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Abstract: Radio-loud active galactic nuclei (AGN) are expected to contribute substantially to both the intensity and anisotropy of the isotropic γ-ray background (IGRB). In
turn, the measured properties of the IGRB can be used to constrain the characteristics
of proposed contributing source classes. We consider individual subclasses of radio-loud
AGN, including low-, intermediate-, and high-synchrotron-peaked BL Lacertae objects,
flat-spectrum radio quasars, and misaligned AGN. Using updated models of the γ-ray luminosity functions of these populations, we evaluate the energy-dependent contribution of
each source class to the intensity and anisotropy of the IGRB. We find that collectively
radio-loud AGN can account for the entirety of the IGRB intensity and anisotropy as measured by the Fermi Large Area Telescope (LAT). Misaligned AGN provide the bulk of the
measured intensity but a negligible contribution to the anisotropy, while high-synchrotronpeaked BL Lacertae objects provide the dominant contribution to the anisotropy. In anticipation of upcoming measurements with the Fermi-LAT and the forthcoming Cherenkov
Telescope Array, we predict the anisotropy in the broader energy range that will be accessible to future observations.
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1

Introduction

The intensity and anisotropy of a diffuse γ-ray background encode information about its
contributing sources. The isotropic γ-ray background (IGRB) is the diffuse residual γ-ray
emission, apparent especially at high Galactic latitudes, observed when the Galactic diffuse
emission is subtracted from the observed γ-ray sky, and when resolved point sources are
either subtracted or masked. The origin of this emission is not yet fully understood, but
it is thought to originate from unresolved sources of extragalactic and possibly Galactic
origin. Recent measurements of the intensity [1] and angular power spectrum [2] of the
IGRB by the Fermi Large Area Telescope (LAT) have enabled more detailed studies of the
contributors to this emission.
The intensity spectrum of the IGRB is largely consistent with a single power law in the
energy range of 200 MeV – 100 GeV [2]. However, it is expected that many γ-ray source
classes contribute to the IGRB over this energy range, including γ-ray emitting classes
of active galactic nuclei (AGN) [3–10], star-forming galaxies [11–15], Galactic millisecond
pulsars (MSPs) [16–18], as well as proposed source classes such as annihilating or decaying
dark matter [19–23].
The Fermi-LAT, using approximately 2 years of data, has measured the angular power
spectrum of the diffuse emission at Galactic latitudes |b| > 30◦ , in four energy bins spanning
1 to 50 GeV [2]. At multipoles l ≥ 155, an angular power above the photon noise level
is detected at > 99.99% CL in the 1-2 GeV, 2-5 GeV, and 5-10 GeV energy bins, and at
> 99% CL in the 10-50 GeV energy range. Within each energy bin, the measured angular
power takes approximately the same value at all multipoles, suggesting that it originates

–1–

from the contribution of one or more unclustered point source populations. We denote this
multipole-independent anisotropy as a function of energy CP (E).
In this work we predict both the intensity of the anisotropy and its energy dependence
according to the most recent γ-ray emission models of radio-loud AGN, and compare the
results to the Fermi-LAT data. Radio-loud AGN sources are a small fraction of AGN
(15-20 %) but are the most powerful ones, with a ratio of radio (at 5 GHz) to optical (Bband) flux greater than 10 [24]. This category of AGN is divided into blazars or misaligned
(MAGN) sources according to the angle of the jets with respect to the line of sight (los).
Blazars (MAGN) are objects with an emission angle smaller (larger) than about 14◦ [25].
Furthermore, blazars are traditionally divided into flat spectrum radio quasars (FSRQs)
and BL Lacertae (BL Lac) objects according to the presence or absence of strong broad
emission lines in their optical/UV spectrum, respectively [25, 26]. Extending the classification proposed for BL Lacs [27], all blazars could also be divided according to the value of
the synchrotron-peak frequency νS of their spectrum. The low-synchrotron-peaked (LSP)
blazars have the observed peak frequency in the far-infrared (IR) or IR band (νS < 1014
Hz), intermediate-synchrotron-peaked (ISP) blazars have νS in the near-IR to ultraviolet
(UV) frequencies (1014 Hz < νS < 1015 Hz), while for high-synchrotron-peaked (HSP)
blazars the peak frequency is located in the UV band or at higher energies (νS > 1015
Hz) [28]. This classification is relevant also for γ-ray energies because the shape and the
intensity of the spectral energy distribution at such high energies is connected to the position of the synchrotron peak: the smaller (larger) the νS , the softer (harder) the γ-ray
photon index Γ, and the larger (smaller) the γ-ray flux [29, 30].
Radio-loud AGN are the most numerous population in the Fermi-LAT catalogs [31–
33]. Previous works have derived the redshift z, γ-ray luminosity Lγ , and photon index Γ
distributions for the detected sources together with predictions for the γ-ray flux from the
unresolved component [3–6]. Some of the main results of those studies, which will be used
in the present work, are summarized below:
1. In [3] the γ-ray emission from the MAGN population was predicted using a sample of
sources detected in γ-rays and calibrated using radio data in order to construct the
γ-ray luminosity function. These sources have a mean photon index of 2.37 ± 0.32
and a γ-ray luminosity which is about two orders of magnitude larger than the radio
core luminosity at 5 GHz. The best-fit value of the unresolved emission from MAGN
was found to be 25-30% of the IGRB for E > 100 MeV, enveloped in an uncertainty
band of about a factor of ten.
2. The FSRQ population was analyzed in [4], where it was found that FSRQ objects are
nearly all LSP blazars, with a broad redshift distribution spanning from 0.2 to 3 and a
mean photon index of 2.44 ± 0.18. FSRQs are powerful sources with the high-energy
peak of the spectral energy distribution (SED) in the range of 10 MeV – 1 GeV.
The unresolved emission from this component contributes 9.3+1.6
−1.0 % to the IGRB for
E > 100 MeV, with a steeply falling spectrum at energies above ∼ 5-10 GeV.
3. In [5, 6] the population of BL Lacs was studied in terms of the redshift, γ-ray lu-
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minosity, and photon index distributions. In particular, [5] studied the SED and
γ-ray luminosity function separately for the LSP/ISP/HSP BL Lacs using also the
high-energy γ-ray spectra measured by Imaging Atmospheric Cherenkov Telescopes
(IACTs). LSP and ISP BL Lacs are found to be statistically the same γ-ray population with a mean photon index of 2.08 ± 0.15 and an exponential cut-off at 37+85
−20
GeV, hence they are associated to a unique class called LISP (LSP+ISP). HSPs have
a mean photon index of 1.86 ± 0.16 with an exponential cut-off at 910+1100
−450 GeV.
The γ-ray emission from unresolved BL Lac sources was derived in [5, 6] to be about
7 − 11% of the IGRB in the range 100 MeV – 1 GeV, and as much as 100% for
energies higher than 100 GeV.
While the anisotropy spectrum is a relatively recently available observable, historically
the diffuse extragalactic γ-ray sky has been studied through the energy spectrum of the
IGRB. Measurements of the spectrum of the IGRB in the energy range 200 MeV – 100 GeV
have been reported by the Fermi-LAT Collaboration in [1] for b > 10◦ . More recently the
Fermi-LAT Collaboration has presented preliminary results for the IGRB spectrum in the
broader energy range of 100 MeV – 820 GeV [34]. In [5, 23] it was shown that it is possible
to explain the entire spectrum of the IGRB by the unresolved emission from the FSRQ,
BL Lac, MAGN, MSP, and star-forming galaxy populations.
The information available from the anisotropy measured in [2] has been used, for example, in [35] together with the source count distribution of blazars to show that they
contribute only by about 20-30% to the IGRB intensity, confirming with the anisotropy
the result found via the source counts alone [36]. Anisotropy from blazars has been further
studied in [37, 38]. It has also been used to constrain the contribution of MSPs to the
IGRB [17] showing that stronger constraints are obtained with respect to the case when
intensity alone is used. A recent analysis has demonstrated that these galactic sources contribute indeed negligibly to the measured anisotropy, as well as to the IGRB intensity [16].
The anisotropy of star-forming galaxies has been studied in [39]. Finally, several works
have investigated the anisotropy from dark matter annihilation into γ-rays [40–48].
In this work we compare radio-loud AGN model predictions to both the intensity and
the anisotropy of the IGRB and we will show that a coherent picture can be constructed in
which radio-loud AGN account for the measured values of both of these observables. This
is the first time that an attempt to simultaneously explain the γ-ray flux and anisotropy
data has been pursued using a single underlying global model of the unresolved emission.
In §2 we describe the models for the radio-loud AGN populations and present the calculation of their intensity and anisotropy contributions to the IGRB. We discuss the results
and compare them to the measured intensity and anisotropy by the Fermi-LAT in §3. In
addition to comparing model predictions for the intensity and anisotropy of the IGRB in
the energy range 100 MeV – 100 GeV, relevant for Fermi-LAT observations, we also study
the energy range 100 GeV–10 TeV, as will be covered by the forthcoming Cherenkov Telescope Array (CTA) observatory [49, 50]. In §4 we derive the expected angular power from
unresolved radio-loud AGN in the higher energy range relevant for future CTA observations and compare it with the expected sensitivity reach of CTA. We discuss and conclude
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in §5.

2
2.1

Anisotropy Model Predictions
The Angular Anisotropy

The angular power CP produced by the unresolved flux of an unclustered point source
population is derived using the following equation [2, 35, 51]:
Z Γmax
Z St (Γ)
d2 N
S2
CP (E0 ≤ E ≤ E1 ) =
dΓ
dS,
(2.1)
dSdΓ
Γmin
0
where S is the photon flux of the source integrated in the range E0 ≤ E ≤ E1 in units of
ph cm−2 s−1 , while St (Γ) denotes the flux detection threshold as function of the photon
index of the source Γ (see below), and where Γmin –Γmax is its range of variation. Finally,
d2 N/(dSdΓ) is the differential number of sources per unit flux S, unit photon index Γ and
unit solid angle.
It is well known that a strong bias is present between the flux and the photon index
of sources detected by the Fermi-LAT when considering fluxes integrated in the range
100 MeV – 100 GeV. Sources with a photon index of 1.5 can be detected to fluxes (100 MeV
– 100 GeV) a factor of about 20 fainter than those at which a source with a photon index of
3.0 can be detected [31, 32]. This means that the function St (Γ) cannot be approximated
as a constant in Γ when considering fluxes in that energy range. On the other hand, it
has been shown that the bias is almost absent if the fluxes S integrated above 1 GeV
are considered [32, 35]. In this case, the function St (Γ) can be simply approximated as a
constant St (Γ) = S>1 , where S>1 is the flux integrated above 1 GeV. Further, as we will
show in §2.4, since the source spectra are described by Eqs. 2.6, 2.7, and 2.8, a relation
between S>1 and the integrated flux between E0 and E1 can easily be found, and thus the
function St (Γ) can be calculated for any energy range considered.
Following [35] we adopt the value S>1 = 5 · 10−10 ph cm−2 s−1 , which is appropriate
when the 1FGL catalogue is used as reference for the resolved point sources. This is a
consistent choice with respect to the Fermi-LAT anisotropy measurements, which were
made after masking the 1FGL sources, and with which we compare the predicted model
anisotropy.
2.2

Luminosity Function and the Source Count Distribution

To derive the d2 N/(dSdΓ) required to calculate CP for the MAGN, FSRQ and BL Lac
sources, the quantity we will use for each population is the γ-ray luminosity function (LF)
ργ (Lγ , z, Γ) = dN/dΓdzdLγ which specifies the comoving number density of the given
objects, differentially per rest-frame luminosity Lγ , redshift z, and photon index Γ. The
LF completely characterizes the specified source population. We will use the LFs of MAGN,
FSRQ and BL Lac populations as derived in [3–5]. In these models, the LF is assumed to
be separable in the Γ variable, whose distribution is parameterized as a Gaussian function:


dN
(Γ − Γ̄)2
∝ exp −
,
(2.2)
dΓ
2σ 2
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with the values for the mean spectral index Γ̄ and the dispersion σ fixed, for each population, to the numbers reported in §1. With a slight abuse of notation we will also write
ργ (Lγ , z, Γ) = dN/dΓ ργ (Lγ , z).
To simplify the discussion, and also to facilitate the comparison with available data, in
this section we consider the cumulative source count distribution N (> S), which represents
the number of sources with a flux larger than S. The same methods can be applied to
d2 N/(dSdΓ), as we briefly discuss in §2.4. The N (> S) can be obtained from the LF
as [3–6]:
Z Γmax
Z zmax Z Lγ,max
dV dN
dLγ
N (> S) = ∆Ω
dΓ
dz
ργ (Lγ , z),
(2.3)
dz dΓ
Γmin
zmin
Lγ (S,Γ,z)
where dV /dz is the comoving volume per unit redshift [52] and ∆Ω is the solid angle. We
will use in the following a ∆Ω of 2π corresponding to γ-ray sources above a Galactic cut
of ±30◦ . This is opposed to another common convention where N (> S) is divided by ∆Ω
and expressed in units of deg−2 . The limits of integration Γmin , Γmax , zmin , zmax , and
Lγ,max are taken from [3–5], although we note that the results depend only weakly on the
specific values of the limits. Finally Lγ (S, Γ, z) represents the rest-frame γ-ray luminosity
for a source with a photon index Γ at redshift z with observed photon flux S, and will be
derived in the next section. Both S and Lγ refer to integrated quantities in the relevant
energy range (see next section).
In Fig. 1 the theoretical source count distribution N (> S) in terms of S0.1−100GeV is
shown, together with the 1σ uncertainty band, for MAGN [3], FSRQs [4], and BL Lac
LISP (LSP+ISP) and HSP objects [5]. The 1σ band has been derived for each AGN class
considering the uncertainty on the γ-ray emission mechanism and on the redshift, γ-ray luminosity, and photon index distributions. In the case of MAGN [3], the number of detected
sources in the Fermi-LAT catalogs is too small to determine a γ-ray LF, and a correlation between the γ-ray and radio emission from the core of the MAGN was performed.
The γ-ray luminosity function was then derived from the radio luminosity function of [53].
The calibration of this correlation is the main source of uncertainty for the theoretical
prediction of the MAGN source count distribution shown in Fig. 1. This uncertainty also
leads to a large uncertainty in the prediction of the the unresolved γ-ray emission from
MAGN [3]. Blazars, FSRQ, and BL Lacs are numerous in the Fermi-LAT catalogs [31–33],
hence in [4, 5] the ργ was derived directly from γ-ray data. In this case the uncertainties
on the source count distributions and on the unresolved γ-ray emission come from the
uncertainty of the redshift, γ-ray luminosity, and photon index distributions, and of the
SEDs of these sources.
In Fig. 1 we also show the experimental determinations of N (> S) as derived from
resolved γ-ray sources, again, normalized to the number of sources above ±30◦ in Galactic
latitude, coherently with the theoretical model predictions. The data points have been
taken from [3–5], and have been derived as:

Nexp (> S) =

NS
X
i=1
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1
,
ω(Si )

(2.4)
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Figure 1. The theoretical cumulative source count distribution N (> S) (solid red line) together
with the 1σ uncertainty band (cyan) is shown for radio-loud AGN classes as derived in [3–5]: MAGN
(top left), FSRQs (top right), LISP (bottom left) and HSP (bottom right) BL Lacs. The data (black
points) of the Fermi-LAT experimental source count distribution for the sources of each class are
also shown, taken from [3–5].

where the sum is over the NS sources with a flux Si > S, and ω(S) is the Fermi-LAT
detection efficiency for a source with flux S in the energy range 0.1-100 GeV. For BL Lacs
and MAGN the efficiency ω(S) derived in [3] is adopted, while for FSRQs we refer to the
p
one calculated in [36]. Uncertainties are simply given by the Poissonian errors (∝ (N ))
associated with the finite number of sources in each flux bin and by the uncertainty on the
efficiency itself as given in [3, 4, 6]. The experimental source count distribution of FSRQs
is based on the sources of the 1FGL catalog, while that for MAGN is based on both the
1FGL and 2FGL catalogs, and that for BL Lacs on the 2FGL catalog.
2.3

Energy range rescaling of the cumulative source count distribution

The source count distributions derived in [3–5] and displayed in Fig. 1 are valid in the energy
range 100 MeV – 100 GeV, while we will need to calculate CP (E) and therefore d2 N/dSdΓ
in the energy bins [1,10], [1.04,1.99], [1.99,5.00], [5.0,10.4] and [10.4,50.0] GeV. Below, we
illustrate how we rescale d2 N/dSdΓ to the new energy bands, again demonstrating the
procedure on N (> S) rather than d2 N/dSdΓ itself.
The source energy spectrum dN/dE is defined by:
dN
(E, Γ, Ec ) = K F(E, Γ, Ec ),
dE
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(2.5)

where K is a normalization factor and F(E, Γ, Ec ) is the energy-dependent part of the
spectrum which depends also on the photon index Γ and energy cutoff Ec . F(E, Γ, Ec ) is
given by a simple power law (with Ec → ∞) for MAGN [3], a power law with an exponential
cut-off for BL Lacs as in [5], and a power law with a square-root exponential cut-off for
FSRQs as in [4]:

FMAGN (E, Γ) =

−Γ
(2.6)
−Γ0



E
exp −
Ec
s !

−Γ00
E
E
,
FFSRQ (E, Γ00 , Ec0 ) =
exp −
00
EP
Ec0

FBLLAC (E, Γ0 , Ec ) =



E
EP
E
EP0

(2.7)
(2.8)

where Ec and Ec0 are the cut-off energies, EP , EP0 and EP00 are the pivot energies fixed to 1
GeV and Γ, Γ0 and Γ00 are the photon indexes. From the full SED given above, the flux S
and the γ-ray luminosity Lγ in the benchmark energy range E ∈ [E0b = 0.1, E1b = 100] GeV
can be calculated as [31, 32]:
Z

E1b

dN
dE,
E0b dE
Z Eb
1
b
b
2
Lγ ≡ Lγ (E0 ≤ E ≤ E1 ) = 4πdL (z)
S≡

S(E0b

≤E≤

E1b )

(2.9)

=

E0b

1
dN
EdE = Lγ (S, Γ, z), (2.10)
K(z, Γ, E) dE

where dL (z) is the luminosity distance and K(z, Γ, E) is the K-correction, i.e., the ratio
between the observed and the rest-frame luminosity in the given energy range. For the
three SEDs the K-correction can be calculated, respectively, as
K(z, Γ) = (1 + z)2−Γ


Ez
2−Γ
K(z, Γ, E, Ec ) = (1 + z)
exp −
Ec
p
√ !
( E(1 + z) − E)
2−Γ
√
K(z, Γ, E, Ec ) = (1 + z)
exp −
.
Ec

(2.11)
(2.12)
(2.13)

Using Eqs. 2.6-2.8 and the definitions of S and Lγ in Eqs. 2.9 and 2.10, we have rescaled
the fluxes S and luminosities Lγ valid for 100 MeV to 100 GeV energy range into the fluxes
S 0 and luminosities L0γ integrated in the energy ranges of CP (E). Formally, these relations
can be written as:


Z E1
S


0
S (E0 ≤ E ≤ E1 ) =  R b
F(E, Γ, Ec )dE = S 0 (S, Γ, Ec )(2.14)

E1
E
0
F(E, Γ, Ec ) dE
Eb
 0

Z E1
Lγ
E F(E, Γ, Ec )


0
Lγ (E0 ≤ E ≤ E1 ) =  R b
dE. (2.15)

E1
K(z, Γ, E)
1
E
0
EF(E,
Γ,
E
)dE
c
E b K(z,Γ,E)
0
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Given the above definitions (Eqs. 2.14, 2.15), the source count distribution N 0 (> S 0 ) for
the energy range E ∈ [E0 , E1 ] can be expressed as:
Z Γmax
Z zmax Z Lγ,max
dV dN
0
0
dLγ
N (> S ) = ∆Ω
dΓ
dz
ργ (Lγ , z),
(2.16)
dz dΓ
Γmin
zmin
Lγ (S(S 0 ,Γ),Γ,z)
where the relation S(S 0 , Γ) can be derived from the definition of Eq. 2.14 and depends on
the type of energy spectrum used. The relation Lγ (S, Γ, z) is also spectrum dependent and
is given by Eq. 2.10.
The resulting theoretical source count distributions N 0 (> S 0 ) for the four CP (E) energy
bins used in the Fermi-LAT anisotropy measurement are shown in Figs. 2 and 3 for HSP
BL Lacs and MAGN, along with the 1σ uncertainty band. We show also the experimental
data points on N 0 (> S 0 ), calculated with Eq. 2.4 and using the relation Eq. 2.14 between
benchmark fluxes S and rescaled fluxes S’:
N0

0
Nexp
(> S 0 ) =

S0
X

i=1

1
.
ω(Si (Si0 ))

(2.17)

The above procedure is only approximate, since in principle a new efficiency ω 0 (S 0 ) should
be evaluated for the new energy band. Alternatively, a proper conversion of ω between energy bands could be determined, however this would require starting from the full efficiency
function ω(S, Γ) which is not available. Nonetheless, it can be seen that the agreement between the data points and the theoretical predictions is reasonable. The agreement can be
seen as a cross-check of the correctness of the global rescaling procedure for the N (> S).
Note that for MAGNs the flux binning has been re-adjusted for each energy bin due to
the scarcity of sources available. Note, further, that the source count distribution data
points are used for illustrative purposes only in these figures, and are not used in any of
the following calculations.
2.4

d2 N/(dSdΓ) energy range rescaling

In this section we describe how we derive the rescaled double differential distribution
d2 N/(dSdΓ), which is the relevant quantity entering the calculation of the anisotropy term
CP (E). The quantity d2 N/(dSdΓ) can be expressed in terms of the γ-ray LF ργ as:
Z Lγ (S+∆S,Γ,z)
Z
∆Ω zmax
d2 N
dV dN
(S, Γ) ≈
dz
dLγ
ργ (Lγ , z),
(2.18)
dΓdS
∆S zmin
dz dΓ
Lγ (S,Γ,z)
with ∆S sufficiently small. Then, similarly to Eq. 2.16, the rescaled d2 N/(dΓdS 0 ) can be
expressed as:
Z
Z Lγ (S(S 0 +∆S 0 ,Γ),Γ,z)
d2 N
∆Ω zmax
dV dN
0
(S
,
Γ)
≈
dz
dLγ
ργ (Lγ , z),
(2.19)
0
0
dΓdS
∆S zmin
dz dΓ
Lγ (S(S 0 ,Γ),Γ,z)
again, with ∆S 0 sufficiently small. We evaluate these expressions numerically, producing a
table of dN/(dS 0 dΓ) on a grid of S 0 and Γ values. We also verified that choosing ∆S 0 and
∆S sufficiently small, the result becomes independent of the actual chosen values. Eq. 2.1
can then be used to calculate the anisotropy in each energy band.
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Figure 2. The HSP BL Lac theoretical cumulative source count distribution (solid red line) and
the 1σ uncertainty band (cyan) are shown for the energy bands [1.04,1.99], [1.99,5.00], [5.0,10.4]
and [10.4,50.0] GeV (clockwise from top left). We overlay also the Fermi-LAT experimental data
(black points) as derived in [3–5] and adapted to the displayed energy bins as described in the text.
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Figure 3. As in Fig. 2, but for MAGN.
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Results

The CP (E) calculated using the models and the method described in §2.2 and §2.4 are
shown in Fig. 4. We report results for the four energy bins used by the Fermi-LAT Collaboration in [2] (1.04-1.99 GeV, 1.99-5.00 GeV, 5.0-10.4 GeV and 10.4-50.0 GeV). Results are
shown for all the radio-loud AGN populations: FSRQs, BL Lacs, and MAGN, as well as
their sum. For completeness the results are shown in two different ways, i.e., the anisotropy
integrated in each energy bin (CP (E)), and the quantity E 4 CP (E)/(∆E)2 which resembles a differential anisotropy spectrum. The uncertainty for each theoretical bin has been
derived from the uncertainty on the source count distribution given by the cyan band of
the N (> S) of Figs. 2 and 3. More precisely, the 1σ band of the N (> S) has first been
transferred to the d2 N/(dSdΓ) distribution and then propagated to the CP (E) through
Eq. 2.1. In all the bins the population that gives the largest anisotropy is the HSP BL
Lacs. Indeed, considering Figs. 2 and 3, the HSP BL Lac population has about a factor
of 3-5 times more sources in the bin 1.04-1.99 GeV with respect to MAGN at flux values just below the threshold of Fermi-LAT, which is the flux range where the unresolved
sources contribute the most to the anisotropy. This factor of 3-5 between the number of
HSP BL Lacs and MAGN translates into the same factor for the angular power in the bin
1.04-1.99 GeV (see Fig. 4).
We show in Fig. 5 the quantity E 4.5 CP (E)/(∆E)2 on a linear scale in order to illustrate
more clearly the differences between the data and the theoretical predictions. We see that
radio-loud AGN can account for the total anisotropy measured in [2] by the Fermi-LAT
Collaboration, the data and model predictions being compatible within the errors. For
example, in the energy range 1-10 GeV, the total theoretical expectation for the anisotropy
−18 (cm−2 s−1 sr−1 )2 sr while the Fermi-LAT
from radio-loud AGN is CP = 9.3+3.5
−2.5 · 10
−18
−2
measurement is (11.0 ± 1.2) · 10
(cm s−1 sr−1 )2 sr. However, a small trend (but
within the errors) is visible, indicating that there could be room for further populations of
sources contributing to the anisotropies below 2 GeV, while above 10 GeV the anisotropy
seems to be slightly overpredicted by the model. In this respect, a natural way to produce
an anisotropy contribution only around a GeV would be to assume some contribution
to the IGRB from unresolved millisecond pulsars [17]. Nevertheless, in Ref. [16] it has
been recently shown that unresolved galactic millisecond pulsars contribute by less than
the percent level to the measured anisotropy in each energy range. We note also that we
neglect the possible contribution from cascading GeV emission from hard-spectrum sources
induced by propagation of the TeV photons in the extra-galactic background light (EBL)
[54, 55]. This component is in principle sensitive to the presence of inter-galactic magnetic
fields [55]. However, the presence itself of the cascade emission is still debated due to the
possible damping effect of plasma instabilities (see [56–58]). Given the above uncertainties
we will not investigate further this component.
We check the robustness of the results by comparing the expected anisotropy associated
with different models. In particular the BL Lac models explored in [6], like our benchmark
BL Lac model of [5], are not tuned explicitly to the anisotropy data and thus are suitable
for a cross-check. The models explored in [6] use various different ργ parametrized as PLE
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Figure 4. The angular power CP (E) for MAGN (red long-dashed points), LISP (blue shortdashed) and HSP BL Lacs (green dotted), FSRQs (yellow dot-dashed), and the total anisotropy
(violet solid) from all the radio-loud AGN is shown in two different units (CP (E) in the top panel
and E 4 CP (E)/(∆E)2 in the bottom panel). The data measured in the four energy bins analyzed
by the Fermi-LAT Collaboration [2] are also shown (black solid points).

(pure luminosity evolution), PDE (pure density evolution) or LDDE (luminosity dependent
density evolution). We adopt the PLE3 model from Tab. 2 of [6].
The model derived in [37] adopts an LDDE γ-ray luminosity function based on the LF
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Figure 5. The angular power CP (E), in units of E 4.5 CP (E)/(∆E)2 , for MAGN (red long-dashed
points), LISP (blue short-dashed) and HSP BL Lacs (green dotted), FSRQs (yellow dot-dashed),
and the total anisotropy (violet solid) from all the radio-loud AGN is shown. The data measured
in the four energy bins analyzed by the Fermi-LAT Collaboration [2] are also shown (black solid
points).

of observed X-ray AGNs, which is then rescaled to γ rays through a Lγ -LX relation. The
SED, instead, is based on a SED blazar sequence model tuned to EGRET data. The free
parameters of the model are then tuned to the observed anisotropy [2], resulting in a good
match to the data themselves. The predicted IGRB intensity above 1 GeV by this model
is about 5% which is similar (a bit lower) to the predictions of [5] and [6] of about 15-20%.
On the other hand [38, 56] studied a new γ-ray propagation model associated with
plasma instabilities of ultra-relativistic e+ e− pairs. The instability then dissipates the
kinetic energy of the TeV e+ e− pairs produced during the propagation of TeV γ rays,
suppressing the development of the associated electro-magnetic cascade and heating the
intergalactic medium. The effectiveness of the plasma instability mechanism is, nonetheless,
still being investigated (see, e.g., [57, 58]). The blazar LF used in [56] is based on the LF
of optical and X-ray observed quasars, rescaled to γ-ray energies while the blazar SED is
modeled as a broken power-law. No parameter of the model is tuned to γ-ray data. This a
priori model matches well the intensity and spectrum of the IGRB above few GeVs, thus
being compatible with 100% of the IGRB contrary to the models described above which
associate to blazars only a small fraction of the IGRB. The model, indeed, largely overpredicts the anisotropy. The authors claim, however, that the IGRB anisotropy measured
in [2] has been substantially under-estimated [59].
Finally, the model developed in [60] is difficult to use for comparison in the present
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Figure 6. The angular power CP (E) for different models of blazars is shown. Blue short-dashed:
FSRQs from [4] and BL Lacs from [6]. Green dotted: BL Lacs from [5] and FSRQs from [4]. Orange
circles: blazar anisotropies from [56]. The data measured in [1] by the Fermi-LAT Collaboration
(black solid points) are also shown.

study since the full LF is not available. Nonetheless, the model has already been shown to
be significantly in tension with the anisotropy data [35].
We show in Fig. 6 the anisotropy results for our benchmark case (FSRQs from [4]
and BL Lacs from [5]) compared with the case of FSRQs from [4] and BL Lacs from [6],
and the blazar model of [56], and with the observed anisotropy. We do not show the
model anisotropies from [37] since after the fit they closely match the data. The model
of [6] yields a larger anisotropy than the model of [5] in all energy bands, although still
compatible with the measured Fermi-LAT anisotropy. Note that for the model of [6] we
report the predicted anisotropy without uncertainties, adopting the central value for each
of the parameters given in Tab. 2 of [6] for the PLE3 model without considering their
errors. The parameters are in fact strongly correlated and propagating their uncertainty to
the CP would require knowledge of the full covariance matrix, which is not available. The
differences between the CP (E) in Fig. 6 are due to the differences in the γ-ray emission
models and the catalogs used to calculate the average source parameters. In particular, the
models for FSRQs and BL Lacs in [4, 6] use the 1FGL catalog [31] and use both an LDDE
and PLE γ-ray luminosity function. The FSRQ SED is calibrated by combining Fermi-LAT
data with X-ray measurements from the Swift Burst Alert Telescope (BAT) [61] while the
BL Lac γ-ray SED is modeled using a simple power-law. The BL Lac model derived in [5] is
calibrated using the 2FGL Fermi-LAT catalog [32] and uses both an LDDE and PLE γ-ray
luminosity function. The γ-ray SED is studied by adding to the 2FGL catalog also the
first Fermi-LAT catalog of Sources Above 10 GeV (1FHL) [33] and the TeV measurements
from available IACTs [62].
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Figure 7. The integrated flux E 2 I/∆E for MAGN (red long-dashed points), LISP (blue shortdashed) and HSP BL Lacs (green dotted), FSRQs (yellow dot-dashed) and the total flux (violet
solid) from all the radio-loud AGN are shown. Here we also show the data measured in [1] by the
Fermi-LAT Collaboration rebinned into the 5 shown energy bins (black solid points).

Using the same formalism we can also calculate the expected flux contribution from
radio-loud AGN to the IGRB [1]. The integrated γ-ray flux I in a given energy bin can be
written as:
Z St (Γ)
Z Γmax
d2 N
dΓ
S
dS.
(3.1)
I(E0 ≤ E ≤ E1 ) =
dSdΓ
0
Γmin
The contribution to the IGRB intensity from MAGN, FSRQs and BL Lacs are shown
in Fig. 7 with the same notation and in the same energy bins as Fig. 4. For a visual
comparison with the anisotropy results we rebin the Fermi-LAT data of [1] into 5 new
energy bins, 4 of which match the CP binning. The rebinned data are used only for visual
purposes in Fig. 7. We emphasize that the radio-loud AGN emission can explain both
the angular power and the intensity flux measured by Fermi-LAT, given that these two
observables trace different features of the γ-ray population. Indeed the population that
gives the largest contribution to anisotropy is, as we have already stressed, HSP BL Lacs
because the unresolved part near the flux threshold of the Fermi-LAT is more populated.
On the other hand, concerning the IGRB intensity, MAGN sources give the largest γ-ray
flux, as already found in [5], because at fluxes much below the Fermi-LAT sensitivity, the
MAGN population is expected to have many more sources with respect to the other radioloud AGN populations. Moreover FSRQ and LISP BL Lac sources provide only a small
fraction of both the anisotropy and flux of the IGRB at energies larger than a few tens
of GeV since their emission is suppressed by the cut-off or by the steep spectrum of their
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Energy (GeV)

LISP BL Lac

HSP BL Lac

BL Lac

FSRQ

Blazars

MAGN

AGN

1.04-1.99
1.99-5.00
5.0-10.4
10.4-50.0

8.5+6.5
−2.7
10.6+9.1
−4.0
12.3+12.6
−6.1
15.7+24.3
−10.8

34.5+9.5
−9.4
55.5+17.7
−16.1
83.7+35.4
−26.2
105+49
−30

43+16
−12
66+27
−20
96+48
−32
121+73
−41

14.1+7.7
−4.3
9.7+6.5
−3.7
6.3+5.4
−3.1
5.3+6.6
−3.5

57+24
−16
76+33
−24
102+53
−35
126+80
−44

6.1+2.0
−2.4
6.9+2.2
−2.0
8.1+2.4
−2.4
16.7+3.0
−6.1

63+26
−19
83+35
−26
110+56
−38
143+82
−50

Table 1. Model predictions, together with 1σ uncertainties, for the contribution to the IGRB
anisotropy from the unresolved LISP BL Lacs, HSP BL Lacs, total from BL Lacs, FSRQs, all blazars
(BL Lacs + FSRQs), MAGN, and all radio-loud AGN (blazars + MAGN) in the four energy bins
indicated in the first column. The predictions are given in terms of the percentage of the central
value of the experimental measure.

SED.
Anisotropy and flux are two complementary observables that can be used together
to set constraints on the radio-loud AGN γ-ray emission. In Tab. 1 and 2 we display the
best-fit and ±1σ percentage values of the contribution of each unresolved population to the
measured IGRB anisotropy and intensity [1, 2]. These percentage values are derived with
respect to the central values of the data. As already pointed out above, radio-loud AGN
sources can in principle entirely explain both the anisotropy and intensity data within the
theoretical and experimental 1σ uncertainties. However the uncertainty associated with
the diffuse γ-ray emission from MAGN is large, due to the small sample of MAGN present
in the Fermi-LAT 2FGL catalog [32]. The γ-ray flux from these objects could be more
severely constrained by future Fermi-LAT catalogs with a larger number of sources and
with a deeper knowledge of the correlation between the γ-ray and radio emission from the
center of those sources.
LISP BL Lacs and FSRQs have a subdominant contribution to both the IGRB intensity
and anisotropy, while MAGN give the largest contribution to the IGRB intensity and
HSP BL Lacs the largest contribution to the anisotropy. The radio-loud AGN population
gives the smallest fractional contribution to CP (E) and the measured intensity in the
lowest energy bins, namely at 1-2 GeV for the anisotropy and 0.1-1 GeV for the intensity,
where the central values of the theoretical predictions are approximately half of the central
value of the data. At these energies other populations could give a sizable contribution to
the anisotropy and the diffuse emission. Star-forming galaxies have been widely studied
and are expected to contribute in the range 0.1-10 GeV, see [11] and references therein.
Millisecond pulsars, the most numerous Galactic population, have been shown to give
negligible contribution to both the IGRB intensity and anisotropy [16].
Finally, one has to note that with increasing statistics a new measurement of the
anisotropy will likely be performed in smaller energy bins and in an extended energy range.
For reference, we thus provide predictions in the range 500 MeV – 200 GeV in 12 energy
bins. Results are shown in Fig. 8, where the energy dependence of the different populations
is more clearly apparent. Again, as for Fig. 4, we show predictions in two complementary
ways. The top panel shows the total anisotropy integrated in each energy bin (CP (E)),
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Energy (GeV)

LISP BL Lac

HSP BL Lac

BL Lac

FSRQ

Blazars

MAGN

AGN

0.1-1
1.04-1.99
1.99-5.00
5.0-10.4
10.4-50.0

0.56+0.73
−0.28
2.1+2.4
−1.1
2.7+3.8
−1.5
3.4+2.7
−2.1
3.5+4.9
−2.4

4.4+2.7
−2.2
10.0+6.2
−3.1
16.0+6.6
−5.7
26+8
−7
41+25
−16

5.0+3.4
−2.5
12+9
−4
19+10
−7
29+10
−10
45+30
−18

1.7+1.0
−0.6
1.5+1.0
−0.5
1.3+1.0
−0.5
1.2+1.0
−0.5
0.96+0.94
−0.53

6.7+4.5
−3.1
14+10
−5
20+11
−8
30+11
−10
46+31
−19

43+43
−23
43+100
−22
58+69
−33
75+100
−51
102+136
−68

50+48
−26
56+109
−26
78+80
−41
105+110
−61
148+167
−87

Table 2. As in Table 1, but for the IGRB intensity.

while the bottom panel shows E 4 CP (E)/(∆E)2 . It can be seen that at high energies, above
about 10 GeV, only MAGN and HSP BL Lac sources still give a sizable contribution, due
to the FSRQ and LISP BL Lac SED cut-off above these energies. The dip-like feature at
about 1 GeV in the top panel is due to the fine subdivision of the 1-2 GeV range into 4
bins, consequently partitioning the total anisotropy in 4 bins. The effect disappears in the
bottom panel differential spectrum where each bin is weighted by its energy width.

4

Predicted anisotropy for CTA

In this section we derive a forecast for the anisotropy from unresolved sources expected
in CTA observations. To derive these predictions we use the same models and formalism
considered in the previous sections extrapolated in the TeV energy range. CTA [49, 50] is a
project in the development phase which will study very high-energy γ-rays from a few tens
of GeV up to possibly 100 TeV. We use as benchmarks four different values of the CTA flux
threshold (see Eq. 2.1) for point source detection, in units of the Crab flux, namely 5, 10,
50 and 100 mCrab. To define the Crab flux we assume a power-law spectra with a photon
index of 2.63 normalized to a flux of 3.45 · 10−11 cm−2 s−1 TeV−1 at 1 TeV as measured
by [63]. We consider predictions in the energy range [0.1, 10] TeV, divided into four energy
bins (0.1-0.3, 0.3-1, 1-3 and 3-10 TeV) in which we have computed the unresolved angular
power for radio-loud AGN varying the flux threshold in the range [5,100] mCrab flux. For
simplicity, we do not consider any index bias, but we assume a single threshold in each
energy bin independent from the spectral index Γ. We expect the anisotropy variation due
to different thresholds to be much larger than spectral index bias, which, in any case, is
difficult to model at present without precise knowledge of CTA’s instrumental response
functions.
The anisotropy predictions are shown in Fig. 9 for the separated MAGN, LISP and HSP
BL Lac, and FSRQ populations while their sum is shown in Fig. 10. As already noticed for
Fig. 8, above 100 GeV the anisotropy is dominated by the HSP and MAGN populations
while LISP and FSRQs provide a sub-dominant contribution. The CTA experiment could
perform observations both in single-source pointing mode and in survey mode. With the
single-source configuration the flux sensitivity is a few mCrab, while in the survey strategy
it could be a few tens of mCrab [50]. Hence, in the first case the unresolved angular power
for E > 100 GeV could be of the order of 10−22 (cm−2 s−1 sr−1 )2 sr. On the other hand,
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Figure 8. In this figure we display the angular power CP (E), in two different units (CP (E), top,
and E 4 CP (E)/(∆E)2 , bottom), for MAGN (red long-dashed), LISP (blue short- dashed) and HSP
BL Lac (green dotted), FSRQ (yellow dot-dashed) and the total anisotropy (violet solid) in 12
energy bins, from 0.5 to 200 GeV. For illustrative purposes we also show the Fermi- LAT data [2]
(grey solid points). Note that in the top panel the quantity shown is integrated within each energy
bin, and thus its value depends on the size of the bin considered; the binning differs between the
measured data points and the predictions.

with survey mode observations the unresolved angular power for E > 100 GeV could be in
the range [10−22 , 10−21 ] (cm−2 s−1 sr−1 )2 sr.
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Figure 9. Predicted angular power CP (E) for different expected CTA sensitivities (in units of the
Crab flux), in 4 energy bins from 100 GeV to 10 TeV. The top left and top right panels refer to
unresolved MAGN and LISPs, respectively, while the bottom left and bottom right panels refer to
HSP and FSRQ sources, respectively.

A way to make these predictions more intuitive is to compare CTA’s sensitivity with
that of the Fermi-LAT, at least in the energy range 10-1000 GeV where there is a partial
overlap between the two instruments’ operating energies. Looking at the sensitivity map
in the First High Energy Fermi- Catalog (1FHL) [33], the flux sensitivity at high latitudes
(b > 10) is about Sf = 9 · 10−11 ph/cm2 /s for energies larger than 10 GeV. On the other
hand, the Crab flux above 10 GeV for the power-law model assumed above is 8.4 · 10−9
ph/cm2 /s which translates to a Fermi-LAT sensitivity of about 10 mCrab. For comparison,
we thus indicate in Figs. 9 and 10 the 10 mCrab sensitivity as “Fermi-LAT-equivalent
sensitivity”.
Finally, we show in Fig. 11 also the fluctuation angular power as function of energy,
i.e. the quantity CP /hIi2 , where hIi is the mean intensity of the emission, which is another
useful measure of the anisotropy properties of the unresolved emission [2, 46]. In particular,
for a given threshold flux and a given energy bin, CP and I are given by Eqs. 2.1 and 3.1,
which means that CP /hIi2 could have a non-trivial behavior as function of the threshold
flux since both CP and I vary with it. It can be seen that below 100 GeV the CP /hIi2
curve is approximately flat around ∼ 10−4 . This value is in agreement with the value of
∼ 10−5 measured with the Fermi-LAT in [2], after accounting for the fact that the hIi used
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Figure 10. Total angular power CP (E) from all the unresolved radio-loud AGN (sum of the
contributions shown in Fig. 9) in the 4 energy bins listed in the text and for different threshold
fluxes in units of the Crab flux.
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Figure 11. Total angular power (sum from all radio-loud AGN populations) divided by the square
of the intensity CP /hIi2 for 4 high-energy bins and for different flux thresholds in units of the Crab
flux, and for 12 additional energy bins in the range 500 MeV – 200 GeV as in Fig. 8.

in [2] to calculate CP /hIi2 is the average high-latitude diffuse emission rather than the
true IGRB, and the former is roughly a factor of 3 larger than the true IGRB due to the
Galactic diffuse emission contribution. Above 100 GeV CP /hIi2 has a clear upturn. This
is due to the partial attenuation of the extragalactic γ-ray photons by the extra-galactic
background light (EBL) due to e+ e− pair production. This effect is taken into account in
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Figure 12. IGRB intensity distribution dI/dz and anisotropy distribution dCP /dz as function of
redshift z. The curves show the separate contributions from each component and the total. The left
column shows the intensity and anisotropy in the 5-10.4 GeV energy bin, while the right column
refers to the 1-3 TeV energy bin and for a detection threshold of 10 mCrab.

our calculations using the EBL model of [64]. As cross-check we also verified that our
results do not change significantly when using the alternative EBL attenuation models of
[65–67]. All the above models are, indeed, in rough agreement among each other and with
the observed high-energy spectra of blazars as seen by the Fermi-LAT and HESS [68, 69].
In practice, the EBL attenuation causes a steepening of the IGRB spectrum by absorbing
the high-redshift, high-energy contribution to the IGRB. The high-redshift part of the
IGRB is also typically the most isotropic since, due to volume effects, is made by many
distant (and thus faint) sources, so that it gives only a minor contribution to CP . For
this reason, the anisotropy CP is not significantly affected by the EBL, in contrast to
the intensity hIi which is more strongly affected, so that the ratio CP /hIi2 increases with
energy. This effect is illustrated in Fig. 12, where the IGRB intensity distribution dI/dz
and anisotropy distribution dCP /dz are shown as function of redshift z for the two energy
bins 5-10.4 GeV and 1-3 TeV. At energies of few GeVs, it can be seen indeed that while
the IGRB intensity is produced at redshifts up to 3-4, the anisotropy originates basically
from more nearby redshifts of z .1. At TeV energies, instead, where the effect of the EBL
absorption is significant, both the intensity and anisotropy originates from nearby redshifts
z . 0.1.
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Using CP /hIi2 we can also compare our results to the sensitivity study of IACTs to
anisotropies. In [70] anisotropies from both dark matter and astrophysical sources have
been studied in the two energy ranges E > 100 GeV and E > 300 GeV. It is shown that
CTA should be sensitive to anisotropies in the astrophysical component down to a value as
low as 10−5 . A value of ∼ 10−3 as predicted by our analysis above 100 GeV should thus be
easily detectable with CTA. Indeed, a value as high as ∼ 10−3 could already be within the
reach of present day IACTs. On the other hand, a value of ∼ 10−3 could present a challenge
for dark matter searches in the TeV range since in [70] an astrophysical background of
∼ 10−5 was assumed. A re-analysis of the sensitivity of IACTs to dark-matter–induced
anisotropy considering the present up-to-date models of the radio-loud AGN population will
be required to accurately understand the potential of these instruments to use anisotropies
to search for dark matter.
4.1

Discussion

As already noted above, the anisotropy at CTA energies, above 100 GeV, is dominated by
HSP BL Lacs and MAGNs. The predicted intensity and anisotropy depends on the SED
of these populations which, at these high energies, is still affected by various uncertainties
due to the scarcity of sources observed. For example, the effect of the assumed energy
cutoff of HSPs of 910 GeV is clearly visible in Fig. 9, with the anisotropy in the last bin
being considerably suppressed. On the other hand, considering the 1-σ uncertainties in [5],
the energy cutoff can be in principle in the range 460-2010 GeV. Variation of the cutoff
within this range will correspondingly affect the level of anisotropy, especially in the 2
highest-energy bins. For MAGNs a cutoff is not observed, while, instead, at least in the
case of Cen A, a hardening above ∼10 GeV is seen [71]. If this is a general feature of
MAGNs, a corresponding enhancement in the anisotropy from MAGNs at high energies
should be expected. Again, due to very limited number of sources detected at TeV energies,
a robust conclusion is not possible. Finally, some further classes of TeV sources might be
present. For example, extreme HBLs, sometimes dubbed ultra-high-frequency-peaked BL
Lac [72, 73], are BL Lacs with the synchrotron peak at MeV energies and they show at
IACTs energies a hardening of the spectra. As discussed in [5], 20% of the HSP sample
does not show a cut off in the spectra and this sample could be part of this extreme class
of BL Lacs. Although the sample is not homogenous, it can be reasonably assumed that
ultra-high-frequency-peaked BL Lacs represent around 20% of HSP population. This class
of BL Lacs could thus contribute to enhance the anisotropy at TeV energies. Clearly, to
fully address this issue, larger statistics of BL Lacs sources at TeV energies are required.
The situation should become more clear in the following years, as more sources will be
hopefully detected.
Finally, we add some consideration on the effective detectability of the IGRB intensity
and anisotropy with CTA. This issue is discussed, to some extent, in [70]. Due to the large
amount of CR background, especially electrons, in IACT observations, the signal-to-noise
ratio for the IGRB intensity measurement is quite low and the prospects for a measurement
are limited. On the contrary, somewhat counter-intuitively, detection of IGRB anisotropies
might be feasible since the CR background is not expected to exhibit small scale anisotropies
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giving a larger signal-to-noise. In [70], the prospects for IGRB anisotropy detection with
CTA have been investigated in a simplified setup and found to be promising (see also
discussion in the previous section). A deeper study using detailed simulations of CTA
observations will help to spot potential unseen problematics and eventually to confirm the
possibility of anisotropy observations with CTA.

5

Conclusions

In this work we have studied the contribution of various classes of radio-loud AGN to
the intensity and anisotropy of the IGRB. We have used up-to-date phenomenological
models for the γ-ray luminosity functions of these populations to predict the γ-ray flux
and anisotropy as functions of the energy. We have found that the entirety of the IGRB
intensity and anisotropy as measured by the Fermi-LAT can be explained by radio-loud
AGN, with MAGN providing the bulk of the measured intensity but a low anisotropy,
while high-synchrotron-peaked BL Lac objects give the main contribution to the anisotropy.
Nonetheless, the predicted intensity from MAGN still suffers from large uncertainties, which
are difficult to reduce even with the use of anisotropy information, given the low level of
anisotropy predicted from this population.
Within these uncertainties, there may be still some room for further γ-ray populations,
provided that their anisotropy remains low in order not to exceed the measurements, which
are already fairly saturated by the HSP BL Lac contribution. In this respect, for example,
star-forming galaxies could still provide a substantial contribution to the low-energy side of
the IGRB, while exhibiting a low level of anisotropy and keeping a self-consistent picture
in agreement with the observed IGRB intensity and anisotropy.
Upcoming analyses of 5 years of Fermi-LAT data below about 100 GeV and forthcoming observations with the Cherenkov Telescope Array above 100 GeV will provide valuable
tests of the AGN scenario depicted in the present analysis, and will contribute significantly
to improving our knowledge of high-energy γ-ray emitters.
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