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

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

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

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

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

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

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

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

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

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

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

written in the boxes. From right to left: the Cosmic
Microwave Background (CMB), the Cosmic Infrared
Background (CIB) and the Cosmic Optical Background
(COB).
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→ COB = Cosmic optical background 
→ Light from stars, galaxies, etc

→ CIB = Cosmic infrared background 
→ Light reprocessed by dust

Imprint from reionization, star formation, galaxy evolution 
Unresolved sources? Dark matter decay? Exotic physics?
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The opacity can be determined from models of the EBL if its evolu-
tion with redshift is known and, independently, from c-ray observa-
tions if the intrinsic blazar spectrum is known. Concordance
between these two independent determinations of scc can serve
as a test for the validity of the underlying assumptions in each
method.

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

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

Assuming that this power law can be extrapolated from GeV to
TeV energies, one can derive the TeV optical depth to the observed
blazar. This approach was used by Georganopoulos et al. [116] and
in method 1 in [192] to set firm upper limits on EBL models using
the GeV to TeV spectra of PKS 2155-304 (z ¼ 0:116) and 1ES
1218+304 (z ¼ 0:182). Assuming that the GeV spectrum is unatten-
uated by the EBL, [169] used optical, X-ray and GeV data to model
the TeV flux of PKS 2155-304 using a one-zone SSC model. Com-
parison of the model results with observations, they derived the

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

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

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

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

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

Fig. 12. Basic EBL model results by Franceschini et al. [107]: Top left: the comoving EBL and CMB intensities versus wavelength for different redshifts. Top right: the proper
number density of EBL and CMB photons versus energy for the same grid of redshifts as the previous panel. Bottom left: the c-ray opacity versus energy, Ec for different
redshifts. Bottom right: the amount of attenuation versus energy for the same grid of redshifts as the previous panel. The figure illustrates the change in the slope of scc at
energies corresponding to the wavelength at which the slope of the EBL spectrum changes.
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Dwek & Krennrich 2013 
EBL model from Gilmore 2012

TeV γ 

→ TeV γs interact with EBL γs via pair production 
→ VERITAS energy range → λEBL 0.1 - 40 μm 
→ Quantify attentuation as optical depth along 

line of sight 
→ More distant, higher energy → more attenuation
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diction. The discrepancy between the EBL and the c-ray derived
optical depth for 3C 66A is typical of most blazars listed in Table 2.
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attributed to our still incomplete knowledge of the intrinsic spec-
tra of blazars.
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ground (EGRB) which consists of the cumulative contribution of re-
solved and unresolved sources and a possible truly diffuse
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tions if the intrinsic blazar spectrum is known. Concordance
between these two independent determinations of scc can serve
as a test for the validity of the underlying assumptions in each
method.

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

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

Assuming that this power law can be extrapolated from GeV to
TeV energies, one can derive the TeV optical depth to the observed
blazar. This approach was used by Georganopoulos et al. [116] and
in method 1 in [192] to set firm upper limits on EBL models using
the GeV to TeV spectra of PKS 2155-304 (z ¼ 0:116) and 1ES
1218+304 (z ¼ 0:182). Assuming that the GeV spectrum is unatten-
uated by the EBL, [169] used optical, X-ray and GeV data to model
the TeV flux of PKS 2155-304 using a one-zone SSC model. Com-
parison of the model results with observations, they derived the

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

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

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

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

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

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

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

	 EBL Imprint on Blazar Spectra

4

dN

dE
/ E��

Intrinsic spectrum:

→ VHE (>100 GeV) emission  
strongly attenuated by EBL 

→ HE (>10 MeV) emission  
minimally attenuated 
→ Proxy for intrinsic  

spectrum

Observed spectrum:

Dwek & Krennrich 2013 
EBL model from Gilmore 2012

or

or…?

dN

dE
/

✓
dN

dE int

◆
exp(�⌧��)

dN

dE
/ E��

exp

✓
� E

EC

◆



	 VERITAS

5

→ Four 12m IACTs located in southern AZ 
→ Davies-Cotton design, 499 PMTs 

→ Energy range: 100 GeV to > 30 TeV 
→ Energy resolution: 15% at 1 TeV 
→ Angular resolution: 0.1° at 1 TeV 
→ Field of view: 3.5° 
→ Peak effective area: 100,000 m2
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	 Sources Used
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1ES 2344+514, z=0.044, 45h 
1ES 1959+650, z=0.048, 19h 

RGB J0710+591, z=0.125, 101h 
H 1426+428, z=0.129, 75h 

1ES 0229+200, z=0.14, 112h 
1ES 1218+304, z=0.182, 117h 
1ES 1011+496, z=0.212, 27h 

MS 1221.8+2452, z=0.218, 8h 
1ES 0414+009, z=0.287, 80h 
PG 1553+113, z=0.49, 93h

Observations taken  
2007 - Feb 2015

Strongly detected sources:

Energy range of  
spectra determines  
range λEBL probed



m]µ [λ
1 10 210

]-1
 s

r
-2

) [
nW

 m
λ(

ν Iν
1

10

	 Building Blocks: Generic EBL Models
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77440 models considered

→ Grid points [λ, EBL intensity] define ensemble of splines/EBL models 
→ Require grid points satisfy direct constraints on EBL intensity 

→ For each EBL model, calculate opacity exp(τγγ) for z & energy 
→ Account for EBL evolution 
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× exp(τγγ) to deabsorb
example deabsorbed spectra
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Deabsorbed spectra 
(77440 spectra)

1) Fit w. power law 
2) Fit w. power law + exp. cut-off 
3) Take best fit

Keep EBL model if: 
Γ > 1.5 
Γ > ΓFermi

Keep EBL model if: 
χ2 ≤ χ2min+1 

→ 68% confidence band

Source spectrum

based on Mazin 2007 based on Lorentz 2015

Method I Method II
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Biteau&Williams 2015

Preliminary

→ Combination: retain models that are acceptable for ALL sources 
→ Systematic uncertainty: soften fitted spectral index by 10%  

(propagating uncertainty on energy resolution)
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→ Combination: sum individual confidence bands, find mean & RMS 
→ Systematic uncertainty: remove sources one by one, find  

maximum change in confidence band
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	 Comparison to Previous Results
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•New VERITAS constraints on EBL  

•Sources 

•10 sources, redshifts z=0.044 - 0.49 

•Add more sources, more data (long-term plan objects) 

•Constraints 

•Two methods  

•Agree well with each other & existing constraints 

•Increase granularity of [λ, EBL intensity] grid 

•Increase granularity of [z, energy] opacity calculation

Thanks for your attention!


