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Teaser: recent Fermi-LAT results
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The bulk of the intergalactic gas in the universe must have been 
reionized between the epoch of cosmic recombination, when the uni-
verse was only 300,000 years old (z 1100 ), and 1 billion years later (z 
 as indicated observationally by the spectra of distant quasi-stellar (6 
objects (1). However, the sources, modes and nature of this cosmic 
reionization are largely unknown because most of this redshift range has 
yet to be explored. Photoionization by UV radiation, produced by the 
first stars and galaxies of the universe, represents the primary suspect for 
the ionizing process (2, 3). Direct detection of the UV radiation fields is 
thus of fundamental importance, but at present extremely difficult (3). 

An indirect but powerful means of probing the diffuse radiation 
ILHOGV�LV�WKURXJK�Ȗ-Ȗ�DEVRUSWLRQ�RI�KLJK-energy gamma rays (4–6). In this 

process, a gamma-ray photon of ener-
gy EȖ and an EBL photon of energy 
EEBL annihilate and create an electron-
positron pair. This process occurs for 
head-on collisions when (e.g.) EȖ 
×EEBL �� ��me c2)2, where me c2 is the 
rest mass energy of the electron. This 
introduces an attenuation in the spectra 
of gamma-ray sources above a critical 
gamma-ray energy of Ecrit(z�� §�
170(1+z)í���� GeV (7, 8). 

The detection of the gamma-ray 
horizon (i.e., the point beyond which 
the emission of gamma-ray sources is 
strongly attenuated) is one of the pri-
mary scientific drivers of the Fermi 
Gamma-ray Space Telescope (9–11). 
Several attempts have been made in 
the past but none detected the long-
sought EBL attenuation (12–14). So 
far, limits on the EBL density have 
been inferred from the absence of ab-
sorption features in the spectra of indi-
vidual blazars (13, 15), distant galaxies 
with bright gamma-ray emission pow-
ered by matter accreting onto central, 
massive black holes. While this feature 
is indeed difficult to constrain for a 
single source, we show that it is de-
tected collectively in the gamma-ray 
spectra of a sample of blazars as a cut-
off that changes amplitude and energy 
with redshift. We searched for an at-
tenuation of the spectra of blazars in 
the 1-500 GeV band using the first 46 
months of observations of the Large 
Area Telescope (LAT) on board the 
Fermi satellite. At these energies 
gamma rays are absorbed by EBL 
photons in the optical to UV range. 
Thanks to the large energy and redshift 
coverage, Fermi-LAT measures the 
intrinsic (i.e., unabsorbed) spectrum up 
to 100 GeV for any blazar at z < 0.2, 
and up to 15 GeV for any redshift. 

The LAT has detected > 1000 
blazars to date (16). We restricted our 
search to a subset of 150 blazars of the 
BL Lacertae (BL Lac) type that are 
significantly detected above 3 GeV, 
because of the expected lack of intrin-

sic absorption (17). The sample covers a redshift range 0.03-1.6 (18, 19). 
7KH�FULWLFDO�HQHUJ\�LV�WKHUHIRUH�DOZD\V������*H9��ZKLFK�PHDQV�WKDW�WKH�
spectrum measured below this energy is unabsorbed and a true represen-
tation of the intrinsic spectrum of the source. We thus determined the 
intrinsic source spectrum relying on data between 1 GeV and the critical 
energy Ecrit and extrapolated it to higher energies. By combining all the 
spectra we were able to determine, the average deviation, above the crit-
ical energy, of the measured spectra from the intrinsic ones, which ulti-
PDWHO\�SURYLGHV�D�PHDVXUHPHQW�RI�WKH�RSWLFDO�GHSWK�ĲȖȖ. 

The analysis was performed using the Fermi Science Tools (20). We 
determined the spectral parameters of each blazar by maximizing the 
likelihood of a given source model. The model comprised the galactic 
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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. 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. 
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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. 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. 

The Fermi-LAT collaboration, 
Science Express, 1 November 
2012
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Executive summary

3

Gamma-rays are an excellent probe 
for cosmology
-Star formation rate density (SFRD)
- Intergalactic magnetic fields (IGMs)
-Quantum gravity (QG) 
-Axion like particles (ALPs)

Current observations deliver 
relevant constraints
-Strong limits on the extragalactic 

background light
Constraints on the SFRD and IGMF

- Interesting constraints on QG and 
ALPs

The future holds exciting 
possibilities
-CTA

10x improved sensitivity over current 
installations
Extended energy range (20 GeV - 100 TeV)

- VHE gamma-ray observations will 
address some of the key questions 
of current cosmology
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Overview

Introduction
- Very high energy gamma ray 

astronomy
-Ground based detection and 

experiments

Cherenkov Telescope Array (CTA)
-Basic idea
- Expected performance

Cosmology through VHE gamma-ray 
observations
-Cosmology science cases
-Case study: constraining the cosmic 

star formation history

Summary / Conclusions

4



Introduction
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“So, what do you do?”

“I work in astroparticle physics on
very high energy gamma-rays.”

“Very high energy ....

WHAT???WHAT???WHAT???

At a party ...
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Very high energy gamma-rays!

7

EXPLOSIONS
EXPLOSIONS

BLACK HOLES
BLACK HOLES
BLACK HOLES

DARK MATTER
ARK MATTER
DARK MATTER

RELATIVISTIC

JETSRELATIVISTIC

JETS
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VHE gamma-rays: sources

8

“Probing the non-thermal universe”

Pulsars &
Plerions

BinariesSNR

AGN Starburst galaxies

...

Dark matter?
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How to detect VHE gamma-rays?

9

- VHE = very high energy 
E > 100 GeV / 1011 eV

- Earth’s atmosphere: opaque
Satellites, e.g., Fermi-LAT for HE

- Expected flux is low ...
Typically 10-(11..12) photons cm-2 s-1

VHE

VHE
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Ground based VHE gamma-ray detection

-Detection of Cherenkov light flashes 
from extended air-showers

-Atmosphere as part of the detector 
(calorimeter)

- Large collection areas ~105-6 m

10
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Imaging atmospheric Cherenkov telescopes (IACT)

-Shower “image” recorded with matrix of fast 
photon detectors (PMTs)

- Image analysis
Shower parameters
Primary particle parameters (direction, energy, 
particle type, ..)

-Background dominated
Charged cosmic rays: p, e+/-, nuclei, ...

11

Primary: gamma of 1.000 TeV at 83 m distance

0 6 15 30 60 150 300 p.e.
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MAGIC

H.E.S.S.

VERITAS

Current major IACT installations

Energy range ~50 GeV - >100 TeV

Angular resolution ~0.1 deg (per event)
Energy resolution ~15%

H.E.S.S.
4 telescopes
12m diameter mirror each
since 2004

VERITAS
4 telescopes
12m diameter mirror each
since 2007

MAGIC
1/2 telescopes
17m diameter mirror each
since 2004/2009

Im
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H.E.S.S. II

13

H.E.S.S. II
1 very large telescope
28 m diameter mirror
First light in July 2012
+ H.E.S.S. I



The future: CTA
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PERFORMANCE LIMITATIONS FOR IACTS 

light pool radius  
R ≈100‐150 m 
≈ typical telescope spacing 

Sweet spot for 
best triggering  
and reconstrucRon: 
most showers miss it! 

large detecRon area 
more images per shower 
lower trigger threshold 

Performance limitations for IACTs
following W. Hofmann @ Gamma 2012



What one would love to have: 

Performance only limited by 

fluctua=ons in shower development 

� 25” angular resolu=on @ 1 TeV 

       7” @ 100 TeV 
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What one can (hopefully) afford: 
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Core-energy array: 
23 x 12 m tel. (MST) 

 Davies-Cotton reflector 
-  FOV: 7-8 degrees 

mCrab sensitivity 
in the 100 GeV–10 TeV 

domain 

Low-energy section: 
4  x 23 m tel. (LST) 

- Parabolic reflector 
-  FOV: 4-5 degrees 

energy threshold 
of some 10 GeV High-energy section: 

30-70 x 4-6 m tel. (SST) 

Davies-Cotton reflector 
(or Schwarzschild-Couder) 

-  FOV: ~10 degrees 
10 km2 area at  

multi-TeV energies 

(one) possible configuration
Southern 100 M€ Array (2006 costs)

Core array expansion 
with dual-mirror 

telescopes 

Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012 18
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SENSITIVITY (IN UNITS OF CRAB FLUX) 
FOR DETECTION IN EACH 0.2‐DECADE ENERGY BAND 

LST

MST

SST

background and 
systemaRcs limited 

background limited 

rate (=area) limited 

19

CTA differential sensitivity

-Crab units, 0.2 dex bands
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CTA sensitivity: steady sources

20
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CTA - 100 hrs

CTA - 1000 hrs

Figure 1: “Differential” sensitivity (integral sensitivity in small energy bins) for a minimum
significance of 5σ in each bin, minimum 10 events per bin and 4 bins per decade in energy.
For Fermi-LAT, the curve labeled “inner Galaxy” corresponds to the background estimated
at a position of l = 10◦, b = 0◦, while the curve labeled “extragalactic” is calculated using
the isotropic extragalactic diffuse emission only. For the ground-based instruments a
5% systematic error on the background estimate has been assumed. All curves have been
derived using the sensitivity model described in section 2. For the Fermi-LAT, the pass6v3
instrument response function curves have been used. As comparison, the synchrotron and
Inverse Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

but we do not expect the results described here to change in any significant
way. The exact details of the sensitivity for CTA in general depend on the
as of yet unknown parameters like the array layout and analysis technique of
CTA. However, we don’t expect the sensitivity of CTA or the lifetime of the
Fermi-LAT to change by a significant factor compared to what is assumed
here (unless there is a significant increase in the number of telescopes for
CTA). As the differential sensitivity curves for these instruments are usually
only provided for 1-year of Fermi-LAT and for 50 hours of H.E.S.S./CTA,
we had to make use of a sensitivity model which will be described in sec-
tion 2. Generally, the sensitivity information provided is insufficient to make
a detailed comparison of the performance in the overlapping region which

3

~60 GeV

Hinton & Funk 2012
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Figure 5: Differential sensitivity at selected energies as a function of observation time.
These plots were generated for a detection significance of 5σ in the relevant energy bin
and a minimum number of 25 events.

in the > 25GeV range [36, 37]. For such observation the systematic error on
the background level can be significantly reduced, since the local background
can be determined from the off-phase of the pulsar. In this case the aim is
no more the detection in each energy bin, but rather a very small error on
the measured flux. In Figure 6 we illustrate the effect of requiring 10σ per
energy bin (and correspondingly 100 events to get the same error on the flux
in the signal-limited regime) and the suppression of the systematic error on
the cross-over energy Ecross. For the special case of the pulsar observations,
the cross-over energy can be significantly reduced and will be close to ∼ 25
GeV (compared to ∼ 40 GeV in the standard case of 5σ and 10 events and
1% systematic error on the background flux).

10
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CTA sensitivity: variable sources

21

Hinton & Funk 2012

~10 years
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CTA: open observatory

CTA
- First open 

observatory in 
the VHE domain

- Large number of 
users from 
different fields of 
science

FOR THE FIRST TIME IN VHE ASTRONOMY:  
CTA AS OPEN OBSERVATORY 
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CTA collaboration

23

ArgenRna, Armenia, Austria, Brazil, Bulgaria, Czech Republic, CroaRa, Finland, France, 
Germany, Greece, India, Italy, Ireland,  Japan, Namibia, Netherlands, Norway, Poland, 
Slovenia, Spain, South Africa, Sweden, Switzerland, UK, USA 

CTA MEMBERS:  26 COUNTRIES 
                                          ~1000 PERSONS FROM 163 INSTITUTIONS 

Argentina, Armenia, Austria, Brazil, Bulgaria, Czech Republic, Croatia, Finland, France, Germany, 
Greece, India, Italy, Ireland, Japan, Namibia, Netherlands, Norway, Poland, Slovenia, Spain, South 
Africa, Sweden, Switzerland, UK, USA

Over 1000 members from 163 institutions in 26 countries.



RECOMMENDED BY 
RELEVANT ROADMAPS … 
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CTA: recommended by relevant roadmaps
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Cosmology through VHE gamma-ray 
observations
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e+
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UV/O/IR
Photons

Stars and Dust
in Galaxies

HE/VHE ϒ-
Rays

Nikishov (1962), Jelley (1966), Gould & Schreder (1966)
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Energy
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Energy

measured

E�EEBL ⇡ 4(mec
2)2 ⇡ 1MeV2

EEBL ⇠ eV ! E� ⇠ TeV



AGN

e+
e-

UV/O/IR
Photons

Stars and Dust
in Galaxies

HE/VHE ϒ-
Rays

Stecker, de Jager 1992, Aharonian et al 2006, Mazin & Raue 2007 ...

d
N
/d

E

Energy

intrinsic

d
N
/d

E

Energy

measured

Constrain the EBL density
-Measured spectrum + assumptions about the 

intrinsic spectrum
-Many sources at different redshifts to disentangle 

EBL and intr. spectrum

Unique information
-Strong foregrounds hamper direct measurements
-Redshift resolved
- True integrated measurement



AGN

e+
e-

UV/O/IR
Photons

Stars and Dust
in Galaxies

HE/VHE ϒ-
Rays

Investigate EBL sources
-Star & dust in galaxies
-Population III stars
- Exotic contributions

Study star formation rate density
-Structure formation history

Santos et al. 2002, Fernadez & Komatsu 2006, Raue, Kneiske, 
Mazin 2009, Gilmore 2011, Raue & Meyer 2012, ...



UV/O/IR
Photons

Stars and Dust
in Galaxies

Magnetic Fields

AGN

e+ e-

Coppi & Aharonian 1997, Aharonian et al. 2002, Neronov & Vovk 
2010, Tavecchio et al. 2011, Taylor et al. 2011, ..

Study intergalactic magnetic 
field (IMG)
- Extremely difficult to measure 

directly, only weakly constrained
-Pair halos
-Pair cascades

e+

e-

e+ e-



AGN

UV/O/IR
Photons

Stars and Dust
in Galaxies

HE/VHE ϒ-
Rays

Raffelt & Stodolsky 1987; De Angelis et al. 2007; Mirizzi et al. 2007, ...

Magnetic Fields

Axion like particles
- Light shines through a wall

Conversion circumvents attenuation
- (Often) depends on details of B

Quantum gravity 
...

X

X

A
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Extragalactic Background Light (EBL)

31

H. Dole et al.: The cosmic infrared background resolved by Spitzer 427
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Fig. 12. Cosmic Optical Background and Cosmic Infrared Back-
ground due to galaxies permitted zone estimate (shaded area), using
upper and lower values. See Fig. 9 for the other symbols.

in agreement with the model of Primack et al. (1999). Our rea-
sonable guess is that the COB and CIB have equal contributions
around 8 µm.

Figure 13 shows our smooth EBL SED estimate (thick
line), as well as our best estimate of the COB (blue shaded)
and the CIB (red shaded). The overlap region where both COB
and CIB contribute significantly and the resulting total EBL is
shown as the gray-shaded area around 8 µm. We find that the
brightness of the COB is 23 nW m−2 sr−1, and 24 nW m−2 sr−1

for the CIB. The ratio between the COB and CIB is thus of the
order of unity for this EBL SED.

Our results are in contradiction with Wright (2004) who
finds a COB/CIB ratio of 1.7, and values at least 50% higher
than ours: 59 nW m−2 sr−1 (COB) and 34 nW m−2 sr−1 (CIB).
However, the Wright (2004) estimate came before the strong
upper limits of HESS (Aharonian et al. 2005) below 4 µm.
This limit puts the COB much closer to the integrated light
from galaxy counts than to the diffuse measurements. From
the galaxy counts and stacking analysis (lower limits), and
high-energy experiments (upper limits), the EBL is now very
well constrained. In particular, we can now securely state that
the contributions to the EBL of faint diffuse emissions out-
side identified galaxy populations – too weak to be detected in
current surveys, like population III stars relic emission, galaxy
clusters, hypothetical faint IR galaxy populations – can repre-
sent only a small fraction of the integrated energy output in the
universe.

5.3. The extragalactic background vs. the cosmic
microwave background

It is interesting to update the contributions of the most inten-
sive electromagnetic backgrounds in the universe, as has been
done for instance by Scott (2000) or Wright (2004), and we
schematically represent these in Fig. 14. Obviously, the Cosmic
Microwave Background (CMB) dominates the universe’s SED,
and accounts for about 960 nW m−2 sr−1. We showed that the

0.1 1.0 10.0 100.0 1000.0
Wavelength λ [µm]

10-9

10-8

10-7

W
 m

 -2
 s

r-1

106 105 104 103

Frequency ν [GHz]

VHE Blz

HST

HESS

IRTS

DIRBE
Lick/2MASS

CAT
γ rays

IRAC
Spitzer

15µm
ISO

DIRBE/CAT/IRAS

850µm
SCUBA

200 - 1200µm

FIRAS

24µm
MIPS

Spitzer

70µm
MIPS

Spitzer

160µm
MIPS

Spitzer

Fig. 13. Our best Cosmic Optical Background (blue-shaded, left) and
Cosmic Infrared Background (red-shaded, right) estimates. The gray-
shaded area represents the region of overlap. See Fig. 9 for the other
symbols.
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Fig. 14. Schematic Spectral Energy Distributions of the most impor-
tant (by intensity) backgrounds in the universe, and their approxi-
mate 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).

CIB and COB each account for 23 and 24 nW m−2 sr−1, re-
spectively. With a total of 47 nW m−2 sr−1 in the optical and
the Far-Infrared, the EBL represents about 5% of the bright-
ness of the CMB. Taking into account the complete SED of the
EBL will not change this picture, since the contributions to the
total EBL brightness of the radio, UV, X-ray (Mushotzky et al.
2000; Hasinger et al. 2001) and γ ray (Strong et al. 2004) ex-
tragalactic backgrounds are smaller by one to three orders of
magnitude than the COB and CIB (Scott 2000).

The galaxy formation and evolution processes provide 5%
in brightness of the electromagnetic content of the Universe.
Half of the energy comes in the form of starlight (COB) and
half as dust-reprocessed starlight (CIB). The maximum of the
power distribution is at ∼1.3 µm for the COB and ∼150 µm for
the CIB (Fig. 14). There are therefore on average 115 infrared
photons for 1 visible photon emitted in these processes.
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Emissivity Star formation
rate density (SFRD)

Stellar population
spectra (SPS)

E�(z) =
⇥ zm

z
L�(t(z)� t(z⇥))�̇�(z⇥)

����
dt⇥

dz⇥

���� dz⇥

EBL

P�(z) = �I�(z) = �
c

4⇥

⇥ zm

z
E��(z�)

����
dt�

dz�

���� dz�

e.g. Dwek et al. 1998, Kneiske, 
Mannheim, Hartmann 2002 

How to connect stellar formation with the EBL?

33



Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012

Broken power
law in z+1

Fixed at z=0

Free
parameters:
z0, ρ0,β

ρ0

z0

β

Hopkins & Beacom 2006

Star formation rate density (SFRD)
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Emission from an evolving stellar 
population
Parameters
- Initial mass function (IMF)

Chabrier, Salpeter
-Metallicity (Z)

2 x Z⊙ - 5 x10-3 x Z⊙

-Dust absorption & reemission
Using IR SED from Chary & Elbaz 2001

Fiducial model
-Chabrier IMF
- Z⊙

-Minimal dust abs./em. model
matched to EBL UL limit 

-SFRD: β=0.3
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with results from strong gravitational lensing5, which are restricted to
the galaxies with the largest velocity dispersions (s> 200 km s21).
Finally, that some large-(M/L)stars galaxies have IMF normalizations
more massive than the Salpeter normalization is broadly consistent
with the finding from the depths of spectral features of eight massive
galaxies8 which indicate that they must be dominated by a population
of dwarf stars.
If instead the largest (M/L)pop ratios were due to stellar remnants,

our results would be consistent with indirect arguments based on the
relation between the colour of a stellar population and its fraction of
ionizing photons, suggesting an IMF slope that becomes flatter for
more massive, star-forming galaxies26,27. However, our result is dif-
ficult to compare with this result directly, owing to the large difference
in the sample selections. Moreover, these studies26,27 measure the
instantaneous IMF, when the stars are forming, whereas all previous
studies we mentioned, and the one in this Letter, measure the ‘inte-
grated’ galaxy IMF resulting from the cumulative history of star forma-
tion28 and evolutionary mechanisms that the galaxy has experienced.
The discovered trend in IMF is also consistent with previous find-

ings that the totalM/L ratio in the centre of galaxies varies by a factor of
at least two more than would be expected for a stellar population with
constant dark matter fraction and a universal IMF3. Various previous
attempts could not distinguish whether the mass discrepancy was due
to non-universality of darkmatter or that of IMF4–7,29. The studieswere
limited either by small samples ornon-optimal data3,6, or used simplified
galaxy models that could bias the quantitative interpretation of the
results4,5,7,29. We resolve both of these issues in this Letter.
Our study demonstrates that the assumption of a universal IMF,

which is made in nearly every aspect of galactic astrophysics, stellar
populations and cosmology, is inconsistent with real galaxies. Our
results pose a challenge to galaxy formation models, which will have

to explain how stars ‘know’ what kind of galaxy they will end up inside.
A possible explanation would be for the IMF to depend on the pre-
vailing physical conditionswhen the galaxy formed the bulk of its stars.
Although galaxies merge hierarchically, there is growing evidence that
present-day, massive, early-type galaxies formed most of their stars in
more-intense starbursts and at higher redshifts than spiral galaxies.
This could lead to the observed difference in IMF.Unfortunately, there
is no consensus among the theoretical models for how the IMF should
vary with physical conditions. A new generation of theoretical and
observational studies will have to provide insight into which physical
mechanisms are responsible for the systematic IMF variation we find.

Received 13 December 2011; accepted 13 February 2012.

1. Salpeter, E. E. The luminosity function and stellar evolution. Astrophys. J. 121,
161–167 (1955).

2. Bastian, N. Covey, K. R. & Meyer, M. R. A universal stellar initial mass function? A
critical look at variations. Annu. Rev. Astron. Astrophys. 48, 339–389 (2010).

3. Cappellari, M. et al. The SAURON project – IV. The mass-to-light ratio, the virial
mass estimator and the fundamental plane of elliptical and lenticular galaxies.
Mon. Not. R. Astron. Soc. 366, 1126–1150 (2006).

4. Tortora, C., Napolitano, N. R., Romanowsky, A. J., Capaccioli, M. & Covone, G.
Central mass-to-light ratios and dark matter fractions in early-type galaxies.Mon.
Not. R. Astron. Soc. 396, 1132–1150 (2009).

5. Treu, T. et al. The initial mass function of early-type galaxies. Astrophys. J. 709,
1195–1202 (2010).

6. Thomas, J. et al.Dynamicalmasses of early-type galaxies: a comparison to lensing
results and implications for the stellar initial mass function and the distribution of
dark matter.Mon. Not. R. Astron. Soc. 415, 545–562 (2011).

7. Dutton, A. A. et al.Dark halo response and the stellar initial mass function in early-
type and late-type galaxies.Mon. Not. R. Astron. Soc. 416, 322–345 (2011).

8. van Dokkum, P. G. & Conroy, C. A substantial population of low-mass stars in
luminous elliptical galaxies. Nature 468, 940–942 (2010).

9. Cappellari, M. et al. The ATLAS3D project – I. A volume-limited sample of 260
nearby early-type galaxies: science goals and selection criteria.Mon.Not. R. Astron.
Soc. 413, 813–836 (2011).

0.5

1.0

1.5

2.0

(M
/L

) st
ar

s/
(M
/L

) S
al

p

No dark matter halo

a

Best standard halo

b

Best contracted halo

c

1 2 3 4 5 6 8 12
0.0

0.5

1.0

1.5

2.0

Best general halo

d

1 2 3 4 5 6 8 12

Fixed standard halo

e

1 2 3 4 5 6 8 12

Fixed contracted halo

f

log[�e (km s–1)] 

1.7 1.9 2.1 2.3 2.5

(M
/L

) st
ar

s/
(M
/L

) S
al

p

(M/L)stars (M�/L�) (M/L)stars (M�/L�) (M/L)stars (M�/L�)

Figure 2 | Systematic variation of the IMF in early-type galaxies. Ratio
between the (M/L)stars values of the stellar component, determined using
dynamical models, and the (M/L)Salp values of the stellar population, measured
using stellar population models with a Salpeter IMF, as a function of (M/L)stars.
The black solid line is a locally weighted scatterplot smoothed version of the data.
Colours indicate the galaxies’ stellar velocity dispersion (se), which is related to
galaxy mass. The horizontal lines indicate the expected values for the ratio if the
galaxy had (i) a Chabrier IMF (red dash–dot line); (ii) a Kroupa IMF (green
dashed line); (iii) a Salpeter IMF (x522.3, solid magenta line) or one of two
additional power-law IMFswith (iv)x522.8 and (v)x521.5 (bluedotted line).
Thedifferentpanels correspond todifferent assumptions for thedarkmatter halos
used in the dynamical models: details are given in Table 1. A clear curved relation

is visible in all panels. Panels a,b and e lookquite similar, as for all of themthedark
matter contributes only a small fraction (zero in a and a median of 12% in b and
e) of the total mass inside a sphere with the projected size of the region where we
have kinematics (about one projected half-light radius). Panel f, with a fixed
contracted halo, still shows the same IMF variation, but is almost systematically
lower in (M/L)stars by 35%, reflecting the increase in darkmatter fraction. The two
ellipses plotted over the smooth relation ind show the representative 1s errors for
one measurement at the given locations. We excluded from the plot the galaxies
with a very young stellar population (selected as having an Hb absorption line
strength.2.3 Å). These galaxies have strong radial gradients in their populations,
which violates our assumption that all our variousM/L values are spatially
constant and makes both (M/L)Salp and (M/L)stars inaccurate.
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Figure 3. Average metallicity for different stellar masses, as in Fig. 1 except
for star-forming gas rather than stars.

Figure 4. Same as Fig. 3 but for a total fractional spectral flux weighted
average.

range is relatively flat as a function of redshift, with variations of
0.1–0.2 dex for each mass range. Note that a similar trend is found
for a light-weighted plot. We can compare the metallicity history
recovered here with that of the SEAGal group (Cid Fernandes et al.
2007) using the STARLIGHT algorithm which shows the same
trend with mass we find plotted in the rest frame of the galaxies
rather than shifted to a common time bin and converted to redshift.

Our results compare favourably with the trends observed in the
high-redshift progenitors of our low-redshift sample by Maiolino
et al. (2008). If we look at their fig. 8 and compare their abundance
as a function of redshift for a stellar mass of 1 × 1010 M" with our
green line in Figs 1–3, we find that their abundance values at z =
3 and 0.07 are log (Z/Z") = −0.51 and 0.24, assuming that 12 +
log(O/H)" = 8.66. Our values for the same redshift intervals are
−0.5 and 0.0, within 0.2 dex of their values, which is remarkable.
Our results can also be compared to those given in fig. 15 of Savaglio
et al. (2005), which gives abundance values at z = 3 and 0 of −0.26
and 0.24 but with data with intrinsic scatter of 0.2 dex. We can
also compare at z = 2 using fig. 3 of Erb et al. (2006), which gives
log(Z/Z") of between −0.24 and −0.31 for the 1010 M" region,
consistent with our result of −0.3. We caution that any conclusions
are subject to model choice, as we explore in Section 8.

5 M A P P I N G T H E M E TA L L I C I T Y E VO L U T I O N
O F T H E U N I V E R S E

The SDSS-DR3 spectroscopic footprint covers 3732 deg2, roughly
10 per cent of the sky. We use the metallicity history of the galaxies
to create maps over this area of the enrichment history at differ-

ent epochs. We use the HEALPIX3 algorithm to determine equal
area patches on the sky, and calculate the mass-weighted average
metallicities for each patch and time bin as before. Fig. 5 shows
the mass-weighted metallicity maps for our four highest redshift
bins, smoothed with a boxcar filter of radius 2◦. Overplotted are the
locations of the brightest cluster Galaxies (BCGs) from the SDSS
C4 catalogue (Miller et al. 2005), used to represent the distribution
of cluster galaxies on the sky. It is clear by eye that in many regions
the crosses follow the regions of higher metallicity.

For areas of the footprint where cluster galaxies exist, a cross-
correlation analysis between mass-weighted average gas metallicity
and the number of cluster members in cells reveals strong correlation
between the three oldest bins z = 0.456, 1.21 and 3.64 and the
number of cluster galaxies4 (see Tables 1 and 2). It would appear
that, as stated in Sheth et al. (2006), metallicity is strongly correlated
with environment – this can be interpreted as the seeds of clusters
being the seeds of metal enrichment in the universe. Note that
the overall level of enrichment in the map at z = 3.64 is very
homogeneous at around the solar metallicity value, while at z =
0.187 there is much more variation. If we assume that metallicity
is an indicator of environment, this offers a tantalizingly glimpse of
the growth in the influence of dark matter structure, only visible by
examining the huge volume at high (temporal rather than spatial)
redshift offered by the fossil record.

It will be interesting to cross-correlate these maps with the up-
coming Sunyaev Zel’dovich effect experiments which will detect
clusters of galaxies at higher redshift. The larger variations in the
lowest redshift map probably reflect the change in sampling to less
massive galaxies, as these are those in the sample which are likely
to have a high fraction of younger SF.

6 TH E AV E R AG E M A S S – M E TA L L I C I T Y
RELATI ON

We now turn our attention to the local mass–metallicity relation
for the SDSS galaxy population to understand its origin and time
evolution.

Fig. 6 shows the mass–metallicity relation for 312 815 galaxies
in the DR3 main Galaxy sample. In this case, we calculate the mass
fraction weighted metallicity, i.e. for an individual galaxy the metal-
licity is calculated by weighting the bin metallicities by the observed
fraction of mass in that bin. The three solid lines represent the 16th,
50th and 84th percentiles of the distribution. The first thing to note is
that there is a clear mass–metallicity relation: more massive galax-
ies harbour stars with higher metallicity. The average metallicity of
an L∗ galaxy is solar. For lower masses, the metallicity decreases
approximately by 0.5 dex for every dex in mass.

For galaxies with stellar masses of about 109 M", the aver-
age metallicity of the stars is 0.1 of the solar value. Note that
for masses larger than 1011 M", there is a flattening of the mass–
metallicity relation. The maximum value we obtain for the mass–
metallicity relation is 1.1 Z". The spread in the relation is also
smaller at higher masses (0.15 dex) and grows at smaller masses
(0.5 dex).

There is a break around M∗ = 1010 M", below which the disper-
sion around the median value increases, and a much wider range of
metallicities is recovered for a given mass. This can be interpreted

3 Details of the HEALPIX package are available from http://healpix.
jpl.nasa.gov.
4 NB: we correlate with cluster members, not BCGs.

C© 2008 The Authors. Journal compilation C© 2008 RAS, MNRAS 391, 1117–1126

Panter et al. 2008
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Resulting EBL: examples
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Manuel Meyer et al.: Limits on the extragalactic background light in the Fermi era

Fig. 8. Upper limits of this work together with previous limits and EBL models.

individual spectral indices, it gives a number of sources of sys-
tematic errors: the effective area, the diffuse emission model, and
the handling of front and back converted events. The systematic
error on the effective area is estimated to be between 5% and
10%, while the errors on the diffuse emission model mainly ef-
fects sources inside the galactic plane. Furthermore, the isotropic
emission for front and back converted events is assumed to be
equal. This leads to underestimation of the flux below 400MeV
and might produce harder source spectra. As harder spectra in
the Fermi-LAT band weaken the upper limits, the results derived
here can, again, be regarded as conservative.

6. Summary and Conclusions
In this paper, new upper limits on EBL density over a wide wave-
length range from the optical to the far infrared are derived, uti-
lizing the EBL attenuation of HE and VHE γ-rays from distant
AGN. A large number of possible EBL realization is investi-
gated, allowing for possible features from, e.g., the first stars.
Evolution of the EBL density with redshift is taken into account
in the calculations using a phenomenological prescription (see
e.g. Raue & Mazin 2008). A large sample of VHE spectra con-
sisting of 23 spectra from 20 different sources with redshifts
ranging from z = 0.031 to 0.536 is used in the analysis. The
VHE spectra are corrected for absorption and subsequently in-
vestigated for their physical feasibility. Two basic criteria are
examined: (1) concavity of the high energy part of the spec-
trum spanning from HE to VHE and (2) total integral flux in
the VHE, a novel way to probe the EBL density. For the former
criterion, spectra from the Fermi-LAT at HE are used as a con-
servative upper limit, combined with criteria on the overall VHE
concavity. This is a more conservative argument than a theoreti-

cally motivated bound on the intrinsic spectral index at VHE of,
say, Γ = 1.5. This value, used in previous studies, is somewhat
under debate as a harder index can be possible, for instance, if
the underlying population of relativistic electrons is very nar-
row (Katarzyński et al. 2006; Tavecchio et al. 2009; Lefa et al.
2011b), in the case of internal photon absorption (Aharonian
et al. 2008b), or in proton-synchrotron models (e.g. Aharonian
2000; Zacharopoulou et al. 2011). For the latter criterion, the ex-
pected cascade emission is investigated and, additionally, the to-
tal intrinsic luminosity is compared to the Eddington luminosity
of the AGN. Limits on the EBL density are derived using each
of the criteria individually and for combinations of the criteria.
In addition, the influence of individual data sets is tested. The
obtained constraints reach from 0.4 µm to 100µm and are be-
low 5 nWm−2 sr−1 between 8 µm and 31 µm even though more
conservative criteria are applied and the evolution of the EBL
with redshift is accounted for. In the optical, the EBL density is
limited below 24 nWm−2 sr−1.

The limits forecast a low level of the EBL density from
near to far infrared wavelengths also predicted by the models
of Kneiske & Dole (2010) and Domı́nguez et al. (2011) which is
in accordance with MR07. Furthermore, the constraints exclude
the direct measurements of Matsumoto et al. (2005). Certain
mechanisms, however, are discussed in the literature that ef-
fectively reduce the the attenuation of γ-rays due to pair pro-
duction. For instance, if cosmic rays produced in AGN are not
deflected strongly in the intergalactic magnetic field they could
interact with the EBL and form VHE γ-rays that contribute to
the VHE spectrum (Essey & Kusenko 2010; Essey et al. 2010,
2011). Other suggestions are more exotic as they invoke the con-
version of photons into axion like particles (e.g de Angelis et al.

12

Compare to EBL limits at z=0

EBL limits
-Meyer, Raue, Mazin, 

Horns 2012, A&A 542
- Fermi-LAT + VHE
-Wide wavelength range 

UV to FIR
-Close to lower limits from 

integrated galaxy counts
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z0

ρ0

Method

- Fix β + SFRD(0)
-Calculate EBL SED for 

grid in ρ0 and z0

-Divide each EBL SED 
by the EBL UL:
t = SED / UL
t > 1: tension
t > 1.2: strong tension

-Calculate SFRD limit 
from t=1 (1.2) SFRDs

38Raue & Meyer 2012
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Tension

Strong 
tension

Results: fiducial model (Chabrier IMF, Z⊙, β=.3)
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Note: Direct SFRD 
measurements also 

depend on IMF

TENSION
INCREASES

Results: Salpeter IMF
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Results: metallicity
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Results: IR attenuation - E(B-V)
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SFRD: β
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Results: β
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First stars and the EBL

Population III stars
- Formation starts at z ≫ 5
-Primordial metallicity ➠ H2/H cooling
-Massive stars >100 M⊙ (?)
-UV photons ➠ start reionization
- Fast transition to 2nd generation through 

feedback?

Not direct observable
-GRBs?
-Studied via simulations

Fragmentation? Smaller masses? Magnetic fields?

Imprint on the EBL?
Santos et al. 2004, Dwek et al. 2005, Salvaterra & 
Ferrara 2003, Fernandez & Komatsu 2006, Raue et al. 
2009, Gilmore 2011

reviews e.g. Bromm & Larson 2004, Ferrara 2005
45
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EBL constraints on stars in the early universe

Raue, Kneiske, Mazin 2009

Redshift z
0 2 4 6 8 10 12 14 16

)
-1

 y
r

-3
 M

pc
so

la
r

SF
R

 (M

-310

-210

-110

1

10

46



Martin Raue | Seminar @ Oskar Klein Centre, Stockholm University | Nov 2012

Miscellaneous remarks

47

Early universe
-GRBs detect up to high redshifts
- VHE gamma-rays can probe the UV 

EBL => reionization 

Hubble constant
-Attenuation depends on H0

- If EBL and intrinsic spectrum well 
understood, use distant VHE sources 
as beacons (similar to 1aSN)

Quantum gravity
- Lorentz invariance violation

c depends on energy
- Time of flight experiment

Distant, variable gamma-ray sources 
(GRB/AGN)
Broad energy coverage (lever arm)
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Summary and outlook

48

Gamma-rays are an excellent probe 
for cosmology
-Star formation rate density (SFRD)
- Intergalactic magnetic fields (IGMs)
-Axion like particles (ALPs)
-Quantum gravity (QG)

Current observations deliver 
relevant constraints
-Strong limits on the extragalactic 

background light
Constraints on the SFRD and IGMF

- Interesting constraints on QG and 
ALPs

The future holds exciting 
possibilities
-CTA

10x improved sensitivity over current 
installations
Extended energy range (20 GeV - 100 TeV)

- VHE gamma-ray observations will 
address some of the key questions 
of current cosmology



The CTA EBL and cosmology 
physics case

Workshop
MPI for Physics, Munich, Germany
November 28-30, 2012

Thank you!
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CTA Design

Proven technology as baseline
- Long experience with IACT 

technology
Whipple, HEGRA, CANGAROO, HESS, 
MAGIC, VERITAS, ...

-Operation as observatory & large 
number of telescopes requires 
improved reliability and ease of 
maintenance

-Many detail improvements

Advanced options developed in 
parallel
-Dual mirror
-Advanced photo detectors
- ...
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MEDIUM‐SIZED 12 M TELESCOPE 
OPTIMIZED FOR THE 100 GEV TO 10 TEV RANGE 

16 m focal length 
7‐8o field of view 
0.18o pixels 

100 m2 dish area 
1.2 m  mirror  
facets 

Steel structure; 
HESS‐type dish 
VERITAS‐type mount 

Prototype under construcRon 

June 2012: build of first mechanical 
prototype in Adlershof started 
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DESIGN: 23 M LARGE TELESCOPES 
OPTIMIZED FOR THE RANGE BELOW 200 GEV 

Carbon‐fibre  
structure 

400 m2 dish area 
1.5 m sandwich 
mirror facets 

On (GRB) target 
in < 20 sec. 

27.8 m focal length 
4.5o field of view 
0.1o pixels 

AcRve damping 
of oscillaRons 
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DUAL MIRROR OPTION 
FOR MEDIUM‐SIZED TELESCOPE 

  Improved point spread funcRon 
and improved angular 
resoluRon 

  Small plate scale 
  Suitable for MAMPT or silicon 

sensors 
 but also 

  Non‐spherical mirrors 
  Challenging alignment 
  Not prototyped yet 
 
Aim at expanding 
MST array with  
dual‐mirror telescopes 

V. V. Vassiliev, S. J. Fegan,  
P. F. Brousseau 
Astropart.Phys.28:10‐27,2007 
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DUAL‐MIRROR SMALL TELESCOPES 
ALLOW USING LOWER‐COST SENSORS 

Several opRons 
under study for  

telescope  

structure 

MulR‐Anode PMT  
camera opRon 

Silicon sensor  
camera opRon 

� talk by 

S. Vercellone  
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CTA: standard data formats & public analysis tools

CTA data formats
-Astronomy standards (FITS)

CTA analysis software
-Public
-Connect with existing tools & 

platforms in astronomy
-MWL integration

CTA 1st data challenge
- 1st steps have been taken
-High level DF defined, first tools 

available
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Site candidates
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SITE CANDIDATES 

+30 

‐30 

Warning: map not quite accurate 

two sites to cover full sky 
at 20o‐30o N, S 

Working towards quanRfying 
site‐dependent differences  
in performance and cost 

-Working towards quantifying site‐dependent differences in performance and cost



WIMP: self-annihilate /decay
-➠ Energy injection

Impact of DM annihilation in stars
-PopII/I: No (cooling, DM dens.)
-PopIII: yes! maybe! ...

Pop III vs DM
- Less efficient cooling (H, H2) 
-Collapse inside DM halo
-DM density enhanced by adiabatic contraction 

& scattering ?

➠ DM powered star / Dark Star

Spolyar et al. 2008, Iocco 2008

DARK STARS
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Dark Star properties

Large model uncertainties!!!
-DM (mass, σ)
-Halo (DM density)

Cool but bright (and long lived)
Direct detection unlikely

JWST? No ... (Zackrisson et al. 2010)

59

Temperature  L⊙/M⊙ Lifetime
PopIII ~105K 103-4 106 years

Dark Star ~5000-10000K 102-5 105-9 years
Spolyar et al. 2009, Iocco et al.2008, 

Scott et al. 2009 Freese et al. 2010

Background
More Interesting Stuff

Dark star grids & the DARKSTARS code
Impacts of dark stars at high redshift

Evolutionary tracks - HR diagram
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Dark Star spectra with Phoenix

Phoenix
-State of the art NLTE 

atmosphere model code

DS with Phoenix
-Spectral signature of DS?
- Explore region 5000-30000K
-NLTE / molecules / VdW, 

Stark
- Li lines?

60

Hauschildt & Baron (1999), Hauschildt & Baron 
(2010), Maurer, Raue et al. (2010/2011), F. Laatz
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EBL contribution from DS?

DS contributes NIR/MIR EBL
-New window for DM search?

Calculate DS EBL contribution for 
large model parameter space
Extreme scenarios excluded
EBL limits ➠ limit DS properties
- Lifetime, SFR, z, ..
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Maurer, Raue, Kneiske, Horns, 
Elsässer, Hauschildt  (2010/2011)
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Fig. 3.— Two di⇥erent Dark Star parameter sets (turquoise-dashed: TDS = 7500K, M = 690 M⇥;

blue-dashed: TDS = 5000 K, M = 106 M⇥). Both models are calculated with SFRNorm = 10�3, �tDS

= 109 years, zmin = 5. Grey markers: EBL measurements & limits adopted from Mazin & Raue

(2007); grey: upper limits from TeV observations (realistic model) from Mazin & Raue (2007).

Green: EBL lower limit by Kneiske & Dole (2010). The total EBL shape in presence of a DS

contribution is the sum of the lower limit and the specific DS signature (turquoise and blue lines).
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lifetimes is displayed. As a consequence of Eqn. 7, for DS lifetimes smaller than the formation

period t(zmin) � t(zmax) the resulting EBL scales linearly with increasing �tDS. At higher lifetimes

than ⌅ 108 years the intensity of the EBL is increased to a greater amount as well as the peak value

of the DS signature is shifted towards lower wavelengths (Fig. 5). This is caused by a residual

emissivity at lower redshifts z < zmin as the end of DS formation is not the end of DS photon

emission. Due to the strong dilution of the photon number density with redshift (1 + z)�3 the most

recent emission dominates the EBL contribution. If �tDS is short enough the end of DS formation

is roughly equal to the end of DS emitting photons as the amount of DS drops of almost instantly.

The dashed lines display a linear relationship between �tDS and the maximum EBL flux. Please

note that DS with lifetimes �tDS ⇧ 1010 years, as displayed in Fig. 4 and Fig. 5, would be still

present in today’s universe and therefore most likely to be detected.

The model results can be summarized in a formula giving the peak EBL contribution at z = 0

from a DS population normalized to the fiducial DS parameters.

(⇥I⇥)max = 2 ⇥ 10�5 nW m�2 sr�1 ⇥
⇤
�tDS

107 years

⌅
⇥
⇤
SFRNorm

10�5

⌅

⇥
⇤

LMR
103 L⇤/M⇤

⌅
⇥
�zmin

10

⇥�2.5
(9)

The calculation of the resulting EBL contribution via this formula o⇥ers a conservative estimate

as the DS lifetime only enters linearly which is true for �tDS up to values as large as ⌅ 108 years.

The possible enhancement of the EBL contribution due to longer DS lifetimes is not taken into

account here, but one can estimate it from Fig. 4 or it has to be calculated as described in this

work. Comparing lower with upper limits on the EBL one finds an allowed EBL contribution

from DS in the range of 5 � 25 nW m�2 sr�1 for wavelength between 2 � 10µm (see e.g. Mazin

& Raue 2007 Fig. 15). Adopting this range limits on DS parameters can be derived. For

example: A DS with MDS = 106 M⇤, LDS = 9 ⇥ 106 L⇤, a DS lifetime �tDS = 108 years and

minimum formation redshift zmin = 5 results in a constraint on the DS formation rate between

5 ⇥ 10�4 � 3 ⇥ 10�3 M⇤ year�1 Mpc�3. In this way several DS parameter sets can be used to


