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simulated observations of active galactic nuclei (AGN) and of their relativistic jets. Observa-
tions of AGN with CTA will enable a measurement of γ-ray absorption on the extragalactic
background light with a statistical uncertainty below 15% up to a redshift z = 2 and to
constrain or detect γ-ray halos up to intergalactic-magnetic-field strengths of at least 0.3 pG.
Extragalactic observations with CTA also show promising potential to probe physics beyond
the Standard Model. The best limits on Lorentz invariance violation from γ-ray astronomy
will be improved by a factor of at least two to three. CTA will also probe the parameter space
in which axion-like particles could constitute a significant fraction, if not all, of dark matter.
We conclude on the synergies between CTA and other upcoming facilities that will foster the
growth of γ-ray cosmology.
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1 Gamma-ray propagation on cosmic scales

Over the past decade, the study of γ-ray propagation over cosmological distances has emerged
as a successful branch of ground-based γ-ray astronomy. This new field, sometimes called γ-
ray cosmology, exploits bright and distant very-high energy (VHE, E > 30GeV) emitters as
beacons to probe the electromagnetic content and fabric of the Universe.

Gamma rays from extragalactic sources such as blazars, which are active galactic nuclei
(AGN) with jets viewed at small angles [1], can interact en route to the observer through
processes in the Standard Model of particle physics and beyond. The main effect impacting
VHE γ-ray propagation is the production of electron-positron pairs on near-UV to far-infrared
photon fields [2–4]. This process results in a horizon, located around a redshift z ∼ 1.2
(z ∼ 0.03) for γ rays with an energy of 100GeV (10TeV), beyond which the Universe is
increasingly opaque to higher-energy emission and more-distant γ-ray sources (e.g., Refs. [5–
7]). This effect also provides a probe of a photon field that populates large voids: the
extragalactic background light (EBL). The EBL is composed of the light emitted by stars,
through nucleosynthesis, and by AGN, through accretion, since the epoch of reionization.
About half of this light is absorbed by dust grains and reprocessed to mid- and far-infrared
wavelengths, while the rest populates the near-UV to near-infrared range (see, e.g., Ref. [8]).
The EBL is thus a tracer of the integral cosmic star-formation history. While the specific
intensity of the EBL remains uncertain due to the difficulties of foreground subtraction in
direct observations, current-generation γ-ray observatories (in particular imaging atmospheric
Cherenkov telescopes, IACTs: H.E.S.S. [9], MAGIC [10], VERITAS [11]) show agreement
with expectations from galaxy counts at the ∼ 30% level for EBL wavelengths up to a few
tens of µm [12–16]. On the other hand, the redshift evolution of the EBL, partly probed by
observations with the Fermi Large Area Telescope (LAT, [17]) up to hundreds of GeV [18, 19],
remains poorly constrained by ground-based observatories due to the limited number of γ-ray
sources detected beyond z ∼ 0.5.

The electron-positron pairs produced by the interaction of γ rays with target EBL pho-
tons are sensitive, due to their charged nature, to the intergalactic magnetic field (IGMF),
whose strength and coherence length remain poorly constrained [20]. An IGMF seed is often
invoked for dynamo amplification to explain the ∼µG fields observed in galaxies and clus-
ters of galaxies, but the IGMF origin remains disputed (see, e.g., Refs. [20, 21]). It could
be either of astrophysical origin, produced with the formation of large-scale structures, or it
could be produced in first-order phase transitions prior to recombination. The reprocessing
of the energy of the pairs through Comptonization of photons of the cosmic microwave back-
ground (CMB) is expected to produce a lower-energy γ-ray signal. For an IGMF strength
. 10−17 G and for primary γ-ray energies up to ∼ 10TeV, the γ-ray signal could be observed
up to few hundreds of GeV as a beamed component with an extension . 0.1◦ (see, e.g.,
Ref. [22]), and as an extended emission for higher field strengths [23]. The non-detection of
such spectral and spatial features by current VHE observatories has constrained the IGMF
strength to lie outside a range from 3 × 10−16 up to 7 × 10−14 G with at least 95% confi-
dence for a coherence length larger than 1Mpc and blazar duty cycles & 105 years [24, 25]. A
combination of VHE observations and Fermi-LAT data discards configurations of the IGMF
with smaller strength [22]. These constraints hold if electron-positron pairs lose their energy
predominantly through inverse-Compton scattering with the CMB. The pairs could also lose
their energy to the intergalactic plasma by cooling through plasma instabilities. The relative
strength of plasma-instability and Compton cooling is under active theoretical debate (e.g.,
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Refs. [26–28]).
Besides the classical processes discussed above, propagation could be altered in non-

standard scenarios beyond the Standard Model of particle physics. Such an alteration occurs
for a coupling of γ rays to sub-eV particles, often referred to as weakly interacting slim particles
(WISPs), such as axion-like particles (ALPs) inside magnetic fields (see, e.g., Refs. [29–31]).
Oscillations between γ rays and ALPs would in particular result in a spectral signature that
has been searched for in the γ-ray spectra of AGN lying in clusters with known magnetic
fields [32–34]. Furthermore, Lorentz invariance violation (LIV) either for photons alone or
for both photons and leptons at energies up to the Planck scale and beyond could result in a
modification of their dispersion relation that could result in an increase of the pair-production
threshold, reducing the opacity of the Universe to γ rays with energies larger than tens of TeV
[35, 36]. Current-generation ground-based instruments have already placed bounds on this
process above the Planck scale for first-order modifications of the pair-production threshold
[12, 37].

The advent of the Cherenkov Telescope Array (CTA, [38]), with a sensitivity improve-
ment with respect to current-generation instruments by a factor of five to twenty depending
on energy, with a lower energy threshold enabling spectral reconstruction down to 30GeV,
and with improved angular and energy resolutions, will open the way to characterizing VHE
blazars with unprecedented accuracy. These observations will trigger tremendous growth of
the young field of γ-ray cosmology. CTA will be based at two sites, one in each hemisphere,
and will thus be able to observe any part of the sky. CTA is conceived as an observatory with
about 50% of its time open to observing proposals from the scientific community. A large
fraction of the remaining observing time is dedicated to Key Science Projects (KSPs, [39]),
focused on populations of γ-ray sources and deep-field observations that would be difficult to
pursue with proposals from single observers.

In this paper, we assess how the AGN KSP [40] and the Cluster of Galaxies KSP [41] can
be exploited, beyond the study of astrophysical processes at play at the sources, as observation
programs probing γ-ray cosmology. After a brief description in Sec. 2 of the tools used for
simulation and analysis of CTA data, we propose a list of foremost targets among currently
VHE-detected AGN to measure γ-ray absorption and we determine the ensuing sensitivity
to the EBL imprint in Sec. 3. We assess CTA capabilities to constrain or detect the IGMF
(Sec. 4), ALPs (Sec. 5), and LIV (Sec. 6) with deep targeted spectral and morphological
observations of AGN. Finally, we discuss in Sec. 7 the multi-wavelength and multi-messenger
context of the measurements and the synergies between the exploration of γ-ray cosmology
with CTA and upcoming observatories.

2 CTA simulations and data analysis

We assess the potential of CTA to probe γ-ray-cosmology based on the optimized baseline
layouts discussed in Ref. [42]. As a cost-effective solution for improved performance with
respect to current-generation IACTs, the baseline layouts of the Northern- and Southern-
hemisphere sites of CTA feature telescopes of different sizes. Four large-sized telescopes
(LSTs, 23m diameter reflector) on each site will enable the trigger of the arrays down to
γ-ray energies of 20GeV, yielding an analysis threshold close to 30GeV. The CTA-North
and -South sites will be equipped with up to 15 and 25 medium-sized telescopes (MSTs,
12m diameter reflector), respectively, to scrutinize the γ-ray sky at hundreds of GeV and
up to several TeV. Finally, the baseline configuration of CTA-South features 70 small-sized
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telescopes (SSTs, 4.3m diameter reflector) to observe γ rays up to 300TeV, which are only
expected to be detected from Galactic γ-ray sources, as they are not affected by attenuation
induced by propagation on extragalactic scales.

The results presented in this work are based on the layouts of the baseline arrays, as well
as on the live time proposed for the KSPs of CTA. Improved performance of the arrays with
respect to the baseline layout could result in a reduction of the proposed live time for equal
scientific return. Conversely, a configuration of the arrays featuring fewer telescopes of each
type could, to some extent, be mitigated by an increase in the amount of live time allocated to
the targets discussed in this paper. As such, the scientific return of CTA on γ-ray cosmology
presented in this work should be viewed as a realistic goal, whose full achievement or exceeding
will depend on the implementation of the arrays and on the allocation of observation time to
the variety of science cases covered by CTA. The goals set in this work are aimed to provide
one of the important scientific cornerstones for the detailed assessment of the deployment and
time allocation of CTA.

2.1 Data simulation and analysis

We use Monte Carlo simulations to derive the instrument response functions (IRFs, version
prod3b-v1 for this work) and the expected background from cosmic-ray induced air show-
ers [42, 43].1 For this study, we generate γ rays and background events based on these IRFs
and background rates. The southern site in Paranal, Chile is considered for AGN with neg-
ative declinations; the northern array at La Palma, Spain is used otherwise. Furthermore,
we adopt the following choices for the simulations and analyses throughout this paper if not
stated otherwise:

• We set the minimum threshold energy for analyses to 30GeV [42].

• We use a ratio of exposures between signal (“On”) and background (“Off”) regions of
αexp = 0.2. This value corresponds to five background regions of the same size as the
signal region.

• We analyze energy bins for which the binned flux of the AGN is detected (a) with a
significance S > 2σ,2 where S is the Li & Ma estimate given by Eq. (17) in Ref. [44],
(b) with excess events, nexcess = nOn − αexp × nOff , such that nexcess/nOff > 5 %, and
(c) with nexcess > 10. Criterion (b) in particular ensures control of the cosmic-ray
background at low energies.

• We use ten energy bins per energy decade. This value corresponds to a bin width
∆ lnE = 0.1 × ln 10 that encompasses events within ± 1σ(E) around true energies
above ∼ 200GeV, where σ(E)/E is the energy resolution of CTA. Although the energy
binning is a factor of about two smaller than the energy resolution at 30GeV, the
convolution of the true underlying spectrum with the IRFs ensures a full treatment of
energy dispersion at all energies.

Given a model for the γ-ray differential energy spectrum at Earth, φ in units of TeV−1 cm−2 s−1

(or TeV−1 cm−2 s−1 sr−1 for extended sources discussed in Sec. 4), we use gammapy and
1The latest versions of the IRFs and background Monte Carlo simulations are available at https://www.

cta-observatory.org/science/cta-performance/.
2σ denotes a Gaussian standard deviation, with variations of ± 1σ around the median yielding the 84%

and 16% quantiles of a 1D Gaussian distribution, respectively.
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ctools [45, 46]3 to compute the expected number of signal counts, µi, in the i-th bin of re-
constructed energy integrated over the energy range ∆E′i and solid angle Ω of reconstructed
arrival direction p′ (reconstructed values are denoted in this section with a prime, while true
values are not), obtained in an observation of duration Tobs,

µi(π,θ) = Tobs

∫
∆E′i

dE′
∫

E−range

dE

∫
Ω

dp′
∫

p−range

dp R(E,E′,p,p′) φ(E,p,π,θ). (2.1)

In the above equation, the source model, φ, is a function of energy, of the parameters
of interest for the particular science case, π, and of additional nuisance parameters, θ. For
example, when looking for γ-ray absorption, π includes the parameters of the EBL model,
whereas θ encodes the parameters of the intrinsic spectrum. The IRF, R, includes the effective
area, point spread function (PSF) and energy dispersion. For point sources, the model φ
contains a delta function in p. The solid angle Ω is either bound by the angular region
centered on the source position in a classical On/Off analysis of point sources or by the
chosen size of the spatial pixels in a template-based analysis of extended sources, such as
used in Sec. 4. The number of expected background events, b, is obtained from Monte Carlo
simulations.

Given µ and b, we generate CTA simulations by sampling the number of observed
events in the signal and background regions from Poisson distributions: P (nOn|µ + b) and
P (nOff |b/αexp), respectively. We derive best-fit parameters by maximizing the associated
log-likelihood summed over all energy bins which pass the selection criteria, as discussed in
App. A.1. The significance of the sought-after effect is determined through a log-likelihood
ratio test with respect to a null hypothesis under which the effect is absent. Using the ex-
ample of γ-ray absorption parametrized with an EBL normalization, this corresponds to the
case when the normalization is zero, i.e. no absorption on the EBL.

2.2 Systematic uncertainties

We distinguish between two classes of systematic uncertainties: those of instrumental origin
and those arising from the underlying physical model. We opt whenever possible for treating
them separately to assess their relative magnitude with respect to statistical uncertainties.

Systematic uncertainties arising from the modeling are identified on a case-by-case basis
and their impact is explored using bracketing assumptions that are deemed reasonable based
on the current knowledge of astrophysical conditions at play in the environments of γ-ray
emitters. A general approach addressing this source of systematic uncertainties is difficult to
formulate, as the underlying model may be affected in a non-continuous manner by variations
of the parameters of interest. Such variations occur, e.g., for random variations of a vector
field in multiple domains along the path of particles propagating on cosmic scales.

Systematic uncertainties arising from mismatches between Monte-Carlo simulations and
the true instrument response are similarly treated using bracketing IRFs. This approach
follows the procedure developed by the Fermi-LAT Collaboration [47].4 The reconstruction
of spectral features imprinted along the line of sight is primarily affected by uncertainties on
the effective area and on the energy dispersion. The uncertainty on the background rate is sub-
dominant at the energies of interest for signal-dominated γ-ray sources and is thus neglected.
The uncertainty on the angular dispersion primarily affects the normalization of the flux for

3See http://docs.gammapy.org/ and http://cta.irap.omp.eu/ctools/.
4https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/Aeff_Systematics.html
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a point-like source, a nuisance parameter which is profiled over in the analyses presented in
this work. We model variations of the effective area and energy scale as a fractional shift
of ± 5% and ± 6%, respectively, corresponding to ± 1σ estimates matching the projected
systematic uncertainties for CTA. Except close to the energy threshold, a constant shift of
the effective area as a function of energy only affects the normalization of the flux of the AGN
(nuisance parameter). Instead of a constant shift, we consider discrete step-wise variations
of the effective area (smoothed at the energy-resolution scale) with an amplitude of ± 5%, at
energies where one sub-system of telescopes starts to dominate the point-source sensitivity;
the LSTs of CTA are assumed to dominate the sensitivity up to ∼ 150GeV while MSTs take
over up to a few TeV. In the southern site, SSTs dominate the sensitivity above ∼ 5TeV. The
variations of the energy scale are modeled here as a constant shift by ± 6% at all energies.
For most science cases (Sec. 3 and Sec. 6), a simple quadratic summation of systematic
uncertainties (see App. A.2) is sufficient. Some science cases (see Sec. 4) require discussion
of the impact of bracketing hypotheses.

While adapted to the search for phenomena impacting a broad energy or angular range,
bracketing IRFs are not well suited to the search for narrow spectral features, such as expected
from ALPs (see Sec. 5). For the latter, we directly incorporate systematic uncertainties in
Eq. (2.1) as additional nuisance parameters.

The simple models adopted for systematic uncertainties of instrumental origin will be
refined in the future with the measured instrumental response, extracted from CTA data.

3 Interaction of γ rays with the extragalactic background light

Interactions of γ rays with the EBL result in an effective opacity of the Universe that depends
on the distance of the γ-ray source and on the γ-ray energy. The interaction process involved
is pair production of electrons and positrons. The threshold of this process is related to the
mass of the particles, me, following

E′γε
′ ≥ 2

(
mec

2
)2

1− cos θ′
,

or E′γ ≥ 210 GeV ×
(

λ′

1µm

)
for head-on collisions, (3.1)

where E′γ and ε′ (λ′) are the energies (wavelength) of the γ ray and low-energy photon,
respectively, in the comoving cosmological frame at which the interaction occurs, and where
θ′ is the angle between the momenta of the two photons.

The effective absorption of γ rays of observed energy Eγ from a γ-ray source at redshift
z0 is quantified by the optical depth (e.g., Ref. [48]),

τ(Eγ , z0) =

∫ z0

0

dz
∂D(z)

∂z

∫ ∞
0

dε′
∂n(ε′, z)

∂ε′

∫ 1

−1
d cos θ′

1− cos θ′

2
σγγ
(
(1 + z)Eγ , ε

′, cos θ′
)
H(ε′ − ε′th).

(3.2)
The integration in Eq. (3.2) is performed over (a) the line of sight, ∂D(z)/∂z being the

distance element in ΛCDM cosmology, (b) the energy of the target photons, ∂n/∂ε′ being
the differential number density of EBL photons, and (c) the angle, θ′, between the γ-ray and
the target photons, which are assumed to be isotropically distributed in the comoving frame.
The integrand, including the Breit-Wheeler differential cross section for photo-production of
pairs, σγγ , is non-zero when Eq. (3.1) is satisfied, i.e. ε′ ≥ ε′th, as encoded in the argument of
the Heaviside function, H.
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The differential pair-production cross section can be integrated analytically over cos θ′,
as discussed, e.g., in Ref. [49] (Eqs. B11–12) or Ref. [12] (Eq. 7). When further integrated
over the line of sight, the so called “EBL kernel” in Ref. [12] is maximal in the observer’s frame
at a γ-ray energy about a factor of two larger than that imposed by kinematics in Eq. (3.1).
Neglecting redshift dependence to first order, EBL photons at wavelengths 0.5µm (optical),
5µm (mid-infrared), and 50µm (far-infrared) are thus primarily responsible for absorption of
γ rays with energies ∼ 200 GeV, ∼ 2 TeV, and ∼ 20 TeV, respectively. Gamma-ray astronomy
thus probes in an indirect manner both the cosmic optical background (COB, 0.1 − 8µm)
and part of the cosmic infrared background (CIB, 8 − 1000µm), the two components of the
EBL.

The EBL photon density, ∂n/∂ε, can be parametrized (with parameters πEBL) to esti-
mate the optical depth to γ rays, τ(Eγ , z0), from γ-ray data. Best-fit EBL parameters are
obtained by profiling over the “intrinsic” parameters, θint, when modeling the γ-ray source
spectrum,

φ(Eγ , z0) = φint(Eγ ; θ̂int(πEBL))× exp (−τ(Eγ , z0;πEBL)) . (3.3)

The intrinsic spectrum, φint(Eγ), corresponds to the flux expected if all γ rays escaped
absorption on the EBL. It is often modeled as a smooth function of energy, increasingly steep
as energy increases (concave function), e.g., a log-parabola with exponential cut-off

φint(Eγ) = φ0(Eγ/E0)−Γ−β ln(Eγ/E0) exp (−Eγ/Ecut), (3.4)

where φ0 is the flux normalization at a fixed reference energy E0. Γ is the power-law index at
energy E0 or at any energy when the curvature parameter β of the log-parabola is null, and
Ecut describes a cut-off at the high-energy end of the spectrum. Different intrinsic parameters,
θint = {φ0,Γ, β, Ecut}, are assigned to each spectrum and likelihoods from multiple spectra
can readily be combined to jointly fit the EBL parameters, πEBL.

The specific intensity of the EBL has been constrained with current VHE data in two
manners: EBL-model dependent approaches (e.g., Refs. [14, 50–52]) and approaches where the
spectral energy distribution is modeled independently from any prescriptions (only the redshift
evolution is tuned to follow that of EBL models, see, e.g., Refs. [12, 13, 15]). Model-dependent
approaches have thus far mostly relied on a simple scaling by a factor α > 0 of the photon
density from an existing EBL model, which results in τ(Eγ , z0;πEBL) = α × τ(Eγ , z0). The
deviation of the EBL parameter from α = 0 quantifies the detection of the EBL signal, while
its deviation from α = 1 quantifies the departure from the model. This approach, adapted
from the study of distant γ-ray bursts (GRBs) and blazars [53], enabled the Fermi-LAT and
H.E.S.S. Collaborations to disentangle the imprint of the EBL from any intrinsically curved
or cut-off intrinsic spectral shapes for the first time in Refs. [18, 50]. Model-independent
approaches usually proceed from disentangling the redshift evolution of the photon field from
its local spectrum at z = 0, assuming that the photon density dependences can be factorized
as ∂n(ε′, z)/∂ε′ = ∂n(ε, z = 0)/∂ε× f(z), where ε is the EBL photon energy in the observer’s
frame and f(z) models the redshift evolution of the field. The latter approach is well justified
in the local Universe up to z ∼ 0.6− 0.8, where the redshift evolution of the emissivity of the
EBL sources as a function of wavelength is not too strong [12]. Nonetheless, the approach
fails to reproduce a realistic evolution of the EBL at higher redshifts, where CTA will have
sensitivity to spectral features imprinted by propagation.

Gamma-ray constraints on the EBL enable the study of numerous science cases. For
example, they can be used to study the specific intensity of the EBL at z = 0, which probes
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the proportion of direct starlight to dust re-emission, the UV background, as well as near-
infrared signatures of hydrocarbons. Alternatively, the evolution of the constraints with
redshift provides information on the cosmic star-formation history, reionization, and cosmo-
logical parameters (see, e.g., Refs. [8, 19]). In this work, we adopt a simple parametrization of
the EBL density through a scale factor, α, applied to the optical depth in order to illustrate
the overall performance of CTA with respect to current-generation instruments. We aim at
assessing the capability of CTA to constrain the optical-depth normalization as a function of
the redshift of the γ-ray sources. The scale factor encompasses information both on the evo-
lution of the EBL as well as on the specific intensity of the EBL, integrated over a wavelength
window bound at its high-end by kinematics (Eq. (3.1)).

3.1 Source selection from AGN KSP

As noted in the introduction, the CTA Consortium has prepared a program of KSPs, which
are intended to cover ∼ 40 % of the available observing time in the first ten years of CTA
operations. The KSP dedicated to AGN involves three different observing programs: the
long-term monitoring program, the search for and follow-up of AGN flares, and a program
devoted to establishing high-quality spectra of selected AGN, with a systematic coverage of
redshift and AGN type. These observations will provide a rich database of VHE spectra
that can be used to study the physics at play in the γ-ray sources and the effects of γ-ray
absorption. While a detailed evaluation of the live time allocated to each KSP remains to be
established upon commissioning of CTA, we propose in the following sub-sections (Secs. 3.1.1–
3.1.3) a list of candidates that we recommend for observation to constrain γ-ray absorption
on cosmic scales. Readers who may want to skip the detailed discussion of source and dataset
selections are directed to the source summary provided in Sec. 3.1.4.

3.1.1 Long-term monitoring sample

The AGN long-term monitoring program is proposed to provide long-term light curves of
about 15 γ-ray sources representing the sub-categories of AGN (e.g., blazars and radio galax-
ies) currently detected by ground-based instruments. These light curves will be obtained
through weekly 30-minute observations during the period of observability of the AGN, re-
sulting in less than 12 hours per year per target. A list of potential targets is presented in
chapter 12 of Ref. [39]. The total foreseen observing time accumulated over the duration of
the program is about 1100 hours from the northern CTA site and 400 hours from the southern
CTA site.

The long-term average spectra of AGN may be an aggregate of multiple emission states,
including possible spectral variability that could limit the accuracy of the reconstruction of
the absorption.5 The duty cycle for γ-ray elevated states of AGN has been estimated to about
50% on monthly time-scales based on long-term observations of blazars with Fermi LAT [54].
While such a duty cycle remains uncertain in the VHE band, we assume based on Fermi-LAT
observations that half of the long-term monitoring program of CTA will yield spectra with
observed flux levels that are representative of the average emission state of the AGN.

For our purpose, we exclude M87 and NGC1275 from the list of 15 targets suggested
in Ref. [39]. The proximity of these AGN (17 and 75Mpc, that is τ = 1 at ∼ 30TeV and
∼ 15TeV, respectively) would require the assumption of emission well beyond 10TeV to con-

5This limitation could nonetheless be mitigated by analyzing single AGN observations grouped by spectral
state, as done in Ref. [50].
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strain the EBL. We also exclude the FSRQs6 PKS1510−089 and PKS1222+216, which may
not have been observed in their average state by current-generation instruments. The re-
maining 11 blazars, which have been regularly monitored, are all BL Lac objects. Two are
low-synchrotron peaked blazars (LSP), two are intermediate-synchrotron peaked (ISP), five
are high-synchrotron peaked (HSP), and two are extremely-high-synchrotron peaked (EHSP),
with classifications detailed in Refs. [55, 56]. We extracted the intrinsic parameters of all 11
blazars from published VHE observations that are representative of an average state of each
blazar, following the methodology of Ref. [12] and taking as benchmark the EBL model of
Ref. [6]. This benchmark EBL model is consistent with current observational constraints and
is used throughout this paper. The intrinsic properties of each AGN are given in App. B.
These AGN have firm redshift determinations based on published spectroscopic observations
with at least two well-detected and identified spectral features. The only exception among
the 11 AGN in this sample is 3C 66A. Lyman α absorption systems have been detected in the
HST/COS spectrum [57] of this blazar up to z = 0.34, thus setting a firm lower limit on its
redshift [58]. Further support to the use of this value as the true redshift of 3C 66A has been
provided by the possible hosting of this ISP by a cluster of galaxies at z = 0.34 [59].

We simulate CTA observations of 50-hour duration for each of the 11 blazars using
gammapy, as described in Sec. 2.1. Gamma-ray absorption is modeled following our bench-
mark EBL model and, to ensure a conservative modeling at the highest energies, an ad hoc
exponential cut-off is incorporated in the spectral model at an energy E′cut in the cosmological
comoving frame (that is Ecut = E′cut/(1+z) for the observer). The value of the energy cut-off
is set as accounting for the observed correlation between the synchrotron and gamma-ray
peak locations (e.g., Ref. [60]). We assume E′cut = 100GeV for LSP and ISP, E′cut = 1TeV
for HSP, and E′cut = 10TeV for EHSP AGN.

To illustrate the reconstruction of the γ-ray absorption, we retain AGN detected at
least at the 5σ confidence level above the energy, E(τ = 1), at which the optical depth, τ , is
equal to 1. This optical-depth value corresponds to the so-called γ-ray horizon. The selection
on detection significance at energies beyond the cosmic γ-ray horizon effectively removes six
blazars from the sample. This selection thus yields a list of five blazars, for a total observing
time of 250 hours.

3.1.2 High-quality spectral sample

The high-quality spectra program is proposed to cover deep observations of AGN of different
classes and at different distances. About 350 hours (200 hours for the northern CTA site and
150 hours for the southern CTA site) will be devoted to this program, spread over 10 years. A
list of possible targets is given in Ref. [39], on the basis of the extrapolation of blazar spectra
from the 1FHL catalog of the Fermi-LAT Collaboration [61]. Here, we study γ-ray sources
of interest for EBL studies from the 3FHL catalogue [62].

Starting from the 3FHL, we select blazars with a constrained redshift and exclude those
already considered in the long-term monitoring program. We simulate 20 hours of observation
of each blazar, incorporating a class-dependent comoving cut-off at Ecut (see Sec. 3.1.1). The
most-promising blazars are selected in an intermediate redshift range, 0.05 . z . 0.6, based
on their detection significance above E(τ = 1) (see App. B). This selection results in a list
of 12 blazars with firm redshift, among which 10 have been detected by current-generation
ground-based instruments. Three other selected blazars, without firm redshift, lie at z > 0.3;

6Blazars are classified into BL Lac objects (BLLs) and flat spectrum radio quasars (FSRQs), showing weak
and strong emission lines, respectively [1].
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two of which have already been detected by IACTs. The lower limits on the distances of these
three blazars, based on spectroscopic absorption lines, are considered here as putative true
redshift values. Firm redshift determination will presumably be available by the time of the
analysis of the CTA observations.7

3.1.3 Flare sample

The AGN-flare program has been devised to search for and follow-up VHE flares from AGN,
triggered either by external facilities or internally by the monitoring program performed with
CTA. On the basis of the results of present-day facilities (mainly Fermi and Swift), about 25
alerts per year are expected, 10− 15 of which would be followed with CTA. The time budget
proposed for the follow-up program of AGN flares is about 700 hours for the northern CTA
site and 500 hours for the southern CTA site.

We base the simulations on two different samples of observed elevated-flux states. The
first sample, consisting of 14 AGN, exploits observations during flaring states by VHE ground-
based instruments, as listed in Ref. [12]. Intrinsic spectra are derived, as for the long-term
monitoring sample, by fitting a spectral model accounting for absorption on the EBL to the
VHE data [6]. The only AGN out of 14 that do not have a firm redshift are 3C 66A (see above)
and S5 0716+714. A lower limit from Lyman α absorption systems places S5 0716+714 at
least at z = 0.2315 [64], which we use as putative true redshift. Four of the 14 AGN are
FSRQs, 9 are BLLacs (one LSP, three ISPs, four HSPs, one EHSP), and the remaining one,
IC 310, is classified as a radio galaxy (RDG). We note that the classification of this γ-ray
source related to its jet viewing angle remains debated [65]. Following Ref. [56], IC 310 is
classified during elevated states as an extreme-TeV object (ETEV) based on its observed γ-
ray spectrum. Similarly, during flaring states, Mrk 501 is classified as EHSP. The properties
of each AGN are given in App. B.

The second sample is selected from the Fermi-LAT monitored source list8 with redshift
in SIMBAD9 greater than 0.05. We retain AGN showing a flux above 1GeV averaged over
one day greater than 10−7 cm−2 s−1, detected with a test statistic TS ≥ 100. We exclude
from this preliminary sample nine AGN that have an uncertain redshift (see App. C). We
also excluded nine AGN that are already included in the TeV-flare sample. Finally, only the
brightest single-day observation of each γ-ray source is retained, resulting in 63 flares from
63 different AGN. Fifty-two of these γ-ray sources are classified as FSRQs, ten as BLLacs
and one is an AGN of uncertain class (PKS0521−36, see Ref. [66]). It should be noted that
three of the BLLacs at high redshift (PKS 0537−441, A0 235+164, and PKS0426−380) can
be classified as FSRQs based on their spectral-energy-distribution (SED) shapes and on the
luminosity of the broad-line regions in units of the Eddington luminosity [67]. All of these
four blazars with uncertain classification are LSPs, resulting in a firm assignment of their
cut-off at E′cut = 100GeV.

The spectrum of each AGN during its one-day flare is determined from a dedicated
Fermi-LAT analysis. Events passing the P8R2_SOURCE selection are analyzed in an energy
range spanning 1 − 500GeV and in a region of interest (ROI) covering an area of 10◦ × 10◦

centered on the γ-ray source position. A spatial binning of 0.1◦ per pixel is used along with

7One of the three above-mentioned blazars, PKS 1424+40, exemplifies the potential of future spectroscopic
observations of AGN, with the distance of this γ-ray source being estimated in Ref. [63] from two emission
lines at the edge of the minimum detectable equivalent width.

8https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/.
9http://simbad.u-strasbg.fr/simbad/.
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eight energy bins per decade. We model the ROI by including all sources listed in the 3FGL
catalog [68] up to 15◦ away from the central source. All the spectral parameters of γ-ray
sources within 5◦ of the center are left free to vary, while only the flux normalizations are free
for γ-ray sources 5◦ − 10◦ away from the source of interest. Standard templates are used for
the isotropic diffuse emission and Galactic diffuse emission.10 After an initial optimization
using fermipy v.0.16.0+188 [69] and the Fermi Science tools v.11-07-00,11 we fix all the
parameters of γ-ray sources detected with TS < 10. The flux normalizations of γ-ray sources
with TS > 50 are then freed. As shown in App. B, most of the spectra are well reproduced by
a power-law model, except in one case (3FGLJ2025.6−0736, i.e. PKS 2023−077) for which
a log parabola is preferred. Since we are analyzing only one day of Fermi-LAT data for each
γ-ray source, the small event counts at the highest energies do not result in a measurable
contribution of γ-ray absorption to the hardness of the Fermi-LAT spectra and we thus
consider the spectral parameters obtained in the 1− 500GeV range as the intrinsic ones.

A live time of 10 hours, corresponding to two to three nights of ground-based observations
in an elevated state is considered for each AGN in the “flare” program. Assuming a class-based
spectral cut-off removes 9 and 40 AGN from the list of flares detected with VHE ground-
based instruments (TeV-flare sample) and with Fermi-LAT (GeV-flare sample), respectively.
In total, 27 flaring AGN are expected to be detected beyond 5σ above E(τ = 1). The γ-ray
source IC 310 at z = 0.019, with a 4.4σ detection above E(τ = 1), is kept in the sample used
for low-redshift constraints on the EBL. These 28 AGN amount to 280 hours of simulated
observations. The TeV-flare sample spans a range up to z ∼ 1, illustrative of the cosmic
volume covered by current-generation IACTs, while the GeV-flare sample extends to z ∼ 2,
demonstrating the tremendous increase in the range accessible to CTA.

3.1.4 Sources selected for EBL studies: a summary

As illustrated in Fig. 1 and tabulated in App. B, we consider a total of 5 long-term monitored
blazars with 50 hours dedicated to each field. High-quality spectral observations are suggested
for 15 selected blazars, assuming 20 hours per field. All the blazars in these two samples are BL
Lacs. For the flare program, we consider a total of 28 AGN with 10 hours of observation each.
BL Lacs and IC 310 represent 7 out of the 28 AGN and span a redshift range of 0.019− 1.11.
FSRQs correspond to 21 of the 28 AGN and cover a redshift range of 0.36 − 1.84. This
distribution is in line with that observed in the GeV range by Fermi LAT, but it should not
necessarily be considered as a realistic prediction of the distribution of flares at TeV energies
across redshift and AGN classes, which is precisely one of the key questions to be addressed
by the extragalactic observing programs of CTA, including the extragalactic survey of one
quarter of the sky [70].

The list of 48 simulated spectra described above is obtained with a class-dependent
spectral cut-off. We alternatively considered comoving spectral cut-off values fixed for all
AGN at 100GeV, 1TeV and 10TeV, respectively. The lowest energy cut-off removes all the
AGN below redshift z < 0.35, for which the γ-ray horizon is located at energies greater than
300GeV. None of the AGN from the long-term monitoring or high-quality spectra programs
would be detected beyond the γ-ray horizon for E′cut = 100GeV. With a total of 23 detections
beyond E(τ = 1) out of 103 simulated spectra, this scenario should be considered pessimistic

10We use gll_iem_v06.fits for the Galactic and iso_P8R2_SOURCE_V6_v06.txt for the isotropic diffuse
emission, see https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html.

11See http://fermipy.readthedocs.io/ and https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/.
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Figure 1: Simulated spectral models of AGN retained for the reconstruction of the EBL scale
factor with CTA. The differential spectrum of each AGN multiplied by the square of energy
is displayed as a function of γ-ray energy as continuous (BLLac objects) or dashed lines
(FSRQs). The color scale indicates the redshifts of the AGN. Left: Long-term monitoring
program with 50 hours per field. Center: High-quality spectra program with 20 hours per
field. Right: Flare program with 10 hours per field. An optical-depth normalization α = 1 is
adopted, using the model in Ref. [6]. The sensitivities of CTA North and South in 5 hours
and 50 hours for a pointing zenith angle of 20◦ are shown as grey line segments.

as the presence of a cut-off at 100GeV in all extragalactic γ-ray sources would result in only
a handful being detectable by current-generation instruments, compared to > 80 VHE AGN
being detected by ground-based instruments to date. The most optimistic scenario, on the
other hand, with a comoving spectral cut-off at 10TeV, results in the detection of significant
signal beyond E(τ = 1) for 93 simulated spectra, compared to 82 for a 1TeV cut-off. While a
high-energy cut-off at 10TeV is not expected for every nearby AGN over a 50-hour time span
(therefore the label “optimistic”), past observations have revealed long-term extreme emission,
e.g., up to at least 20TeV during HEGRA observations of Mrk 501 in 1997 [71] and H.E.S.S.
observations in 2014 [37]. The detection of such extreme, likely rare states will be invaluable
for constraints of the EBL at the longest wavelengths.

In total, we simulate 830 hours of CTA observations of AGN expected to be detected
at energies beyond the cosmic γ-ray horizon with a class-dependent cut-off. This observa-
tion budget represents about a quarter of the AGN KSP. Cumulative constraints on γ-ray
propagation could also be expected from the remaining three quarters of the total live time,
although likely in a subdominant manner. These latter observations will be of major interest
for variability and spectral studies, even possibly morphology studies for the nearest AGN,
which will constrain the acceleration and radiative conditions at play in astrophysical jets.

3.2 Determination of the optical depth

We use the simulated signal and background counts for AGN selected above to reconstruct
the scale factor of the benchmark EBL model, while profiling over the intrinsic spectral
parameters. The fit is performed using both the Levenberg-Marquardt and Monte-Carlo
minimizations of Sherpa12 for cross checks. We use the same intrinsic spectral models for

12http://cxc.cfa.harvard.edu/contrib/sherpa/
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the fit as used in the simulations, i.e. a power law with an exponential cut-off in most
cases, leaving all the parameters free to vary. The selection of the intrinsic model, and
more particularly the number of degrees of freedom allowed in the fit, constitutes a source of
uncertainty in the reconstruction of the EBL (see, e.g., Ref. [72]). We do not address here
this source of uncertainty, noting that future joint works of the GeV and TeV communities
on this methodological aspect are highly desirable.

We group the selected AGN ranging from z = 0.019 to z = 1.84 in several redshift
intervals. We consider at first a bin size of ∆z = 0.05 and then merge consecutive bins
until a minimum number of five AGN is reached in each interval. A lower minimum of
four AGN is considered for the first redshift bin to illustrate the low-redshift performance of
CTA. We simulate 1000 realizations of the spectra for each bin, reconstruct the optical-depth
normalization for each realization through the profile likelihood method, and store the 16%,
50%, and 84% quantiles of the distribution in each bin to estimate the median reconstructed
normalization of the optical depth, as well as the associated 1σ uncertainties. This approach
is repeated with bracketing IRFs to estimate the amplitude of the systematic uncertainties
induced by the instrument, as indicated in Sec. 2.

The results are summarized in Fig. 2 (see also App. D). Assuming a class-dependent
comoving cut-off, the normalization of the optical depth is reconstructed with an average
statistical uncertainty of 5% in the first four redshift bins (z < 0.4) and of 10 − 15% at
higher redshifts (0.4 < z < 1.85). In comparison, measurements with current-generation
IACTs access a redshift range limited to z < 1, with statistical uncertainties of 10− 15% for
z < 0.4 and 20 − 25% for 0.4 < z < 1. The systematic uncertainties of instrumental origin
are expected to be below 25% up to a redshift z < 0.65, with a minimum of 12% around
z ∼ 0.2, and to increase at large redshifts with an average value of 50% for 0.65 < z < 1.85,
in line with expectations from current-generation instruments. Variations on the EBL scale
factor resulting from varying IRFs up to z = 0.65 are comparable to those obtained from
state-of-the-art models of the EBL (e.g., Refs. [6, 73]). These models converge on comparable
spectra up to 8µm (cosmic optical background) and on similar evolutions up to z ∼ 1.

For the most distant γ-ray sources, the presence of a cut-off in the intrinsic spectral
model at E′cut = 100GeV is hard to disentangle from absorption on the EBL, resulting in
large systematic uncertainties, particularly marked for the redshift bin z = 0.65 − 0.9. For
such redshifts, the cosmic γ-ray horizon is located in the transition region between the LSTs
and the MSTs, around 150GeV, and therefore the systematic uncertainties of instrumental
origin distort the observed spectra while the observed energy range only offers a limited handle
on the intrinsic spectra of AGN.

The spectral fit quality decreases for an instrument response increasingly deviating from
the nominal one, which alludes to a likely overestimation of the impact of systematic uncer-
tainties of instrumental origin. To tackle this limitation, a marginalization over the corre-
sponding nuisance parameters, e.g., within the framework of Bayesian hierarchical models,
could be a promising approach to explore. Similarly, the EBL density is only parametrized in
this work through a scale factor, which is a normalization of the optical depth. This approach
is motivated by the intertwined dependences on redshift and wavelength of the EBL photon
field. More advanced parametrizations of the population of UV-to-far-infrared sources con-
tributing to the EBL will enable an assessment of the detailed constraints within the reach
of CTA.

Nonetheless, the simplified approach adopted in this work provides a useful first glimpse
at the territory to be covered by CTA. The low-redshift constraints from AGN with a comoving
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Figure 2: Projected CTA constraints on the EBL scale factor as a function of redshift
of the γ-ray sources. The median reconstructed scale factor and the 16–84% quantiles of
the distribution in each redshift bin are shown as orange stars and error bars (also dark
blue shaded regions), respectively. The accumulated effect of statistical uncertainties and
systematic uncertainties resulting from changes in the energy scale and effective area are
illustrated with the light blue shaded regions (16–84% quantiles). A class-dependent cut-off
energy is considered for AGN in the joint-fit. The most up-to-date constraints available in
the literature, shown in grey, are extracted from Refs. [12, 14, 18, 50, 72, 74]. The upper row
in the bottom legend indicates constraints from ground-based instruments while the lower
row shows constraints from Fermi-LAT data.

cut-off at 10TeV will crucially affect the capability of CTA to probe the still under-constrained
CIB component up to 100µm. The highest sensitivity is expected from CTA for γ-ray sources
in the redshift range 0.1 − 0.4. Such intermediate-redshift observations will probe the core
wavelength range of the COB, and in particular test for possible excesses, such as suggested
by observations from the CIBER rocket experiment [75]. CTA low-energy observations of
γ-ray sources beyond z ∼ 0.5, even with a cut-off at 100GeV, will play an important role in
constraining γ-ray interactions with UV photons down to 0.1µm. The capabilities of CTA
at low energies will be crucial to constrain the cosmic star-formation history, particularly up
to its peak located at z ∼ 1.5 − 2.5, as probed by Fermi LAT [19]. The combination of
high-precision measurements from CTA with the large sample of γ-ray sources detected with
Fermi LAT beyond z = 1 holds a formidable potential not only to probe the EBL spectrum
at z = 0 over four decades in wavelength, in the range 0.1 − 100µm, but also its evolution
over cosmic ages, including contributions from UV sources beyond z ∼ 2 to which CTA will
be sensitive by means of the integral nature of the EBL.

Observations from the AGN KSP of CTA will be essential to constrain the spectrum
and evolution of the EBL. Complementary constraints of cosmological parameters, such as H0

– 14 –



and ΩM , can also be expected from this observation program. The γ-ray optical depth is to
first order proportional to the EBL density and inversely proportional to H0 [12, 76–79]. As
a result, for an EBL spectrum fixed to the level expected from galaxy counts, the uncertainty
on H0 is at least as great as the uncertainty on the scale factor α. Dedicated studies will
enable the determination of the full potential of CTA observations to constrain cosmological
parameters.

4 Deflections of electron-positron pairs in the intergalactic magnetic field

The IGMF is another cosmological entity that can be studied with γ-ray data [80–82]. The
presence of an IGMF modifies the development of electromagnetic cascades initiated by γ-
ray absorption. The lower-energy cascade emission thus provides a handle on the proper-
ties of the intervening IGMF. Various aspects of the IGMF influence can be probed: time
delay of the cascade emission [81–84], presence of broad spectral features due to the cas-
cade contribution [85–87], and extended, halo-like emission around point-like primary γ-ray
sources [24, 25, 88, 89]. CTA observations promise to address all of these effects at once.

Magnetically induced time delays [81, 82, 84] originate from the difference in paths
between the primary emission, propagating straight from the γ-ray source, and the cascade
flux produced by electrons and positrons, which are subject to deflections. The value of the
delay depends on the observed γ-ray energy and on the IGMF strength, BIGMF. For an
observed γ ray with energy Eγ ∼ 100GeV, the mean delay is expected to be on the order
of tdelay ∼ 3 years × (BIGMF/10−16 G)2 for a γ-ray source located at z ∼ 0.1 [86] and an
injected γ-ray energy of 100TeV. The IGMF influence can be differentiated from the intrinsic
source behavior through the energy dependence of the delay, which scales with measured
γ-ray energy as tdelay ∝ E−2

γ . A detection of such coherent time delays at different energies,
repeating from flare to flare, could thus be used to measure the IGMF strength. Additionally,
absence of multi-wavelength flaring activity, e.g., at X-ray energies, could also indicate that
flares are not source intrinsic but reflect the delayed emission.

A non-negligible IGMF not only delays but also spreads the cascade contribution in time,
effectively decreasing its instantaneous flux. For short flares, delayed emission would only be
detectable if the spread is sufficiently small for the cascade flux not to be suppressed below
the sensitivity of CTA. The magnitude of the flux suppression is on the order of tflare/(tdelay +
tflare), where tflare is the flare duration. Assuming a suppression by a factor of ten, a flare
duration of one day translates into a maximum IGMF strength BIGMF . 10−17 G. With
regular observations planned throughout the AGN long-term monitoring, CTA would be able
to detect delayed emission from relatively bright primary flares, during which the γ-ray flux
increases by a factor five to ten with respect to the median emission.

In what follows, we focus the study on IGMF strengths higher than those probed with
time delays, which could result in spectral and morphological signatures in γ-ray observations.
In particular, we perform simulations of the prototypical extreme blazar 1ES 0229+200 (z =
0.14). Due to its hard intrinsic γ-ray spectrum with index Γ < 2, which extends to ∼ 10TeV,
and the lack of strong γ-ray variability, 1ES 0229+200 proves to be among the best-suited
γ-ray sources for searching for cascade signatures.

4.1 Simulation of the cascade flux

We simulate the development of electromagnetic cascades with the CRPropa code [90], by
injecting & 106 γ rays in the energy range 100GeV – 100TeV, at a redshift of z = 0.14
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(∼ 660Mpc), within a conical jet with a θj = 10◦ opening angle. The CRPropa simulation
includes pair production on the EBL and CMB, inverse Compton scattering on these two
backgrounds, as well as adiabatic energy losses due to propagation in an expanding Universe.
Despite considerable efforts on magnetohydrodynamic simulations (see e.g. Refs. [91, 92]),
the coherence length of the IGMF is unknown. Here, we consider an IGMF composed of
uniform cells of either 1Mpc or 0.01Mpc size, with random orientations of the magnetic
field and a strength fixed to a value of BIGMF. The development of the cascade is probed
over a volume occupied by 100 × 100 × 100 such cells, which is periodically repeated in the
simulations as needed to fill the relevant space. We do not track particles whose trajectory
length exceeds 4Gpc to speed up the simulations. Secondary and primary γ rays falling on
a sphere of radius R = 10Mpc around the observer are retained and their arrival directions
on the sphere are recorded. In order to simulate any spectral shape at the source, we record
the observed spectrum as a function of injected γ-ray energy. We can then generate observed
spectra with arbitrary spectral shapes by simply re-weighting the injected spectrum without
the need to re-run the CRPropa simulation (similarly to Ref. [22]).

We assume that the intrinsic spectrum of 1ES 0229+200 follows a power law, with spec-
tral parameters provided in App. B, incorporating an exponential cut-off at E′cut = 10TeV,
which is in line with the lower limit set by VHE observations of this object [93, 94]. We
then use ctools to simulate an exposure of CTA North, i.e. one Monte-Carlo realization,
of 50 hours at a zenith angle of 20◦ and to compute the likelihood for a given set of spectral
parameters (N0,Γ, Ecut) for each tested IGMF setup. We simulate CTA data above an energy
threshold of 50GeV for this science case. Given the steep increase of the effective area at
lower energies, systematic uncertainties in the energy scale could lead to a distortion of the
reconstructed spectrum affecting IGMF searches at lower energies. After an illustration of
the observables that can be studied with CTA in Sec. 4.2, we provide a quantitative estimate
of CTA constraints on the IGMF in Sec. 4.3.

4.2 Gamma-ray observables of the IGMF at high field strengths

For IGMF strengths above 10−17 G, two main observable effects could be probed with CTA
in γ-ray observations of blazars. The first observable would be the presence of a low-energy
spectral component on top of the observed point-source spectra. The all-sky spectra from
such cascade components are shown as solid lines in Fig. 3 for BIMGF = 10−15 G and BIGMF =
10−14 G, assuming that the blazar 1ES 0229+200 has been emitting γ rays for 107 years.13

The second, inarguable observable of the IGMF would be the presence of extended γ-
ray halos around distant blazars. These halos would originate from the deflections of the
electron-positron pairs in the presence of a sufficiently strong IGMF and have already been
searched for with existing IACTs, currently offering the best angular resolution above several
tens of GeV [24, 25, 88, 89]. First studies showed that such halos could be within the reach of
CTA [98, 99]. A characteristic angular spread of the cascade caused by the intervening IGMF
is θ ' 0.5◦ × (BIGMF/10−14 G) at 100GeV [82]. The angular resolution of γ-ray instruments
sets the minimum observable angular spread induced by the IGMF. With a foreseen angular
resolution of ∼ 0.13◦ at 100GeV, CTA could search for small halos corresponding to IGMF
strengths down to BIGMF & 3×10−15 G.14 The maximum observable strength of the IGMF is

13This value is used as an estimate of the maximum AGN activity timescale [95]. Shorter activity times are
discussed in Sec. 4.3, as they can suppress the cascade emission [22, 96–98].

14The indicated minimum IGMF strength is a conservative estimate as sub-PSF-scale structures can be
resolved by the instrument provided a sufficiently large number of signal events.
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set by the halo surface brightness, whose detection depends both on the cascade suppression
due to isotropization and on the sensitivity of the instrument. Improved sensitivities enable
searches for larger halos with lower surface brightness, corresponding to higher magnetic fields.

Because of a larger angle between primary and secondary photons, the cascade com-
ponent is increasingly suppressed with increasing IGMF strength. The limiting case for
cascade suppression corresponds to an IGMF stronger than BIGMF & 10−13−10−12 G, for
which the suppression factor, ∼ (Dγ/Dsrc)

2, becomes independent of BIGMF. In the case
of 1ES 0229+200, where Dsrc ' 660Mpc is the distance of the blazar and Dγ ' 80Mpc is
the mean free path of a 10TeV γ ray, the secondary radiation around 100GeV is maximally
suppressed by a factor (Dγ/Dsrc)

2 ∼ 1/70.
We estimate the sensitivity of CTA to such halos by simulating a 50-hour observation of

1ES 0229+200.As the halo brightness distribution depends on several unknown parameters,
such as the IGMF coherence length, jet orientation, and AGN activity evolution [100, 101],
we use in Fig. 3 a simplified assumption of a disk-like halo brightness profile. Despite its
simplicity, this approach enables a first evaluation of the effect of the cascade spread induced
by the IGMF. We fit the sum of a point source and of an extended halo component to the
angular γ-ray distribution. The sensitivity limit is computed as the minimal halo flux of
fixed extension that results in a 3σ detection of the extended component. The outcome of
this simulation, shown in Fig. 3 as orange lines, demonstrates that 50 hours of data would be
sufficient to detect the putative halo around the blazar.

4.3 Combined CTA sensitivity to IGMF

The sections above provide an intuition on the CTA sensitivity to IGMF-induced effects. We
now quantify the sensitivity by combining the spectral and morphological approaches. This
combination is enabled by updating the halo model at each step of the fit consistently with
the point source spectrum tested against the data, using the pre-computed halo library de-
scribed in Sec. 4.1. In this way, the fit takes into account the halo spectrum and the angular
spread in a self-consistent way. It should be noted, though, that an accurate simulation of
the intergalactic cascade appearance relies on knowledge of the blazar-specific parameters
like jet opening angle, orientation, and temporal flux evolution in the past ∼ 10 − 107 years.
These properties are often poorly constrained, which would suggest marginalizing over such
nuisance parameters to constrain the IGMF. However, an accurate account of these uncer-
tainties requires coverage over a large parameter space, making both simulations and analyses
challenging in terms of computing time.

For this reason, a simplified procedure is employed, where it is assumed that the jet
of 1ES 0229+200 has a simple conical shape with a 10◦ opening angle and is either aligned
with the line of sight or tilted by an angle of 5◦. We checked that reducing the opening
angle by a factor of two does not impact the results in a measurable way in the energy range
covered by CTA, in agreement with the results presented in Ref. [102].15 Two limiting cases
are further considered: on the one hand, the blazar is assumed to have been active at the
current-day average flux for 107 years and, on the other hand, that it has been active only in
the last 10 years (the period over which this blazar has been observed by γ-ray instruments).
The underlying assumption, as in other related studies, is that the current TeV emission
of the blazar traces its past emission averaged over timescales comparable to that of the
cascade development (on the order of a Myr for 100GeV secondary photons and an IGMF

15It should be noted though that opening angles smaller than 1◦ would suppress the observed cascade
emission in the energy range accessible to CTA [102].
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Figure 3: Simulated spectrum of the blazar 1ES 0229+200 and sensitivity of CTA to an
IGMF-induced halo. The differential photon spectrum of 1ES 0229+200 multiplied by the
square of energy is displayed as a function of γ-ray energy as red points. For comparison,
spectra from Fermi LAT (custom Pass 8 analysis of the 9-year long data set), H.E.S.S. [93]
and VERITAS [94] are shown as blue dots, blue triangles and blue squares, respectively. The
3σ sensitivities of CTA North to the cascade emission from a single γ-ray source are shown
for fixed extensions of 0.1◦, 0.3◦ and 0.6◦ as dotted, dashed and continuous orange lines,
respectively. Fifty hours of observations with CTA North are simulated assuming an intrinsic
comoving cut-off at 10TeV and no cascade component. The brown dotted line illustrates
the intrinsic spectrum. The corresponding cascade fluxes for IGMF strengths of 10−15 G and
10−14 G are shown as green and blue line segments, respectively. The total flux, resulting
from the sum of the direct and cascade emissions, is shown as a brown solid line for an IGMF
strength of 10−15 G.

strength of 10−14 G [96]). Such an assumption could be either pessimistic or optimistic if
the average long-term emission of 1ES 0229+200 was larger or smaller, respectively, than
the currently observed one. Finally, two possible values of the IGMF coherence scale are
considered, λB = 1Mpc and λB = 0.01Mpc.

We compute the detection significance of the cascade component accounting for both its
spectral and morphological signatures. The cascade normalization scale, s, is fixed relative
to the prediction of the CRPropa simulation and the log-likelihood lnL(s) is computed by
profiling over the intrinsic source spectral parameters. Two values of s are used to compute
the cascade detection significance as

√
−2(lnL(s = 0)− lnL(s = 1)) which is always smaller

or equal to the log-likelihood ratio
√
−2(lnL(s = 0)− lnL(ŝ)), where ŝ is the best-fit value.

This latter ratio follows a χ2 distribution with one degree of freedom.
The results of this calculation are shown in Fig. 4. In all cases, CTA will be able to

detect a cascade emission for IGMF strengths smaller than ∼ 10−13 G. Limits from current-
generation instruments have disfavored IGMF strengths up to a few times 10−15 G [24, 88, 89],
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Figure 4: Detection significance of the secondary cascade component in the spectrum of
1ES 0229+200 as a function of IGMF strength, B. The configuration corresponding to a
coherence scale λB = 1Mpc and a jet orientation α = 0◦ with respect to the line of sight
is shown as the orange line. The blue and green lines illustrate the impact of a change in
the coherence scale (λB = 0.01Mpc, blue line) or jet orientation (α = 5◦, green line). The
estimates are obtained under the assumption of average emission over a 107-year time scale.

with the most stringent ones disfavoring strengths up to 7×10−14 G at the 95% confidence level
[25]. Ample room for discovery remains, with IGMF strengths up to an order of magnitude
larger yielding a signal detectable by CTA, depending on the configuration of the jet and
coherence length of the field.

The sensitivity region where the IGMF could be detected with CTA at the 5σ confidence
level is shown in Fig. 5 under the assumption of a 10◦ jet opening angle, a 5◦ inclination of the
jet axis to the line of sight, and a blazar lifetime of 107 yr. The parameter space that can be
probed with CTA extends up to 3× 10−13 G for this set of parameters. CTA measurements
will thus almost close the gap between the existing IGMF constraints and the maximal IGMF
strength consistent with models of galaxy formation [106, 107].

An improvement by two orders of magnitude is expected with respect to constraints from
Fermi-LAT observations combined with spectra from current-generation IACTs [22]. The
factor limiting the constraints in Ref. [22] lies in the use of the small-angle approximation to
compute the cascade, which becomes unreliable for large values of the IGMF strength. The
validity region of their limits is shown in Fig. 5 as a blue shaded region.

Assuming shorter maximum blazar duty cycles would substantially reduce CTA sensi-
tivity to IGMF signatures. As shown in the recent combined Fermi-LAT and IACT search,
the limits on the IGMF degrade by 1.5 orders of magnitude each when the activity time scale
is reduced from 107 to 104 and from 104 to 10 years [22], in line with analytical expecta-
tions [96]. A similar degradation should also apply here. On the other hand, a combination
of CTA and Fermi-LAT data could further broaden the probed parameter space, provided
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from [20].
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contemporaneous observations that are crucially needed for variable γ-ray sources. Even as-
suming discontinued observations at GeV energies during the CTA observation program, a
combination of GeV–TeV spectral and morphological data from steady γ-ray sources could
be expected to strengthen the constraints on the IGMF.

We have assumed a cut-off energy around ∼ 10TeV for 1ES 0229+200, close to the lowest
value compatible with current observations [93, 94]. A higher value of the cut-off energy would
boost the expected cascade flux, putting CTA in a more favorable position to detect the
signature of the IGMF. Although CTA will provide a significantly improved sensitivity above
10TeV, a direct measurement of the high-energy cut-off in the spectrum of 1ES 0229+200
may remain out of reach. This lack of sensitivity to a high-energy cut-off is related to the
rapidly increasing γ-ray optical depth, which reaches τ ≈ 7 at 10TeV and τ ≈ 25 at 20TeV.

We have not addressed the systematic uncertainties introduced by a mis-modelling of the
instrumental response. Constraints of the halo could be affected in particular by an erroneous
effective area (leading to wrong estimates of the intrinsic blazar spectrum and hence the
cascade component) and PSF. A too broad (too narrow) PSF could lead to an under- (over-)
estimate of the significance of the additional halo component. The reason that we have not
included this uncertainty here is because of the dominating systematic uncertainty in the
blazar duty cycle mentioned above. A shorter duty cycle could easily degrade the sensitivity
by orders of magnitude. We therefore leave a re-analysis of the simulations with bracketing
IRFs for future work.

In conclusion, the detection of secondary emission would provide valuable information
on the IGMF strength. Our estimates suggest that CTA will provide sensitivity to field
strengths up to 3× 10−13 G. This region includes the IGMF parameter space where evidence
has been found for a helical IGMF in arrival directions of diffuse γ rays [108]. More generally,
if CTA detects γ-ray halos around blazars, the spatial shape of these halos could also be
used to constrain the IGMF helicity [109]. CTA observations will probe a range where the
IGMF could arise through different mechanisms. For example, plasma outflows of supernova-
induced winds might have “polluted” the intergalactic medium with a magnetic field, and
thus an IGMF detection could provide possible clues on the feedback of such winds on galaxy
formation and evolution.

Alternatively, primordial phase transitions, provided they are of first order, could gen-
erate an IGMF. These do not occur in the Standard Model, however, QCD axions of ∼meV
mass (which can make up the dark matter) can also seed the formation of an IGMF at the
QCD “crossover” in the early universe [110]. This process provides an independent channel
for CTA to probe dark-matter WISPs, complementary to the searches that we discuss in
Sec. 5. Finally, even in case of no signal, the absence of cascade emission in CTA observations
could indicate that the electron-positron pairs predominantly lose their energy in plasma
instabilities, thereby heating the intergalactic medium [26, 111].

5 Coupling of γ rays to axion-like particles

The propagation of γ rays could be affected by interactions with yet undiscovered particles
beyond the Standard Model of particle physics. In particular, γ rays could oscillate into
ALPs in ambient magnetic fields. ALPs are spin-zero particles, either as pseudo Nambu-
Goldstone bosons that arise when additional fundamental gauge symmetries are broken or as
Kaluza-Klein zero modes of compactified string theories (see, e.g., Ref. [112] for a review). As
their name suggests, they are closely related to axions that have been proposed to solve the
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so-called strong CP problem of the strong interaction [113–115]. In contrast to axions, the
ALP mass, ma, and coupling to photons, gaγ , are independent parameters. When sufficiently
light, axions and ALPs can be dark matter candidates if produced non-thermally in the early
Universe [116–120].

In the presence of a homogeneous external magnetic field of strength B that is transverse
to the photon propagation, the photon state parallel to the field mixes with ALPs [121].
Above a critical energy marking the transition to the so-called strong mixing regime, Ecrit,
the conversion probability in a homogeneous field is given by Paγ ∼ sin2(gaγ Bl/2), where l
is the distance traveled within the field. This further simplifies to Paγ ∼ (gaγ Bl/2)2 if the
photon-ALP oscillation length is much larger than the distance travelled in the field (see, e.g.,
Refs. [31, 121–124] for detailed studies of the full expressions of Paγ). Oscillatory features are
expected to occur around the critical energy, which depends on the magnetic field as (e.g.,
Ref. [125])

Ecrit ∼ 2.5 GeV

( |ma − ωpl|
1 neV

)2( B

1µG

)−1( gaγ

10−11 GeV−1

)−1

, (5.1)

where ωpl is the plasma frequency of the medium. The strong mixing regime terminates at an
energy Emax. For the specific AGN selected for our study, Emax is beyond the CTA sensitivity
reach for the ALP parameters and the magnetic fields considered here (see below and e.g.,
Ref. [126]).

Photon-ALP conversions can lead to distinctive signatures in AGN spectra. On the one
hand, ALPs evade pair production with photon fields such as the EBL and the photon-ALP
oscillation can thus significantly reduce the effective optical depth. Indications for such a
reduction could have been found in blazar observations both with ground-based instruments
and Fermi LAT [29, 31, 127–130] and were interpreted as evidence for ALPs [29–31, 131–
133]. However, recent analyses found that γ-ray spectra are in general compatible with
predictions from attenuation on the EBL [12, 134, 135]. Such effects will be actively probed
with CTA [136–140].

On the other hand, at energies around Ecrit, oscillatory patterns are expected in AGN
spectra that depend on the morphology of the traversed magnetic fields [141, 142]. The
search for such features at γ-ray energies has resulted in strong bounds on the photon-ALP
coupling; in particular H.E.S.S. and Fermi-LAT observations of PKS 2155−304 [32, 34] as
well as Fermi-LAT observations of the radio galaxy NGC1275 [33] resulted in the strongest
bounds on the photon-ALP coupling to date for 4 neV . ma . 100 neV. In what follows, we
focus on the CTA sensitivity to these spectral features using simulated observations of the
radio galaxy NGC1275. It has recently been noted that BLLacs are also interesting targets
for such searches with CTA [143].

5.1 Model for photon-ALP oscillations for γ-ray observations of NGC1275

NGC1275 is the central galaxy of the Perseus cluster, at a distance of ∼ 75Mpc (z = 0.01756).
The cool-core Perseus cluster harbors a strong magnetic field, as large as 25µG in the cluster
center based on Faraday rotation measurements [144], in which γ rays and ALPs can couple.

We closely follow Ref. [33] for the computation of the photon-ALP conversion probability.
The magnetic field of the Milky Way, with a strength of the order of µG, is modeled according
to Ref. [145]. We include the magnetic field of the Perseus cluster, whose central magnetic-
field strength is conservatively assumed to be 10µG. The morphology of the cluster magnetic
field is modeled as a random field with Gaussian turbulence [126]. The turbulence spectrum
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is assumed to follow a power law of index qB = 2.8 ± 1.3, between distance scales Λmin =
(0.7 ± 0.1) kpc and Λmax = (35 ± 23) kpc. These values are taken from observations of the
cool-core cluster A 2199 [146], as they are not known for Perseus. The extent of the cluster
field is assumed to be 500 kpc and the electron density, nel(r), is taken from Ref. [147]. The
magnetic field is assumed to follow the electron distribution as B ∝ (nel)

η, with η = 0.5 (also
in agreement with the observations of A 2199). Since NGC1275 is a radio galaxy observed
under large viewing angles with respect to the line of sight [148], we neglect photon-ALP
mixing in the magnetic field of AGN jets.

We generate 100 random realizations of cluster magnetic-field configurations and nu-
merically calculate, using the gammaALPs code,16 the probability to observe at Earth a
γ ray of either polarization for an initially unpolarized photon beam, i.e., the so-called pho-
ton survival probability, Pγγ . The code computes the solution of the equations of motion of
the photon-ALP system based on the transfer-matrix formalism and incorporates all relevant
terms in the photon-ALP mixing matrix, including the dispersion terms of QED effects and
the CMB [149],17 as well as γ-ray absorption on the EBL.

5.2 Simulation and analysis of CTA observations of NGC1275

A total of 300 hours within the first five years of operations is planned to be dedicated to
the Cluster of Galaxies KSP of CTA. We use these observations of the Perseus cluster and
NGC1275 to assess the sensitivity of CTA to ALP-induced oscillations assuming (i) a 300-
hour exposure and an intrinsic spectrum equal to the average spectrum observed in over
250 hours with MAGIC in a quiescent flux state [150] and (ii) a 10-hour exposure with the
spectrum obtained with MAGIC during a γ-ray flare [151], also observed with VERITAS [152].
The quiescent (flare) photon spectrum is well described by a power law (power law with
exponential cut-off) with a normalization N0 = 2.1 × 10−11 TeV−1 cm−2 s−1 (N0 = 1.54 ×
10−9 TeV−1 cm−2 s−1) at energy E0 = 200 GeV (E0 = 300 GeV) and power-law index Γ = 3.6
(Γ = 2.11 and exponential cut-off energy Ecut = 560GeV).

As discussed in Sec. 2.2, we include systematic uncertainties connected to the instrument
response directly in our model by introducing two additional nuisance parameters. These two
parameters, s and δ, describe a potential shift in the energy scale and an additional smearing
of the CTA energy dispersion, respectively. The full model is then given by

φ(E) =
1

N

∞∫
0

dE′ exp

(
−(E − E′)2

2(δE′)2

)
φint

(
(1− s)E′

)
Pγγ

(
(1− s)E′, gaγ ,ma,B

)
, (5.2)

where

N =

∞∫
0

dE′ exp

(
−(E − E′)2

2(δE′)2

)
(5.3)

is a normalization factor and B is the considered magnetic field realization.
We show examples of simulated observations during the average and flaring states with

the northern array of CTA in Fig. 6. As for IGMF studies, we adopt an energy threshold of
50GeV to limit deviations from the underlying spectrum at lower energies. The input spec-
trum includes γ-ray absorption, marginal in this case, but no ALPs. The figure also shows

16https://github.com/me-manu/gammaALPs
17For the considered magnetic-field model, the dispersion terms of QED effects and the CMB effects become

important for energies & 1TeV.
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spectral fits both with and without ALPs. The chosen parameters correspond to values for
which ALPs could account for all dark matter and one random realization of the Perseus
magnetic field is used. The fits are performed with Minuit [153] by maximizing the likeli-
hood in Eq. (A.1) summed over all energy bins passing selection for a particular realization.
Contrarily to the other science cases presented in this work, we use forty bins instead of ten
bins per decade. Such a fine binning is necessary in order to resolve the small-scale oscil-
lations induced by the photon-ALP interactions, even though they are smeared out due to
the finite energy resolution. The parameters of interest are π = (gaγ ,ma) and the nuisance
parameters are θ = (N0,Γ,B, s, δ). For the flaring state, an additional nuisance parameter
is the cut-off energy of the spectrum, Ecut. We assume that the nuisance parameters s and δ
follow Gaussian likelihoods and correspondingly add the term −2 lnLsys = (s/σs)

2 + (δ/σδ)
2

to the likelihood given in Eq. (A.1), where both σs and σδ are assumed to be equal to 6 %,
in line with Sec. 2.2.18

The null hypothesis corresponds to the case where ALPs do not couple to photons
(gaγ = 0), i.e. γ rays are subject to absorption on the EBL only. We perform the integral of
Eq. (2.1) using gammapy.

For each of the 100 simulated random magnetic-field realizations, we scan a logarithmic
11 × 10 parameter grid with ma ∈ [1, 103] neV and gaγ ∈ [0.03, 10] × 10−11 GeV−1. For the
chosen mass and coupling range, Ecrit falls into the CTA energy range. For lower and higher
masses, ALP-induced oscillations occur above and below the CTA energy range, respectively.
Couplings gaγ > 6.6 × 10−11 GeV−1 are excluded by the CAST experiment [154] and ob-
servations of globular clusters [155]. We do not expect the oscillations to be detectable for
couplings smaller than the minimum value tested, since the median survival probability (me-
dian with respect to the magnetic-field realizations) alters the intrinsic spectrum by less than
1 % below 1TeV. In order to minimize the computational time to scan the parameter space
and magnetic-field configurations, we opt for the use of the Asimov data set [156], in which
the observed number of counts is set equal to the number of expected counts. We checked
that the results derived from an Asimov data set are representative of the mean results of
Monte-Carlo realizations.

For each ALP parameter grid point, we thus end up with 100 values (corresponding
to the 100 magnetic-field realizations) of the likelihood of Eq. (A.1). As it is improbable
that the B field that maximizes L is included in the simulated magnetic-field realizations,
instead of profiling over the realizations, we sort the likelihoods in each ALP grid point in
terms of the magnetic-field realization and use the likelihood value that corresponds to a
certain quantile Q of this distribution (profiling would correspond to Q = 1). As noted in
Ref. [33], we do not expect that either the TS or the log-likelihood ratio values, λ, with respect
to the best-fit ALP parameters follow χ2 distributions (see Sec. A.1 for a full definition of

18This approach is preferred to the bracketing IRF approach adopted in the other sections. As described
in App. E, Monte-Carlo simulations are required in order to derive the correct thresholds for the likelihood
ratio test. These thresholds are needed to determine a detection significance and exclusion regions in the ALP
parameter space. When simulating the observations with the nominal IRFs and then reconstructing them
with the bracketing ones, the thresholds can change and extensive Monte-Carlo simulations would be needed
to determine adapted threshold values. The bracketing approach can also induce small-scale fluctuations in
the count spectrum, which can mimic an ALP signal. This signal can be mistaken to be significant if the
thresholds of the likelihood ratio test are not adjusted consistently. The presented approach incorporates
systematic uncertainties in the fit and the threshold values can be derived from simulations self-consistently.
We have checked that the resulting projected exclusions are more conservative (less constraining) than the
simple bracketing approach and do not result in false detections.
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Figure 6: Simulated spectra of the radio galaxy NGC1275 to assess the sensitivity of CTA to
ALP-induced irregularities. The differential spectrum of NGC1275 multiplied by the square
of energy is displayed as a function of γ-ray energy as blue points in the top panels, either in
the quiescent (left) or flaring state (right) of the γ-ray source. For illustration, the observation
is simulated without an ALP effect and is modeled both without ALPs (green dashed line)
and with a fixed set of magnetic-field realization and ALP parameters that are excluded at
95% confidence by the flaring state simulation (orange line). Residuals are shown in the
lower panel for the best-fit models with and without ALP effect as orange and green points,
respectively. The residuals are defined as (f − φ(E))/σf , where f is the measured flux at
energy E with uncertainty σf and φ(E) is the model prediction.

TS and λ). Monte-Carlo simulations are therefore necessary to set confidence intervals with
appropriate coverage and to fully account for trials factors. The threshold values adopted for λ
to exclude a given set of ALP parameters are known to depend on the tested ALP parameters
themselves [33]. Thus, a full statistical treatment would entail Monte-Carlo simulations for
all tested ALP parameters. For 100 pseudo experiments, 100 magnetic field realizations, and
110 tested ALP parameters, a total of 1.1× 106 fits need to be performed per tested injected
signal. Here, we opt to test three sets of illustrative combinations of gaγ and ma and leave
the simulation of the full parameter space for future work. The chosen parameter values
are (ma/neV, gaγ/10−11 GeV−1) = (0, 0), (30, 0.4), (40, 4). The first set corresponds to the
case where no ALP is present. The second set corresponds to the case where ALPs could
constitute all of dark matter. The third case produces large amplitude oscillations below the
chosen energy threshold and small ones of the order of a few percent over the entire energy
range probed with the simulated observations.

For each of the tested parameter sets and 100 pseudo experiments, we run the full
analysis over the ALP parameters and magnetic-field realizations and set Q = 0.95, following
Ref. [33]. Based on the results presented in App. E, we adopt λ thresholds of 23.3 and 26.9
for limits at the 95% and 99% confidence level, respectively. We checked that re-calculating
the limits for 500 magnetic-field realizations instead of 100 has only a negligible effect on our
results.
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Figure 7: Projected CTA constraints on the ALP parameter space (mass, ma, versus cou-
pling to photons, gaγ) for different assumptions on the intra-cluster magnetic-field properties.
Left: 95% (hashed) and 99% (filled) confidence level exclusion regions for the flaring state of
the AGN. Center: 95% confidence level exclusion regions for the flaring state assuming a cen-
tral magnetic field strength of 5µG (orange), 10µG (blue) and 25µG (green). Right: 95%
confidence level exclusion regions for the flaring state assuming an index of the magnetic-field
turbulence of 1 (orange), 2.8 (blue) and 3.6 (green). Below the dark-grey dashed line, ALPs
could make up 100% of the dark-matter content of the Universe (above the dashed line, ALPs
would contribute sub-dominantly to the overall dark-matter density) [119].

5.3 CTA sensitivity to ALP signatures in NGC1275 observations

We show the 95% and 99% confidence limits for the flaring state in the left panel of Fig. 7.
Interestingly, the quiescent state does not lead to significant exclusions in the ALP param-
eter space, whereas the flaring state reaches parameters where ALPs could constitute the
entirety of dark matter [119] (parameters below the dashed line). For the quiescent state, the
maximum likelihood ratio test value is found to be ∼ 12, which is well below the threshold
value for a 95% confidence limit. One of the reasons for the lack of constraints from the
quiescent state is that a significant number of background events is accumulated for the long
300-hour exposure. The constraints are weakened by the background cut, nexcess/nOff > 0.05
(see Sec. 2), which removes energy bins with central energies . 100GeV from the analysis.
This selection effect is illustrated in Fig. 6, where it also can be seen that the flaring spectrum
extends to lower energies. When relaxing the background cut from 5% to 1%, the exclusions
marginally improve and ALP couplings close to gaγ = 10−10 GeV−1 at ma = 100 neV can be
ruled out. This highlights the necessity of observing NGC 1275 in a high flux state in order
to set constraints when systematic uncertainties are not sub-dominant.

The effect of changing the central magnetic-field strength is displayed in the middle panel
of Fig. 7 for the 95% confidence level exclusion regions derived from the flaring state. If the
actual magnetic field of the Perseus cluster is as low as 5µG, which is still compatible with
lower limits derived from non-observations of γ-ray emission of the intra-cluster medium [150],
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the ALP dark-matter parameter space could not be probed. Adopting instead a central field as
suggested from Faraday rotation measurements strengthens the CTA sensitivity considerably:
ALP dark matter could be probed between 6 neV and 150 neV.

In the right panel of Fig. 7, we show the 95% confidence level exclusion regions derived
from the flaring state for different choices of the index of turbulence of the cluster magnetic
field, taken from the confidence interval provided in Ref. [146]. Higher values of the turbulence
index qB correspond to more power at larger turbulence scales and a larger coherence length
of the magnetic field (qB = 11/3 would correspond to Kolmogorov turbulence). Larger
coherence lengths lead to deeper oscillation features visible in the spectrum and hence a higher
sensitivity to their detection or exclusion, since these large fluctuations are not smeared out
by the energy resolution. This trend is also visible in Fig. 7. On the other hand, for qB = 1,
which corresponds to white noise, probing ALP dark matter parameters seems to be difficult
with the single observation simulated here.

We investigate the dependence of the exclusion regions on the scale factor between elec-
tron density and magnetic field, η, and the minimum turbulence scale. The limits weaken
slightly for higher values of η since the magnetic field decreases more rapidly with increas-
ing distance from the cluster center. The limits weaken as well for a decreasing minimum
turbulence scale, as oscillations become faster with energy [33]. When convolved with the
CTA energy resolution, the oscillations are less likely to be distinguished from Poisson noise.
Changing the Galactic magnetic field parameters to values suggested by measurements with
Planck [157] (“Jansson12c”) has a marginal effect on the limits.

We have also investigated the effect of a different energy binning for the flaring state.
On the one hand, decreasing the number of bins by a factor of two relaxes the exclusions
slightly, especially above gaγ & 4× 10−11 and ma . 30 neV. This is to be expected since the
oscillations have small amplitudes and high frequencies in this region of the parameter space.
On the other, when increasing the number of bins by a factor of two, the limits improve
slightly and ALPs with gaγ = 3 × 10−12 GeV−1 and ma = 30 neV are additionally excluded
compared to the nominal binning.

However, it should be noted that a different energy binning might also affect the likeli-
hood distributions (see App. E, the same is true for changing, e.g., the cut on nexcess/nOff).
Thus, different threshold values for deriving confidence intervals from the likelihood ratio
test might have to be selected. We leave the optimization of the energy binning and the cut
values used for the energy bins for future work, when the response of the deployed array is
characterized.

The projected 95% upper limits for the fiducial cluster magnetic-field setup and the
flaring state of NGC1275 are compared to other limits and sensitivities in Fig. 8 (green
filled region). Notably, CTA observations will improve upon current H.E.S.S. limits on the
photon-ALP coupling by almost an order of magnitude. CTA will probe ALP masses an order
of magnitude higher than those probed by Fermi-LAT observations of NGC1275. Between
∼ 6 neV and ∼ 200neV, CTA could provide the most constraining limits on ALPs to date and
could start to probe the parameter space where dark matter could consist entirely of ALPs.
In the same mass range, CTA observations would also be more sensitive than future searches
with LHAASO [160] for an anisotropy in the γ-ray diffuse emission above several tens of
TeV [159]. In the same energy range, CTA observations could reach a similar sensitivity as
future observations with the IAXO experiment [161] and the ALPS II laboratory experi-
ment [162]. However, in contrast to dedicated laboratory searches, the possible constraints
from CTA will be dominated by systematic uncertainties in the model assumptions, as shown
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Figure 8: Projected CTA constraints on ALPs, as a function of their mass, ma, and coupling
to photons, gaγ . The green filled region illustrates the 95% confidence level exclusion region
obtained from CTA observations of a flaring state of the radio galaxy NGC1275. Purple and
blue filled regions illustrate exclusion regions from current-generation instruments. Salmon
pastel regions correspond to hints for ALPs from an additional cooling of white dwarfs (WD)
and an increased transparency of the Universe to TeV γ rays, as labelled in the figure. Other
projected sensitivities are shown as green lines. The preferred parameter space for the QCD
axion is shown as a dark orange band. See Ref. [158] and references therein, updated here with
the LHAASO sensitivity derived in Ref. [159]. Figure created with the gammaALPsPlot
package, see https://github.com/me-manu/gammaALPsPlot.

in Fig. 7.

The mass range probed with CTA is too high to test recent claims for evidence of
ALPs [163, 164]. These claims are based on the modeling of Fermi-LAT observations of bright
pulsars and Galactic supernova remnants, which would be better described by accounting
for ALP-induced irregularities than by smooth functions alone. The parameters suggested
by these analyses are however incompatible with results from CAST and globular cluster
observations [154, 155].

Observations of several AGN can be combined to further improve the CTA sensitivity.
For instance, the γ-ray source IC 310 is also located in the Perseus cluster and is detected up
to 10TeV with the MAGIC telescopes [165]. Such studies will make CTA a prime instrument
for searching for dark matter in the form of WISPs, complementarily with searches for more-
massive dark matter candidates (see, e.g. Ref. [166]).
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6 Probing physics up to the Planck scale and above

The precise measurements of blazar spectra with CTA also can serve as a test of Lorentz
invariance (LI). Like any other fundamental principle, exploring its limits of validity has been
an important motivation for theoretical and experimental research [167, 168]. Lorentz invari-
ance violation (LIV) is motivated as a possible consequence of theories beyond the Standard
Model, such as quantum-gravity phenomenology or string theory (see, e.g., Refs. [169–171]
and references therein). Although LIV signatures are expected to produce small effects, the
high energies and long distances of astrophysical γ-ray sources provide an unprecedented op-
portunity for observational constraints on LIV. The potential signatures of LIV in the γ-ray
channel include, e.g., energy-dependent time delays, photon decay, vacuum Cherenkov radia-
tion, and pair-production threshold shifts [35, 172–174]. Previous studies have indicated that
CTA will be especially useful for LIV tests. For instance, Refs. [175–177] present prospects
for searches for time delays using γ-ray light-curves of GRBs, blazars and pulsars. Refer-
ences [178, 179] alternatively explored the pair-production channel, relying solely on spectral
observations of blazars. In the present work, we consider more extensively the CTA potential
to test LIV-induced modifications of the pair-production threshold in γ-ray interactions with
the EBL. Should the pair-production threshold be affected by LIV, this channel would be a
sensitive probe of first- and second-order modifications of dispersion relations.

Phenomenological generalizations of LIV effects converge on the introduction of a general
function of energy, E, and momentum, p, in the particle energy dispersion relation. The
functional form of the correction can change for different field particles and underlying theories
but usually leads to similar phenomenology [12, 35, 36, 173, 174, 180] (for alternative models,
see also Ref. [181]): an effective LIV dispersion relation at leading order n can be written
as19

E2
a − p2

a = m2
a ± |δa,n|An+2

a , (6.1)

where a stands for the particle type, A stands for either energy or momentum, and δa,n is the
LIV parameter.

In some effective field theories, δa,n = ζ(n)/Mn, where ζ(n) are LIV coefficients and M
is the energy scale of the new physics, such as the Planck energy scale, EPl ≈ 1028 eV, or
some energy scale inspired by quantum gravity, EQG. In this work, A = p ∼ Eγ to first
order. To compare our results with the limits established by previous γ-ray tests, LIV is
considered only for photons in subluminal phenomena, corresponding to a negative corrective
term in Eq. (6.1). The most recent bounds on superluminal phenomena, such as photon
decay resulting in a flux suppression at the highest energies, can be found in Ref. [182]. It
should be noted that subluminal LIV could also result in an apparent flux suppression or
reduced sensitivity at the highest energies, as induced by a delayed development of γ-ray air
showers (e.g., Ref. [183]).

For simplicity, the LIV correction will be named |δn| = (E
(n)
LIV)−n for n = 1, 2. If

LIV in the electron sector is also considered, the LIV parameter 1/ELIV becomes a linear
combination of the LIV contributions from the different particle species [180]. In the most
common scenario, photons dominate over electrons, and the derived results in this work
remain the same. In the second most common scenarios, LIV is universal for photons and
electrons, and a factor of 1/(1− 1/2n) should be considered in the final results [12, 184], i.e.

19Natural units are used, c = ~ = 1.
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an improvement in the constraints by a factor of two and four thirds for n = 1 and n = 2,
respectively.

Considering LIV, the threshold energy of pair production for head-on collisions in Eq. (3.1)
is modified as:

ε′th =
m2
e

E′γ
+

E′n+1
γ

4
(
E

(n)
LIV

)n . (6.2)

The LI scenario is recovered with ELIV →∞.
If LIV is present, the observed spectrum is modified in a particular way which depends

on the value of ELIV [12, 35–37]. As a consequence of the increased threshold energy of EBL
photons, the number of target photons interacting with the highest-energy γ rays is decreased,
effectively increasing the transparency of the Universe to γ rays above tens of TeV. Compton
scattering can also lead to LIV signatures in the observed energy spectrum; however its effects
are small in comparison with those expected from pair production for γ rays below 1PeV [185].
The most constraining limits on ELIV exploiting constraints on the γ-ray optical depth from
single-source studies have been obtained in Ref. [37]. In this case, limits at the 2σ confidence
level have been set as E(1)

LIV ≥ 2.6× 1028 eV and E(2)
LIV ≥ 7.8× 1020 eV. Combined constraints

from multiple γ-ray sources enabled Ref. [186] to constrain LIV up to E(1)
LIV ≥ 0.7 × 1029 eV

and E
(2)
LIV ≥ 1.6 × 1021 eV, using the same benchmark EBL model as the one used in the

present work.
In this study, we probe the potential of CTA to detect or constrain LIV with two

blazars, Mrk 501 and 1ES 0229+200, which have been proposed as good candidates for such
searches (see, e.g., Refs. [187, 188]). A flaring state of Mrk 501 and a long-term observation
of 1ES 0229+200 are simulated for 10 hours and 50 hours, respectively, using the intrinsic
parameters provided in App. B. We assume that the intrinsic spectra are power laws with
exponential cut-offs, with the comoving energy cut-off set at E′cut = 10 and 50TeV. Both
values are compatible with observations of these γ-ray sources during extreme states, with a
cut-off as low as 10TeV even being disfavored during the high-state of Mrk 501 observed by
HEGRA in 1997 [189]. A cut-off at 50TeV could be considered as an optimistic value based
on current models of extreme blazars, an assumption which can hardly be assessed by current
observations due to their limited sensitivity.

We start by simulating with gammapy and ctools spectral observations of CTA af-
fected by LIV in order to determine at which confidence level CTA can detect LIV signatures.
We then simulate LI spectra to determine the exclusion capability of CTA. We implemented
the LIV effect in the ebltable Python module20 and checked that the difference in best-fit
LIV parameters reconstructed with gammapy and ctools is small with respect to statisti-
cal uncertainties and systematic uncertainties of instrumental or modeling origin. The minor
differences are also sub-dominant with respect to the uncertainties induced by the current
knowledge of the EBL.

6.1 CTA potential to find a LIV signal

With LIV coefficients on the order of current limits, E(1)
LIV = 1029 eV and E

(2)
LIV = 1021 eV,

we simulate CTA observations of Mrk 501 and 1ES 0229+200 assuming two different cut-off
energies (10 and 50TeV). The free fit parameters to reconstruct the simulated spectra are
the intrinsic source parameters, θint, and π = ELIV. To constrain the LIV energy scale, we

20https://github.com/me-manu/ebltable
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Figure 9: Simulated spectra of the blazars Mrk 501 and 1ES 0229+200 to assess the sensitiv-
ity of CTA to LIV-induced modification of γ-ray transparency. The differential photon spectra
multiplied by the square of energy are displayed as a function of γ-ray energy as black points.
Left: Simulation of a 10 h observation of Mrk 501 in an elevated state with E′cut = 50TeV
assuming LIV with E(2)

LIV = 1021 eV. The best-fit LIV model for n = 2 is shown as a dashed
orange line. Right : Simulation of a 50 h observation of 1ES 0229+200 in an average emission
state with E′cut = 50TeV with LI propagation. The LIV models excluded at 2σ for n = 1 and
2 are shown as dash-dotted and dotted orange lines, respectively. For comparison, the best-fit
LI models are shown as continuous orange lines. The systematic uncertainty induced by the
current knowledge of the EBL is shown as a shaded orange band around the injected model.
The intrinsic spectrum is shown as a blue line. The 5 h (left) and 50 h (right) sensitivities of
CTA-North are shown as green dashed line segments. The sensitivities of current-generation
instruments, tabulated for a 50 h exposure, are shown on the right as green lines.
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generate a logarithmic grid with E(1)
LIV ∈ [1026 eV, 1030 eV] (E(2)

LIV ∈ [5× 1019 eV, 5× 1021 eV])
and an equidistant logarithmic spacing of 0.0226 (0.015). For each grid point, we optimize
the intrinsic spectral parameters using Sherpa and record the profile likelihood values as
discussed in App. A.1.

Figure 9 (left) illustrates the simulation of the spectrum of Mrk 501 observed with CTA
North under the assumption that E′cut = 50TeV and E(2)

LIV = 1021 eV. The intrinsic (observed)
spectrum corresponding to the best-fit parameters is shown as a continuous blue (orange) line.
The orange band represents the variation of the best-fit parameters when uncertainties on our
benchmark EBL model (as derived from modeling of galaxy counts) are taken into account [6].
For comparison, the sensitivity of 50 h observations from current ground-based instruments
(H.E.S.S., MAGIC and VERITAS) and from CTA North are shown as dash-dotted lines in
the right-hand side panel of Fig. 9. Most of the KSP live time dedicated to observations of
Mrk 501 is planned to be allocated to CTA North. Nonetheless, observations at high-zenith
angle (low elevation) from the southern site could complement the constraints on LIV during
an elevated flux state of the blazar. The expected recovery of the flux at the highest energies
due to the LIV effect would be easily detected with both arrays of CTA, while being out of
the range of current-generation instruments.

The statistical significance of the detection of the LIV signal is given by σ2 = λLI−λLIV

(χ2 with one degree of freedom), with λ defined in App. A.1. All of the reconstructed
values are compatible with the simulated LIV scenario within uncertainties. LIV effects at
E

(1)
LIV = 1029 eV and E(2)

LIV = 1021 eV are not detected for a somewhat pessimistic cut-off value
around 10TeV. The effect at E(1)

LIV = 1029 eV would be near detection (4−5σ) assuming a cut-
off around 50TeV in the spectrum of Mrk 501 and would be clearly discovered (8− 25σ) for
E

(2)
LIV = 1021 eV in both the spectra of Mrk 501 and 1ES 0229+200 with high-energy cut-offs.

6.2 Excluding LIV signal with CTA

CTA observations of Mrk 501 and 1ES 0229+200 are also simulated assuming that the Lorentz
symmetry is not broken. We show the example of the latter blazar in Fig. 9 (right) for a cut-off
at 50TeV. We use the profile log-likelihood values for the LI and LIV hypotheses to exclude
the LIV scenario at a confidence level given by σ2

rej = λLIV − λLI. The results for the LIV
leading order n = 1, 2 are presented in Fig. 10, in which we show the capability of CTA to
exclude the LIV model as a function of E(1,2)

LIV .
Finally, we compare in Fig. 11 the LIV energy scales which can be excluded with CTA as

well as limits from current-generation instruments using similar analysis techniques. Focusing
on constraints from Mrk 501 during a flaring state (10 h) and from 1ES 0229+200 during its
quiescent flux state (50 h), LIV energy scales of

(
7.7+4.4
−3.5

)
×1028 eV and

(
5.6+5.8
−4.0

)
×1027 eV could

be excluded at the 2σ confidence level for n = 1. The quoted uncertainties result from the still-
limited constraints on the CIB component of the EBL and from the systematic uncertainties
on the IRFs. For n = 2, the limits are

(
1.5+0.4
−0.7

)
×1021 eV and

(
2.6+1.8
−1.5

)
×1020 eV, respectively.

These CTA limits are one to two orders of magnitude better than the recent limits based on
energy-dependent time delays from H.E.S.S. observations of Mrk 501 (“H.E.S.S. ’19” band).
The CTA limits are also a factor of two to three more constraining than those obtained
by current instruments using the same channel in single-source observations. With similar
prospects for multi-source analyses (see “Lang et al. ’19” band), the potential to probe LIV-
induced modifications of the pair-production threshold, complemented with constraints on
time delays from blazars, GRBs and pulsars, will make the CTA observatory an attractive
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Figure 11: Projected CTA constraints on LIV-induced modifications of γ-ray transparency.
CTA statistical limits on the LIV energy scale from single γ-ray sources are presented in
blue, for both a first- (left) and second-order (right) modification of the dispersion relation.
Exclusion at the 2, 3 and 5σ level are marked with increasingly darker colors. Systematic
uncertainties are indicated by black lines for the 2σ limits. Existing subluminal searches in
the photon sector, using a similar technique, are shown in cyan for comparison, from top to
bottom [186], [190], [37], and [12]. Also for comparison, strong limits on energy-dependent
time delays from extragalactic γ-ray sources are shown as annotated with ∆tLIV, from bottom
to top [37, 191]. We have translated limits from Ref. [12] (“Biteau & Willams ’15”) to the
photon sector and the quadratic term. “MultiSrc” stands for limits obtained from the joint
analysis of multiple γ-ray sources. Uncertainties on the EBL are already accounted for in
the constraints from Ref. [12] and are shown in black for Ref. [186] (“Lang, Martinez & de
Souza ’19”). The best limits are around one order of magnitude above the Planck scale,
EPl ∼ 1028 eV, for n = 1.

explorer of fundamental symmetries in the photon sector at energy scales beyond the reach
of accelerator-based experiments.

7 Perspectives on CTA constraints of γ-ray propagation

We have demonstrated that CTA observations will provide unprecedented sensitivity in the
use of γ-ray observations to study cosmology and physics beyond the Standard Model. The
assumed live times for the different science goals discussed in this work are summarized in
Table 1. The observations are all part of the CTA KSPs and should be completed within the
first five to ten years of operations of the full observatory.

The assumed ∼ 800 hours of AGN observations will enable the high-precision probe of
the EBL imprint with statistical uncertainties ranging from 5 to 15% with increasing redshift
and systematic uncertainties below 25% at z < 0.7, increasing to ∼ 50% up to z ∼ 2. These
results, covering a twice larger redshift range with a two-to-three times better precision with
respect to current-generation IACTs, are based on about a quarter of the AGN KSP live time,
featuring the spectra of the highest quality, and do not include the foreseen extragalactic
survey nor observations of other extragalactic transients [39]. CTA observations of GRBs,
which constitute an emerging class of γ-ray sources detected at VHE [192, 193], would further
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Science case Source / Source sample Live time (hours)

EBL

AGN long-term monitoring 5× 50
AGN high quality spectra 15× 20

AGN flares 28× 10∑
= 830

IGMF 1ES 0229+200 50
ALPs NGC1275 10

LIV Mrk 501 10
1ES 0229+200 50

Table 1: Summary of live times to achieve the necessary sensitivity for the science cases
presented in this work. The indicated live times correspond to the optimized baseline arrays
of CTA. For science cases explored in this work with one to two AGN (IGMF, ALPs, LIV),
further observations of blazars from the Northern and Southern arrays of CTA would pro-
vide independent and complementary constraints. Observations of other extragalactic γ-ray
sources, such as GRBs, could complement the constraints, particularly on the EBL at high
redshifts (z > 1).

strengthen the determination of the EBL photon density and evolution [194]. These results
will also enable an estimation of the cosmic star-formation history (see Refs. [19, 195]) and
enable an independent determination of cosmological parameters [79]. Sensitivity studies
dedicated to these more specific topics shall be conducted in the future.

We have illustrated the capabilities of CTA to detect or constrain the IGMF, ALPs,
and LIV with observations of one to two prototypical AGN, observed with the northern CTA
array due to the declinations of the γ-ray sources. These sensitivities for the IGMF, ALPs,
and LIV science cases should be seen as the minimum CTA capabilities. The combined
sensitivities from multiple γ-ray sources observed from both the northern and southern sites
will significantly enlarge the observed energy range and will enable the probe of a broader
parameter space, as demonstrated, e.g., for the IGMF in Ref. [22]. Joint γ-ray measurements
from CTA and Fermi LAT would be particularly desirable, since most of the reprocessed
cascade emission would end up in the Fermi-LAT energy range. Nevertheless, even with the
stand-alone observation of a single AGN, CTA will be able to search for γ-ray halos for IGMF
strengths up to B = 3×10−13 G (four times better than current IACTs), probe ALP couplings
to photons reaching the dark-matter parameter space (improvement by a factor four to five),
and constrain LIV up to nearly an order of magnitude beyond the Planck scale (factor of two
to three improvement for single-source observations).

One of the remaining uncertainties, applicable to all science cases discussed in this work
and most importantly to the study of the EBL, lies in the choice of the intrinsic spectral
source model [72]. Future multi-wavelength observations throughout the electromagnetic
spectrum and theoretical modeling of blazar emission will further help to reduce the associated
systematic uncertainties and provide a better determination of the intrinsic spectra (e.g.,
Ref. [196]).

CTA constraints on the EBL will be complemented by infrared observations from JWST
(e.g., Ref. [197]) and future mid- to far-infrared satellites, such as SPICA (e.g., Ref. [198]),
enabling high-resolution constraints on the cosmic star-formation history. CTA results on the
IGMF will be complementary to future searches for an intergalactic rotation measure at radio
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frequencies with SKA [199, 200]. Further synergies with SKA include a better characterization
of Galactic and intra-cluster magnetic fields [201] which will reduce the uncertainties when
searching for photon-ALP oscillations. Any hint for photon-ALP interactions found with CTA
could be tested by future laboratory experiments like ALPS II [162] and IAXO [161]. Searches
for LIV could be combined with constraints from cosmic-ray observations with the upcoming
upgraded Pierre Auger and Telescope Array observatories [202, 203]. The CTA observatory
could even help in identifying extragalactic cosmic-ray accelerators through hadronic spectral
imprints, arising either from the source or along the line of sight (see Ref. [40] and Refs.
therein). Last but not least, combined constraints with archival Fermi-LAT data as well as
joint observations of variable sources with CTA, be they flares from AGN, GRBs or newly
discovered transient extragalactic events, may prove to be invaluable to γ-ray cosmology.
Joint observations with current-generation MeV-TeV γ-ray observatories have provided the
community with tremendous scientific return. Continued operation of the Fermi-LAT satellite
during the early science phase of CTA is highly desirable.

The science cases discussed in the present work illustrate some of the synergies between
the CTA KSPs and upcoming multi-wavelength and multi-messenger facilities, which will
provide essential means for collective progress in the fields of astrophysics, astroparticles,
cosmology and fundamental physics.
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A Data analysis

A.1 Statistical treatment

The simulated CTA observations are analyzed for each particular science case using the profile
likelihood method [204]. The logarithm of the Poisson likelihood for each energy bin is given
by

lnL(µ, b;αexp|nOn, nOff) = nOn ln(µ+ b)− (µ+ b) + nOff ln(b/αexp)− b/αexp, (A.1)

where µ is the expected number of counts,21 nOn is the number of counts in the signal region,
nOff is the number of counts in the background region and αexp is the exposure ratio between
these two regions. The likelihood depends on the parameters (π,θ) through µ ≡ µ(π,θ).

We derive best-fit parameters by maximizing the likelihood above and find their confi-
dence intervals or respective limits using the profile log-likelihood ratio test [204],

λ(π) = 2
∑
i

ln

L(µi(π̂, θ̂), b̂;αexp|nOn, nOff)

L(µi(π,
̂̂
θ),
̂̂
b;αexp|nOn, nOff)

 , (A.2)

where π̂, θ̂, and b̂ denote the parameters that maximize the unconditional likelihood. The
parameters ̂̂b and ̂̂θ are the background and nuisance parameters that maximize the likelihood
for fixed parameters, π. If multiple γ-ray sources are considered, the log-likelihood ratio tests
of individual γ-ray sources can be combined by simply summing the values of λ obtained for
each γ-ray source.

The null hypothesis is usually defined here as the configuration of parameters for which
the sought-after effect is absent, or equivalently, π = 0. In this case, the log-likelihood ratio
test defines the test statistic,

TS = λ(π = 0). (A.3)

The TS values provide a measure of the incompatibility of the data with the null hypothesis
compared to the test hypothesis. According to Wilks’ theorem [205], the TS values should
be distributed as a χ2 with ν degrees of freedom under the null hypothesis, where ν is the
difference between the number of degrees of freedom of the null and alternative hypotheses.
Wilks’ theorem applies if the two hypotheses are nested, when the parameters are not at their
boundaries in the null distribution, and if all nuisance parameters are defined under both the
null and alternative hypotheses.

A.2 Systematic treatment

Systematic uncertainties are estimated using the bracketing method. Constraints on the
parameter of interest, π̂±σstat, obtained from bracketing cases that correspond to ± 1σ vari-
ations of the corresponding nuisance parameter, θ− and θ+, can be combined to estimate the
level of systematic uncertainties induced by the nuisance parameter. Formally, for a prob-
ability density function (pdf) of the nuisance parameter, f(θ), and a pdf at fixed θ value,
g(π|θ), the pdf of the parameter of interest can be obtained through the marginalization
g(π) =

∫
dθf(θ)g(π|θ). The variance of the parameter distribution for θ = 0 corresponds to

the statistical uncertainty, σ2
stat = V(g(π|0)), while the variance of the marginalized distri-

bution is a combination of the statistical and systematic uncertainties, with the latter being
21We have suppressed the subscript i used in Eq. (2.1).

– 53 –



defined by the relation σ2
stat + σ2

sys = V(g(π)). The estimation of the pdf in bracketing cases,
with f̃(θ) = 1

2

(
δ(θ − θ−) + δ(θ − θ+)

)
, can be used to derive an estimator of the parameter

pdf as:

g̃(π) =
1

2

(
g(π|θ−) + g(π|θ+)

)
, (A.4)

where the estimator of the variance induced by statistical and systematic uncertainties is
taken as Ṽstat+sys =

∫
dπ(π − π̂)2g̃(π). This estimator can be shown to be unbiased in

the simple case of normal distributions. Let us assume that the parameter of interest is
distributed as g(π|θ) = N (π|p(θ), σstat), where N (x|x̂, σ) is a normal distribution of median
x̂ and standard deviation σ. The function p links variations of the nuisance parameter to
variations of the parameter of interest, such as p(θ±) = π±. Then it is straightforward to
show that

∫
dπ (π − π̂)2 g(π|θ−) = σ2

stat + (π− − π̂)2, where π− − π̂ is equivalent to σsys in
this test case. It should be noted that we assume for the sake of simplicity that the statistical
uncertainty does not depend on the nuisance parameter and that the function p scales linearly
with the nuisance parameter. Under such assumptions,

Ṽstat+sys =
1

2

(∫
dπ (π − π̂)2 g̃(π|θ−) +

∫
dπ (π − π̂)2 g̃(π|θ+)

)
= σ2

stat + σ2
sys. (A.5)

We extend this approach by estimating the lower and upper systematic uncertainties
induced by the nuisance parameter, θ, as

σ2
sys,− =

∫ π̂
−∞ dπ(π − π̂)2g̃(π)∫ π̂

−∞ dπg̃(π)
− σ2

stat,

σ2
sys,+ =

∫∞
π̂ dπ(π − π̂)2g̃(π)∫∞

π̂ dπg̃(π)
− σ2

stat, (A.6)

where g̃(π) is obtained from the parameter distribution for nuisance parameters θ±, as indi-
cated in Eq. (A.4). The systematic uncertainties induced by multiple nuisance parameters,
such as uncertainties on the effective area and on the energy scale, are combined quadratically,
effectively treating these parameters as independent variables.

B Intrinsic AGN models

In this Appendix, we list the spectral models used for the different AGN samples described
in Sec. 3.1, which are used to derive the sensitivity of CTA for the detection of the EBL
attenuation. We provide the detection significances of the simulated AGN above E(τ = 1) for
different assumed exponential cut-offs at 0.1/(1+z)TeV, 1/(1+z)TeV and 10/(1+z)TeV. The
spectral models and detection significances of the long-term monitoring sample (Sec. 3.1.1)
are listed in Table 2. The high-quality spectral sample (Sec. 3.1.2) is detailed in Table 3.
Parameters of the GeV- and TeV-flare samples (Sec. 3.1.3) are provided in Tables 4 and 5.
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Table 2: Properties of AGN in the long-term monitoring sample. The spectral model pa-
rameters are adapted from Ref. [12]. A live time of 50 hours is used to assess the detectability
of the AGN with CTA. The columns display from left to right: (1) the 3FGL source name;
(2) the counterpart name; (3; 4) the AGN type and SED class from 4LAC (or 4FGL∗, or
3LAC†, or VizieR§, or Ref. [56]‡); (5) the redshift; (6) the redshift reference; (7) the reference
energy, E0, for the source spectral model; (8) the corresponding flux level at E0; (9) the
power-law photon index, Γ, or corresponding parameter for log-parabola models; (10) the
curvature parameter, β, for log-parabola models; (11–13) N0.1

σ , N1
σ , N10

σ the significance of
detection obtained for E > E(τ = 1) considering an exponential cut-off at 0.1/(1 + z)TeV,
1/(1 + z)TeV and 10/(1 + z)TeV, respectively.

3FGL Name Counterpart Type Class z zref E0 Normalization Γ β N0.1
σ N1

σ N10
σ

[TeV] [/cm2 s TeV]

J1104.4+3812 Mrk 421 BLL HSP 0.031 [206] 3.34 6.52× 10−12 2.71 0.20 0.1 −0.3 18.7

J1653.9+3945 Mrk 501 BLL HSP 0.034 [206] 1.42 8.27× 10−12 2.19 −0.2 0.0 19.9

J1517.6−2422 APLibrae BLL LSP 0.049 [207] 0.42 7.86× 10−12 2.17 −0.1 0.0 9.1

J2202.7+4217 BLLac BLL LSP 0.069 [208, 209] 0.28 4.64× 10−11 2.91 0.0 0.4 5.8

J1221.4+2814 WComae BLL ISP 0.102 [210] 0.36 6.24× 10−11 2.77 0.2 10.8 33.0

J2158.8−3013 PKS2155−304 BLL HSP 0.116 [211] 0.33 1.42× 10−10 2.75 0.2 27.6 68.4

J1428.5+4240 H1426+428 BLL HSP 0.129 [212] 2.30 1.49× 10−12 0.81 −0.1 12.9 44.8

J0232.8+2016 1ES 0229+200 BLL EHSP‡ 0.140 [213] 1.64 1.71× 10−12 1.26 0.1 14.7 40.8

J1103.5−2329 1ES 1101−232 BLL EHSP‡ 0.186 [212] 0.59 1.23× 10−11 1.41 0.6 24.0 56.3

J1015.0+4925 1ES 1011+496 BLL HSP 0.212 [214] 0.18 5.16× 10−10 3.24 0.3 19.8 32.2

J0222.6+4301 3C 66A BLL ISP 0.340 [59, 215] 0.14 5.45× 10−10 2.44 0.5 17.3 26.9

Table 3: Properties of AGN in the high-quality spectra sample. The spectral model param-
eters are adapted from Ref. [12]. A live time of 20 hours is used to assess the detectability of
the AGN with CTA. See Table 2 for column details.

3FGL Name Counterpart Type Class z zref E0 Normalization Γ β N0.1
σ N1

σ N10
σ

[GeV] [/cm2 s TeV]

J0214.4+5143 TXS 0210+515 BLL† EHSP‡ 0.049 [216] 49.7 2.10× 10−10 1.55 0.2 0.0 11.4

J0550.6−3217 PKS0548−322 BLL EHSP‡ 0.069 [217] 34.7 2.75× 10−10 1.80 −0.2 0.4 10.7

J2250.1+3825 B3 2247+381 BLL HSP 0.119 [218] 40.9 8.49× 10−10 1.65 −0.4 9.9 29.2

J1917.7−1921 1H1914−194 BLL HSP 0.137 [219] 26.2 5.85× 10−9 2.05 −0.3 11.9 30.8

J1010.2−3120 1RXSJ101015.9−3119 BLL HSP 0.143 [220] 41.7 7.05× 10−10 1.65 −0.3 11.6 33.1

J0648.8+1516 RXJ0648.7+1516 BLL† HSP† 0.179 [221] 33.1 2.55× 10−9 1.83 0.3 14.2 27.4

J1221.3+3010 PG1218+304 BLL EHSP‡ 0.184 [222] 22.2 1.24× 10−8 1.47 0.22 0.1 7.3 14.1

J0349.2−1158 1ES 0347−121 BLL EHSP‡ 0.188 [223] 44.6 3.37× 10−10 1.65 −0.2 5.8 15.3

J1224.5+2436 MS1221.8+2452 BLL HSP 0.219 [224] 29.0 1.89× 10−9 1.94 −0.2 6.4 12.0

J0303.4−2407 PKS 0301−243 BLL HSP 0.266 [225] 23.0 1.23× 10−8 2.20 −0.1 13.8 22.1

J0543.9−5531 1RXSJ054357.3−5532 BLL HSP 0.273 [226] 25.1 4.63× 10−9 2.08 −0.3 7.9 13.2

J0416.8+0104 1ES 0414+009 BLL ETEV‡ 0.287 [227] 28.0 1.34× 10−9 1.98 −0.1 3.7 6.3

J1931.1+0937 RXJ1931.1+0937 BLL† HSP† >0.476 [228] 21.8 9.84× 10−9 2.31 0.5 6.1 8.3

J0033.6−1921 KUV00311−1938 BLL HSP >0.506 [226] 23.1 8.36× 10−9 2.21 0.0 7.4 9.5

J1427.0+2347 PKS1424+240 BLL HSP >0.604 [229] 17.2 6.35× 10−8 2.00 0.18 −0.1 7.4 10.9

Table 4: Properties of AGN in the GeV-flare sample. The spectral model parameters derived
from the LAT analysis described in Sec. 3.1.3. A live time of 10 hours is used to assess the
detectability of the AGN with CTA. See Table 2 for column details.

3FGL Name Counterpart Type Class z zref E0 Normalization Γ β N0.1
σ N1

σ N10
σ

[GeV] [/cm2 s TeV]

J0522.9−3628 PKS0521−36 AGN LSP 0.055 [230] 0.32 1.14× 10−2 2.89 −0.2 0.1 1.3

J0739.4+0137 PKS0736+01 FSRQ LSP 0.191 [231] 2.00 3.74× 10−5 2.33 0.2 28.1 47.3

J0017.6−0512 PMNJ0017−0512 FSRQ LSP 0.226 [232] 0.86 9.94× 10−5 2.05 1.0 65.9 101.8

J0303.4−2407 PKS 0301−24 BLL HSP 0.260 [226] 2.00 3.51× 10−5 2.08 1.1 75.0 114.7

J1700.1+6829 GB6 J1700+6830 FSRQ LSP 0.301 [233] 2.00 3.51× 10−5 2.12 1.1 59.6 83.6

J0854.8+2006 OJ 287 BLL LSP 0.306 [234, 235] 2.00 4.71× 10−5 2.14 2.4 74.8 102.5

J1751.5+0939 PKS1749+096 BLL LSP 0.322 [236] 2.00 1.51× 10−4 2.26 3.5 98.2 131.8

J1153.4+4932 PKS1150+497 FSRQ LSP 0.334 [231] 0.52 6.32× 10−4 2.53 0.4 6.7 9.9

J1349.6−1133 PKS 1346−112 FSRQ ISP 0.340 [237] 0.77 3.50× 10−4 2.79 0.0 2.9 4.0

J1512.8−0906 PKS 1510−089 FSRQ LSP 0.361 [238] 2.00 4.06× 10−4 2.13 35.4 344.3 429.5

J0958.6+6534 S4 0954+65 BLL LSP 0.367 [239] 2.00 3.98× 10−5 2.36 1.1 29.6 42.5

J0510.0+1802 PKS0507+17 FSRQ LSP 0.416 [240] 2.00 1.47× 10−4 2.18 7.9 125.4 158.9
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Table 4: (continued) Properties of AGN in the GeV-flare sample.

3FGL Name Counterpart Type Class z zref E0 Normalization Γ β N0.1
σ N1

σ N10
σ

[GeV] [/cm2 s TeV]

J1642.9+3950 B3 1641+399 FSRQ LSP 0.594 [231] 2.00 3.02× 10−5 2.09 3.3 46.4 61.3

J2035.3+1055 PKS2032+107 FSRQ LSP 0.601 [241] 0.80 4.84× 10−4 2.68 0.3 6.8 8.2

J0112.8+3207 4C31.03 FSRQ LSP 0.603 [242] 2.00 1.99× 10−5 2.70 0.1 2.0 3.1

J2236.5−1432 PKS 2233−148 BLL LSP >0.609 [228] 2.00 1.22× 10−4 2.51 2.0 34.0 45.0

J2345.2−1554 PMNJ2345−1555 FSRQ LSP 0.621 [232] 2.00 7.54× 10−5 2.26 10.3 90.5 110.5

J1958.0−3847 PKS 1954−388 FSRQ LSP 0.630 [243] 2.00 3.12× 10−5 2.03 11.0 94.6 116.5

J1849.2+6705 4C+66.20 FSRQ LSP 0.657 [244] 2.00 7.94× 10−5 2.04 21.1 134.1 185.8

J1801.5+4403 S4 1800+44 FSRQ LSP 0.663 [231] 2.00 6.87× 10−5 2.44 2.7 31.9 42.1

J1506.1+3728 B2 1504+37 FSRQ LSP 0.674 [245] 0.65 2.80× 10−4 2.13 4.5 45.0 58.0

J1800.5+7827 S5 1803+78 BLL LSP 0.680 [239] 2.00 2.18× 10−5 2.35 1.5 14.1 23.6

J1159.5+2914 Ton 599 FSRQ LSP 0.725 [246] 2.00 8.98× 10−5 1.89 27.2 193.0 236.8

J1748.6+7005 S4 1749+70 BLL ISP 0.770 [239] 1.14 1.49× 10−4 2.36 2.2 16.4 28.1

J1848.4+3216 GB6B1846+3215 FSRQ LSP 0.798 [247] 2.00 4.66× 10−5 2.44 2.9 24.9 33.3

J0442.6−0017 NRAO190 FSRQ LSP 0.845 [232] 2.00 5.33× 10−5 2.06 18.2 118.4 146.2

J0339.5−0146 PKS 0336−01 FSRQ LSP 0.852 [248] 2.00 6.21× 10−5 2.20 12.4 85.4 106.4

J2254.0+1608 3C454.3 FSRQ LSP 0.859 [231] 2.00 1.01× 10−3 2.55 34.7 183.0 218.8

J0538.8−4405 PKS 0537−441 BLL LSP 0.892 [249] 2.00 3.98× 10−5 2.05 11.6 85.6 109.5

J1733.0−1305 PKS 1730−130 FSRQ LSP 0.902 [250] 2.00 6.38× 10−5 2.33 6.3 49.8 64.5

J0505.3+0459 PKS0502+049 FSRQ LSP 0.954 [251] 2.00 1.29× 10−4 2.30 10.9 81.4 101.8

J0238.6+1636 A0235+164 BLL LSP 0.954 [252] 2.00 5.42× 10−5 2.44 2.4 25.8 32.7

J1310.6+3222 OP313 FSRQ LSP 0.998 [232] 2.00 2.83× 10−5 2.34 1.4 14.7 20.8

J0457.0−2324 PKS 0454−234 FSRQ LSP 1.003 [253] 2.00 5.21× 10−5 2.33 3.7 33.9 45.7

J0909.1+0121 PKSB0906+015 FSRQ LSP 1.023 [231] 2.00 2.83× 10−5 2.85 0.5 2.2 3.4

J2232.5+1143 CTA102 FSRQ LSP 1.037 [231] 2.00 7.00× 10−4 2.26 41.3 227.3 276.4

J0725.2+1425 4C14.23 FSRQ LSP 1.038 [232] 2.00 6.56× 10−5 2.98 0.4 2.6 3.8

J0428.6−3756 PKS 0426−380 BLL LSP 1.110 [254] 2.00 3.09× 10−5 2.13 9.0 52.2 72.6

J2147.2+0929 PKS2144+092 FSRQ LSP 1.113 [255] 2.00 4.04× 10−5 2.85 0.8 5.0 7.8

J2147.3−7536 PKS 2142−75 FSRQ LSP 1.139 [256] 2.00 2.72× 10−5 2.20 4.2 29.6 39.8

J1717.4−5157 PMNJ1717−5156 FSRQ† LSP† 1.158 [257] 2.00 3.86× 10−5 2.36 4.7 26.5 39.0

J0237.9+2848 4C+28.07 FSRQ LSP 1.206 [232] 2.00 4.62× 10−5 2.10 11.9 73.3 95.6

J0532.7+0732 OG050 FSRQ LSP 1.254 [232] 2.00 3.38× 10−5 2.30 3.6 26.2 36.1

J2025.6−0736 PKS 2023−077 FSRQ LSP 1.388 [251] 0.50 2.15× 10−3 1.68 0.08 22.3 109.3 157.1

J1033.8+6051 S4 1030+61 FSRQ LSP 1.401 [258] 2.00 3.20× 10−5 2.83 0.2 1.7 2.2

J2323.5−0315 PKS 2320−035 FSRQ LSP 1.411 [243] 2.00 3.34× 10−5 1.95 20.9 102.9 132.9

J0403.9−3604 PKS 0402−362 FSRQ LSP 1.423 [231] 2.00 9.11× 10−5 2.81 2.3 10.9 16.4

J1457.4−3539 PKS 1454−354 FSRQ LSP 1.424 [259] 2.00 8.40× 10−5 2.28 13.0 67.6 90.8

J0921.8+6215 OK+630 FSRQ LSP 1.453 [244] 0.60 4.41× 10−4 2.17 4.3 25.9 33.2

J1522.1+3144 B2 1520+31 FSRQ LSP 1.487 [260] 2.00 5.88× 10−5 2.34 5.6 30.2 41.8

J1427.9−4206 PKS 1424−41 FSRQ LSP 1.522 [255] 2.00 8.46× 10−5 2.39 7.5 41.1 58.1

N/A PKS1824−582 FSRQ LSP§ 1.530 [261] 2.00 7.00× 10−5 2.66 1.2 10.4 14.2

J0730.2−1141 PKS 0727−11 FSRQ† LSP† 1.591 [262] 2.00 4.09× 10−5 2.52 2.4 13.6 21.0

J1635.2+3809 PKS1633+382 FSRQ LSP 1.813 [242] 2.00 2.38× 10−5 3.23 −0.1 0.0 0.5

J2311.0+3425 B2 2308+34 FSRQ LSP 1.817 [242] 2.00 3.04× 10−5 1.90 7.4 49.1 69.1

J0808.2−0751 PKS 0805−07 FSRQ LSP 1.837 [255] 2.00 5.55× 10−5 2.21 6.5 41.0 59.8

J2201.7+5047 NRAO676 FSRQ† LSP† 1.899 [260] 0.43 4.35× 10−3 2.80 0.3 3.2 4.9

N/A B2 0748+33 FSRQ LSP§ 1.935 [231] 2.00 4.43× 10−5 3.08 0.5 0.7 1.3

J0108.7+0134 4C+01.02 FSRQ LSP 2.099 [263] 2.00 8.46× 10−5 2.54 4.5 25.1 34.6

J1332.0−0508 PKS 1329−049 FSRQ LSP 2.150 [238] 2.00 6.12× 10−5 2.79 1.1 7.2 10.6

N/A TXS0552+398 FSRQ∗ LSP§ 2.363 [264] 2.00 4.18× 10−5 2.33 2.0 14.4 20.2

J1833.6−2103 PKS 1830−211 FSRQ† LSP† 2.507 [265] 2.00 7.28× 10−5 2.45 3.3 22.1 31.1

J1345.6+4453 B3 1343+451 FSRQ LSP 2.534 [232] 2.00 1.92× 10−5 3.96 −0.1 0.0 −0.1

– 56 –



Table 5: Properties of AGN in the TeV-flare sample. The spectral model parameters are
adapted from Ref. [12]. A live time of 10 hours is used to assess the detectability of the AGN
with CTA. See Table 2 for column details.

3FGL Name Counterpart Type Class z zref E0 Normalization Γ β N0.1
σ N1

σ N10
σ

[TeV] [/cm2 s TeV]

J0316.6+4119 IC 310 RDG ETEV‡ 0.019 [266] 0.52 7.68× 10−11 1.66 0.1 0.3 4.4

J1104.4+3812 Mrk 421 BLL HSP 0.031 [206] 1.74 8.98× 10−11 2.17 0.2 0.2 27.6

J1653.9+3945 Mrk 501 BLL EHSP‡ 0.034 [206] 5.01 5.50× 10−12 2.07 0.7 0.4 33.7

J2347.0+5142 1ES 2344+514 BLL† HSP† 0.044 [267] 0.85 5.68× 10−11 1.68 −0.1 0.4 32.0

J2202.7+4217 BLLac BLL LSP 0.069 [208, 209] 0.29 1.34× 10−9 2.84 0.0 5.4 33.6

J1221.4+2814 WComae BLL ISP 0.102 [210] 0.45 1.20× 10−10 2.52 −0.2 14.9 38.5

J2158.8−3013 PKS2155−304 BLL HSP 0.116 [211] 0.36 2.41× 10−9 2.41 0.22 0.1 94.4 182.9

J0809.8+5218 1ES 0806+524 BLL HSP 0.137 [268] 0.32 1.02× 10−9 3.72 −0.4 26.0 46.1

J0721.9+7120 S5 0716+714 BLL ISP >0.232 [64] 0.31 4.71× 10−10 1.58 0.4 51.7 81.7

J0222.6+4301 3C 66A BLL ISP 0.340 [59, 215] 0.14 5.45× 10−10 2.45 0.5 7.6 11.9

J1224.9+2122 PKS1222+216 FSRQ LSP 0.432 [231] 0.15 6.75× 10−9 2.20 3.8 81.2 103.9

J1256.1-0547 3C 279 FSRQ LSP 0.536 [231] 0.12 8.63× 10−9 3.63 3.1 38.7 50.9

J1443.9+2502 PKS1441+25 FSRQ LSP 0.940 [232] 0.09 5.99× 10−9 2.76 2.7 25.2 33.6

J0221.1+3556 S3 0218+35 FSRQ LSP 0.944 [269] 0.11 7.87× 10−9 1.76 6.2 51.6 68.0

C Blazars with uncertain redshifts

Nine blazars are excluded from the GeV-flare sample due to their uncertain redshifts. For
six of them, the redshift is ambiguous as it is based on the detection of only one line. For
the remaining three, two conflicting results have been published and the true values remain
uncertain. Details are given in Table 6.

Table 6: Properties of blazars excluded from the GeV-flare sample due to an uncertain
redshift. The columns display from left to right: (1) the source name; (2) the name of the
associated counterpart; (3) the AGN type; (4) the possible redshift value; (5) reference(s) for
the possible redshift value; (6) reason for the exclusion: either conflicting results (“Conflict”)
or detection of only one line (“Unique Line”).

3FGL Name Counterpart Type Tentative z zref Comment
J1230.3+2519 ON246 BLL 0.135? [63, 270] Conflict
J1312.7+4828 GB6B1310+484 FSRQ 0.501? [232, 271] Conflict
J2329.3−4955 PKS2326−502 FSRQ 0.518 [272] Unique Line
J2250.7−2806 PMNJ2250−2806 FSRQ 0.525 [232] Unique Line
J0904.8−5734 PKS0903−57 FSRQ 0.695 [238] Unique Line
J1625.7−2527 PKS1622−253 FSRQ 0.786 [273] Unique Line
J0210.7−5101 QSOB0208−512 BLL 0.999? [274, 275] Conflict
J1048.4+7144 S5 1044+71 FSRQ 1.15 [276] Unique Line
J2244.1+4057 TXS2241+406 FSRQ 1.171 [232] Unique Line
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D EBL constraints for various energy cutoffs

We compare in Fig. 12 the reconstructed optical-depth normalization, α, with respect to
the benchmark EBL model of Ref. [6], for intrinsic exponential cut-offs at 0.1/(1 + z)TeV,
1/(1 + z)TeV and 10/(1 + z)TeV.
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Figure 12: Median reconstructed EBL scale factor as a function of redshifts of the γ-ray
sources, considering for each AGN a comoving exponential cut-off at E′cut = 0.1 (green), 1
(red) and 10TeV (blue). Only statistical uncertainties are indicated for the sake of compari-
son.

E Coverage study for limits on the ALP parameter space

In this Appendix, we present results on the coverage study for the ALPs science case, which
we derive from 100 Monte-Carlo simulations each for three sets of injected ALP parameters
(see Sec. 5.2).

The cumulative distribution functions (CDF) of the likelihood ratio test between the
hypothesis of the injected signal (denoted with πinj) versus the best-fit hypothesis (with
parameters π̂) are derived from the pseudo experiments described in Sec. 5.2. All CDFs
shown in Fig. 13 are different from the naive expectation of a χ2 distribution with ν = 2
degrees of freedom (grey dotted line). The fit of χ2 distributions with ν as a free parameter
(dash-dotted lines) fail to represent the tails of the simulated distributions at high values of
the likelihood ratio test. Instead, modified Γ distributions22 appear to provide a reasonable
analytic approximation to the simulated distribution. As anticipated, the best-fit parameters
of the Γ distribution obtained for different ALP parameter sets are different (see legend in
Fig. 13 for the corresponding values). Since we do not produce pseudo experiments for all

22We use the definition Γ(α, β) = βαxα−1 exp(−βx)/Γ(α), where Γ(α) is the gamma function.
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Figure 13: Cumulative distribution functions (CDFs) of the log-likelihood ratio tests for
different injected ALP parameters. Solid lines show the simulated distributions whereas
the dashed (dash-dotted) lines correspond to Γ (χ2) distributions with the best-fit pa-
rameters reported in the legend. We use the short-hand notation mneV = ma/neV and
g11 = gaγ/10−11 GeV−1. For reference, a χ2 with ν = 2 degrees of freedom is shown as a grey
dotted line. The likelihood ratios are derived for magnetic-field quantiles Q = 0.95.

tested ALP parameter values, we opt for the choice of using the best-fit Γ distribution found
for ma = 30neV and gaγ = 4× 10−12 GeV−1 (red dashed line) when setting limits. For 95%
(99%) upper limits this corresponds to threshold values of λ = 23.3 (26.9). By construction,
for this particular set of parameters, the adopted approach results in the correct coverage of
the limits. For the other tested parameter set with non-zero coupling, this choice results in
a slight under-coverage, which we however deem to be negligible as the threshold values are
only marginally different (26.1 for a 95% confidence limit, see the green dashed line). We
leave it for future work to check this assumption with more comprehensive simulations that
investigate the evolution of the threshold values over a larger portion of the ALP parameter
space.
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