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PROBLEM 1: Gamma-ray fluxes and attenuation.
The gamma-ray luminosity at 100 GeV of an AGN located at redshift z = 0.1 (a luminosity
distance of about 463 Mpc) is 3 1045 erg/s.

a) How many gamma rays of this energy will be detected by the Fermi Large Area Telescope
(Fermi LAT) on board the NASA Fermi satellite in fifteen years of mission?

b) Would it be possible for Fermi LAT to detect this same object in the same exposure time
and at the same energy if it were located at the so-called “cosmic gamma-ray horizon”
(τ = 1)?

Hint: Assume isotropic emission at the source. Use Fig. 1 for the Fermi-LAT collection area
and differential point-source sensitivity. Assume that the AGN is located at galactic coordinates
(l, b) = (0.24◦, 31.6◦). Use Fig. 2 for the optical depth accounting for EBL attenuation.

Figure 1: Left: Fermi-LAT collection area (take the black solid line as the reference one). Right:
Fermi-LAT point-source differential sensitivity.

PROBLEM 2. Cherenkov light energy thresholds.
Extended air showers of particles in the atmosphere giving rise to Cherenkov radiation can
be initiated not only by gamma rays (electromagnetic cascades) but also by charged nuclei of
different kind (hadronic showers). Muons resulting from the decay of charged mesons are one of
the possible final products of these hadronic showers. Thanks to a very distinct signal imprinted
in the camera of Cherenkov telescopes, these muons can be used to calibrate our instruments.

i) What is the energy threshold for muons in order to produce Cherenkov light a) in the
air, and b) in the water? Provide examples of both air Cherenkov and water Cherenkov
telescopes currently in operation.



ii) Why there is basically not proton-induced backgrounds for air Cherenkov telescopes below
∼ 40 GeV, while this is potentially an important source of background for water-based
Cherenkov telescopes down to ∼ 1 GeV?

Hints: The relation between Cherenkov angle θ, the relativistic velocity β = v/c (with c being
the speed of light), present in E = m√

1−β2
, and the refractive index, n, is given by cos θ = 1

nβ .

nair = 1.000273 and nwater = 1.33. The muon and proton masses are, respectively, mµ ' 105
MeV and mp ' 938 MeV.

PROBLEM 3: IGRB for Fermi-LAT and CTA.
The so-called isotropic gamma-ray background (IGRB) is the sum of fluxes from all unresolved
sources beyond our Galaxy.

ii) The IGRB differential flux spectrum has been measured by the Fermi LAT and, in the
100 MeV < Eγ < 100 GeV energy range, it is well described by dN/dE = 1.19 ·
10−6 (E/100 MeV )−2.32 MeV −1 cm−2 s−1 [1]. Calculate the total IGRB flux expected
above 1 GeV, FIGRB(E > 1GeV ).

iii) It has been calculated [2] that unresolved blazars contribute only 20% to the IGRB flux
in this same 100 MeV < Eγ < 100 GeV energy range. Should we expect to detect the
blazar contribution to the IGRB with the future CTA-North at 1 TeV? Why?

Hint: Use Fig. 2 for the optical depth and CTA differential sensitivity. For simplification,
assume that the bulk of this unresolved emission is produced by blazars located at z = 0.1
exhibiting a differential spectrum well described by dN/dE ∝ E−2.4 at low energies where
the EBL is not relevant [2].
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wavelengths. As an example, we see that ⇠70% of the local
EBL at � = 0.445 µm and 2.2 µm comes from z < 1, 50% of
the EBL below ⇠180 µm was already in place at z = 1, but
it is only ⇠ 40% at 240 µm. It is significant that the EBL
at shorter wavelengths mostly come from sources at much
lower redshifts than the larger ones (see Lagache, Puget &
Dole 2005).

Fig. 16 shows a comparison between the EBL buildup
for our model, FRV08, GSPD10, and the observational work
by LeFloc’h et al. (2009) based on data from MIPS at 24 µm
up to z ⇠ 1.5 in the COSMOS field. The main contribu-
tion to the EBL at 24 µm comes from star-forming and
starburst-type galaxies. This region of the SEDs is highly
dependent on the non-smooth PAH features. We observe a
general agreement, but reaching a factor 40% di↵erence at
z ⇠ 1.2 for the fiducial extrapolation. The uncertainties here
are large (see Sec. 6.1).

5 GAMMA-RAY ATTENUATION

5.1 �-ray attenuation from this EBL model:
theoretical background

The EBL has important implications for the interpretation
of data taken using recent VHE experiments (the Fermi
satellite, Gehrels & Michelson 1999; and IACTs, such as
MAGIC, VERITAS and HESS; Lorenz 2004; Weekes et al.
2002; Hinton 2004, respectively), due to the photon-photon
pair production between �-ray photons traveling across cos-
mological distances and EBL photons (see Nikishov 1962;
Gould & Schréder 1966).

Blazars are an important source of extragalactic �-ray
emission and have become a relevant tool for indirectly mea-
suring the EBL. These objects are believed to be an extreme
category of AGNs. Their emission, which occurs at all wave-
lengths of the electromagnetic spectrum, comes from super-
massive black holes (with masses > 107 M�) swallowing
matter accreted from their surroundings. In general, AGNs
are characterized by a beamed emission perpendicular to the
accretion disc known as jets, which are pointing toward us
in the case of blazars.

The current theoretical models for the emission by this
class of objects are of two kinds: leptonic or hadronic. Both
models predict a spectrum with two peaks, the first one
localized from radio to X-rays due to synchrotron radia-
tion from relativistic electrons (leptonic model), or protons
(hadronic model). However, the second peak has a di↵er-
ent nature. While in the leptonic model it is due to inverse
Compton (IC) scattering of the same population of electrons
that produce the synchrotron peak (Böttcher 2007), in the
hadronic model, nuclear photo-disintegration is advocated
to explain the second peak (Sikora et al. 2009). Both mod-
els face serious di�culties in explaining intrinsic (i.e., EBL-
corrected) VHE power law indices harder than 1.5, and fail
to explain slopes harder than 2/3. The intrinsic spectrum is
the spectrum that we would observe if there were no e↵ect
from the EBL.

The EGRET satellite observed AGNs in the local uni-
verse (hence not very attenuated), claiming that all of them
have spectral indices E��int with �int > 1.5 in the high
energy (30 MeV-30 GeV) regime (Hartman et al. 1999).
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Figure 17. Upper panel : Optical depth versus observed energy
of �-ray photons for sources at di↵erent redshifts (from bottom to

top z = 0.1, 0.3, 0.6 and 1), due to the extragalactic background
light computed for our model in solid-black line, for Franceschini

et al. (2008) in dashed-magenta line, and for Gilmore et al. (2010)

in orange-dot-dashed line. Lower panel : Flux attenuation versus
observed energy of �-ray photons for fictitious sources at di↵erent

redshifts (from right to left z = 0.1, 0.3, 0.6 and 1). We have cal-

culated attenuation for the Franceschini et al. (2008) and Gilmore
et al. (2010) models using the EBL data provided by the authors.

The EBL uncertainties in Fig. 13 are propagated to the optical

depth and flux attenuation. They are shown here with a shadow
region.

This result has been confirmed by the Fermi Collaboration
(within uncertainties), which has published a catalogue of
AGNs detected by the Fermi Large Area Telescope (LAT)
all-sky survey during its first year in operation (Abdo et
al. 2010a). From this observational fact, and the theoreti-
cal issues above, it is usually conservatively consider that
no AGN could have an intrinsic VHE spectrum fitted by
a power law with an index harder than 1.5. Some authors
such as Katarzyński et al. (2006), Stecker, Baring & Sum-
merlin (2007), Böttcher, Dermer & Finke (2008) and Aharo-
nian et al. (2008) provide some mechanisms within standard
physics to reach slopes harder than 1.5, but never harder
than �int = 2/3.

The EBL may be constrained using VHE observations
of extragalactic sources if their intrinsic emitted spectra
are known. As mentioned in Section 1, �-ray photons com-
ing from cosmological distances are attenuated by photon-
photon pair production by EBL photons. The cross section
of this reaction depends of the product shown in the left side
of Eq. 12,
p

2"E(1 � cos ✓) > 2mec
2 (12)
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Figure 2: Left: Optical depths as given by the model of Ref. [3] for different redshifts (from top
to bottom, curves increase in redshift). Right: Predicted CTA differential sensitivity.

PROBLEM 4. J-factors for Fermi LAT and IACTs.
For a given dark matter halo, the total J-factor, i.e. the one obtained for the whole object, can
be computed as follows:

2



JT =
1

4πD2

∫

V
ρ2DM (r) dV =

1

4πD2

M c200(M200)
3

[f(c200(M200))]
2

200 ρcrit
9

(
1− 1

(1 + c200(M200))3

)
, (1)

with D the distance from the Earth to the center of the halo, r is the galactocentric distance
inside it, f(x) = ln(1 + x) − x/(1 + x) and ρcrit = 275.027 h2 M�/kpc3 is the critical density
of the Universe. The above expression assumes NFW density profiles [4] for the dark matter
distribution inside the halo. The so-called halo concentration-mass relation is given by [5]:

c200(M200, z = 0) =

5∑

i=0

ci ×
[
ln

(
M200

h−1M�

)]i
, (2)

where ci = [37.5153,−1.5093, 1.636·10−2, 3.66·10−4, −2.89237·10−5, 5.32·10−7]. Adopt h = 0.7.

i) Compute JT (in units of GeV2 cm−5 and M� kpc−5) for the Draco dwarf galaxy, the
Andromeda galaxy and the Virgo galaxy cluster, assuming that the dark matter den-
sity profile is well described by NFW in all cases. Rank the objects according to their
annihilation fluxes. Take the following values as the masses and distances of these objects:

Target Distance (kpc) M200 (M�)

Draco 82 2·108

Andromeda 778 1.5·1012

Virgo 15.4 · 103 5.4·1014

ii) In terms of level of annihilation flux of these objects at Earth, how would the rank-
ing be modified by including subhalos in the above computation? Adopt the following
parametrization for the so-called substructure boost, B, that modifies the overall flux as
Ftotal = Fno−subhalos × (1 +B) [6]:

log10B(M) =
5∑

i=0

bi

[
log10

(
M200

M�

)]i
. (3)

where bi =[-0.186, 0.144, -8.8·10−3, 1.13·10−3, -3.7·10−5 -2·10−7].

iii) Calculate the minimum value of the J-factor that would be ideally needed in order to
have a detection. Do it for both Fermi LAT and a typical Cherenkov telescope. Use the
following numbers as nominal values for Fermi LAT and IACTs:

Parameter Fermi LAT IACTs

Energy range 0.1-300 GeV 0.1-10 TeV

Effective area, Aeff ∼ 1 m2 ∼ 105 m2

Observing time, Tobs ∼ 108 s ∼ 106 s

Hint: The annihilation flux is
dφγ
dE = JT × φPP , where φPP = <σv>

2m2
χ

dNγ
dEγ

is the particle

physics factor. Assume
∫
dE

dNγ
dEγ
∼ mχ

GeV , where mχ is the dark matter particle mass.

Adopt a WIMP mass of 300 GeV that annihilates entirely to bb with the thermal relic
cross section value, i.e. 3 × 10−26cm2 s−1. A minimum of 10 photons is needed for
detection.

iv) At least a priori, which object would be more suitable for its observation with Cherenkov
telescopes like MAGIC, and why?
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Hint: The actual angular extension of the annihilation signal is well approximated by the
angular size subtended by the object scale radius. The analysis of extended sources is not
trivial for IACTs, as their FoV is ∼ 4◦.

PROBLEM 5. The Galactic center excess interpreted as dark matter annihilation.
The gamma-ray flux corresponding to the Galactic center excess (GCE) as observed by the
Fermi LAT between 1-3 GeV, integrated within the innermost one degree of the Galaxy, is
φGCE ∼ 10−10 erg cm−2 s−1. Its spectrum is compatible with a WIMP mass mχ = 49 GeV
annihilating to b quarks with roughly half of the thermal relic cross section value [7].

i) Calculate the corresponding J-factor necessary to account for the observed GCE flux.

Hint: The annihilation flux is
dφγ
dE = J × φPP , where φPP = <σv>

2m2
χ

dNγ
dEγ

is the particle

physics factor. Assume as a reasonably good approximation that
∫
dE

dNγ
dEγ
∼ mχ

GeV .

ii) Is this value of the J-factor compatible with the one expected from our Galaxy integrated
for that same inner region?
Hint: The thermal relic cross section is 3× 10−26cm2 s−1. Assume an NFW profile with
a normalization at the Solar galactocentric radius ρ(r = r� = 8 kpc) = 0.4 GeV/cm3 =
1.0477×107M�/kpc3 and a scale radius rs = 20 kpc. The NFW density profile is the most
widely used in the literature [4]:

ρ(r) =
ρ0(

r
rs

) [
1 +

(
r
rs

)]2 , (4)

where ρ0 and rs represent a characteristic density and a scale radius, respectively. As
a good approximation, one can use that the J-factor for the GCE region is JGCE =

1
4πD2

∫
V ρ

2
DM (r) dV , where the volume integral is performed up to the physical radius that

corresponds to the GCE region.

iii) One of the most promising dwarf candidates recently discovered by the Dark Energy Survey
(DES) is Reticulum II. Assuming a dark matter origin for the GCE (with the properties
given above), should we expect to observe a dark matter-induced gamma-ray signal from
Reticulum II with the Fermi LAT?
Hint: Assume that this object is located at 32 kpc and its current total mass is M200 ∼
107 M�. Its concentration, significantly boosted due to tidal forces, is c200 ∼ 40 [6]. The
Fermi LAT sensitivity at 1 GeV is Fmin ∼ 10−6 MeV cm−2 s−1. As an approximation (the
object is a dwarf so NFW is formally not applicable) one can use the following expression
for the total J-factor, i.e. the one obtained for the whole object:

JT =
1

4πD2

∫

V
ρ2DM (r) dV =

1

4πD2

M200 c200(M200)
3

[f(c200(M200))]
2

200 ρcrit
9

(
1− 1

(1 + c200(M200))3

)
,

(5)

with D the distance from the Earth to the center of the halo, r is the galactocentric distance
inside it, M200 is in solar masses, f(x) = ln(1 + x) − x/(1 + x), c200(M200) refers to the
concentration-mass model (use, e.g., the one in equation 2), and ρcrit is the critical density
of the Universe, i.e. ρcrit(z = 0) = 1.05× 10−5 h2 GeV/cm3 = 275.027 h2 M�/kpc3.
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