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Recent studies using New Horizons LORRI images have returned the most precise measurement
of the cosmic optical background to date, yielding a flux that exceeds that expected from deep
galaxy counts by roughly a factor of two. We investigate whether this excess, detected at ~ 4o
significance, is due to [axion-like] dark matter that decays to monoenergetic photons. We [compute]
the spectral energy distribution from such decays and the contribution to the flux measured by
LORRI. [Assuming that axion-like particles make up all of the dark matter,] the parameter space
unconstrained to date that explains the measured excess [spans masses and effective axion-photon
couplings of 8 - 20 eV masses and 3 - 6 x107"" GeV ™!, respectively]. If the excess arises from
dark-matter decay to a photon line, there will be a significant signal in forthcoming line-intensity
mapping measurements [that will allow the discrimination of this hypothesis from other candidates].

The cosmic optical background (COB), the integrated
flux of optical light, allows us to test whether our cen-
sus of known galaxies is complete [I]. Measuring the
COB is challenging due to the overwhelming presence
of foregrounds—especially zodiacal light (sunlight scat-
tered by interplanetary dust)—which requires very ac-
curate and precise calibration and modeling to be sub-
tracted from the observations. Foreground removal can
be achieved at the expense of large uncertainties in the
COB measurement, which hinders detection from Earth
or from Earth-orbiting satellites. There are ~ 20 hints
of the COB, including the 0.40 ym ‘dark cloud’ measure-
ment [2], the 0.80 ym CIBER flux [3], and the Pioneer
10 and 11 observations [4] taken at 3 — 5 AU from the
Sun (but challenged by Ref. [5]). Nonetheless, contami-
nation from zodiacal light is negligible in the outer solar
system [6, [7]. This makes NASA’s New Horizons space-
craft an extraordinary platform to measure the COB,
as demonstrated by analyses using archival images of
the New Horizons’ Long Range Reconnaisance Imager
(LORRI) [8,@]. The New Horizons’ LORRI has recently
provided, using targeted observations taken at 51.3 AU
from the Sun, the first high signal-to-noise detection of
the COB, yielding a flux of photons with wavelengths
~0.4—0.9 pym (~ 1.3 -3 eV) of 16.37 + 1.47 nW/m? /sr
[10]. This measurement, obtained after subtracting con-
tributions from diffuse Galactic light, scattered light from
stars and galaxies outside the LORRI field, faint stars be-
low the detection limit, hydrogen and ionized helium two-
photon continua, and foregrounds from the spacecraft,
exceeds the flux expected from deep Hubble Space Tele-
scope galaxy counts by 8.06 & 1.92 nW/m? /sr [10]; this
is roughly a factor-of-two excess, with 2 40 significance.
Possible astrophysical explanations include a faint popu-
lation of galaxies not accounted for in the prediction from
deep counts of HST [I1], light from stars tidally removed
from galaxies, a population of faint sources within ex-
tended halos (intrahalo light) [12HI4], or direct-collapse
black holes at very high redshift [I5].

Another, more exotic, possibility is that the excess is
due to dark-matter decay. Although dark matter is a cor-
nerstone of the standard cosmological model, there is cur-
rently no satisfactory microscopic model for dark matter.
Dark matter may decay to photons through some weak
coupling to Standard Model particles; examples include
the axion [16H22] and sterile neutrinos [23]. There are
ongoing efforts to constrain this possibility with cosmo-
logical and astrophysical observations over a vast mass
range (see e.g., Refs. [24H46]).

Here we show that if the COB excess is due to dark-
matter decay to a monoenergetic photon, this decay line
will be detected with high significance with forthcoming
line-intensity mapping (LIM) experiments [47H50]. LIM
experiments infer the three-dimensional distribution of
mass by mapping the cosmic luminosity density of some
specific atomic/molecular emission line; e.g., the 21-cm
transition of neutral hydrogen, rotational lines of carbon
monoxide, a bright infrared line of singly-ionized carbon,
or the Lyman- and Balmer-series of neutral hydrogen. If
dark matter decays to a photon line, it will show up in
LIM experiments as an unidentified line [51) 52][, allow-
ing the discrimination between potential candidates to
explain the COB excess].

To be concrete, we focus on the two-photon decay of
an axion that makes up all the dark matter. [For an ax-
ion mass m,, the decay rate I'y is related to the effective
coupling gy~ to photons as I'y, = (mxc2)3giv/32h, where
¢ is the speed of light and A is the Planck constant.] In
this case, the energy density in the COB excess, which
is ~ 1076 of the dark-matter density, implies an axion
lifetime ~ 10° times the age ty of the Universe, and so
we assume the decay lifetime is long compared with ¢y
and neglect any variation of the dark matter density with
time due to decays. [The photons produced in the axion
decay have a rest-frame frequency v = m,c?/2h. In the
context of the QCD axion, the mass range correspond-
ing to the LORRI band requires couplings that are ruled
out by observations [53]. Nonetheless, similar produc-



tion processes may operate in the early Universe to pro-
duce so-called axion-like particles (ALPs), which might
be the dark matter and do not have strict relations be-
tween their mass and the coupling to photons [54].] As
we show, [ALP decays contributing to explain the COB
excess are| fully consistent with all existing constraints
to the axion parameter space.

The profile of the emission coming from a given red-
shift has a width dependent on the dark matter velocity
dispersion, which is negligible for the frequencies of inter-
est [26]; hence, we consider a Dirac delta function profile.
The specific intensity I per observed wavelength Agps in
units of power per area per steradian for the dark matter
radiative decay is given by
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where Qq, and p. are the dark matter density parame-
ter and the critical density today, respectively, Iy is the
dark matter decay rate, and H is the Hubble expansion
rate at the redshift z = z(m,, Aobs) at which the decay
occurs, which in turns depends on the dark matter mass
and the observed wavelength. Assuming all [ALPs have]
the same mass, the spectral energy distribution at each
observed wavelength only receives contribution from a
single redshift. The numerator of the second factor is
the mean specific luminosity density per comoving vol-
ume produced by dark matter decays [55H57], to which
we add a fraction f — that may include redshift de-
pendence — accounting for the possibility that not all
the dark matter decays, that it may decay to particles
other than photons, and that not all the photons may
reach us; hereinafter we assume this fraction to be unity,
but our results can be reinterpreted by linearly rescal-
ing I'y, to account for any combination of these scenarios.
We have also neglected the contribution from stimulated
decays due to background light [24, 25], since it does
not affect the result for the energies considered in this
work [52]. We transform the luminosity density into flux
(volume) density dividing by 47D?, where Dy, is the lu-
minosity distance, and convert it to specific intensity by
transforming the comoving volume element to solid angle
and observed wavelength elements as dA/dQ2 = D3, and
dx/dAobs = ¢(1+ z)/H Aobs, respectively, where Dys and
x are the comoving angular diameter distance and the
comoving radial distance, respectively.

We show the specific intensity per observed wavelength
for different [ALP] masses over the interval of interest in
Fig.[l} The hard cut off at the low wavelength end of each
curve corresponds to the rest-frame wavelength of the
products for each [ALP] mass, i.e., to the radiation at z =
0. For a fixed decay rate, the flux decays with the [ALP]
mass, which also implies that it decays as the radiation
comes from higher redshift at the same Ayps.This is due
to the fact that the flux density decreases with distance:
accounting for all redshift-dependent factors, I o (1 +
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FIG. 1. Specific intensity per observed wavelength from [ALP]
radiative decays as [ALP] mass varies (color coded following
the colorbar). [We show predictions for a fixed decay rate
of 8 x 1072* s™! (top left panel), and for a fixed total con-
tribution to the measured intensity equal to the COB excess
(bottom left panel), with the corresponding contributions to
measured intensities along with the COB excess (top right
panel) and required decay rates to match the COB excess
(bottom right panel).] We also indicate in the colorbar the
redshift at which the decay occurs at the LORRI pivot wave-
length Aobs = 0.608 pm for each mass. The gray shaded region
corresponds to the unnormalized shape of the LORRI respon-
sivity as function of wavelength.

2)~%/2 (roughly approximating H oc (1 + 2)3/2).

LORRI is an unfiltered CCD imager with sensitivity
from the blue to the near infrared — 0.4 um < Aops S
0.9 pm — with pivot wavelength Api, = 0.608 pm, which
is operated with 4 x 4 pixel binning for deep observa-
tions [58, 59]. We use Eq. and the specifications of
the LORRI camera in its 4 x 4 operating mode to ob-
tain the predicted contribution from dark matter decays
to the COB measurement. We compute the data num-
ber DN per second and pixel using the responsivity R of
LORRI [59] as

DN/piX/S = /d)\obsR()\obs)I/\ s (2)

which we convert into measured intensity at Api, using
the sensitivity corresponding to the diffuse photometry
keyword for targets with Solar-like spectral energy dis-
tributions (RSOLAR in Table 2 of Ref. [59], transformed



to the correct units):

Ao

I= m x (DN/pix/s) . (3)
We show the predicted contributions to the measured
flux by LORRI in the right panel of Fig. [T} along with
the COB excess measured, which could be explained by
the correct combination of [ALP] mass and decay rate.
In the bottom panels we show the specific intensities for
each mass normalized to yield the correct contribution to
the measured flux to explain the COB excess, indicating
the corresponding decay rate in the right panel.

We calculate the required decay rates to explain the
COB excess as function of mass from Eq. (3). [We
limit our study to 3eV < myc? < 20eV, since pho-
tons produced from more massive ALP are heavily ab-
sorbed by] [by intergalactic gas along the line of sight
(see e.g., [60] [61].)] [In addition, that range of the pa-
rameter space is further constrained by alternative ob-
servations [62], [63].] The required decay rates [(and cor-
responding photon-axion couplings)] at 95% confidence
level are shown in Fig. [2| along with existing constraints
and forecasted sensitivities. We include the most com-
petitive existing bounds on this mass range, namely the
spectroscopic observations of the dwarf spheroidal galaxy
Leo T with MUSE [64] and optical searches using VIMOS
spectra for line emission in the galaxy clusters Abell 2667
and 2390 [65], and limits derived from the study of the
cooling of horizontal branch stars in globular clusters [66].
We also include the tentative 68% confidence level fa-
vored regions on the axion parameter space from the
study of the blazar 1ES 12184304 ~-ray spectrum [67],
which requires a bump in the extragalactic background
light (EBL) to fit the attenuation of the spectrum at high
energies [68]. For [8eV < m,c® < 20eV] the required de-
cay rates are currently unconstrained, and interestingly
overlap with the favored region from Ref. [67]. [We do
not include existing constraints from Ref. [69] using ob-
servations of the optical and near-infrared background,
since the substantial update in this kind of observations
(including the COB excess discussed in this paper) re-
quires the revision of those bounds.]

Thus, it is possible that the COB excess is indeed pro-
duced by [ALP] decays. Additional, independent obser-
vations will be required to confirm or reject this can-
didate. Radiative decays of axion-like particles have
been considered to explain the anomalous excesses in the
power spectrum of the near-infrared background mea-
sured by HST [70], CIBER [71] and Spitzer [12[72]. The
predicted axion parameters that provide a good fit to
the measurements [20, 28] roughly coincide with those
that would explain the COB excess in the low-mass end
of the mass range considered in this work; however, this
part of the parameter space is ruled out by independent
probes [64] [66].

The region of the parameter space of axion properties
that could explain the COB excess has proved difficult
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FIG. 2. Comparison between the required decay rates [(top
panel) and the corresponding effective ALP-photon coupling
(bottom panel)] to explain the cosmic optical background and
existing bounds from spectroscopic searches and the cooling
of horizontal branch stars in globular clusters, as well as fore-
casted sensitivities for optical LIM experiments (solid and
dotted lines show the forecasts using the LIM power spec-
trum and voxel intensity distribution, respectively). All val-
ues correspond to 95% confidence level, except for the 68%
confidence level favored regions from the analysis of y-ray at-
tenuation and claimed HST limits.

to explore with current strategies. The specific intensi-
ties for some of the masses required to explain the COB
excess also predict contributions in the ultraviolet (UV)
range (see Fig. . New Horizons also includes a UV
spectrograph that, if pointed to dark fields as the LORRI
camera was, could measure the cosmic UV background
and shed light on whether the COB excess is produced
by dark matter decays.

Here, however, we emphasize the prospects to test this
[ALP decay] scenario with forthcoming LIM experiments.
The principle underlying LIM searches for radiative dark
matter decays is similar to that for a background excess,
with the exception of the spectral resolution embedded
in LIM experimentsEl In this case, the emission line pro-
duced via dark-matter decay redshifts into the telescope

1 Since LIM experiments target spectral lines that can be well
distinguished from the continuum, their sensitivity lowers as the
emission line or the dark matter mass distribution widens.



spectral band from a different redshift than the targeted
astrophysical lines, acting as what is known as a line
interloper. The dark matter line can therefore be de-
tected using standard data analysis techniques (see e.g.,
Refs. [73H76]). The most prominent features decaying
dark matter imparts on LIM observables are an increase
in the power spectrum anisotropy due to projection ef-
fects and a voxel intensity distribution that is narrower
and shifted towards higher temperatures. In particular,
LIM experiments in the optical such as HETDEX [4§]
and SPHEREx [47] will improve current sensitivities by
several orders of magnitude, being able to detect the
contributions from dark matter decays required to ex-
plain the COB excess with very high significance. We
show the forecasted 95% combined sensitivities [52] from
LIM power spectrum (solid) and voxel intensity distri-
bution (dotted) measurements by these experiments; the
measurements of these two observables can be combined
to further improve these sensitivities [77, [78]. The dark
matter line can also be isolated by cross-correlating the
line intensity maps with galaxy surveys [51 [79]. [Fur-
thermore, LIM will be able to distinguish between dif-
ferent exotic line emitters through the clustering of the
fluctuations of the associated intensity [80]. In turn, a
non-detection of exotic line emission is detected in LIM
observations would imply that the COB excess is pro-
duced by sources with extended spectra energy distribu-
tions.]

Current measurements of blazar high-energy spec-
trum attenuation via photon-photon electron-positron
pair production [8TH83] can be used to reconstruct the
EBL at ultraviolet, optical and infrared wavelengths as
function of redshift. When a tighter parametrization of
this flux is assumed, the reconstructed background emis-
sion [82H84] agrees with the predicted integrated galaxy
light from galaxy counts [9, 85, [86]. The uncertain-
ties, once more freedom is given to the shape of the re-
constructed specific intensity of the background radia-
tion [87, [88], are large enough to agree with predictions
from number counts and the measured COB excess. As
discussed in Refs. 27, [67], a higher COB from high-
redshift sources will contribute to the vy-ray attenuation,
which can be used to look for axion decays [if secondary
~-ray photons created from ultra-high energy cosmic rays
emitted by the blazar and that are not deflected by mag-
netic fields are neglected [89HII]]. Preliminary results
from the study of the blazar 1ES 12184304 [67] show

preference for a bump in the EBL. [This result, coher-
ent with the LORRI measurements, adds significance to
the claim for a general EBL excess. Furthermore, the fact
that both excesses may be contributed by ALPs with sim-
ilar properties make the ALP interpretation more coher-
ent.] This hint, in addition to the promising prospects of
forthcoming high-energy observations, warrants further
investigation [92].

[We have considered ALP radiative decays, but] pho-
tons can be produced from particle cascades of other de-

cay products; in that case the mapping between their
energy and the dark matter mass is less direct. This sce-
nario can be accounted for by considering a given dark
matter model and modeling the final photon energy dis-
tribution and branching ratio for each decay channel;
hence, our results and calculations can be extrapolated
to each specific case. Similarly, dark matter annihila-
tion includes the dark matter velocity distribution and
boost factor, which adds uncertainty to the computation.
Nonetheless, only fermionic dark matter can involve ef-
ficient annihilation, and dark matter with masses below
~ 100 eV can only be bosonic due to the Pauli exclu-
sion principle. Thus, if we consider that dark matter is
a single species, it cannot annihilate producing photons
in the frequency band of interest. We leave the study of
a small fraction of light fermionic annihilating dark mat-
ter for future work. Another dark-matter related poten-
tial explanation for the COB excess involves dark-matter
powered stars [93].

The results of this work provide a potential explana-
tion for the COB excess that is allowed by independent
observational constraints and that may answer one of the
most long-standing unknown in cosmology: the nature of
dark matter. We provide additional motivation for follow
up studies with forthcoming observations, especially with
optical LIM surveys such as HETDEX or SPHEREx,
with the UV instrument aboard the New Horizons space-
craft, and very high-energy ~-ray attenuation, that will
confirm or reject this hypothesis.
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