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Measuring the 
Extragalactic Background Light 

                with Gamma Rays



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 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.  

blazar

γeV + γTeV  
   → e+ e– pair
(~ 1 MeV in CM)

Extragalactic Background Light (EBL)
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can be mistaken for early dawn—that 
shines in similar wavelengths to the EBL. 

How could astronomers ever hope to 
isolate, capture and identify faint EBL 
photons when they are swamped by a 
much brighter glow from the solar system 
and Milky Way? They cannot. Ground- 
and space-based telescopes have not suc-
ceeded in reliably measuring the EBL di-
rectly. In 2000 Piero Madau of the Univer-
sity of California, Santa Cruz, and Lucia 
Pozzetti of the Bologna Astronomical Ob-
servatory added up the light from galaxies 
detected by the Hubble Space Telescope. 
(Remember, the EBL is  all  the light emit-
ted from near-ultraviolet through infra-
red wavelengths, including all the light 
from bright galaxies, which is easy to 
measure, plus galaxies too faint for tele-
scopes to see.) But that count did not in-
clude faint galaxies or other possible 
sources of light, which means it gave only 
a lower limit for how bright the EBL could 
be at various wavelengths. 

In 2011 Domínguez and Primack and 
our observational collaborators placed 
stronger lower limits on the EBL by adding 
up the amount of infrared and visible light 
observed from ground- and space-based 
telescopes from nearby galaxies out to 
about eight billion years ago—what astron-
omers call a redshift of 1, a little more than 
halfway back in time to the big bang. 
(Looking great distances out into space is equivalent to looking 
eons back in time because one sees objects as they looked when 
the light now reaching telescopes first departed on its journey—
billions of years ago, in the case of truly distant galaxies.) We mea-
sured the changing patterns of wavelengths emitted by galaxies at 
different distances—that is, at various cosmic eras. This method 
allowed the best EBL determination yet based on observations. 
We calculated upper and lower estimates for the EBL from even 
more distant, older galaxies at redshifts greater than 1. 

To move beyond limits, however—to truly measure the bright-
ness of the extragalactic background light—astronomers would 
need to take another tack.

 COLLIDING LIGHT
AS FAR BACK AS THE 1960S,  researchers started thinking about look-
ing for the EBL through its interactions with other, more easily 
visible, forms of light. 

Photons, it turns out, can collide with other photons. Specifi-
cally, high-energy gamma rays may collide with lower-energy 
photons, such as visible starlight, and mutually annihilate to cre-
ate an electron and its antiparticle, the positron. Several astrono-
mers began to wonder: What might happen if high-energy gam-
ma rays from a distant cosmological source heading toward 
Earth collided with lower-energy EBL photons along the way? 
Would the EBL photons effectively waylay gamma rays, weaken-
ing the apparent brightness of the gamma-ray source as seen 

from Earth? If scientists could detect this attenuation of gamma 
rays, they reasoned, it might reveal the composition of the EBL. 

That question remained purely a matter of theoretical specu-
lation until 1992, when NASA’s EGRET (Energetic Gamma Ray 
Experiment Telescope) detector onboard the orbiting Compton 
Gamma Ray Observatory discovered the first of a new class of 
gamma-ray sources that came to be called blazars: galaxies with 
central supermassive black holes emitting gamma rays in strong 
jets that happen to be pointed toward Earth like flashlight beams. 
The gamma rays in such jets have phenomenal energies of bil-
lions of electron volts—that is, giga-electron volts (abbreviated 
GeV). Indeed, some blazars, such as Markarian 421 (Mrk 421 for 
short), are emitting gamma rays at mind-boggling energies as 
high as 20 trillion electron volts (TeV), or about 100 million times 
as much energy as medical x-rays. 

At about 400 million light-years away, the blazar Mrk 421 is 
relatively nearby as extragalactic distances go. But finding such a 
powerful gamma-ray source in the 1990s made Primack wonder 
whether similar TeV-energy blazars might exist at far greater dis-
tances—and thus be useful for detecting the EBL. Indeed, over 
the following years other TeV-energy gamma-ray blazars were 
discovered at increasingly greater distances. And figuring out 
how to harness blazars to measure the EBL began to occupy 
Domínguez in 2006, when he started Ph.D. research at the Uni-
versity of Seville in Spain, where he studied blazars with the 
MAGIC gamma-ray observatory. 

Illustrations by Don Foley

R A D I AT I O N  F I E L D S 

Extragalactic Background Light 
The extragalactic background light  (EBL) includes all the light from all the galaxies 
that haþe eþer shined. It began to accumulate ÿhen the first stars and galaĀies 
formed, roughly 200 million years after the big bang, and new galaxies add their 
light all the time. Still, because space is so vast (and expanding), this light is dim 
and diffuse. The cosmic microÿaþe background (CMB) is another radiation field 
that also perþades the uniþerse. The CMB, hoÿeþer, does not groÿ ÿith time; 
rather it was formed all at once, about 400,000 years after the big bang.

Extragalactic background light

Star formation begins

Big 
bang

Inflation

Cosmic microwave background

LıghtAll the

There Ever Was

Galaxies in every corner of the 
universe have been sending out 
photons, or light particles, since 

nearly the beginning of time. 
Astronomers are now beginning 

to read this extragalactic 
background light 
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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



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 



EBL Evolution Calculated from Observations 
Using AEGIS Multiwavelength Data

Alberto DomÍnguez, Joel Primack, et al. (MNRAS, 2011)



http://aegis.ucolick.org/
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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



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 
  &  Gilmore+12

SAM

Alberto Domínguez

Propagating errors in SED fits 
and redshift extrapolation



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



~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 stuff 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 different kinds of invisible and as-yet-unidentified stuff 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 
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SAM Galaxy Formation
• 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 2014ab



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
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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.



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



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
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WMAP1                  

Propagating D+11 errors in SED  
fits and redshift extrapolation



 
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



Predicted Gamma Ray Attenuation
Increasing redshift 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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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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Observed γ-ray energy



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



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.)

1ES 0229+200
H 1426+428



Predicted Gamma Ray Attenuation
The Cosmic Gamma Ray 
Horizon (CGRH) is the 
observed gamma ray 
energy as a function of 
redshift z 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

C⃝ 2012 The Authors, MNRAS 422, 3189–3207
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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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).

C⃝ 2012 The Authors, MNRAS 422, 3189–3207
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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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 
9/15 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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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
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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

3C66A corrected

Furniss+ 2013:
3C66A z=0.33-0.41
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DETECTION OF THE COSMIC γ-RAY HORIZON FROM 
MULTIWAVELENGTH OBSERVATIONS OF BLAZARS



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).
. 



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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Many pathways lead 
to melting p. 704

Threats to Brazil’s 
environmental credibility p. 706INSIGHTS

Rogue stars between 
galaxies could make 
up to 50% of star 
mass.

13+ billion years of galaxy collisions 
and mergers

In�ation
fraction of a 
trillionth of a second

Cosmic microwave background
380,00 years

Initial galaxy formation
~400 million years

Present nearby universe
~13.8 billion years

PERSPECTIVES

          T
he history of astronomy has largely 

been concerned with the study of 

discrete objects: planets, stars, and 

galaxies. From such observations, we 

have discovered the nature and evo-

lutionary histories of these objects. 

It is natural to ask whether these studies 

provide a comprehensive picture of the 

evolution of the universe, or whether large 

numbers of objects too faint to detect in-

dividually or intrinsically diffuse sources 

may be present. On page 732 of this is-

sue, Zemcov et al. ( 1) present results from 

a study of near-infrared background light 

that reveal that as many as half of all stars 

have been stripped from galaxies in their 

many collisions and mergers over the his-

tory of the universe. At galactic distances, 

the stars are faint but can be detected in 

ensemble through the spatial variations 

in sky brightness caused by their spatial 

distributions. It is remarkable that such 

a major component of the universe could 

have been hiding in plain sight as an in-

frared background between the stars and 

galaxies.

By S. H. Moseley 

ASTRONOMY

Ancient observers saw the milky glow 

of our Galaxy and the smooth radiance of 

the zodiacal light. The development of tele-

scopes resolved our Galaxy into a high den-

sity of faint stars. The zodiacal light, arising 

from light scattered from dust in our solar 

system, was found to be intrinsically diffuse. 

Other such backgrounds have been detected 

in the modern era: radio, x-ray, and, most fa-

mously, the cosmic microwave background 

(CMB). The radio and x-ray backgrounds 

have been resolved into faint sources that 

explain most of the sky brightness, but the 

CMB, the radiation from the surface of the IL
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The other half of the universe?

A large previously unknown population of stars inhabits intergalactic space

Published by AAAS

Really??

SCIENCE 346, 732 
(7 November 2014)  



Michael Zemcov,1,2 Joseph Smidt,3,4 Toshiaki Arai,5,6 James Bock,1,2* Asantha Cooray,4 Yan Gong,4 Min Gyu Kim,7 Phillip Korngut,2,1 Anson 
Lam,8,1 Dae Hee Lee,9 Toshio Matsumoto,5,10 Shuji Matsuura,5 Uk Won Nam,9 Gael Roudier,2 Kohji Tsumura,11 Takehiko Wada5  

Extragalactic background light (EBL) anisotropy traces variations in the total production of 
photons over cosmic history and may contain faint, extended components missed in galaxy 
point-source surveys. Infrared EBL fluctuations have been attributed to primordial galaxies 
and black holes at the epoch of reionization (EOR) or, alternately, intrahalo light (IHL) from 
stars tidally stripped from their parent galaxies at low redshift. We report new EBL 
anisotropy measurements from a specialized sounding rocket experiment at 1.1 and 1.6 
micrometers. The observed fluctuations exceed the amplitude from known galaxy 
populations, are inconsistent with EOR galaxies and black holes, and are largely explained 
by IHL emission. The measured fluctuations are associated with an EBL intensity that is 
comparable to the background from known galaxies measured through number counts and 
therefore a substantial contribution to the energy contained in photons in the cosmos. 

Table 1. Contributions to near-infrared EBL anisotropy and intensity. 

IHL nor the EOR models quite match the high
observed 1.6-/3.6-mmcolor ratio (see section 10 of
the supplementary materials). This may indicate
that additional components are reflected in the
data. However, more theoretical work is required
to determine whether adding nonlinear galaxy
clustering and nonlinear IHL production to the
model can improve the fit.
We estimate the EBL intensity associated with

the fluctuations by taking the measured fluctua-
tion amplitude between 500 < l < 2000, obtained
by subtracting estimated contributions from low-z
galaxies and diffuse Galactic light, and multiply-
ing by a model-dependent contrast factor lIl/

dlIl, where lIl is the total intensity associated
with a component. For the IHLmodel, which has
a low contrast factor, we obtain an associated EBL
of 7:0þ4:0−3:5 and 11:4þ5:4−4:8 nW m−2 sr−1 at 1.1 and
1.6 mm, respectively. As shown in Table 1, the IHL
background is of a similar magnitude to the
integrated galaxy light (IGL) background derived
from galaxy counts. However, we note that the
IHL background has amuch bluer color than the
IGL background. We similarly estimate the IHL
background at longer wavelengths from AKARI
and Spitzer. Nonlinear galaxy clustering ap-
pears to contribute to the Spitzer fluctuations, so
we quote two values that depend on the choice of

flux cut, the deeper flux cut being less sensitive
to the nonlinear clustering contribution. The
CIBER data do not appear to be as sensitive to
the flux cut, perhaps due to the higher IHL to
IGL ratio at these wavelengths.
The total EBL, the summation of the IHL and

IGL backgrounds, is consistent with current EBL
measurements.Near-infrared absolute photometric
backgroundmeasurements remain uncertain due
to the bright zodiacal foreground, but the lowest
such measurement (22) gives 21 T15 nWm−2 sr−1

and 13.3 T 2.8 nW m−2 sr−1 at 1.25 and 3.6 mm,
respectively. The High Energy Stereoscopic Sys-
tem (HESS) measurement of the EBL using g-ray

734 7 NOVEMBER 2014 • VOL 346 ISSUE 6210 sciencemag.org SCIENCE

Fig. 2. The electromagnetic spectrum of the near-
infrared fluctuations. We show measurements of the
fluctuation power from CIBER and Spitzer averaged
between 500 < l < 2000 (solid points). Also indicated
are previous measurements from AKARI (11) and
Spitzer (6, 7) at l = 3000 that use deeper masking
thresholds. In all cases, we subtract the contribution
from the shot noise of unmasked galaxies (16). We
indicate the best-fitting Rayleigh-Jeans spectrum to
the points from this analysis, estimates for diffuse
Galactic light fluctuations (19), a conservative con-
straint on zodiacal light fluctuations (17, 18), and an
upper limit on Galactic emission (27). The known
foreground components have both smaller ampli-
tudes and different spectra than the measurements.
We show the residual from the best-fitting Rayleigh-
Jeans spectrum dRJ in the bottom panel, scaled by l3

to reduce the range. The shortest wavelength mea-
surement at 1.1 mm is 2.0 s below the fit, indicating a
possible short-wavelength departure from a Rayleigh-
Jeans spectrum.

Table 1. Contributions to near-infrared EBL anisotropy and intensity. At each wavelength, we list the measured fluctuation amplitude at large angular
scales; the model-dependent ratio of EBL intensity to EBL anisotropy; the IGL determined by previous measurements; the ratio of the IHL and IGL intensities;
and finally, the inferred total background intensity from both components. We also list the background intensity that would arise assuming the measured
fluctuations are entirely due to high-redshift EOR galaxies.

l (mm)
Measured dlIl*
(nW m−2 sr−1)

lIl;IHL
dlIl

lIl,IHL‡
(nW m−2 sr−1)

lIl,IGL§
(nW m−2 sr−1)

lIl, IHL
lIl, IGL

lIl,IHL + lIl,IGL

(nW m−2 sr−1)
lIl,EOR||

(nW m−2 sr−1)

1.1 1:4−0:7
þ0:8 5 7:0−3:5

þ4:0 9:7−1:9
þ3:0 0.7 16:7−4:0

þ5:0 28
1.6 1:9−0:8

þ0:9 6 11:4−4:8
þ5:4 9:0−1:7

þ2:6 1.3 20:4−5:1:
þ6:0 38

2.4 0.32 T 0.05† 7 2.2 T 0.4 7:8−1:2
þ2:0¶ 0.3 10:0−1:3

þ2:0 6.4
3.6 0:072−0:021

þ0:019 9 0:65−0:19
þ0:17 5.2 T 1.0 0.1 5.9 T 1.0 1.4

3.6# 0:049−0:007
þ0:021 9 0:44−0:06

þ0:19 5.2 T 1.0 0.1 5.6 T 1.0 1.0
4.5 0.053 T 0.023† 7 0.37 T 0.16 3.9 T 0.8 0.1 4.3 T 0.8 1.0

*RMS fluctuation amplitude computed as averages of measured data over 500 < l < 2000, except for those marked †, which are determined at l = 3000 using
fainter mask cuts due to restricted field size (see also note ||). ‡The IHL background from the product of columns 2 and 3. §The IGL background as
compiled by (28). ||Computed EOR background assuming EOR fluctuations with lIl/dlIl = 20. ¶Determined at K band corresponding to 2.2 mm. #Computed
using the measurements of (6) averaged over 500 < l < 5000.
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On the origin of near-infrared extragalactic background light anisotropy 
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See also: Seo et al. 2015, AKARI CIB Fluctuations, ApJ, 807, 140

The dark and light shaded regions show the 95 and 68% ranges of fIHL from 
anisotropy measurements, and from an analytical prediction (Purcell+2007, 
blue). Intracluster measurements are shown as boxes (Gonzalez+2005), with 1s 
errors. The red downward arrows denote the 95% confidence upper limit on fIHL 
estimated for Andromeda (M31) and our Milky Way (MW).

Cooray+2012

Mitchell-Wynne+2015 (this work)

Zemcov+2014

+2007

Purcell

Ultraviolet luminosity density of the universe during the epoch of reionization
Ketron Mitchell-Wynne, Asantha Cooray, Yan Gong, Matthew Ashby, Timothy Dolch, Henry Ferguson, 
Steven Finkelstein, Norman Grogin, Dale Kocevski, Anton Koekemoer, Joel Primack & Joseph Smidt

The spatial fluctuations of the extragalactic background light trace the total emission from all stars and galaxies in the Universe. A 
multiwavelength study can be used to measure the integrated emission from first galaxies during reionization. Here we report arcmin-
scale spatial fluctuations in GOODS-S with HST in five wavebands between 0.6 and 1.6 mm. This level of integrated light emission allows 
for a significant surface density of fainter primeval galaxies that are below the point-source detection level in current surveys.

fIHL, the intrahalo 
light fraction,
as a function 
of halo mass

1σ

2σ

The ultraviolet luminosity density 
and star-formation rate density 
from HST intensity fluctuations

Shown are luminosity function extrapolations and integrations down to 
MUV = −13. Our measured star formation rate densities (blue rectangle) 
are consistent with previous works at z = 8 to 10, however only extremely 
bright galaxies are directly detected. For reference we plot the 
theoretically expected relation between ultraviolet luminosity density and 
redshift to reionize the universe and/or to maintain reionization using an 
optical depth to reionization of  𝛕 = 0.066 ± 0.012 (Planck 2015). We take a 
gas clumping factor of C = 3 and show two cases where the escape 
fraction of galaxies is 6 and 20%.

z

2015



Updated analysis of near-infrared background fluctuations 
Bin Yue, Andrea Ferrara, Ruben Salvaterra

The Direct Collapse Black Hole (DCBH) scenario in Yue 
et al. 2014 MNRAS describes ~105-6 M⦿ SMBH formation 
at redshifts z = 20 to 13.



8 Biteau & Williams

The parameters ai are left free to vary. Once best-fit
values, uncertainties, and correlations have been deter-
mined, the binned average flux ⌫Ii⌫ can easily be derived
from the linear relation in Eq. 20. This linearity permits
the propagation of uncertainties for Gaussian distribu-
tions of the weight ai, fully accounting for the correlation
terms. This justifies the use of the HESSIAN method in
Sec. 3.3.1, which yields such symmetric Gaussian uncer-
tainties.
Given the linearity of the model with respect to its

parameters ai, the optical depth can be rewritten as:

⌧(E0, z0) =
X

i

ai ti(E0, z0) (22)

where

ti(E0, z0) =
3⇡�T

H0
⇥ E0

m2
ec

4

⇥N (·; 0,�l)⌦Kz0

✓

ei + ln
E0

mec2

◆

(23)

where ei = ln hc/�i

mec2
.

One can compute the weights ti(E0, z0) in the very
beginning of the fitting procedure, further reducing the
computation expense. For a set of about 90 spectra and
associated models, the full fitting procedure of the EBL
spectrum takes about ten seconds of CPU time on a
3GHz core, highlighting the significance of the analyt-
ical work shown in this section and in Sec. 2.

4. RESULTS

4.1. EBL spectrum

The best-fit spectral models of the intrinsic spectra are
listed in column 6 of Table 2. Most of the spectra of the
gamma-ray cosmology sample (71/86) are best described
by PWL models. The other fifteen spectra, modeled by
LP and EPWL models, correspond either to intensive
campaigns in low states of prominent sources (2004-05
MAGIC campaign of Markarian 421, large-zenith-angle
H.E.S.S. observations of Markarian 421, 2007 VERI-
TAS campaign on 1ES 2344+514, 2007-2010 campaign
of ARGO-YBG on Markarian 421: Albert et al. 2007d;
Aharonian et al. 2005c; Acciari et al. 2011; Bartoli et al.
2011, respectively), to observations of flares (high state
of Markarian 421 observed by HEGRA in 2000-2001 and
MAGIC in 2004-2005, major outburst of PKS 2155-304
in 2006 observed by MAGIC and H.E.S.S.: Aharonian
et al. 2002; Aleksić et al. 2010, 2012c; Abramowski et al.
2013, respectively), or to both (2006-2008 campaign on
Markarian 421 by VERITAS, including flares: Abdo et al.
2011). In such cases, enhanced statistics at the highest
energies enable the probe of intrinsic curvature. No spec-
trum is preferentially modeled with an ELP model.
The 86 spectra probe the wavelength range 0.26 �

105µm, for a bin size �l = 0.75. The maximum
wavelength corresponds to the pair-creation threshold,
as described in Eq. 15. A smaller minimum wave-
length would result in an underconstrained EBL inten-
sity in the first bin. A smaller binning does not sig-
nificantly improve the quality of the fit. With a total
of 630 points and 187 free parameters for the intrinsic
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Fig. 3.— EBL intensity at z = 0 as a function of wavelength.
The best-fit spectra derived in this work are shown with light
blue (gamma rays only, four-point spectrum) and blue points
(gamma rays + direct constraints, eight-point spectrum). Lower
and upper limits are shown with orange upward-going and dark-
brown downward-going arrows, respectively. For comparison with
the work of Ackermann et al. (2012) and H.E.S.S. Collaboration
(2013f), the 1� (stat. + sys.) contour of the best-fit scaled-up
model (Gilmore et al. 2012) is shown as filled blue region, using a
scaling factor of 1.13 as shown in Table 4.

spectra, the best-fit model results in a test statistic of
(
P

�2
�ray points+�2

HE�VHE)/ndf = 340.1/443. The small
value of the reduced �2 is not surprising, as the corre-
lations between gamma-ray spectral points are not ac-
counted for when fitting such archival data (the gamma-
ray community is only starting to publish covariance ma-
trices for spectral points). The uncertainties are also as-
sumed to be Gaussian (underlying assumption for the
�2 test), while a full treatment at the event level would
account for the Poisson statistics of the events from back-
ground and signal regions.
The constraint from the hardness of the HE spectra as-

sociated with the VHE observations, proves a posteriori
to play a minor role,

P

�2
HE�VHE < 0.1, indicating that

there is no tension with the assumption of broad-band
concavity in the intrinsic spectra. No tension is found
with the local EBL constraints either, with �2

EBL = 2.4
to which nEBL = 7 local constraints contribute. Both
the local EBL constraint and the hardness constraint
thus barely impact the best-fit estimate of the EBL spec-
trum, but they nonetheless play a significant role when
the spectrum departs from the best-fit point, thus im-
pacting the uncertainties on the EBL. For the binning
and the wavelength range probed here, the Gaussian-sum
model admits eight parameters, resulting in a total test
statistic of �2/ndf = 342.5/442. The number of degrees
of freedom accounts for eight free parameters to model
the EBL and seven local points constraining this model,
in addition to the 443 degrees of freedom accounting for
the gamma-ray spectra.
Using the same intrinsic models and a null ab-

sorption, the gamma-ray spectra best-fit test statis-
tic is

P

(�2
�ray points + �2

HE�VHE) = 489.1. With
eight additional free parameters, the Gaussian-sum
model is preferred by the gamma-ray data at thep
2 erfc�1[P8(��2 = 489.1� 340.1)] = 11� level, where
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Fig. 11.— Attenuation curves for three di↵erent redshifts, from z = 0.03 up to z = 0.6. Gray curves are directly extracted from the
publications of Franceschini et al. (2008) (left) and Gilmore et al. (2012) (right). Colored curves are based on the same z = 0 EBL density
as in the publications but assume a template EBL evolution with f

evol

= 1.7.

which supports the analytical approach in Sec. 2. The di↵erences between published and template optical depths, �⌧ ,
are shown in Fig. 12. The value of fevol = 1.7 is adopted (intermediate panels) and can be compared to softer and
harder evolution in the bottom and top panels, respectively. We note that the evolution used by Raue & Mazin (2008),
fevol = 1.2, results in significant deviations at large redshifts with respect to the models. Similarly, the published optical
depths are underestimated by the template approach at large redshifts for a soft evolution with fevol = 2.2.
The template evolution with fevol = 1.7 results in an optical depth di↵erence on the order of 0.1 on average, which is

comparable with the di↵erence in evolution between the models of Franceschini et al. (2008) and Gilmore et al. (2012)
themselves. As far as EBL evolution is concerned, assuming an energy-redshift decoupling in the local universe has
then a similar impact on the absorption to using one or another state-of-the-art model.
Below an optical depth of 3, the deviation in the absorption factor remains smaller than 15%, which is below the

typical systematic errors on gamma-ray fluxes measured by current-generation ground-based instruments. Another
reference point for the di↵erence in optical depth can be provided noting that a 5% deviation in H0, roughly the
di↵erence between H0 = 70 km s�1 Mpc�1 and the best-fit value from Planck Collaboration et al. (2014), results in
a 5% deviation in optical depth, which corresponds to �⌧ = 0.15 (15% error on the absorption) for ⌧ = 3. Thus the
template approach that we use in this publication introduces errors in the EBL no larger than those resulting from
the uncertainties on H0 or from the di↵erences between state-of-the-art models.
For reference, the integrations in Eq. 9 and Eq. 10, which enable the computation of the optical depth, are performed

using the trapezoidal rule, with uniforms steps in redshift of �z = 10�3 and in logarithmic reduced photon energy,
�e0 = 5 ⇥ 10�3, from the threshold of the EBL kernel, e0 = �2 ln(1 + z0), up to e0 = 103. We checked that above
e0 > 103 the tail of the kernel in Fig. 1 has a negligible contribution to the convolution product in Eq. 9. The
overall uncertainty on the optical depth ⌧(E0, z0) due to the numerical integration is on the order of 0.01-0.03, mildly
depending on the redshift of the gamma-ray source.

A.2. Gaussian-sum approximation

Besides the evolution of the EBL, our second source of systematic error comes from the approximation of the true
spectrum of the EBL by a sum of Gaussians, as in Eq. 17. We show in Fig. 13 the approximation of a “smooth” model
⌫I⌫(�), namely a sum of two log parabolas, by a Gaussian sum for a binning �l = 0.75, between 0.26 � 105µm, as
in Sec. 3 and 4. The weights of the Gaussian-sum model are obtained by numerically inverting Eq. 20, where we set
⌫Ii⌫ = ⌫I⌫(�i).
The EBL kernel in Eq. 9 smooths the EBL density over a wide range of EBL wavelengths. The small deviations in

intensity arising from the Gaussian-sum approximation then result in even milder optical-depth deviations, typically
�⌧  0.1, 0.01, and 10�3 for �l = 1.0, 0.5, and 0.1 respectively.

A.3. Quantifying the systematic errors

To estimate the systematic uncertainties arising from the modeling of the EBL, i.e. from the template evolution and
the Gaussian-sum approximation, we compare the optical depths derived by Franceschini et al. (2008) and Gilmore
et al. (2012) to optical depths obtained with template evolution and approximating the Franceschini et al. (2008) or
Gilmore et al. (2012) SEDs at z = 0 by Gaussian sums.
We weight the contributions of the di↵erent optical depths based on the uncertainties on the spectral points included

in the analysis. The measured optical depth depends on the measured flux, �, as ln� = ln�int�⌧ , so that the maximum
uncertainty on the optical depth, obtained by fixing the intrinsic model, scales as ��/�. Then, one can estimate the
EBL normalization factor ↵ that accounts for the change from the model, of optical depth ⌧model, to the template
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ABSTRACT

Ground-based observatories have been collecting 0.2 � 20TeV gamma rays from blazars for about
twenty years. These gamma rays can experience absorption along the line of sight due to interactions
with the extragalactic background light (EBL). In this paper, we investigate the most extensive set
of TeV spectra from blazars collected so far, twice as large as any other studied. We first show that
the gamma-ray optical depth can be reduced to the convolution product of an EBL kernel with the
EBL intensity, assuming a particular form for the EBL evolution. We extract the EBL intensity from
the gamma-ray spectra, show that it is preferred at the 11 standard deviation (�) level to a null
intensity, and unveil the broad-band spectrum of the EBL from mid-UV to far IR (0.26 � 105µm).
Our measurement shows that the total radiative content of the universe between 0.1 and 1000µm
represents 6.5± 1.2% of the brightness of the CMB. This is slightly above the accumulated emission
of stars and galaxies and constrains the unresolved sources that could have reionized the universe.
We also propose a data-driven method to estimate the Hubble constant based on the comparison of
local and gamma-ray measurements of the EBL, yielding H0 = 88 ± 8 stat ± 13 sys km s�1 Mpc�1.
After setting the most stringent upper-limits on the redshift of four TeV blazars, we investigate the
106 intrinsic gamma-ray spectra in our sample and find no significant evidence for anomalies. The
intrinsic TeV spectra are not harder than their GeV counterpart, and no significant upturn in the
spectra is visible at the highest optical depths. We do not find evidence for the so-called “pair-
production anomaly” at large optical depths, which has been used previously to place lower limits
on the coupling of TeV gamma rays with axion-like particles. Finally, we investigate the impact of
a modification of the pair-creation threshold due to a Lorentz invariance violation. A mild excess
prevents us from ruling out an e↵ect at the Planck energy and we constrain for the first time the
energy scale of the modification to values larger than sixty percent of the Planck energy.
Subject headings: astroparticle physics, cosmology: di↵use radiation, cosmology: observations, galax-

ies: active, gamma rays: galaxies

1. INTRODUCTION

The universe is not as dark as we sometimes imagine;
even its largest voids are filled with light. The most in-
tense of these photon fields, the cosmic microwave back-
ground (CMB), covers the millimeter wavelength range
and carries the relic radiation that escaped the epoch
of recombination, less than half a million years after the
Big Bang. At lower wavelength, from 0.1 to 1000µm, the
universe is populated by the light that stars and galax-
ies have emitted since the epoch of reionization (z . 10).
Part of the light initially radiated in the ultraviolet (UV)
and optical (O) bands is directly observable in the cos-
mic optical background (COB, 0.1�8µm). The rest was
absorbed by dust in the interstellar medium and around
active galactic nuclei (AGN) and was subsequently rera-
diated at lower energies, in the infrared (IR), forming the
cosmic infrared background (CIB, 8�1000µm). The sum
of the COB and CIB, the extragalactic background light
(EBL), thus carries the 13 billion years’ radiation history
of the universe and is a critical observable for models of
reionization, galaxy formation and evolution, as well as
high-energy-astrophysics phenomena, as we discuss.
The main constraints on the EBL from observations in

1 jbiteau@ucsc.edu
2 daw@ucsc.edu

the UV-O-IR come in two flavors: direct observations,
which tend to be contaminated by bright foregrounds
such as the zodiacal light, and estimates from integrated
galaxy counts, which sum the light emitted by known
populations of sources (e.g., Madau & Pozzetti 2000).
The latter do not include contributions from truly dif-
fuse components or unobserved populations of sources,
such as primordial stars (Pop. III) and miniquasars that
could have initiated the reionization of the universe (e.g.
Madau et al. 2004; Cooray & Yoshida 2004), or intra-halo
light that was recently invoked to explain the near-IR
anisotropies observed by CIBER (Zemcov et al. 2014).
Stringent constraints also come from observations of

gamma rays, which are more energetic than the EBL
photons by twelve orders of magnitude. The underly-
ing process, described by Nikishov (1962) and Gould &
Schréder (1967a,b), is the creation of electron-positron
pairs in the interaction of gamma rays from extragalactic
sources with the EBL photon field. The survival proba-
bility of a gamma ray, or gamma-ray absorption, is char-
acterized by an exponential attenuation law, exp(�⌧),
where the optical depth, ⌧ , depends on the redshift of
the source and on the gamma-ray energy.
The detection of the first distant gamma-ray sources

led to the first observational constraints on gamma-ray
absorption (Stecker et al. 1992). Extragalactic sources

ar
X

iv
:1

50
2.

04
16

6v
1 

 [a
str

o-
ph

.C
O

]  
14

 F
eb

 2
01

5
The Astrophysical Journal, 779:32 (23pp), 2013 December 10 doi:10.1088/0004-637X/779/1/32
C⃝ 2013. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

HerMES: THE CONTRIBUTION TO THE COSMIC INFRARED BACKGROUND
FROM GALAXIES SELECTED BY MASS AND REDSHIFT∗

M. P. Viero1, L. Moncelsi1, R. F. Quadri2,24, V. Arumugam3, R. J. Assef4,23,25, M. Béthermin5,6, J. Bock1,4, C. Bridge1,
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ABSTRACT

We quantify the fraction of the cosmic infrared background (CIB) that originates from galaxies identified in the
UV/optical/near-infrared by stacking 81,250 (∼35.7 arcmin−2) K-selected sources (KAB < 24.0) split according
to their rest-frame U − V versus V − J colors into 72,216 star-forming and 9034 quiescent galaxies, on maps
from Spitzer/MIPS (24 µm), Herschel/PACS (100, 160 µm), Herschel/SPIRE (250, 350, 500 µm), and AzTEC
(1100 µm). The fraction of the CIB resolved by our catalog is (69% ± 15%) at 24 µm, (78% ± 17%) at 70 µm,
(58% ±13%) at 100 µm, (78%±18%) at 160 µm, (80%±17%) at 250 µm, (69%±14%) at 350 µm, (65%±12%)
at 500 µm, and (45% ± 8%) at 1100 µm. Of that total, about 95% originates from star-forming galaxies, while the
remaining 5% is from apparently quiescent galaxies. The CIB at λ ! 200 µm appears to be sourced predominantly
from galaxies at z ! 1, while at λ " 200 µm the bulk originates from 1 ! z ! 2. Galaxies with stellar masses
log(M/M⊙) = 9.5–11 are responsible for the majority of the CIB, with those in the log(M/M⊙) = 9.5–10 bin
contributing mostly at λ < 250 µm, and those in the log(M/M⊙) = 10–11 bin dominating at λ > 350 µm. The
contribution from galaxies in the log(M/M⊙) = 9.0–9.5 (lowest) and log(M/M⊙) = 11.0–12.0 (highest) stellar-
mass bins contribute the least—both of order 5%—although the highest stellar-mass bin is a significant contributor
to the luminosity density at z " 2. The luminosities of the galaxies responsible for the CIB shifts from combinations
of “normal” and luminous infrared galaxies (LIRGs) at λ ! 160 µm, to LIRGs at 160 ! λ ! 500 µm, to finally
LIRGs and ultra-luminous infrared galaxies at λ " 500 µm. Stacking analyses were performed using simstack,
a novel algorithm designed to account for possible biases in the stacked flux density due to clustering. It is made
available to the public at www.astro.caltech.edu/∼viero/viero_homepage/toolbox.html.

Key words: cosmology: observations – galaxies: evolution – infrared: galaxies – large-scale
structure of universe – submillimeter: galaxies

Online-only material: color figures

∗ Herschel is an ESA space observatory with science instruments provided by
European-led Principal Investigator consortia and with important participation
from NASA.
24 Hubble Fellow.
25 NASA Postdoctoral Program Fellow.

1. INTRODUCTION

The cosmic infrared background (CIB), discovered in Far
Infrared Absolute Spectrophotometer (FIRAS) data from the
Cosmic Background Explorer (COBE; Puget et al. 1996;
Fixsen et al. 1998), originates from thermal re-radiation of
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The cosmic infrared background (CIB), discovered in Far
Infrared Absolute Spectrophotometer (FIRAS) data from the
Cosmic Background Explorer (COBE; Puget et al. 1996;
Fixsen et al. 1998), originates from thermal re-radiation of
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Figure 10. Contribution to CIB from “normal” galaxies (L < 1011 L⊙), LIRGs
(L < 1011–12 L⊙), and ULIRGs (L < 1012–13 L⊙). Normal galaxies and LIRGs
contribute equally to make up most of the intensity at λ ! 70 µm, which is more
sensitive to lower redshifts, while at longer wavelengths LIRGs and eventually
ULIRGs contribute most to the signal. Also plotted are model predictions from
Béthermin et al. (2010, Figure 13, bottom panel), with the LIRG and ULIRG
predictions somewhat high. Although the model is a simple parametric fit to
counts at multiple wavelengths, the high estimates for the LIRGs and ULIRGs
lends weight to the suggestion that we are missing luminous, dust-obscured
sources in our sample (Section 5.4.2).
(A color version of this figure is available in the online journal.)

contribution from log(L/L⊙) < 11 galaxies falls rapidly at
wavelengths greater than 160 µm, which may suggest a di-
minishing contribution from fainter populations at high red-
shift—which is again suggestive of downsizing—but it could
also mean that fainter galaxies are simply being missed. The

contribution from ULIRGs, which, as seen from Figure 8, are
located at z ! 1, peaks at longer wavelengths, and is an order of
magnitude lower than less-luminous galaxies at λ " 160 µm.
Note that if small numbers of exceptionally luminous sources,
ultra-luminous or hyper-luminous infrared galaxies, have un-
usually high luminosities with respect to their stellar masses
(i.e., high specific luminosities) this plot would fail to capture
their distribution accurately.

Also overlaid in this figure are predictions from Béthermin
et al. (2011, bottom panel of Figure 11), a parametric backward-
evolution model fit to counts at multiple wavelengths. The
general trends are well reproduced, while in detail, ULIRGs
fall short of model predictions. As we discuss Section 5.4.2,
this may be an indication that highly dust-obscured galaxies
are missing from our optical/NIR-based, mass-selected catalog
(e.g., Dey et al. 1999).

4.7. Average Temperature Evolution for Star-forming Galaxies

In Figure 11 we plot temperatures derived from our best-fit
SEDS as a function of redshift (left panel), infrared luminosity
(center panel), and stellar mass (right panel) for star-forming
galaxies divided into stellar-mass (left panel) or redshift bins
(center and right panels). We emphasize that the reported
temperatures are tied to the simple modified blackbody used
to derive them (Section 4.2), and that if another model had been
used (e.g., a β value of 1.5 instead of 2, a different opacity
model, or a two component SED similar to that used by Dunne
& Eales 2001), slightly different temperature values would have
been derived (also see Casey 2012). However, the trends in
the temperatures—either with redshift or with mass—should
be relatively free of bias due to the model adopted. Moreover,
since our relatively high signal-to-noise measurements bracket
the peak of the thermal SED, our ability to identify these trends
is robust.

We compare with temperature measurements of other
galaxies—some FIR-selected, others NIR-selected—noting that

Figure 11. Average temperatures derived from the best-fit, modified blackbody SEDs vs. redshift in the left panel; infrared luminosity in the center panel; and stellar
mass in the right panel. Open symbols represent bins with higher than 50% completeness. Left panel: temperatures of galaxies of all stellar masses are found to evolve
strongly with redshift. This evolution can be described as a power law with slope ϵ = 0.4 ± 0.1 (orange dashed line). Also plotted are measurements from Pascale
et al. (2009, pink exes); Amblard et al. (2010, asterisks); Elbaz et al. (2010, crosses), and Kovács et al. (2010, triangles). Center panel: the full ensemble of galaxy
temperatures is shown to obey the canonical L–T relation, described for local infrared galaxies by Chapman et al. (2003b, green dashed line) and at higher redshift by
Roseboom et al. (2012, red dashed line). Also plotted are best-fits to BLAST and SPIRE sources from Amblard et al. (2010, gray dashed line) and Dye et al. (2009,
blue dashed line), respectively, and measurements from Magdis et al. (2010, crosses); Casey et al. (2012, exes); and Symeonidis et al. (2013, triangles). Right panel:
conversely, the temperatures of galaxies appears to decrease with increasing stellar mass (and thus increasing LIR). Shown as dashed lines are tied power-law fits to
the data at each redshift.
(A color version of this figure is available in the online journal.)
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Showing	that	
the	assumed	
redshift	
evolution	of	
the	EBL	
spectrum	
∝(1+z)1.3	is	
consistent	
with	Gilmore	
et	al.	(2012).

See also: Leiton, Elbaz, et al. 2015, A&A 579, A93;
                 Viero et al. 2015, arXiv:1505.06242v2
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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
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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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can be resolved. The optical system of the telescope should obvi-
ously be able to achieve a point spread function matched to the pix-
el size. The electronics for signal capture and triggering should
provide a bandwidth matched to the length of Cherenkov pulses

of a few nanoseconds. The performance of an array is also depen-
dent on the triggering strategy. Cherenkov emission from air show-
ers has to be separated in real time from the high flux of night sky
background photons, based on individual images and the stereo-
scopic combination of images from several telescopes. The raw data
stream from Cherenkov telescopes is far too large to be recorded
without any reduction.

Besides mirror area, the FoV is another important parameter of
a telescope. A relatively large FoV is mandatory for the widely
spaced telescopes of the high-energy array, since the distance of
the image from the camera centre scales with the distance of the
impact point of the air shower to the telescope. The optimum size
of the FoV is not easy to determine. From the science point of view,
a large FoV is highly desirable, since it allows (i) the detection of
high-energy showers at large impact distance without image trun-
cation, (ii) the efficient study of extended sources and of diffuse
emission regions, and (iii) large-scale surveys of the sky and the
study of clustered sources, e.g. in the band of the Milky Way. In
addition, a larger FoV generally helps to improve the uniformity
of the camera and to reduce background systematics. However, lar-
ger FoV for a given pixel size results in rapidly growing cost for lar-
ger numbers of photo-sensors and electronics channels. A large

Fig. 1. The basic CTA concept. Artist’s view of the central part of a possible array configuration. Four LSTs, !30 MSTs, and !50 SSTs, at larger distances, scattered over several
square kilometres.

Fig. 2. The baseline design for an LST of 23 m diameter, with 4.5! FoV and 2500
pixels of 0.1! diameter.

Fig. 3. The baseline design for the 12 m diameter MST of Davies–Cotton type, with
8! FoV and 1500 pixels of 0.18!.

Fig. 4. The design for a Schwarzschild–Couder dual-mirror MST, with a compact
camera close to the secondary mirror. It will have a FoV of 8! diameter, consisting of
11000 square pixels of 0.067! side length.
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suggests an economic optimum in the cost per source-hour at
around a FoV of 6–8!.

Detailed studies related to dish and mirror technology and
costs, and the per-channel cost of the detection system, justify
the FoV and pixel size for the various telescope designs shown in
Figs. 1–5.

The detailed design of these telescopes, their structures, reflec-
tors and cameras, is largely based on well-proven technologies
developed for the telescopes of H.E.S.S., MAGIC and VERITAS, yet,
significantly improved in terms of reliability, availability, main-
tainability and safety (RAMS). Some novel design features are
extensively tested and benefit greatly from the general experience
gained in current projects.

The main design drivers for these telescopes are the following:
LSTs: The desire to rapidly repoint the telescopes for rapid GRB

follow-up motivates the choice of a light-weight structure of stiff
carbon tubes holding a 23 m diameter reflector, similar to the MA-
GIC design. At most, four of these telescopes will be used in each
CTA observatory. Their design is optimised to reach the best perfor-
mance with lowest-possible energy threshold. The baseline design
has a parabolic mirror with 27.8 m focal length, 4.5! FoV and 0.1!
pixels using PMTs (see Fig. 2).

MSTs: The MST design is a blend between the H.E.S.S. and VERI-
TAS concepts for a 12 m diameter Davies–Cotton reflector, opti-
mised for reliability, simplicity and cost-saving, given that of the
order of 30 such telescopes will be used at each site. The optical

design foresees 16 m focal length, 7–8! FoV and 0.18! pixels
(Fig. 3). Currently a full-scale prototype is under construction. In
addition to these telescopes, CTA is exploring a design for a dual-
mirror MST. This design might become a first extension of the
southern CTA array, where as many as 36 telescopes could comple-
ment the baseline MST array. It has a Schwarzschild-Couder optics
providing a 10! FoV and a very small plate scale. The latter allows
for much finer pixelation and the use of much cheaper photo sen-
sors (either multi-anode photomultiplier tubes or Silicon photo-
multipliers) in the camera. This is a completely new concept for
IACTs and a prototype to prove its viability is being constructed
(Fig. 4).

SSTs: A rather large number (35–70, depending on cost) of
small-size telescopes spread out over a large area are needed to
reach the desired sensitivity at the highest energies. Therefore,
the cost per telescope is one of the strongest drivers in the choice
of the technology. In principle the SSTs could be designed as a sim-
plified and downscaled version of the MSTs. However, the need for
a large FoV due to the large inter-telescope spacing, would lead to
the cost of the camera dominating the total SST cost. Therefore, dif-
ferent solutions are being explored (Fig. 5). Possibilities are, for in-
stance, the use of compact dual-mirror Schwarzschild–Couder (SC)
optical design, with a very small plate scale (allowing for a small
and thus inexpensive camera) or Davies–Cotton telescopes with
cameras using the same new and inexpensive photosensor tech-
nologies that are proposed for the SC MST design. At present, dif-
ferent prototypes of both options are being developed to evaluate
the feasibility and cost.

B

1 km

C E

Fig. 6. Different possible array layouts with estimated construction costs within the assumed budget. The circle sizes (not to scale) identify LSTs (large circles), MSTs (mid-
size circles) and SSTs (small circles). The array with the most balanced performance in MC production 1 was array E.

Fig. 7. Differential sensitivity (in units of the energy-dependent flux of the Crab
nebula) for array E (50 h, 5r, 5% background, 10 events, alpha = 0.2, i.e. intervals of
the decimal exponent of 0.2 meaning 5 logarithmic bins per energy decade). Thin
lines with small symbols illustrate the limited impact of a reduced dynamic range
of the readout electronics (clipped at 1000 photoelectrons). The dashed black line
with diamonds, shows the sensitivity if there was no electron background.

Fig. 8. Integral sensitivity for CTA from MC simulations, together with the
sensitivities in comparable conditions (50 h for IACTs, 1 year for Fermi-LAT and
HAWC) for some gamma-ray observatories.
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The advantages of Silicon-based detectors, such as their low
power consumption, high photon detection efficiency and opera-
tional stability have recently been demonstrated with the FACT
telescope [30].

Fig. 1 shows a partial view of the central part of a possible CTA
array configuration with the current designs for the LSTs, MSTs and
SSTs.

5. CTA performance

Determining the arrangement and characteristics of the CTA
telescopes in the southern and northern arrays is a complex opti-
misation problem, requiring a balance of cost against performance
in different bands of the spectrum. The article on Monte Carlo (MC)
simulation in this issue [31] gives a detailed description of the lay-
out and performance studies conducted so far for CTA.4 Many can-
didate layouts have been considered. One promising configuration
which is a good compromise between high-energy and low-energy
performance was array E, which is shown on the right in Fig. 6.
The final array will likely look similar. Array E consists of three tele-
scope types: 4 telescopes of 24 m diameter with 5! FoV and 0.09!
pixels, 23 telescopes of 12 m diameter with 8! FoV and 0.18! pixels,
and 32 telescopes of 7 m diameter with a 10! FoV and 0.25! pixels.

For comparison also arrays B and C are shown. Array B has four
LSTs in the centre and a compact array of MSTs surrounding it, but
no SSTs. Consequently, it has a better performance than array E at
low energies and a worse one at high energies. Array C consists
only of MSTs which are positioned closer together in the centre
and further apart away from the centre. A much larger area is cov-
ered by this array, and consequently it has a better high-energy
performance than arrays B and E, yet its low-energy performance
is worse.

The telescopes are distributed over !3 km2 on the ground and
the effective collection area of the array at energies beyond
10 TeV is considerably larger than this. The differential sensitivity
of array E, derived from detailed MC calculations and standard data
analysis techniques, is shown in Fig. 7. For the northern CTA obser-
vatory the sensitivity at the highest energies will be reduced, due
to the lack of SSTs. The figure illustrates the ranges in which each
of the telescope types (LST, MST and SST) dominate the sensitivity,
and the complementarity of the three telescope sizes to reach a
seamless coverage of the whole CTA energy range.

As can be seen from Fig. 8, such an array performs an order of
magnitude better than other instruments over much of the target
energy range. The figure shows the integral sensitivity estimated
with MC simulations for CTA, together with the sensitivity in com-
parable conditions for some of the existing and future VHE gam-
ma-ray installations. More sophisticated analyses are expected to
give up to a factor of two better sensitivities.

The angular resolution of this array approaches 1 arc minute at
high energies as can be seen in Fig. 9, which displays the angular
resolution from MC simulations for CTA, compared with the reso-
lutions for some of the existing and future VHE gamma-ray instal-
lations. Events with many shower images, as they will be recorded
with CTA, provide a clearly better resolution than events with only
two images, which is the most common case for H.E.S.S. and VERI-
TAS. In addition, the energy resolution of layout E is better than
10% above a few hundred GeV.

Array layout E has a nominal construction cost of 80 M€ (at
2006 cost levels) and meets the main design goals of CTA. Given
that the configuration and the analysis methods used have not

yet been fully optimised, it is likely that a significantly better sen-
sitivity can be achieved, at nominal cost, with an array that follows
basically this layout. Therefore, we are confident that the design
goals of CTA can be realised within the envisaged cost, despite
the uncertainties that are still present in the cost model.

6. CTA as an observatory

CTA is to address a wide range of questions from astroparticle
physics, astrophysics, cosmology and fundamental physics. Sur-
veys will constitute a fundamental part of the core science pro-
gram, which will include for example a survey of the Galaxy and
deep observations of ‘‘legacy sources’’. As CTA will be operated as
an open observatory, the scientific programme will be largely dri-
ven by observing proposals for individual sources which will be
selected by peer-review for scientific excellence among sugges-
tions received from the wider community.

The terms of access of scientists from outside the CTA Consor-
tium and the countries who are funding the construction and oper-
ation of CTA are yet to be specified, but, as for other major
astrophysical facilities, a fraction of the observing time will be
open to the whole astrophysics community. In addition, it is
planned that at some point the archive of all data from CTA will
be made public without restrictions.

As for current Cherenkov telescope arrays, the actual observa-
tions will normally be conducted over an extended period, with
several different projects being scheduled each night. Due to the
size of CTA and various observing modes available, the operation
of the array will be fairly complex. Therefore, CTA observations
will not be conducted by the scientists who proposed the observa-
tion, but by a team of dedicated operators. CTA observatory oper-
ation involves proposal handling and evaluation, managing
observations and data-flow, conducting maintenance and planning
of upgrades.

6.1. Observatory organisation

The main elements that guarantee the smooth running of the
CTA observatory are (i) the Science Operation Centre, which is in
charge of the organisation of observations, (ii) the Array Operation
Centre, which conducts the operation, monitors the telescopes and
the atmosphere, and provides all calibration and environmental
data necessary for the analysis, and (iii) the Science Data Centre,
which provides and disseminates data and analysis software to
the science community at large, using common astronomical stan-

Fig. 9. Angular resolution for CTA, compared with some existing and future VHE
gamma-ray observatories. The solid line provides the angular resolution of CTA
obtained from events with ten or more images, the dashed line shows the angular
resolution for events with only two images.

4 The first, large MC production used reasonable values for the various telescope
parameters. For the second production, which is now in progress, the telescope
specifications correspond more closely to the current base-line design.
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Angular resolution for CTA, compared with some existing and 
future VHE gamma-ray observatories. The solid line provides the 
angular resolution of CTA obtained from events with ten or more 
images, the dashed line shows the angular resolution for events 
with only two images.

Integral sensitivity for CTA from MC simulations, together 
with the sensitivities in comparable conditions (50 h for 
IACTs, 1 year for Fermi-LAT and HAWC) for some gamma-ray 
observatories. 

CHERENKOV TELESCOPE ARRAY
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The Cherenkov Telescope Array (CTA), a collaboration between more than 1,000 scientists from 31 countries, will consist of around 100 dishes in Paranal, Chile, on 
the grounds of the European Southern Observatory, and around 20 more in La Palma, Spain at the Roque de los Muchachos Observatory. — Nature 16 July 2015



New data on attenuation of gamma rays from blazers   
 ● Fermi data on 150 blazars at z = 0 - 1.6 (Ackermann+12) 
 ● X-ray + Fermi + ACT SSC fits to 9 blazars (Dominguez+13)
 ● ACT blazars & EBL evolution model (Biteau&Williams15)
now lead to statistically significant measurements of the cosmic 
gamma ray horizon and EBL as functions 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 (almost) all the light at UV to mid IR 
wavelengths, including that from galaxies too faint to see.  
Measurements of near-IR EBL fluctuations could indicate light 
from high-redshift galaxies and/or direct-collapse SMBHs.
Catching a few high-redshift GRBs with Fermi or low-threshold 
atmospheric Cherenkov telescope array (CTA) could provide 
important new constraints on the epoch of reionization z > 6.
Happy Birthday Felix Aharonian!

Conclusions


