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Data from (non-) attenuation of gamma rays 
from blazars and gamma ray bursts (GRBs) 
give upper limits on the EBL from the UV to 
the mid-IR that are only a little above the 
lower limits from observed galaxies. New 
data on attenuation of gamma rays from 
blazers now lead to statistically significant 
measurements of the cosmic gamma ray 
horizon (CGRH) as a function of source 
redshift and gamma ray energy that are 
independent of EBL models.  These new 
measurements are consistent with recent 
EBL calculations based both on 
multiwavelength observations of 
thousands of galaxies and also on semi-
analytic models of the evolving galaxy 
population. Such comparisons account for 
(almost) all the light, including that from 
galaxies too faint to see.  

Extragalactic Background Light (EBL)

blazar

γeV + γTeV 
  = 1 MeV in CM
  = e+ e- pair
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Extragalactic Background Light (EBL)
• The usual plot of λIλ = dI/d log λ  vs. log λ shows directly the

   ENERGY DENSITY    ρλ = (4π/c) λIλ in the EBL:

          1 nW/m2/sr = 10-6 erg/s/cm2/sr = 2.6×10-4 eV/cm3 

   Total EBL ΩEBL
obs = (4π/c) IEBL/(ρcrit c2) = 2.0 ×10-4 IEBL h70

-2

   The estimated IEBL
obs= 60-100 nW/m2/sr translates to

  ΩEBL
obs =(3-5) ×10-6     (about 5% of ΩCMB)

• Local galaxies typically have EFIR/Eopt ≈ 0.3, 

   while the EBL has EFIR/Eopt = 1-2.  Hence 

   most high-redshift radiation was emitted 

   in the far IR.

   

   EBL
FIR    IR-Opt
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Correlation between luminosity and dustiness 

Sanders & Mirabel 1996, Meurer et al. 1999,Wuyts et al. 2011  

more luminous and massive galaxies are (much) more obscured: for starbursts and 
(U)LIRGs a de-reddening of the UV-emission does not succeed: the central starburst is 
behind  a  ‘black  screen’  and  the  UV  emission  comes  from  a  lower  obscuration  component;  
even de-reddened Hα fails by about a factor of 10;  ULIRGs/starbursts  often  have  ‘post-
starburst’  UV/optical  SEDs  while  the  real  starburst  is  completely  hidden 

LIRG: LFIR ≥ 1011L⦿   ULIRG: LFIR ≥ 1012L⦿   HLIRG: LFIR ≥ 1013L⦿   
     Luminosity-Dustiness Correlation 
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PILLAR OF STAR BIRTH
Carina Nebula in UV Visible Light

Wednesday, September 18, 13



PILLAR OF STAR BIRTH
Carina Nebula in IR Light

Longer wavelength gamma rays  
also penetrate the EBL better

Longer wavelength light
penetrates the dust better
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Gamma Ray Attenuation due to γγ → e+e- 

If we know the intrinsic spectrum, we can infer the 
optical depth τ(E,z) from the observed spectrum.  In 
practice, we typically assume that dN/dE|int is not harder 
than E-Γ with Γ = 1.5, since local sources have Γ ≥ 2.  
More conservatively, we can assume that Γ ≥ 2/3.

Illustration: Mazin & Raue
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Local EBL data and Local EBL data and γ-ray γ-ray limitslimits

Local EBL Observations
Γ ≥ 1.5
Γ ≥ 2/3
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EBL Evolution Calculated from Observations
Using AEGIS Multiwavelength Data

Alberto DomÍnguez, Joel Primack, et al. (MNRAS, 2011)
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http://aegis.ucolick.org/

0.7 ☐°
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χ SED Fitting
Le PHARE code for fitting the SWIRE templates in FUV, NUV, B, R, I, Ks, IRAC1, 2, 3, 4 and MIPS24

Domínguez+ 11
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SED-Type Evolution
Local fractions, z<0.2:

Goto+ 03, morphologically classified from Sloan
converted to spectral classification using results
from Galaxy Zoo
 Skibba+ 09 ~6% blue ellipticals
 Schawinski+ 09 ~25% red spirals

Results: 
35% red-type galaxies
65% blue-type galaxies

High-redshift universe, z>1:

Two approaches:
1. Keep constant the fractions of our last redshift bin (Fiducial Model), or
2. Quickly increase starburst population from 16% at z = 0.9 to 60% at z ≥ 2

We find that the differences in the predicted EBL are small except at long 
wavelengths, affecting attenuation only for E ≥ 5 TeV. Domínguez+11

Maximum uncertainty due to 
photometry and fit errors
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Local Luminosity Density

Domínguez+11
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Local EBL: data, Local EBL: data, γ-ray γ-ray limits, and modelslimits, and models

Domínguez+ 11Domínguez+ 11

Γ ≥ 1.5
Γ ≥ 2/3

Local EBL Observations
vs. Domínguez+11

Propagating errors in SED fits
and redshift extrapolation
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When we first tried doing this (Primack & MacMinn 1996, 
presented at Felix Aharonian’s first Heidelberg conference), 
both the stellar initial mass function (IMF) and the values of 
the cosmological parameters were quite uncertain. After 
1998, the cosmological model was known to be ΛCDM 
although it was still necessary to consider various 
cosmological parameters in models.  Now the parameters 
are known rather precisely, and our latest semi-analytic 
model (SAM) used the current (WMAP5/7/9) cosmological 
parameters.  With improved simulations and better galaxy 
data, we can now normalize SAMs better and determine the 
key astrophysical processes to include in them. 

Remaining uncertainties include whether the IMF is 
different in different galaxies (possibly “bottom-heavy” in 
massive galaxies), feedback from AGN, the nature of sub-
mm galaxies, and the star formation rate at high redshifts.

EBL Calculated by Forward Evolution using SAMs
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~1012

z=1.4 (t=4.7 Gyr)

z=0 (t=13.6 Gyr)

Wechsler et al. 2002

• cosmological parameters 
are now well constrained 
by observations

• mass accretion history of 
dark matter halos is
represented by ‘merger 
trees’ like the one at left

Present status of ΛCDM
“Double Dark” theory:

time

Cluster Data
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W HEN IT COMES TO RECONSTRUCTING THE PAST, 
you might think that astrophysicists have it easy. After all, 
the sky is awash with evidence. For most of the universe’s 
history, space has been largely transparent, so much so 

that light emitted by distant galaxies can travel for billions of years before 
finally reaching Earth. It might seem that all researchers have to do to 
find out what the universe looked like, say, 10 billion years ago is to build 
a telescope sensitive enough to pick up that ancient light. 

Actually, it’s more complicated than that. Most of the ordinary matter 
in the universe—the stu! that makes up all the atoms, stars, and galaxies 
astronomers can see—is invisible, either sprinkled throughout inter galactic 
space in tenuous forms that emit and absorb little light or else swaddled 
inside galaxies in murky clouds of dust and gas. When astronomers look 
out into the night sky with their most powerful telescopes, they can see no 
more than about 10 percent of the ordinary matter that’s out there.

To make matters worse, cosmologists have discovered that if you add 
up all the mass and energy in the universe, only a small fraction is com-
posed of ordinary matter. A good 95 percent of the cosmos is made up of two 
very di!erent kinds of invisible and as-yet-unidentified stu! that is “dark,” 
meaning that it emits and absorbs no light at all. One of these mysterious 
components, called dark matter, seems immune to all fundamental forces 
except gravity and perhaps the weak interaction, which is responsible for 

To understand the cosmos, 
we must evolve it all over again
By Joel R. Primack 

COSMIC WEB: The Bolshoi simulation 
models the evolution of dark matter, 
which is responsible for the large-
scale structure of the universe. Here, 
snapshots from the simulation 
show the dark matter distribution at 
500 million and 2.2 billion years [top] 
and 6 billion and 13.7 billion years 
[bottom] after the big bang. These 
images are 50-million-light-year-thick 
slices of a cube of simulated universe 
that today would measure roughly 
1 billion light-years on a side and 
encompass about 100 galaxy clusters. 
SOURCES: SIMULATION, ANATOLY KLYPIN AND JOEL R. PRIMACK; 
VISUALIZATION, STEFAN GOTTLÖBER/LEIBNIZ INSTITUTE FOR 
ASTROPHYSICS POTSDAM 

10.Cosmos.Sim.NA.indd   43 9/18/12   12:48 PM
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500 Million Years 2.2 Billion Years

6 Billion Years

6 Billion Years

Now

After the Big Bang
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WMAP7●WMAP5● ●BOSS

●WMAP9●
Planck

Determination of σ8 and ΩM from CMB+
WMAP+SN+Clusters Planck+WP+HighL+BAO
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Galaxy Formation in ΛCDM
• gas is collisionally heated when perturbations ‘turn 

around’ and collapse to form gravitationally bound 
structures

• gas in halos cools via atomic line transitions 
(depends on density, temperature, and metallicity)

• cooled gas collapses to form a rotationally 
supported disk

• cold gas forms stars, with efficiency a function of 
gas density (e.g. Schmidt-Kennicutt Law) 

• massive stars and SNae reheat (and in small halos 
expel) cold gas and some metals

• galaxy mergers trigger bursts of star formation; 
‘major’ mergers transform disks into spheroids and 
fuel AGN

• AGN feedback cuts off star formation
White & Frenk 1991; Kauffmann+1993; Cole+94; Somerville 
& Primack 99; Cole+00; Somerville, Primack, & Faber 01; 
Croton et al. 2006; Somerville +08; Fanidakis+09; Guo+2011; 
Somerville, Gilmore, Primack, & Domínguez 2012 & Gilmore
+2012 (discussed here); Porter, Somerville, Primack 2013abc
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z=0 Luminosity Density
Evolving Luminosity Density

Some Results from our Semi-Analytic Models 

WMAP1
WMAP5

Gilmore, Somerville, Primack, & Domínguez (2012)

Modelling of the EBL and gamma-ray spectra 3193

Figure 2. Left: the luminosity density of the local universe. The solid black line is the WMAP5 model, and the dotted line is the C!CDM model. Data at a
number of wavelengths are shown from GALEX (blue circles), SDSS (red stars; Montero-Dorta & Prada 2009), 6dF (light blue squares; Jones et al. 2006),
2MASS (green stars; Cole et al. 2001; Bell et al. 2003). In the mid- and far-IR, the orange squares are from IRAS (Soifer & Neugebauer 1991), while blue
stars are from an analysis of local emissivity using data from IRAS, ISO and SCUBA (Takeuchi et al. 2001). Right: three-dimensional representation of the
evolution of the luminosity density in our WMAP5 model as a function of wavelength and redshift.

and integrated counts of galaxies. Direct measurements provide an
absolute measurement of the background light without regard to the
sources responsible, but require subtraction of foreground sources
present in the Milky Way and our Solar system in order to isolate
the extragalactic signal. Integration of galaxy counts (galaxies per
unit sky area at a given magnitude) is a way to set firm lower limits
on the EBL, although the degree to which these measurements
converge on the true value often remains controversial. The flux
from faint sources will converge mathematically if the slope of
the counts plotted on a log number versus flux diagram is flatter
than unity, or in terms of magnitudes if α < 0.4, for ln (N) ∝ α m.
As expounded by Bernstein (2007), photometry of faint galaxies
is fraught with difficulty in untangling the faint galactic fringes
from the background, and it is possible to miss 50 per cent or more
of the light associated with extended sources in simple aperture
photometry.

Large-scale surveys such as the SDSS, the 6-degree Field survey
(6dF) and the 2MASS have provided us with an accurate accounting
of the galaxies in the local universe, and surveys with the HST
have complemented this data with extremely deep counts. Satellite
instruments such ISOCAM, IRAC and MIPS provide data in the
mid- and far-IR. A detailed presentation of galaxy number counts
in our models compared with data can be found in SGPD12.

Our prediction for the local EBL is generally in agreement with
lower limits from integrated number counts. In the UV, limits from
Gardner, Brown & Ferguson (2000) are considerably higher than
the measurement from GALEX (Xu et al. 2005). This may be ex-
plained by the former’s use of data from the balloon-based FOCA
experiment to find bright counts, which were in disagreement with
those from GALEX at several magnitudes. Preliminary Herschel
counts data from Berta et al. (2010) set only a weak lower limit on
the far-IR background peak, and the author acknowledges that only
about half the total IR background is likely being resolved.

Absolute measurements of the EBL require the removal of fore-
ground sources, including stars, ISM emission and sunlight reflected

from dust in the inner Solar system (often called ‘zodiacal’ light).
The most robust direct measurements of the IR background to date
come from DIRBE and FIRAS instruments on the Cosmic Back-
ground Explorer (COBE) satellite, though they are still fraught with
uncertainty in sky subtraction (see fig. 2 in Hauser & Dwek 2001).
The near-IR flux has been calculated from DIRBE observations
by a variety of authors (Gorjian, Wright & Chary 2000; Wright &
Reese 2000; Cambrésy et al. 2001; Wright 2001; Levenson, Wright
& Johnson 2007) using foreground source subtraction techniques
and modelling of the zodiacal light, and has generally yielded high
estimates in this range compared to number counts. Another notable
attempt to measure the near-IR background was Levenson & Wright
(2008), which used IRAC data to calculate the best-fitting flux at
3.6 µm using a profile-fit to estimate the light from the unobservable
faint fringes of galaxies. These results were 70 per cent higher than
those of the aperture method of Fazio et al. (2004), highlighting
the large uncertainties that galaxy fringe issues can bring to EBL
measurement.

The present-day EBL obtained in each of our models is shown
in Fig. 4. We also show results from D11 for comparison. The
local EBL is calculated by integrating over the luminosity density
at all wavelengths beginning at z = 7.5, and accounting for the
redshifting and dilution of photons as the universe expands. The
EBL at a redshift z0 and frequency ν0 in proper coordinates can be
written as (Peebles 1993)

J (ν0, z0) = 1
4π

∫ ∞

z0

dl

dz

(1 + z0)3

(1 + z)3
ε(ν, z) dz, (1)

where ε(ν, z) is the galaxy emissivity at redshift z and frequency
ν = ν0(1 + z)/(1 + z0), and dl/dz is the cosmological line element,
which is
dl

dz
= c

(1 + z)H0

1√
%m(1 + z)3 + %!

(2)

for a flat !CDM universe. We assume here that the EBL pho-
tons evolve passively after leaving their source galaxies and are

C© 2012 The Authors, MNRAS 422, 3189–3207
Monthly Notices of the Royal Astronomical Society C© 2012 RAS
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B-band

Some Results from our Semi-Analytic Models 

K-band

Gilmore, Somerville, Primack, & Domínguez (2012)

An advantage of the SAM approach is that it is 
possible to compare predictions and observations 
at all redshifts and in all spectral bands.
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3.6, 8, 24 and 24, 70, 160, & 
850 μm Bands 

Some Results from our Semi-Analytic Models 

Somerville, Gilmore, Primack, & Domínguez (2012)

Number Counts in 
UV, b, v, i, and z Bands 

Worst failure is at 850 μm
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EBL from our Semi-Analytic Models 

Gilmore, Somerville, 
Primack, & 
Domínguez (2012)

Modelling of the EBL and gamma-ray spectra 3195

Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19

C© 2012 The Authors, MNRAS 422, 3189–3207
Monthly Notices of the Royal Astronomical Society C© 2012 RAS

WMAP1                  

Propagating D+11 errors in SED 
fits and redshift extrapolation

Wednesday, September 18, 13



 
The evolution of the EBL with redshift is shown graphically in Fig. 5, in two ways: 

in physical and co-moving coordinates.  The left panel shows that the EBL was much 
higher in the past, especially in the optical and near-IR and in the far-IR.  The right 
panel shows how the present-day EBL was generated as a function of redshift.  This 
EBL evolution must be taken into account in calculating attenuation of gamma rays 
from all but the nearest extragalactic sources.  The change in the functional form of 
the EBL means that a simple z-dependent scaling model is inadequate. 

 

 
FIGURE 5. The evolution of the EBL in our WMAP5 Fiducial model.  This is plotted on the left panel 

in standard units.  The right panel shows the build-up of the present-day EBL by plotting the same 
quantities in comoving units.  The redshifts from 0 to 2.5 are shown by the different line types in the 

key in the left panel.  (From Fig. 5 of [9].) 

GAMMA RAY ATTENUATION 

Gamma ray attenuation due to γγ → e+e− is calculated by integrating the cross 
section times the proper density of background photons along the line of sight to the 
emitting redshift, and integrating over the scattering angle θ, where θ = π corresponds 
to a head-on collision.  The most probable scattering angle is θ ≈ π/2.  If we assume θ 
= π/2, then the characteristic wavelength λbg of the background photons that will most 
strongly affect a gamma ray of energy Eγ is  given by λbg = 1.2 (Eγ /TeV) µm.   

We have calculated gamma-ray attenuation as a function of the redshift of the 
source and the observed gamma-ray energy, from the evolving EBL determined both 
observationally and from our SAM calculations.  This is shown in the left panel of 
Fig. 6.   

A more general way to show the EBL attenuation is to plot the “Attenuation Edge” 
redshift where the optical depth τ reaches a certain value as a function of gamma-ray 
energy, which is presented in the right panel of Fig. 6 out to redshift 5 for τ = 1, 3, and 

The evolution of the EBL in our WMAP5 Fiducial model. This is plotted on the left panel in 
standard units. The right panel shows the build-up of the present-day EBL by plotting the 
same quantities in comoving units. The redshifts from 0 to 2.5 are shown by the different 
line types in the key in the left panel. Gilmore, Somerville, Primack, & Domínguez (2012)

Evolution of the EBL

Physical Coordinates Co-moving Coordinates

Wednesday, September 18, 13



Predicted Gamma Ray Attenuation

Increasing distance causes 
absorption features to 
increase in magnitude and 
appear at lower energies. 
The plateau seen between 
1 and 10 TeV at low z is a 
product of the mid-IR 
valley in the EBL spectrum.

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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Modelling of the EBL and gamma-ray spectra 3195

Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19
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Gamma Ray Attenuation due to γγ → e+e- 

If we know the intrinsic spectrum, we can infer the 
optical depth τ(E,z) from the observed spectrum.  In 
practice, we typically assume that dN/dE|int is not harder 
than E-Γ with Γ = 1.5, since local sources have Γ ≥ 2.  
More conservatively, we can assume that Γ ≥ 2/3.

Illustration: Mazin & Raue
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Reconstructed Blazar Spectral Indexes 

Γ=1.5

With our SAM based 
on WMAP5 
cosmological 
parameters and 
Spitzer (Rieke+09) 
dust emission 
templates, all high 
redshift blazars have 
intrinsic spectral 
indexes Γ≥1.5, as 
expected from 
nearby sources.

(Of course, the 
spectrum could be 
harder than Γ≥1.5.)
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Predicted Gamma Ray Attenuation
The Cosmic Gamma Ray 
Horizon is the observed 
gamma ray energy as a 
function of redshift 
where the attenuation is 
1/e = 0.368

Gilmore, Somerville, Primack, & Domínguez (2012)

3198 R. C. Gilmore et al.

Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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Modelling of the EBL and gamma-ray spectra 3195

Figure 4. The predicted z = 0 EBL spectrum from our fiducial WMAP5 model (solid black) and WMAP5+fixed (dash–dotted violet) dust parameters, and
C!CDM (dotted black) models, compared with experimental constraints at a number of wavelengths. D11 is shown for comparison in dashed–dotted red with
the shaded area indicating the uncertainty region. Data: upward pointing arrows indicate lower bounds from number counts; other symbols are results from
direct detection experiments. Note that some points have been shifted slightly in wavelength for clarity. Lower limits: the blue–violet triangles are results from
HST and Space Telescope Imaging Spectrograph (STIS; Gardner et al. 2000), while the purple open triangles are from GALEX (Xu et al. 2005). The solid green
and red triangles are from the Hubble Deep Field (Madau & Pozzetti 2000) and Ultra Deep Field (Dolch & Ferguson, in preparation), respectively, combined
with ground-based data, and the solid purple triangle is from a measurement by the Large Binocular Camera (Grazian et al. 2009). In the near-IR J, H and K
bands, open violet points are the limits from Keenan et al. (2010). Open red triangles are from IRAC on Spitzer (Fazio et al. 2004), and the purple triangle at
15 µm is from ISOCAM (Hopwood et al. 2010) on ISO. The lower limits from MIPS at 24, 70 and 160 µm on Spitzer are provided by Béthermin et al. (2010)
(solid blue) and by Chary et al. (2004), Frayer et al. (2006) and Dole et al. (2006) (solid gold, open gold and open green, respectively). Lower limits from
Herschel number counts (Berta et al. 2010) are shown as solid red triangles. In the submillimetre, limits are presented from the BLAST experiment (green
points; Devlin et al. 2009). Direct detection: in the optical, orange hexagons are based on data from the Pioneer 10/11 Imaging Photopolarimeter (Matsuoka
et al. 2011), which are consistent with the older determination of Toller (1983). The blue star is a determination from Mattila et al. (2011), and the triangle
at 520 nm is an upper limit from the same. The points at 1.25, 2.2 and 3.5 µm are based upon DIRBE data with foreground subtraction: Wright (2001, dark
red squares), Cambrésy et al. (2001, orange crosses), Levenson & Wright (2008, red diamond), Gorjian et al. (2000, purple open hexes), Wright & Reese
(2000, green square) and Levenson et al. (2007, red asterisks). In the far-IR, direct detection measurements are shown from DIRBE (Schlegel, Finkbeiner &
Davis 1998; Wright 2004, solid red circles and blue stars) and FIRAS (Fixsen et al. 1998, purple bars). Blue–violet open squares are from IR background
measurements with the AKARI satellite (Matsuura et al. 2011).

Table 1. The integrated flux of the local EBL in our models (WMAP5 with evolving and fixed
dust parameters, and the C!CDM model) and the model of D11. Units are nW m−2 sr−1.

Wavelength range WMAP5 (fiducial) WMAP5+fixed C!CDM D11

Optical–near-IR peak (0.1–8 µm) 29.01 24.34 26.15 24.47
Mid-IR (8–50 µm) 4.89 5.16 5.86 5.24

Far-IR peak (50–500 µm) 21.01 22.94 24.08 39.48
Total (0.1–500 µm) 54.91 52.44 56.09 69.19

C© 2012 The Authors, MNRAS 422, 3189–3207
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Cosmic Gamma-Ray Horizon

Gilmore, Somerville, Primack, & Domínguez (2012)
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Figure 7. The attenuation e−τ of gamma-rays versus gamma-ray energy,
for sources at z = 0.03, 0.1, 0.25, 0.5 and 1. Results are compared for our
fiducial WMAP5 (solid) and WMAP5+fixed (dash–dotted violet) models,
as well as the model of D11 (red dash–dotted). Increasing distance causes
absorption features to increase in magnitude and appear at lower energies.
The plateau seen between 1 and 10 TeV at low redshift is a product of the
mid-IR valley in the EBL spectrum.

Figure 8. The gamma-ray attenuation edges for the WMAP5 (solid black)
and WMAP5+fixed (dash–dotted violet) models and model of D11 (red
dash–dotted). The curves show the redshift at which the pair production
optical depth τ reaches the indicated value for a particular observed gamma-
ray energy. The groups of curves from lower left to upper right are the
contours for τ = 1, 3 and 10. We have included thin lines to guide the eye
at 50 and 100 GeV.

3.3 Results for TeV blazars

Today, exploration in the VHE (30 GeV to 30 TeV) regime is
led by >10-m-class imaging atmospheric Cherenkov telescopes
(IACTs) including the Very Energetic Radiation Imaging Tele-
scope Array System (VERITAS; Maier et al. 2008), High Energy
Stereoscopic System (HESS; Hinton 2004) and Major Atmospheric
Gamma-Ray Imaging Cherenkov (MAGIC; Cortina 2005) experi-

ments, and by the Large Area Telescope (LAT) instrument on the
Fermi gamma-ray space telescope (Atwood et al. 2009) and also
AGILE (Tavani et al. 2008).

The Fermi LAT spends most of its time in an-all sky survey mode,
and with its large area of view is therefore an ideal instrument for
finding high-energy sources. The 11-month source catalogue lists
685 high-energy sources associated with blazar candidates (Abdo
et al. 2010a). While the Fermi LAT has an energy range of 20 MeV
to ∼300 GeV, it has a much smaller effective area than the current
generation of ground-based instruments, and data from the instru-
ment is therefore most useful for our purposes at energies below the
threshold of these IACTs, 50–100 GeV. A detailed analysis of the
EBL constraints available from all Fermi observations of blazars
and gamma-ray bursts (GRBs) to date was the subject of a recent
paper by the Fermi collaboration, Abdo et al. (2010b). Current lim-
its on the EBL available from Fermi observations do not constrain
the UV flux predicted in Gilmore et al. (2009) or in the models
presented here.

In this section and the following section, we will focus on the
effect of the optical–IR EBL on AGN-type sources by IACTs at
!100 GeV. Ground-based detectors searching above 100 GeV have
identified 37 extragalactic AGN-like sources at the time of this
writing, including 32 BL Lac objects, radio galaxies M87 and Cen-
taurus A, and the flat-spectrum radio quasars 3C 279, PKS 1510−08
and PKS 1222+21. With the exception of the radio galaxies these
objects are all blazars, accreting AGN which generate tightly
beamed relativistic jets that are oriented at a small angle relative
to our line of sight. While they account for the large majority of de-
tected sources above 100 GeV, BL Lac objects are themselves only
a small subset (∼20 per cent) of all blazar sources, the other 80 per
cent being flat spectrum radio quasars like 3C 279.

3.3.1 Constraints from gamma-ray observations

While uncertainties and likely variation in the intrinsic spectrum of
blazars make it impossible to directly link the observed spectrum
to EBL attenuation, it is possible to translate limits on the spec-
tra to EBL constraints. The standard assumption in placing limits
on the EBL from individual spectra is that the reconstructed in-
trinsic spectrum should not have a spectral index harder than 1.5,
that is, " ≥ 1.5 where dN/dE ∝ E−" for photon count N, or al-
ternatively dF/dE ∝ E−("−1) for flux F. This figure comes about
both on the basis of experimental observations (no observed VHE
spectrum is harder than this value) and theoretical arguments. The
standard value for a single-zone synchrotron-self-Compton (SSC)
spectrum is " = (α + 1)/2; here −α is the spectral index of the
shock-accelerated electrons, which is not harder than 2.0 in most
acceleration models with radiative cooling (Aharonian 2001). This
can be invalidated by assuming a non-standard spectrum for the
electrons; a low energy cut-off in the electron energy will lead to
inverse-Compton accelerated photons with an index as low as " =
2/3 (Katarzyński et al. 2006).

The most recent limits on the EBL come from observations of
blazars at more distant redshifts (z > 0.1) that have been detected
by the current generation of ground-based atmospheric Cherenkov
telescopes (ACTs). Observation by HESS of two blazars at z =
0.165 and 0.186 were used to set limits on the near-IR EBL based
on the " ≥ 1.5 criterion (Aharonian et al. 2006); in this case the
maximal limit was the model of Primack et al. (2001) multiplied by
a factor of 0.45. Another paper by the HESS group set constraints
from blazar 1ES 0229+200 at z = 0.1396 (Aharonian et al. 2007b).
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The first statistically significant detection of the cosmic γ-ray horizon (CGRH) 
that is independent of any extragalactic background light (EBL) model is 
presented. The CGRH is a fundamental quantity in cosmology. It gives an 
estimate of the opacity of the Universe to very-high energy (VHE) γ-ray photons 
due to photon-photon pair production with the EBL. The only estimations of the 
CGRH to date are predictions from EBL models and lower limits from γ-ray 
observations of cosmological blazars and γ-ray bursts. Here, we present 
synchrotron self-Compton models (SSC) of the spectral energy distributions of 
15 blazars based on (almost) simultaneous observations from radio up to the 
highest energy γ-rays taken with the Fermi satellite. These SSC models predict 
the unattenuated VHE fluxes, which are compared with the observations by 
imaging atmospheric Cherenkov telescopes. This comparison provides an 
estimate of the optical depth of the EBL, which allows a derivation of the CGRH 
through a maximum likelihood analysis that is EBL-model independent. We find 
that the observed CGRH is compatible with the current knowledge of the EBL.

A. Domínguez, J. D. Finke, F. Prada, J. R. Primack, F. S. Kitaura, B. Siana, D. Paneque

DETECTION OF THE COSMIC γ-RAY HORIZON FROM 
MULTIWAVELENGTH OBSERVATIONS OF BLAZARS
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SED multiwavelength fitsSED multiwavelength fits

A one-zone synchrotron/SSC model is fit to the multiwavelength data excluding the 

Cherenkov data, which are EBL attenuated. Then, this fit is extrapolated to the VHE regime 

representing the intrinsic VHE spectrum. Technique similar to Mankuzhiyil et al. 2010.
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Figure 1.— continued

mean value for the two variability timescales11 We stress
that the uncertainties in this value includes the uncer-
tainties derived from the two SSC modelings (physically
the uncertainty in the minimum time variability tv,min),
which are bracketed by the two different predictions of
the VHE fluxes. The lower and upper uncertainties of the

11 The geometric mean is chosen over an arithmetic mean since
the two E0 values for a given source may initially be spread over
a wide energy range.

combined E0 are taken from the E0−∆E0 and E0+∆E0
of the state with the lowest and highest E0, respectively.
We stress that these uncertainties are more conservative
than 1σ.

4. ESTIMATION OF THE COSMIC γ-RAY HORIZON

The parameters that describe the synchrotron/SSC
models from the fits to the quasi-simultaneous multi-
wavelength data are listed in Table 1. We provide two
different fits to every blazar bracketing the expected in-

Detection of the cosmic γ-ray horizon 7

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

H2356-309 (fast) (z = 0.165) E0 = None

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

H2356-309 (slow) (z = 0.165) E0 = None

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

1ES1218+304 (fast) (z = 0.182) E0 = (0.58± 0.02) TeV

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

1ES1218+304 (slow) (z = 0.182) E0 = (0.46± 0.02) TeV

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

1ES1101-232 (fast) (z = 0.186) E0 = (0.41± 0.02) TeV

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

−1.5 −1.0 −0.5 0.0 0.5 1.0 1.5
log10 (Energy/TeV)

−3

−2

−1

0

1

2

3

lo
g 1

0
τ

1ES1101-232 (slow) (z = 0.186) E0 = (0.39± 0.01) TeV

10 12 14 16 18 20 22 24 26 28
log10 (ν/Hz)

10−13

10−12

10−11

10−10

10−9

E2
dN

/d
E
[e
rg
cm

−
2
s−

1
]

Figure 1.— continued

trinsic VHE fluxes. (These two fits are named slow
and fast according to their variability timescale.) The
methodology described in the previous section is applied
to every blazar in our catalog. As we mentioned in Sec-
tion 2, PG 1553+113 has an uncertain but well con-
strained redshift (Danforth et al. 2010). Therefore, two
different fits are provided for both redshift limits for this
blazar.
Figure 1 shows all the fits for the 15 blazars used in our

analysis (two fits per blazar for each minimum variability

timescale, except four fits for PG 1553+113 to account
for its redshift uncertainty). The fast minimum time
variability fits (tv,min = 104 s) are shown on the left side
of the figure whereas the slow minimum time variability
fits (tv,min = 105 s) are shown on the right side. Each
panel shows the log10(τ) data derived from equation 1
versus the log10 of the energy in TeV. Figure 1 shows
the upper limits of the optical depth calculated from the
EBL upper limits provided by Mazin & Raue (2007) and
the most likely polynomials. The E0 value is calculated

Best fit polynomial

Domínguez+11 prediction
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Source Redshift E0 ± (�E0)stat ± (�E0)sys [TeV] E

D11 ±�E

D11 [TeV] IACT reference

Mkn 421 0.031 11.14+9.56
�8.44 ± 2.23 9.72+1.85

�3.17 Abdo et al. (2011d)

Mkn 501 0.034 5.20+23.49
�3.94 ± 1.04 8.75+1.68

�3.31 Acciari et al. (2011)

1ES 2344+514 0.044 None 6.01+1.20
�3.23 Albert et al. (2007a)

1ES 1959+650 0.048 None 5.12+1.02
�2.99 Tagliaferri et al. (2008)

PKS 2005�489 0.071 2.04+0.30
�0.31 ± 0.41 1.83+0.34

�1.06 Kaufmann et al. (2009)

W Comae 0.102 None 0.90+0.09
�0.18 Acciari et al. (2008)

PKS 2155�304 0.116 0.82+0.11
�0.22 ± 0.16 0.77+0.07

�0.13 Aharonian et al. (2009)

H 1426+428 0.129 None 0.68+0.06
�0.11 Aharonian et al. (2002)

1ES 0806+524 0.138 0.55+0.31
�0.24 ± 0.11 0.64+0.05

�0.10 Acciari et al. (2009a)

H 2356-309 0.165 None 0.54+0.04
�0.07 Abramowski et al. (2010)

1ES 1218+304 0.182 0.52+0.08
�0.08 ± 0.10 0.49+0.04

�0.06 Acciari et al. (2010)

1ES 1101�232 0.186 0.40+0.03
�0.02 ± 0.08 0.48+0.04

�0.06 Aharonian et al. (2006)

1ES 1011+496 0.212 None 0.43+0.03
�0.05 Albert et al. (2007b)

3C 66A 0.444 0.30+0.03
�0.03 ± 0.06 0.23+0.02

�0.02 Acciari et al. (2009b); Aleksić et al. (2011a)

PG 1553+113 0.500+0.080
�0.105 0.23+0.05

�0.03 ± 0.05 0.21+0.02
�0.02 Aleksić et al. (2010)

Table 2. The 15 blazars in our catalog are listed with their estimated redshifts. The cosmic �-ray horizon (CGRH; E0 ± (�E0)stat ±
(�E0)sys) is given with its statistical and systematic uncertainties, respectively (see text for details). The CGRH from the EBL model
discussed in Domı́nguez et al. (2011a) (E

D11 ± �E

D11) is given as well. None means that our methodology output no solution for the
CGRH.

c� 2011 RAS, MNRAS 000, 1–??

Quasi-Simultaneous Catalog of 15 BL Lacs 
(based on the compilation by Zhang et al. 2012)

E0	
  is	
  the	
  CGRH	
  (i.e.,	
  the	
  energy	
  at	
  which	
  the	
  optical	
  depth	
  τ	
  =	
  1)	
  and	
  ED11	
  is	
  the	
  energy	
  
where	
  τ	
  =	
  1	
  for	
  the	
  Fiducial	
  model	
  of	
  Domínguez,	
  Primack,	
  et	
  al.	
  2011.	
  	
  None	
  means	
  that	
  
our	
  methodology	
  output	
  no	
  solution	
  for	
  the	
  CGHR,	
  usually	
  because	
  the	
  SSC	
  model	
  failed.
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Fig. 2.— Estimation of the CGRH from every blazar in our sample plotted with blue circles. The statistical uncertainties are shown with
darker blue lines and the statistical plus 20% of systematic uncertainties are shown with lighter blue lines. The CGRH calculated from
the EBL model described in Domı́nguez et al. (2011a) is plotted with a red-thick line. The shaded regions show the uncertainties from the
EBL modeling, which were derived from observed data.

to use as conservative upper limits the results by Mazin
& Raue (2007) rather than the newer results by Meyer
et al. (2012) that are based in a more constraining spec-
tral condition. The EBL evolution is expected to affect
the optical depth calculated at higher redshifts. To ac-
count for this effect we evolve conservatively the EBL
upper limits at all wavelengths as (1 + z)5 (in the co-
moving frame) when calculating the optical depths from
these EBL limits from Mazin & Raue (2007). We note
that this is a robust limit given the fact that the maxi-
mum evolution (which is dependent on the wavelength) is
(1+z)2.5 in a realistic model such as D11 for 0 ≤ z ≤ 0.6
(the redshift range of our blazar catalog).
The third constraint that we apply for our fits is to re-

quire only monotonically increasing functions for log10(τ)
as a function of log10(E). This condition is also expected
for any realistic EBL spectral intensity, which comes from
galaxy emission, given the increasing behavior of the
pair-production interaction with energy. Interestingly,
we see in Figure 1 that in most cases the IACT obser-
vations are indeed detecting the flux decrement given by
the CGRH feature (i.e., the Cherenkov observations span
from negative to positive values of log10(τ)).
We find that the CGRH derived from 9 out of 11

blazars where our maximum likelihood methodology can
be applied, is compatible with the expected value from
the D11 model. The estimations from other EBL mod-
els such as Franceschini, Rodighiero & Vaccari (2008),
Finke, Razzaque & Dermer (2010) (model C), and
Somerville et al. (2012) are in agreement within uncer-
tainties with the EBL model by D11. We note that
the fit of 1ES 1101−232 has only one degree of free-
dom, see Table 1. The uncertainties of the two lowest
redshift blazars (Mkn 501 and Mkn 421) are systemati-

cally higher because the optical depth for these cases be-
comes unity at energies larger than the energies observed
by the Cherenkov telescopes. Therefore, in these cases
τ = 1 is given by an extrapolation of the polynomials
rather than an interpolation between observed energies
(see Fig. 1) leading to greater uncertainty. For the case of
1ES 2344+514 with fast flux variability timescale, a value
of E0 in agreement with the estimation by the D11 EBL
model is derived. However, for this case the uncertainties
are larger than E0 and therefore no useful constraint can
be derived. For the case of 1ES 2344+514 with slow flux
variability timescale, the SSC predicted flux is lower than
the flux given IACT data. For H 1426+428, both flux
variability timescales give uncertainties in the measure-
ment of E0 larger thanE0 and therefore no constraint can
be derived. In both cases the synchrotron/SSC model
does not seem to correctly fit the multiwavelength data.
Our maximum likelihood procedure cannot be applied to
any flux state on 4 blazars (1ES 1959+650, W Comae,
H 2356−309 and 1ES 1011+496). There are different ex-
planations for this fact. Some blazars have shown flux
variability on the scale of minutes (e.g., Aharonian et
al. 2007; Albert et al. 2008; Aleksić et al. 2011b; Arlen
et al. 2013) and the IACTs tend to detect the sources
in higher-flux states. In most cases, the LAT data are
not simultaneous with the IACT and other multiwave-
length data. We have tried to alleviate this problem
by choosing SEDs that are based on a low, non flar-
ing state, where the variability seems to be small. In
this way the effects of variability from epoch to epoch
have been minimized. We compare the long-term light
curves in X-rays using the quick-look results from the
All Sky Monitor (ASM) aboard the Rossi X-Ray Tim-

Propagating D+11 errors in SED 
fits and redshift extrapolation

Domínguez+ 13

DETECTION OF THE COSMIC γ-RAY HORIZON FROM 
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The Imprint of the 
Extragalactic Background 
Light in the Gamma-Ray 
Spectra of Blazars
M. Ackermann, M. Ajello, et al. 
(Fermi), Science 338, 1190 (2012)

Here, we report an absorption feature seen in the combined spectra of a sample of 
gamma-ray blazars out to a redshift of z ∼  1.6. This feature is caused by attenuation of 
gamma rays by the EBL at optical to ultraviolet frequencies and allowed us to measure 
the EBL flux density in this frequency band.

ABSTRACT   The light emitted by stars and 
accreting compact objects through the 
history of the universe is encoded in the 
intensity of the extragalactic background 
light (EBL). Knowledge of the EBL is 
important to understand the nature of star 
formation and galaxy evolution, but direct 
measurements of the EBL are limited by 
galactic and other foreground emissions. 

sources above the critical energy (30). This in
turn depends on a precise description of the
gamma-ray spectra by our source parametriza-
tion. To verify that this is the case and to ex-
clude the possibility that the detected absorption
feature is intrinsic to the gamma-ray sources (17),
we performed the analysis in three independent
redshift intervals (z < 0.2, 0.2 ≤ z < 0.5, and 0.5 ≤
z < 1.6). The deviations from the intrinsic spectra
in the three redshift intervals are displayed in Fig.
2. In the local universe (z < 0.2), EBL absorption
is negligible in most of the Fermi-LAT energy

band (Ecrit ≥ 120 GeV). The lowest redshift in-
terval therefore reveals directly the intrinsic spec-
tra of the sources and shows that our spectral
parametrization is accurate (18). The absorption
feature is clearly visible above the critical energy
in the higher redshift bins. Its amplitude and mod-
ulation in energy evolve with redshift as expected
for EBL absorption. In principle, the observed
attenuation could be due to a spectral cutoff that
is intrinsic to the gamma-ray sources. The absence
of a cutoff in the spectra of sources with z < 0.2
would require that the properties of BLLacs change

with redshift or luminosity. It remains an issue of
debatewhether such evolution exists (31–34). How-
ever, in case itwere present, the intrinsic cutoffwould
be expected to evolve differently with redshift than
we observe. To illustrate this effect, we fitted the
blazar sample assuming that all the sources have an
exponential cutoff at an energy E0. From source
to source, the observed cutoff energy changes be-
cause of the source redshift and because we as-
sumed that blazars as a population are distributed
in a sequence such as that proposed in (31–34).
E0 was fitted to the data globally like b above. As
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Fig. 1. Measurement, at the 68 and 95% confi-
dence levels (including systematic uncertainties
added in quadrature), of the opacity tgg from the
best fits to the Fermi data compared with predic-
tions of EBL models. The plot shows the measure-
ment at z ≈ 1, which is the average redshift of the
most constraining redshift interval (i.e., 0.5 ≤ z <
1.6). The Fermi-LAT measurement was derived com-
bining the limits on the best-fit EBL models. The
downward arrow represents the 95% upper limit on
the opacity at z = 1.05 derived in (13). For clarity,
this figure shows only a selection of the models we
tested; the full list is reported in table S1. The EBL
models of (49), which are not defined for E ≥ 250/
(1 + z) GeV and thus could not be used, are reported
here for completeness.
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Fig. 1. Measurement, at the 68 and 95% 
confidence levels (including systematic 
uncertainties added in quadrature), of the 
opacity τγγ from the best fits to the Fermi 
data compared with predic- tions of EBL 
models. The plot shows the measurement at 
z≈1, which is the average redshift of the 
most constraining redshift interval (i.e., 0.5≲ 
z < 1.6). The Fermi-LAT measurement was 
derived com- bining the limits on the best-fit 
EBL models. The downward arrow 
represents the 95% upper limit on the 
opacity at z = 1.05 derived in A. A. Abdo et 
al., Astrophys. J. 723, 1082 (2010).
. 

Wednesday, September 18, 13



Measurement of Tau with Energy and Redshift 

•  We use the composite likelihood in small 
energy bins to measure the collective 
deviation of the observed spectra from 
the intrinsic ones 

•  The cut-off moves in z and energy as 
expected for EBL absorption (for low 
opacity models) 

•  It is difficult to explain this attenuation 
with an intrinsic property of  BL Lacs 
1.  BL Lacs required to evolve across the 

z=0.2 barrier 
2.  Attenuation change with energy and  

redshift cannot be explained by an 
intrinsic cut-off that changes from 
source to source because of redshift 
and blazar sequence effects   

12 

Best-fit EBL model!

Best-fit intrinsic cut-off!
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Composite Likelihood Results: 2 

•  A significant steepening in the blazars’ spectra is detected 
•  This is consistent with that expected by a ‘minimal’ EBL: 

–  i.e. EBL at the level of galaxy counts 
–  4 models rejected above 3sigma 

•  All the non-rejected models yield a significance of detection of 
5.6-5.9 σ 

•  The level of EBL is 3-4 times lower than our previous UL (Abdo+10, 
ApJ 723, 1082) 

10 

EBL Detection 
Significance 

Model Rejection 
Significance 

Ackermann+12 

M. Ackermann, M. Ajello, et al. (Fermi), Science 338, 1190 (2012)
Text
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Cosmic Cosmic γ-ray Horizon: Resultsγ-ray Horizon: Results

There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the There are 4 out of 15 cases where our maximum likelihood methodology could not be applied since the prediction from the 

synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.synchrotron/SSC model was lower than the detected flux by the Cherenkov telescopes.

Two other cases where the statistical uncertainties were too large to set any constraint on E0.Two other cases where the statistical uncertainties were too large to set any constraint on E0.

Domínguez+ 13 on behalf 

of the Fermi collaboration

More attenuatingMore attenuating

Less attenuatingLess attenuating

Cosmic Gamma-Ray Horizon
Compared with EBL Models
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ABSTRACT
The Fermi satellite has detected GeV emission from a number of gamma-ray bursts and active
galactic nuclei at high redshift, z ! 1.5. We examine the constraints that the detections of
gamma-rays from several of these sources place on the contribution of Population III stars to the
extragalactic background light. Emission from these primordial stars, particularly redshifted
Lyman α emission, can interact with gamma-rays to produce electron–positron pairs and create
an optical depth to the propagation of gamma-ray emission, and the detection of emission at
>10 GeV can therefore constrain the production of this background. We consider two initial
mass functions for the early stars and use derived spectral energy distributions for each to
put upper limits on the star formation rate density of massive early stars from redshifts 6 to
10. Our limits are complementary to those set on a high near-infrared background flux by
ground-based TeV-scale observations and show that current data can limit star formation in
the late stages of re-ionization to less than 0.5 M! yr−1 Mpc−3. Our results also show that
the total background flux from Population III stars must be considerably less than that from
resolved galaxies at wavelengths below 1.5 µm.

Key words: gamma-ray burst: general – stars: Population III – diffuse radiation.

1 IN T RO D U C T I O N

The re-ionization of the Universe, which took place around a red-
shift of 10.5 (Komatsu et al. 2011), is generally believed to be
driven primarily by ionizing photons from early ‘Population III’
(pop-III) stars. As these stars form from primordial unenriched,
metal-free hydrogen and helium, they undergo a formation process
that is substantially different from that of later Population I and II
stars. Simulations of the production of pop-III stars (Abel, Bryan
& Norman 2000; Bromm, Coppi & Larson 2002; Tan & McKee
2004; Yoshida et al. 2006; Norman 2008) generally find an initial
mass function (IMF) that is heavily biased towards high masses,
10–1000 M!. A considerable fraction of the radiant energy from
these stars is released at ionizing wavelengths (<912 Å), which al-
lows re-ionization of the universe to be completed on the time-scale
required by Lyman α forest data (Becker et al. 2001). Despite their
importance in cosmology and impact on IGM evolution, pop-III
stars continue to evade direct detection. Detecting the redshifted
ultraviolet (UV) emission from pop-III stars is a primary goal of the
upcoming James Webb Space Telescope, though even with the state
of the art sensitivity of this instrument detecting individual metal-
free stars will be challenging (Rydberg, Zackrisson & Scott 2011).
Searching for indirect evidence of these stars and their integrated

!E-mail: rgilmore@sissa.it

cosmological impact is therefore the primary way of understanding
the properties of the re-ionization-era universe.

Photon production from the re-ionization era is encoded in the
evolving spectral energy distribution (SED) of the accumulated
photon background, which we observe locally as the extragalactic
background light (EBL). Redshifted UV radiation from pop-III stars
can be expected to appear as a distinct component of the near-
infrared (near-IR) portion of the EBL, and the spectral details of
this observable light could in principle inform an observer about the
redshift of re-ionization and the nature of the sources responsible
(Cooray & Yoshida 2004; Kashlinsky et al. 2004; Madau & Silk
2005; Fernandez & Komatsu 2006). However, observations of the
absolute intensity of the EBL in the near-IR are severely hindered by
the presence of bright galactic foregrounds, which are produced by
diverse sources including stars and the interstellar medium (ISM)
of the Milky Way and ‘zodiacal light’ from dust within our solar
system (Hauser & Dwek 2001).

It has been proposed that a high level of infrared (IR) background
could be due to radiation from the first generation of stars. Multiple
experiments, most notably the DIRBE experiment on the COBE
satellite, have attempted to measure the sky brightness at near-IR
wavelengths, and foreground subtraction analyses have been pre-
sented by a number of authors (Gorjian, Wright & Chary 2000;
Wright & Reese 2000; Cambrésy, Reach, Beichman, & Jarrett 2001;
Wright 2001; Levenson, Wright, & Johnson 2007), with extragalac-
tic components generally exceeding the contribution of resolvable

C© 2011 The Author
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Figure 6. As in the previous figure, but for a cut-off redshift zr = 9.

could be derived from future detections of high-redshift sources
with the Fermi LAT or future telescopes. In these plots, the axes
refer to the redshift and highest observed photon energy Eγ of a
hypothetical gamma-ray source. The source is then assumed to have
a normalization at lower energy such that the expected number of
photon counts at and above Eγ is 1 [Nx(>Ehigh) = 1] in the absence
of any background field. The spectrum of the source is set here to
−2.25, near the mean of the sources in Table 1, and the p-EBL is
ignored. Given these parameters, the contours on the plots show

Figure 7. Plot of the upper bounds on the SFRD in two possible scenarios
with future Fermi GRBs, in the Larson IMF case. The solid lines show
the limits from a GRB with the same redshift and spectral characteristics
of GRB 080916C, but with a highest energy observed photon of 30 GeV
(160 GeV as emitted) instead of 13.2 GeV, in combination with the sources
previously discussed. The dotted lines show a case with a GRB at z = 7
and a highest energy observed photon at 15 GeV (120 GeV emitted). Line
colours are as in Fig. 3.

the source redshift and Eγ that would be required to place a given
SFRD limit on pop-III star formation at redshifts zr = 6 and 9, with
2σ significance. These contours are for limits derived based on a
single source; combined limits for multiple sources like those in
section 3.2.2, if available, would be somewhat stronger. In Fig. 7,
limits based on two hypothetical high-redshift GRBs are combined
with the other sources of Table 1. This plot shows that new GeV
sources, either at higher redshift than GRB 080916C or at a similar
redshift with higher energy emission, could strongly limit a pop-III
contribution to star formation in the late re-ionization period.

If the Fermi satellite remains in operation for its stated lifetime
goal of 10 years from its launch date, then its mission is currently
less than one-third complete, and we can reasonably hope to see new
GRB events or high-energy AGN photons that will strengthen our
results. The Cherenkov Telescope Array (CTA; The CTA Consor-
tium 2010) is another possible source of constraining events. The
CTA will have a lower threshold energy than current-generation
ground-based instruments and may be able to detect sources at
much higher redshift than currently achieved from the ground. De-
tections with either of these instruments could potentially shed new
light on star formation in the re-ionization era.
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Star Formation Rate Density
(Madau Plot)

2σ
3σ

5σ
Upper bounds on the redshift z = 6 - 10 Pop-III 
SFRD in two possible scenarios with future 
Fermi GRBs, in the Larson IMF case. The solid 
lines show the limits from a GRB with the same 
redshift and spectral characteristics of GRB 
080916C (z = 4.35), but with a highest energy 
observed photon of 30 GeV (160 GeV as 
emitted) instead of 13.2 GeV, in combination 
with the 5 most constraining z ≳ 2 sources 
(Abdo+2010). The dotted lines show a case 
with a GRB at z = 7 and a highest energy 
observed photon at 15 GeV (120 GeV emitted).
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New data on attenuation of gamma rays from blazers 
● X-ray + Fermi + ACT SSC fits to 9 blazars (Dominguez+12)       
● Fermi data on 150 blazars at z = 0 - 1.6 (Ackermann+12) 
now lead to statistically significant measurements of the cosmic 
gamma ray horizon and EBL as a function of source redshift 
and gamma ray energy.
These new measurements are consistent with recent EBL 
calculations based both on multiwavelength observations of 
thousands of galaxies and also on semi-analytic models of the 
evolving galaxy population. Such comparisons account for all 
the light, including that from galaxies too faint to see.  
Catching a few high-redshift GRBs with Fermi or low-threshold 
atmospheric Cherenkov telescope arrays could provide 
important new constraints on the high-redshift star formation 
history of the universe.
Happy Birthday Felix Aharonian!
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