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Seeking dark matter with y-ray attenuation
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The flux of high-energy astrophysical y rays is attenuated by the production of electron-positron pairs
from scattering off of extragalactic background light (EBL). We use the most up-to-date information on
galaxy populations to compute their contributions to the pair-production optical depth. We find that the
optical depth inferred from y-ray measurements exceeds that expected from galaxies at the ~2¢ level. If the
excess is modeled as a frequency-independent re-scaling of the standard contribution to the EBL from
galaxies, then an excess (an overall 14-30% increase of the EBL) is favored over the null hypothesis of no
excess at the 2.7¢0 level. If the frequency dependence of the excess is instead modeled as a two-photon
decay of a dark-matter axion, then the excess is favored over the null hypothesis at the 2.1c6 confidence
level. While we find no evidence for a dark-matter signal, the analysis sets the strongest current bounds on
the photon-axion coupling over the 8-25 eV mass range. This work highlights the sensitivity of y-ray
optical depth measurements to ALPs, which is expected to improve with new observatories and better EBL

determinations from future observations.
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I. INTRODUCTION

The extragalactic background light (EBL) is defined as
the integrated flux aggregating all emission over cosmic
times [1]. Direct measurements are challenging due to the
overwhelming contamination from foregrounds, which
makes it necessary to resort to indirect observational or
theoretical determinations to get a census of the populations
of emitters. In addition to astrophysical emissions, exotic
contributions may be present, arising from a potential
connection between dark matter and Standard Model
particles, for instance.

Dark matter is a key component of our understanding of
the Universe, but a microscopic model backed by obser-
vational and experimental evidence is yet to be found [2].
The axion—a pseudo-Nambu-Goldstone boson initially
proposed to solve the strong-CP problem—and axionlike
particles (ALPs) are natural dark-matter candidates [3-9],
with rich phenomenology that enables a variety of search
strategies [10,11]. The coupling between ALPs and pho-
tons causes oscillations in the presence of magnetic fields,
but also allows ALPs to undergo a monochromatic decay
into two photons with energy m,c?/2, where m, is the
ALP mass. The decay rate depends on the ALP-photon
effective coupling g,, as T, = (m,c?)*g2,/32h, where c is
the speed of light and £ is the Planck constant. Searches
for signatures of ALP decays span a vast energy range
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(see e.g., [12-38]). Here we seek their contributions to the
EBL, focusing on indirect EBL determinations from y-ray
attenuation.

As y rays propagate through a bath of low-energy photons
they are absorbed through electron-positron pair production
[39,40]. Joint analyses of the observed blazar spectra allow
the attenuation to be determined as function of source
redshift and observed y-ray energy [41]. Assuming there
is no secondary production of y rays due to undeflected
cosmic rays in the jet [42-44], these measurements can be
used to infer the EBL intensity between the infrared and near
ultraviolet as a function of redshift [45—48]. Moreover, using
independent determinations of the EBL, they can also be
used to constrain the expansion history of the Universe [49],
study Pop III stars [50], and test fundamental physics [51],
among others. In particular, y-ray attenuation measurements
are sensitive to axion-photon oscillations: using the EBL as a
“screen” for a “light through a wall” experiment [52-55]
yields competitive bounds on the ALP-photon coupling for
1072 — 10? neV masses (see e.g., [56-61]). Nonetheless,
y-ray attenuation is also sensitive to multielectronvolt ALP
decays through their contribution to the EBL, as proposed in
Refs. [62-64].

Revisiting exotic contributions to the EBL is timely. A
recent measurement of the cosmic optical background
performed by the New Horizons spacecraft yields a ~4¢
significant excess with respect to the expected flux from
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deep galaxy counts [65,66]. Furthermore, indirect deter-
minations of the EBL [46,48] lie above the inferred EBL
from galaxy populations over a much wider frequency
range [67]. These excesses may be due to unaccounted for
astrophysical contributions, but the New Horizons’s excess
may also be explained with ALP dark matter [68].
Electronvolt-scale ALPs are hard to probe with current
strategies, which motivates the development of new probes.
Forthcoming line-intensity mapping experiments are
expected to significantly improve sensitivities in this region
of the parameter space [69-71]. Contributing to this
endeavor, we present an independent probe for the dark-
matter ALP using high-energy y rays. We significantly
improve over preliminary attempts [63,64], performing a
systematic analysis of y-ray absorption of a considerably
larger sample of sources across redshift and observed
energies, and confront it with a comprehensive observational
and theoretical determination of the astrophysical EBL.
This paper is structured as follows. We review the
computation of the y-ray optical depth and introduce the
contributions considered in this work in Sec. II; we describe
our analysis and present our results in Sec. III; and
conclude in Sec. IV. Further details on the astrophysical
model for the standard contributions to the EBL considered
in this work (Appendix A), the likelihood used in the
analysis (Appendix B), and null tests to inform our
conclusions can be found in the Appendix C.

II. y-RAY OPTICAL DEPTH

The optical depth is the line-of-sight integral of the
inverse of the mean free path / of all the interactions that a y
ray encounters as it travels from the source to us:
t=c [y dzi7'/[H(1 + z)], where z is the source redshift,
and H is the Hubble parameter. We refer to observed
energies and rest-frame energies at a given redshift as £ and
€ = E(1 + z), respectively. For a y ray with observed
energy E, in a bath of EBL photons, electron-positron

pair production occurs above the EBL photon energy
threshold,

2m2c*

€min :m’ (1)

where m, is the electron mass and u is the cosine of the
angle of incidence between the two photons. The cross

section for the process is [40]
+p
ca=rm(i5)]
-2)+(B3-4") 7

)

where o is the Thomson cross section and f> =
1-2m2c*/(ee,(1 —p)) is the electron velocity in the
center-of-mass frame. Assuming an isotropic gas of
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low-energy background photons with specific number
density dn/de in proper coordinates, the inverse of the
mean free path is

Iy dn 1 (1_
= de— d
/0 6d€/—1

where © is the Heaviside function.' The angular integral
peaks as e tends to €] , which corresponds to e, with
1 = —1. The number density can also be obtained from the
specific intensity per unit energy /. in comoving coordi-
nates as dn/de = 4z(1 + z)*1./(ce).> As a reference, the
minimum energy that ever contributes to the attenuation
is e, ~1.3eV(100 GeV/E,)(2/(1 + z))-

H) 0}/;/@(6 - emin)’ (3)

A. Contributions to the EBL
The proper ALP-sourced photon number density per

energy interval at a given redshift is the aggregate of all the
decays at earlier times that redshift to the energy of interest:

dn dec B
de N

QT (1 4 2)}

myc?/2
myc*(1 4+ z)
/ H(z l+z)5D(€_ 2(1+7) )
~2Q,p.c’T (1 z)’
- mycleH(z,) 0z -2), “)

where o, is the Dirac delta function, €, and p, are the ALP
density parameter and the critical density today, respec-
tively, and z, = m,c*(1 +z)/(2¢) — 1 is the redshift of
decay that contributes to the photon energy and redshift
of interest. We assume that ALPs make up all of the dark
matter and, for the energies of interest, we can safely
consider that decay photons have a Dirac delta-function
profile [14]. The condition z, > z is equivalent to setting
the rest-frame energy as the upper limit in the integral over
e in Eq. (3).

In order to quantitatively determine the contribution
from ALP decays to the y-ray attenuation we need to
budget standard contributions to the EBL from astrophysi-
cal sources. The EBL can be directly measured (see e.g.,
Refs. [73-76]), though foreground contamination hinders
this approach (motivating measurements from the outskirts
of the solar system [65,66,77]). Instead, we reconstruct the
EBL using observational and theoretical information. We
distinguish three components: emission from galaxies at
7 < 6, emission from galaxies at z > 6, and the intrahalo
light (IHL)—emission from a faint population of stars
tidally removed from galaxies [78-80]. The cosmic

'We further simplify this equation following Ref. [72],
limiting the energy integral to values above €/ . and computing
the angular integral analytically, changing variable from y to f.

*Note that AI, = el,.
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microwave background photons have energies too low to
contribute to the optical depth of the blazars of interest.

We use the determination of the EBL sourced from
galaxies at z < 6 from Ref. [67], which is fairly consistent
with alternative semianalytic, phenomenological and
empirical studies (see e.g., Refs. [§1-86]). We reweight
specific comoving luminosity densities j,(z) inferred from
multiwavelength HST/CANDELS surveys [87,88] to
match our fiducial cosmology.” We use the code ARES’
[90] to model the contribution from stars at z > 6, using an
empirical model for Pop II star-forming galaxies calibrated
with observations of the ultraviolet Iuminosity function
[91]. We also consider the contribution from Pop III stars,
following the modeling from Ref. [92]. In each case, we
also include x-ray emission representative of high-mass
x-ray binary systems, though these sources contribute little
to the y-ray optical depth. We adopt extreme cases to be
conservative regarding uncertainties. Finally, we model the
IHL luminosity density with a power-law dependence in
mass and redshift [78], assuming a spectral energy dis-
tribution similar to old elliptical galaxies [93]. We take
results from Ref. [94] to set the fiducial contribution and its
uncertainties. We compute the flux from each astrophysical
contribution i in comoving coordinates as function of
redshift,

oo (A0+2)
02 Zmax .]I/.,i( 112 ° Z )
ll’ [ i, _ — (1 I N 7 , 5
/1,1( Z) 477’_/1/10 Z H(Z/)(l—l—z/) ( )

where A is the rest-frame wavelength at redshift z, / is the
rest-frame frequency at 7/, and zy = z(6) and z,,,, = 6(60)
for the contributions from galaxies at z < 6 and the IHL
(from galaxies at z > 6). We use the resulting flux as
function of redshift to compute the optical depth due
to each contribution, propagating the uncertainties accord-
ingly. The interested reader can find more details about
the computation of the astrophysical contributions in
Appendix A.

In order to provide an idea of the shape and magnitude of
each contribution, we compare the various photon number
densities at z = 0.5 and 1.5, and their corresponding optical
depths for y rays with observed energies of 50 and 100 GeV
in Fig. 1. The ALP-sourced photon density grows with e,
contrary to astrophysical photons, since for the same ALP
mass lower energies correspond to decays occurring at
higher redshifts, for which the time interval, and hence the
total flux, is smaller. The dependence on redshift is mostly a
small change in amplitude, with an additional small tilt and
shift in the astrophysical contributions. As expected, the
contribution from galaxies at z < 6 vastly dominates the
EBL. The gap between low and high-energy EBL photons

3Full Planck dataset best-fit parameters assuming ACDM [89].
*https://github.com/mirochaj/ares.
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FIG. 1. Photon number density in proper coordinates (top

panels) and y-ray optical depth for observed energies of 50
and 100 GeV (bottom panels), distinguishing contributions from
galaxies at z < 6, z > 6, and the IHL (red, orange and blue,
respectively, shaded bands denoting the 68% confidence level
uncertainties) and ALP decays for a decay rate of 3 x 1072* s~!
(solid lines), similar to the best fit obtained in this work.

for astrophysical sources at z > 6 is due to neutral hydro-
gen absorption. The dependence of the optical depth on
source redshift is similar, with a slight shift toward smaller
masses for higher source redshifts.

ITI. ANALYSIS AND RESULTS

We can confront now the predicted optical depth due to
ALP decays with attenuation measurements. We take
public optical depth measurements obtained from the
analysis of 739 blazars observed by FermiLAT [46] and
38 blazars observed by ground-based Cherenkov observa-
tories [48]. These amount to optical depth measurements in
12 z bins for E, € [10 — 10%] GeV, and in 2 z bins for
E, € [0.1-20] TeV. We combine these measurements with
the inferred optical depth and uncertainty from astrophysi-
cal sources to generate a sample of residual optical depth
T, to be contributed from unaccounted-for sources (i.e.,
the ALP decays in this case). We remove lower-limit
measurements from our sample since they do not set any
limit to the additional contributions. Further details on the
computation of 7z, can be found in Appendix B. We find
Tres > 0 in some cases, which is consistent with previous
results comparing EBL determinations with the inference
from y-ray attenuation [67].

We follow Ref. [46] and assume a Gaussian likelihood
for 7,.,. We adopt flat priors on log,y(m,c?/eV) € [-1,2]
and log((I",/s7!) € [-28,—20]. We evaluate the unnor-
malized posterior in a fine grid in log,y(m,c?/eV) and
log;o(I",/s™"), and derive the posterior from the Ay? with
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FIG. 2. Measured and residual y-ray optical depths binned in source redshift and observed y-ray energy. We show residual optical
depths as we cumulatively subtract astrophysical components (as indicated in the legend, each entry is the previous minus the indicated
component). Dark blue dotted lines show the best-fit results for the contributions from ALP decays. We also show the best fit results for
the case with additional extragalactic background with red dotted lines.

respect to the best-fit ;(2.5 We neglect neutral hydrogen
absorption for ALP masses above 20.4 eV. The absorption
of the photons produced in these decays would require
higher decay rates to contribute the same to the EBL.
However, as shown below, this region of the parameter
space is better constrained by other probes, so that this
choice does not affect our conclusions.

The excess in optical depth can be explained with ALP
decays, with best fit m,c>=9.1eV and I',=2.5x
1072 57!, which corresponds to g,, =2.1x 107! GeV~!.
We find that the contributions from ALP decays are preferred
over the null hypothesis (no additional optical depth) at 2.1¢
significance (p — value = 0.038). We Show ¢4, Tres and the
predicted contributions from ALPs for the best fit in Fig. 2.
The ALP contributions provide a very good fit for z,., with
the exception of the measurements at z; = 0.033.

Our results can also easily be rescaled to smaller
abundances of ALPs modifying Eq. (4) accordingly. For
the coupling and masses of interest, the correct dark-matter
relic abundance can be obtained via the misalignment
mechanism [3-5], although only in nonstandard cosmology
scenarios [95-97] or specific photophilic models where the
ALP-photon coupling is enhanced, while keeping a rela-
tively large decay constant [98].

We also explore a simplified null test. We consider a
separate case to explain the optical depth excess with a
boosted contribution from galaxies at z < 6: we multiply

Exploring the parameter space of log;o(I’,/s™!) and
log0(ga,/ GeV~!) returns the same posterior, since the likelihood

‘C(loglo(gay/Gev_l)’ logjo(mac?/eV)) = 2L(logo(Ly/s™"),
log,o(m,c?/eV)), which yields the same Ay?.

such contribution by a constant factor (1 + F eEBL),6 adopt-
ing a flat prior on logoFggr. € [-3, 1]. We find F gg; =
0.22 £ 0.08 at 68% confidence level, which fits well the
first bins in zg, but fails for blazars at higher redshift for
which 7, is not an upper limit. Fgg;, > 0 is preferred at
2.76 (p — value = 6.7 x 1073). The Ay? between the best
fits in this and the ALP cases favors the former with
marginal significance. If the first z; bin is removed we find
Ay? = —2.9, favoring ALP decays, with approximately the
same best-fit parameters for the ALP decay than before
(and same significance of detection against the null
hypothesis), but 0.17 + 0.09 for F.gg; at 68% confidence
level. Further discussion and null tests can be found in
Appendix C.

We compare our results for the ALP decay rate with the
current strongest bounds over the relevant mass range in
Fig. 3. We include bounds from the helioscope CAST [99],
from spectroscopic observations of the galaxy clusters
Abell 2667 and 2390 with VIMOS [100] and the dwarf
spheroidal galaxy Leo T with MUSE [101], the study of
the stellar cooling in globular clusters [102,103], cosmic
microwave background spectral distortions measured with
COBE/FIRAS [31], radiative gas cooling rates of Leo T
[28], and HST angular power spectrum [104]; and forecast
sensitivities of line-intensity mapping [70].7 We do not
include outdated constraints from observations of the
optical and near-infrared background [105] and instead

®Note that we only increase the mean contributions and do
not vary the error bars that go into the computation of 7.

We include forecasts using the voxel intensity distribution
(VID, an estimator for the probability distribution function of the
line intensity within a voxel), and the power spectrum (PS).
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FIG. 3. 68%, 95%, and 99% confidence level constraints on the
ALP parameters from y-ray attenuation (dark blue contours,
dashed lines denoting the masses that are affected by neutral
hydrogen absorption), along with current strongest 95% confi-
dence level bounds and preferred region to explain the COB
excess, and the QCD axion band.

add the preferred parameter values to explain the cosmic
optical background excess [68]. The bimodal distribution is
produced by the difficulty to fit the local and high z
measurements at the same time (see Appendix C).

The fact that the optical depth excess may also be
explained by additional EBL from galaxies at 7 < 6 may
point to a scenario where both additional components
contribute to the EBL. The exploration of this hypothesis
requires a more detailed modeling for the additional
astrophysical EBL and is left for future work. Therefore,
the hint found in this work shall be confirmed by sub-
sequent studies and additional, independent probes of ALP,
and we prefer to interpret this result as an upper bound in
the ALP-photon coupling and a motivation for further
exploration of this region of the parameter space.

IV. CONCLUSIONS

y-ray attenuation returns the strongest 3¢ bound to date on
the effective ALP-photon coupling on the 8§-25 eV mass
range, improving current bounds by up to more than an order
of magnitude. These results rule out most of the parameter
space that may explain the cosmic optical background
excess, leaving a small window at m,c*> ~ 8 eV. However,
note that Ref. [68] does not include contributions from IHL
and galaxies at z > 6, which may push the viable parameter
combinations to lower effective couplings, increasing the
compatibility with this work.

Our analysis is significantly more sensitive to ALP
contributions than the study from Ref. [64], based on
fitting a bump feature in the spectrum of a single blazar.

This is because we use optical-depth measurements from
almost 800 blazars, making our study more robust sta-
tistically and regarding uncertainties in the intrinsic spectra
of the blazars. We rule out most of the viable favored
parameter space reported in Ref. [64] and we find potential
preference for lower couplings.

y-ray attenuation as a probe for ALPs or other non-
standard contributions to the EBL has great potential to
improve in the near future. Existing y-ray satellites and
ground Cherenkov telescopes like Fermi-LAT and HAWC,?
HESS,’ MAGIC," or VERITAS'" will keep improving the
measurements and increasing the sensitivity to the EBL,
while forthcoming facilities such as CTA [106] will bring
dramatic improvements. On the other hand, improved
observations of the EBL such as a reassessment of HST
data [107] or observations with SPHEREx [108] and
JWST, 12 ill reduce uncertainties in the EBL determination
and increase the precision and robustness of analyses like
this one. Furthermore, line-intensity mapping observations
will distinguish between different potential sources for
exotic lines [70,109], while a non detection would imply
that any additional contribution must have a broad spec-
trum, increasing the characterization of any non-accounted
for contributions to the EBL and y-ray attenuation.
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APPENDIX A: ASTROPHYSICAL EBL MODEL

Here we provide more details on the theoretical models
used to determine the contributions to the EBL from
galaxies at z > 6 and the IHL.

1. Galaxies at z > 6

Our model for the contribution to the EBL from galaxies
at z > 6 has two components. In order to be conservative,
we adopt two extreme cases, and take the envelope of the

8https://www.hawc-observatory.org/.
9https://www.mpi-hd.mpg.de/hfm/HESS/.
10https://magic.mpp.mpg.de/.
https://veritas.sao.arizona.edu/.
12https://www.jwst.nasa.gov/.
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resulting minimum and maximum EBL as our lower and
higher value uncertainties.

First, we include an empirically-calibrated model for Pop
II star-forming galaxies [91], which relates the star-for-
mation rate to the accretion rate of dark matter halos, and
infers the star formation efficiency through fits to high-z
galaxy luminosity functions from [110]. We use the BPASS
version 1.0 single-star models [111] to generate our model
galaxy spectrum, assuming solar metallicity, no attenuation
from dust, and that stars have been forming at a constant
rate for 100 Myr. This is a reasonable approximation for the
rest-ultraviolet portion of high-z galaxy spectra, which is
the most relevant for the y-ray opacity from the EBL.

We also include a contribution from Pop III stars, which
form in low-mass “minihalos” with virial temperatures
below the atomic cooling threshold. We either do not
account for contributions from Pop III stars or assume that
Pop III stars dominate the cosmic star-formation rate
density until z ~ 15 and are extinct by z ~ 10. This scenario
is achieved assuming a simple parametrization [92], in
which each halo forms Pop III stars for 250 Myr before
transitioning to Pop II star formation. Pop III stars are
assumed to be massive, 2 100M, stars with hard spectra,
comparable to a black body at 10° K [112]. Such a model
will be testable with forthcoming observations by
SPHEREX [113].

In addition, we assume that each stellar source population
described above is also accompanied by high-mass x-ray
binaries, which contribute to the x-ray background. For
these sources, we assume a multicolor disk spectrum [114],
with no intrinsic attenuation. We consider cases in which the
relationship between x-ray emission and the star-formation
rate is similar to the local relation [115], as well as a case
where it is boosted by a factor 103 with respect to the local
relation. In both cases, the contribution to the opacity from
the EBL is negligible, since the range of energies of the
redshifted x-ray photons do not annihilate y-ray photons
efficiently.

We model these high-z sources and their contribution
to the EBL using the publicly-available ARES code [90].
Note that the lowest energy of the z > 6 contribution is set
by the lowest energy considered within ARES, which is the
minimum photon included in the BpASS library ~0.4 eV.
Nevertheless, this energy is always below ¢/ . . hence not
affecting the results.

2. Intrahalo light

Diffuse intrahalo emission, usually referred to as intra-
halo light (IHL), may come from tidally stripped stars
during galaxy mergers, with aggregated surface brightness
low enough to challenge resolved observations [116]. The
fraction of stripped stellar mass depends on the halo mass,
with heavier halos expected to host larger fractions of
diffuse intra-halo emission than their lighter counterparts.
We follow the parametric model from Refs. [94,117].

The specific luminosity density at redshift z and rest-frame
wavelength A can be computed using the halo mass
function dn;,/dM as

. Mmax dnh
JamL(42) = y deLz,IHL(M7 2),

min

(A1)

where we use the halo mass function from Ref. [118], we
assume M, = 10°My/h and M, = 10"*M/h, where
h = H,/(100 km/s/Mpc) in this context, and L,y is the
intrahalo light specific luminosity emitted by a halo of mass
M, given by

Lymi(M. 2) = fiaL(M)Lap(M)(1 +2)%S122(4).  (A2)

where L,, = Ly/(2.2 pm) is the total halo luminosity at
2.2 pm at z = 0, with L, given by [119]

M
27 x 10%h3 My

0.72
Lo =5.64 x 10‘2h7‘02< ) Lo. (A3)

where h;g = Hy/(70 km/s/Mpc). In Eq. (A2), « controls
the redshift evolution of the luminosity and fyy is the
fraction of the total halo luminosity coming from IHL. We
parametrize fyy, with a power law in mass

A M\
fIHL_ IHL W .

(A4)
Finally, S;,, = S,/5,, is the spectral energy distribution
of the IHL normalized to be 1 at 2.2 pm. We assume S, to
be similar to old elliptical galaxies, comprised of red stars
[93]. In practice, we use the template for an elliptical galaxy
of age 13 Gyr from the SWIRE library [120]. Once we have
computed j,, we transform it to j, and compute the
contributions to the EBL using Eq. (5).

We follow the results of Ref. [94], which assumes a fixed
index for the mass power law to 0.1 (in agreement with the
best fit to the near-infrared background power spectrum,
£ = 0.094 + 0.005 [78]), and finds the index of the redshift
power law and the log;y Apy, completely anticorrelated,
and fairly uncorrelated with other contributions. We set
log oAmr = {—3.35,-3.23,-3.09} and a = {0.1,1,1.5}
as the low, mean and high values for our estimation,
according to the reported 68% confidence level constraints
in Ref. [94].

APPENDIX B: LIKELIHOOD

In this appendix we provide further detail about the
likelihood we use for the residual optical depth z,.,. Let us
first describe how we obtain 7, for each source redshift z
and observed energy E, from the measured optical depth
Tmeas and the predicted contributions to the optical depth 7,
from each component of the astrophysical EBL (gal. z < 6,
gal. z > 6, and IHL), indexed by k. We index the z; and E,
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values with i and j, respectively, so that T(zgi), Ey )) = 7(i)),
As discussed in the main body of the article, we discard
lower-limit measurements of 7,,.,, and distinguish between

actual measurements and only upper limits for 7,,.,,. If rgjezls

is detected, we compute rﬁé@ as

ad =it = > 7, (B1)
k

with associated 68% confidence level uncertainties
obtained adding in quadrature the measurement errors
and the uncertainties from the astrophysical contributions:

G (d)) = o2(thiths) + Y a2 (7)). (B2)
k

where the subscript x denotes whether these are upper- or
lower-value errors—o,, and oy, respectively. We consider
the cases for which Tﬁg{) < olow(rﬁé{)) (i.e., the low end of
the 68% confidence level uncertainties lies below zero) as

upper limits, set by
Ow (el ) = (CDF(;) ' (0683).  (B3)

which is the inverse of the cumulative distribution function
of a normalized asymmetric Gaussian with only 7 > 0 and
standard deviations given by aup(rgéj )) and alow(rﬁé] )), and
consider TEQQ =0.

Finally, we include the measured upper limits for the
optical depth in our analysis, since they set a maximum to
the contributions from unknown components of the EBL.
In these cases, we consider 7.7 = 0, and the 68% con-
fidence level upper limit to be

% . -\ 2
T im(d)) = <0up s (Thias) — Z 7\ ))

k

+3 a2 (7). (B4)
k

We subtract 7z, to the measured upper limit to take into
account the fact that there is a known contribution below
the detection limit. Therefore, additional contributions to
the optical depth have to be added to that, after adding the
astrophysical uncertainties in quadrature to the measured
upper limit. -

Once that we have the computed ) and its correspond-
ing uncertainties, we can build the likelihood for additional
contributions to the optical depth, which we denote with
the subscript “extra.” The value of 7., depends on the
parameters considered in each model, which we denote
here with ©. Following Ref. [46], we assume a Gaussian
likelihood £ o exp(—y?/2), considering that all measure-
ments are uncorrelated, such as

) (© —‘rfé{) 2, ij i

St i@ 2al,
i) (@)= . (i .

p={ SEEOEEE @) <l (8s)

ij Ulow( res )

ij 2
) (7 (©))
ij Oﬁp lim(‘riéé))

if 7l =

Given that the maximum number of parameters that we
consider in our models is two, we use a fine grid in parameter
space to evaluate Eq. (BS5), and obtain the unnormalized
posterior distribution from Ay?(®) = y*(©) — (),
where ®,; are the best-fit parameter values.

APPENDIX C: NULL TESTS

Here we provide further comparison between the ALP
case (the main case of study considered in this work) and
two null tests. We focus on the EBL from galaxies at 7 < 6
since it is by far the dominant contribution. We consider
(a) an overall boost of the astrophysical EBL from galaxies
at z < 6, multiplying the standard contribution by (1 +
F.gpr) factor; and (b) a potential underestimation of the
EBL uncertainties, boosting the uncertainties of the con-
tribution from galaxies at z < 6 by a constant factor.

1. ALPs vs FeEBL

We have shown in the main text that an overall 14-30%
increase of the EBL can explain the optical depth excess
with similar preference over the null hypothesis than ALP
decays. Here we extend the comparison between the two
hypotheses. In order to compare how well each case fit 7,
we compare their y> values for their best fit, defining a
A){i_eEBL Eﬂ(ﬁ,bf —xﬁEBL’bf; A)(f,_eEBL > 0 denotes prefer-
ence for the F.gp;, hypothesis and vice versa.

The results shown in Fig. 2 seem to indicate that F gp;,
and ALP decays fit better the more local and more distant
blazars, respectively. We confirm this in Fig. 4, where we
show Ay2_.gg; for each bin in z; and E,. While for most
cases the two models perform similarly, there is a clear
preference for ALPs at intermediate redshifts, while mea-
surements at low redshifts and energies favor F.gg;. More
quantitatively, we find Ay2_.z5; = 0.79 when considering
all cases, which shifts to —2.9 if the first z, bin is not
considered in the whole analysis.

In Fig. 5 we show how the peak in the posterior at light
masses disappears when the first z bin is removed. This
proves that that peak was present only due to the first
redshift bin (which, as shown in Fig. 2, does not fit
satisfactorily. In this case, the best fit F.ggy = 0.17, is
preferred over the null hypothesis at 1.9¢ significance
(p-value = 5.6 x 1072). On the other hand, the best fit and
significance for the ALP-decay case remains very similar.
These results further support the scenario in which, if there
are actually contributions from ALP decays, they may be
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FIG. 4. Comparison of the individual > values for the best-fit cases in the ALP and F gp; scenarios.
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analysis.

Same as Fig. 3 but removing the first z; bin from the

accompanied by additional astrophysical EBL to accom-
plish a good fit to both local and distant blazars.

2. Increasing EBL uncertainties

We carry out a final null test. In this case, we boost the
uncertainties of the astrophysical EBL from galaxies at
Z < 6 by a constant factor until 7., becomes an upper limit
for all z; and E|, bins considered in the analysis. We find that
the required factor is 14.36. By construction, in this case
we do not find any preference for contributions from ALPs
over the null hypothesis. However, we can set extremely
conservative bounds on the ALP-photon effective coupling.

T 5 5 2]
1 2| IS ]
g ac® 5 = ders
—221 1 - g e co®B
; This work X
1

logy (macz-/e\/)

FIG. 6. 95% and 99% confidence level bounds on the ALP-
photon effective coupling as function of mass from y-ray
attenuation for the extremely conservative scenario discussed
in Appendix C2 (dark blue lines, dashed lines denoting the
masses that are affected by neutral hydrogen absorption), along
with current strongest 95% confidence level bounds and preferred
region to explain the COB excess, and the QCD axion band.

We show the corresponding 95% and 99% confidence level
bounds in Fig. 6. Even under these extremely conservative
assumptions we find that the y-ray attenuation significantly
improves over current upper bounds by up to an order of
magnitude. This result further motivates the study of y-ray
attenuation as a very promising probe of ALP and other
exotic contributions to the EBL.
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