1  
• No constraints from galaxy counts 

or direct measurements 
• Restrict unphysically steep spectra 

• Recover flat intensity with weights  
• 480,000 spectra
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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
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Extracting the EBL spectrum

Start with flat EBL intensity distribution at each λEBL

Weight each EBL spectrum by exp(-(Σχ2)n/2) (n = index over sources)

Integrate EBL intensity distribution to extract containment band or upper limit

EP et al 2020
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Systematic uncertainties
• Number of EBL spectra considered 

• Remove 10% of spectra randomly 
• <1% effect on EBL 68% containment band - neglect 

• Energy scale uncertainty & finite energy resolution 
• ~20% energy-scale uncertainty 
• Energy dependent energy resolution 
• 10% uncertainty on Γ from toy Monte Carlo study 
• <10% effect on EBL 68% containment band 

• Uncertainty in redshift evolution  
• Take difference between two models in predicted evolution of τ(E) with 

redshift - Δτ(E) 
• Calculate EBL 68% containment band with ±Δτ(E) 
• <12% effect on EBL 68% containment band 

• Two sources with uncertain redshift 
• Calculate EBL 68% containment band edges of redshift range 
• Small effect - take most conservative overlap of the two bands
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EBL Spectrum as Measured by VERITAS
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Median value
lower limits (galaxy counts)
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• Good agreement with lower limits from galaxy counts 
• No indication of diffuse component - EBL spectrum attributable to 

resolved galaxies 
• Uncertainties large 

• Method dominated by statistical uncertainties - room for improvement

EP et al 2020
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Robustness of Result
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68% containment, all spectra

68% containment, removing spectra

• Test robustness against intrinsic source effects by removing sources from 
combination 

• No one source dominates combination  
• Combination of 6 spectra dominates results

EP et al 2020
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VERITAS EBL Measurement in Context
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Strong constraints on high edge of EBL intensity 

EP et al 2020
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Is the EBL resolved?

5.3. Cosmic chemical evolution (CCE) models

CCE models treat the universe as a closed system in which all
galaxies within a large comoving volume element are represented
by their basic ingredients: stars, interstellar gas, metallicity, and
radiation. Chemical evolution equations, analogous to those used
to follow the chemical evolution of the Galaxy (e.g.[46,231,193]),
are used to follow the evolution of the average stellar, gaseous,
and radiative contents in each comoving volume in a self consis-
tent manner. CCE models were pioneered by Pei and Fall [195],
and most recently updated by Pei et al. [196]. Inputs parameters
for their model are the mean rest frame UV luminosity density as
a function of redshift, and the mass of the ISM gas as determined
from H I column densities derived from studies of quasar absorp-
tion lines through damped Lya systems. The decrease in the ISM
gas with redshift and the UV luminosity density were used to de-
rive a solution for the evolution of the CSFR with redshift which
is consistent with that determined from the extinction-corrected
Ha, and with SCUBA 850 and ISO 15 lm surveys. Similar to FE mod-
els, population synthesis models were then used to calculate the
stellar SED at each redshift, and an LMC extinction law was
adopted to calculate the fraction of starlight absorbed by the dust.
A power-law distribution in dust temperature was used to calcu-
late the spectrum of the reradiated IR emission. The model repro-
duced various observational constraints, including the comoving
rest-frame 0.44, 1.0, and 2.2 lm spectral luminosity densities in
the !0–2 redshift interval, the 12, 25, 60, and 100 lm local lumi-
nosity densities; and the mean abundance of metals in damped
Lya systems in the !0.4–3.5 redshift interval.

5.4. Semi-analytical (SA) models

SA models follow the formation and evolution of galaxies in a
cold dark matter Lambda dominated (KCDM) universe using the
cosmological parameters derived from the 5-year Wilkinson Micro-
wave Anisotropy Probe (WMAP5) observations [128] as the initial
conditions. SA models then follow the growth and merger of dark
matter halos, and the emergence of galaxies which form as bary-
onic matter falls into the potential wells of these halos. The fate
of the infalling gas is determined by many different processes:
the formation of stars in a multiphase interstellar medium, AGN
and supernovae feedback processes that quench their formation,
the evolution of the stellar radiation field, the heating and cooling
of the interstellar medium and its chemical enrichment, the ex-
change of material with the intergalactic medium through infall
and galactic winds, and the growth of the central black hole. A
description of recent developments and references to previous
work can be found in [222]. Model prediction are compared to a
basic set of observational constraints such as the observed charac-
teristics of galaxies: their morphology, colors, and spectral energy
distribution, and morphology; and their integrated cosmological
properties: their number counts and luminosity function in differ-
ent wavebands and redshifts, their mass function, the cosmic star
formation rate, and the EBL generated by them. As in all EBL mod-
els, determination of the galaxies’ SED is complicated by the de-
tailed microscopic and large scale parameters needed to calculate
the amount of starlight that is absorbed by dust, and the spectrum
of the reradiated emission. Recent SA models have combined the
models for galaxy formation with radiative transfer models to
determine the galaxies’ SED [103,102,222,241].

SA models are inherently complex, incorporating a large num-
ber of physical processes, some poorly known, to derive galaxy
properties. However, they are the most physically motivated mod-
els, and quite successful in reproducing a large number of observa-
tional constraints.

5.5. Comparison of model predictions with observations

A detailed comparison of all model types with EBL limits and
observations was presented by Hauser and Dwek [124]. Here we
will represent mostly the models that have been developed since
then: BE models by Stecker and Scully [229], Franceschini et al.
[107], and Domínguez et al. [81]; The FE model of Finke et al.
[99]; and the SA model of Gilmore et al. [117]. Fig. 9 compares
the various models to the current limits and observations of the
EBL. In general, all models, except for the BE models of Stecker
et al. provide adequate fits to the EBL.

6. EBL constraints from c-ray observations of blazars

The attenuation of c-rays by the EBL can in principle be used to
determine the EBL intensity at wavelengths corresponding to the
c-ray observations. Neglecting the possible scattering or produc-
tion of second generation c-ray photons along the line of sight to
the blazar, the intrinsic c-ray flux from the blazar, FInt"Ec#, can be
related to the observed one, Fobs"Ec# by:

Fobs"Ec# $ FInt"Ec# exp%&scc"Ec#' "15#

where the optical depth, scc, is given by Eq. (9). Determination of
the EBL assumes that all the attenuation is caused by interaction
with the EBL, instead of photons in or around the vicinity of the bla-
zar. Furthermore, it requires knowledge of the intrinsic blazar spec-
trum. Assuming that all the attenuation is attributed to the EBL,
several upper limits have been derived on the EBL intensity by mak-
ing various assumptions on the intrinsic blazar spectrum. The c-ray
derived EBL limits are compared to those derived from UV to sub
millimeter observations in Fig. 10, and described below.

Fixed power law: Early observations of the blazars Mrk 421 and
3C 279 suggested that their !GeV–TeV spectrum could be approx-
imated by a single power law ([201,227], respectively). If so, then
any deviations of the observations from the extrapolated power
law to higher energies should be attributed to EBL attenuation.
Stecker and de Jager [226] derived an upper limits at 1–5 lm of
10 nW m&2 sr&1, assuming that a straight power law extrapolation
of the spectrum of Mrk 421 from GeV energies obtained from the
EGRET [163] with an index of C $ 1:96( 0:14 holds up to the
TeV regime, where the index was measured by the Whipple Collab-
oration to be C $ 2:25( 0:19. Biller et al. [61] included the statis-
tical uncertainties of the GeV spectrum, and demonstrated vastly
different extrapolations with significantly higher upper limits,
thereby yielding conservative upper limit to the EBL in the
mid-IR at 10 lm.

Fig. 9. Models of the EBL are compared to observational limits on the EBL.

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

Dwek & Krennrich 2013

Still have work to do at large λEBL
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The Future: Probing Large λEBL
M 87: Nearby, hard-spectrum radio galaxy   
At z=0.004, probes λEBL = 28-100 µm for τ = 1 
Aggressive monitoring campaign to search for flares

Extreme blazars: 
Unusually high synchrotron or γ-ray peak → hard γ-ray spectrum 
Many sources not strongly variable, allowing deep exposures 
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Thanks for your attention!


