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the era of dark matter astronomy?
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We assess galactic dark matter (DM) sensitivities to photons from annihilation and decay using the
spatial and kinematic information determined by state-of-the-art simulations in the Latte suite of feedback
in realistic environments (FIRE-2). For kinematic information, we study the energy shift pattern of DM
narrow emission lines predicted in FIRE-2 and discuss its potential as a DM-signal diagnosis, showing for
the first time the power of symmetric observations around / = 0°. We find that the exposures needed to
resolve the line separation of DM to gas by XRISM at 56 to be large, =4 Ms, while exposures are smaller
for Athena (<50 ks) and Lynx (<100 ks). We find that large field-of-view exposures remain the most
sensitive methods for the detection of DM annihilation or decay by the DM-emission signals in the field of
view dominating the velocity information. The ~4 sr view of the Galactic Center region by the wide field
monitor (WFM) aboard the eXTP mission will be highly sensitive to DM signals, with a prospect of ~10°
to 10° events from the 3.5 keV line in a 100 ks exposure, with the range dependent on the photon
acceptance in WFM’s field of view. We also investigate detailed full-sky emission maps for both DM
annihilation and decay signals—evaluating the signal-to-noise for a DM detection with realistic x-ray and

gamma-ray backgrounds—as a guideline for what could be a forthcoming era of DM astronomy.
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I. INTRODUCTION

Today we know that dark matter (DM) accounts for
~85% of the matter amount present in our observable
Universe and constitutes ~1/4 of the total inferred cos-
mological energy budget [1]. While its presence has been
playing a pivotal role in our understanding of the formation
and evolution of structures in the Universe, the origin of
DM remains essentially unknown [2]. It is known that new
degrees of freedom beyond the ones pertaining to the
Standard Model of particle physics must exist for a viable
DM candidate [3,4]. In large classes of DM models, the
DM candidates’ coupling with Standard Model particles in
the microscopic theory, as well as the early-time mecha-
nism for DM production in the early Universe, provide a
late-time mechanism for photon signatures due to the DM
particle’s decay or annihilation, visible in the x ray [5] to
gamma ray [6].

Two recent signatures of photons from DM have
generated significant interest: an excess of gamma-ray
photons toward the Milky Way’s Galactic Center as
detected by the Fermi-LAT satellite, consistent with
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expected DM spatial profiles, with intensity peaking in
the 2-3 GeV range [7,8], and the detection of an uniden-
tified line around 3.5 keV in numerous observations (see
the review in Ref. [9]). The line was originally discovered
in the Perseus cluster, stacked clusters, and Andromeda
(M31) [10,11]. These compelling signatures beg the ques-
tion of what will emerge from increasingly deeper and more
robust observations of the high-energy photon sky, whether
these previous results are confirmed as due to DM or not. In
addition to the primary tree-level mechanisms for photon
production from DM particle annihilation scenarios, mono-
chromatic photons are produced in many models at the
loop-level [12]. These lines can therefore also be used for
the so-called “DM spectroscopy” that we study here,
though they do not constitute the dominant emission.
Eventually, internal states in DM can also produce narrow
emission features of interest [13,14].

In order to spot the annihilation or decay of DM particles
in galactic halos, high-energy photons stand out as the most
promising indirect messengers [15], leaving the original
information on the spectrum and morphology of DM
signals essentially unaltered [16,17]. The Milky Way
(MW) halo is known to significantly dominate over
extragalactic signals in both x-ray [18] and gamma-ray
observations [19]. Therefore, it represents a primary target
for our study. Our knowledge of the DM halo in the MW
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and in the whole local group plays a very important role in
assessing the sensitivity for a possible detection of high-
energy photons from DM. In the last decade, several
investigations with N-body simulations have been per-
formed, clearly identifying the Galactic Center (GC) as the
most interesting region where to look for DM annihilation/
decay in the gamma-ray band [20-26]. The possibility of
boosted galactic DM signals in virtue of the presence of
substructures has also been received increasing attention in
the community [27-31].

In the photon data collected by the Fermi-LAT satellite,
the spacecraft collaboration has confirmed the appearance
of a roughly spherical pattern at few GeV within tens of
degrees in longitude and latitude around the GC [32,33].
This was interpreted from early analyses as potentially the
first signature of GeV-scale DM annihilating in the MW
halo [7,8,34-36]. Such a compelling picture is challenged
by other reasonable astrophysical scenarios, e.g., unre-
solved sources [34,37,38] or cosmic-ray (CR) physics
[39,40], and possibly questioned by the absence of similar
signals in the subhalos hosting MW dwarf satellites; see,
e.g., [41-43] (but see also [44-47] for caveats). The DM
interpretation remains of interest; see, e.g., the recent
discussion in [48-51] and the analysis in Ref. [52].
However, strong constraints on DM may now also be
derived [53] when adopting galactic bulge, nuclear stellar
cluster, and gas emission templates that substantially
improve the description of the GC region [54-56].

At the same time, spacecraft missions like the Chandra
x-ray space telescope, XMM-Newton, and NuSTAR have
also provided us a quite interesting angle on fundamental
physics via x-ray astronomy. Of particular significance, the
aforementioned detection of a ~3.5 keV emission line
from the stacked spectral analysis of nearby galaxy clusters
[10], as well as Andromeda and Perseus clusters [11]. The
line has also been detected or indicated, at different levels
of significance, toward the GC by XMM-Newton [57], in
the Perseus cluster by the Suzaku telescope [58], in deep
sky observations by NuSTAR [59] and by Chandra [60],
toward the GC out to ~10° [61], and in the MW Galactic
bulge limiting window [62]. While the interpretation of
these findings in terms of astrophysical emission may be
still considered under debate [10,63—65], as of today, the
series of indications of the 3.5 keV line in the x-ray sky
represent one of the most intriguing claims for uncovering
the particle nature of DM [9,66]. In this regard, the recent
theoretical study in Ref. [67] set up the stages for a
possible era of DM spectroscopy. There, the authors
entertained the possibility of distinguishing emission lines
on the basis of the spectral information carried out by DM,
showing how it would be expected to come very different
from the contributions tracing baryonic matter. Further
investigation has been put forward with N-body simula-
tions in Ref. [68] in order to assess more accurately
the feasibility of the proposal and the possible gauging

of the DM 3.5 keV signal via the Micro-X rocket
spectrometer [69].

In this work, our focus falls on the class of DM models
that may be responsible of prompt emission and spectral
lines in relation to the aforementioned debated signals. We
are motivated by the exciting prospects for DM astronomy
of our own MW’s DM halo, namely by advanced x-ray
missions such as Micro-X [70], XRISM [71], eXTP [72],
Athena [73], and Lynx [74], as well as future gamma-ray
facilities like e-ASTROGAM [75], AMEGO [76], HERD
[77,78], GAMMA-400 [79], and CTA [80,81]. As such, we
reassess the emissivity of galactic DM based on state-of-
the-art hydrodynamic simulations of MW-like galaxies,
exploiting the Latte suite of feedback in realistic environ-
ments (FIRE-2) [82-85]. We present an up-to-date inves-
tigation on the science case represented by DM
spectroscopy using the outcome of FIRE-2 simulations
and providing full-resolution results as well as forecasts
relevant for forthcoming x-ray missions.

We also reassess energy resolution, field of view (FOV),
and exposure in the sensitivity to DM signals from our own
MW’s DM halo for the nearest-term missions, XRISM,
which will have sensitivity to velocity information, and
eXTP, which will have great sensitivity to the DM emission
signal due to the large FOV of the wide field monitor (WFM)
[86] aboard the observatory. Two other developments have
allowed for a new assessment: first, increasingly precise and
accurate galaxy formation simulations of high resolution
that include star formation and hydrodynamics, and, second,
an enhanced understanding of foregrounds to DM signals
allow for a more detailed forecast of the expected signal and
its robustness over astrophysical emission. Observations of
the high-energy sky will take a new leap forward with
microcalorimetry in x-ray astronomy [70,71,73,74] as well
as enhanced energy resolution in the hard x ray to gammaray
[75-77,87]. We show in this paper that the current status of
the theoretical forecast of DM emission surpasses the short
to medium-term future sensitivity of high-energy photon
observatories. This allows for an exploration of “dark
luminosity and spectroscopy” on the sky by idealized
instruments beyond the limitations of current or near-term
experimental observatories. And, maybe most importantly,
the forecast signal and signal-to-background we explore
here can help guide future mission design and development.
These topics are what we study in this paper, with special
attention to the spectroscopic DM Doppler shift (velocity
spectroscopy), DM dispersion line broadening, as well as the
expected DM emissivity. Most importantly, we show that
large FOV observations of narrow-energy features remain
the most effective method of detection of a DM line as well
as its differentiation from an astrophysical source. Such
large FOV observations will occur with the WFM instrument
aboard eXTP [88].

This paper is organized as follows: in Sec. II, we present
the most relevant findings in our work concerning the
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possibility of carrying out DM spectroscopy using the
velocity field of DM particles stored in the Latte suite of
FIRE-2 simulation. We discuss in detail the essential steps
for a clear DM-signal diagnosis under the assumption of a
net emission line detection. Section III is devoted to
reassess carefully full-sky emission maps for both DM
annihilation and decay signals in x-ray and gamma-ray
bands, exploiting once again the outcome of FIRE-2. Most
importantly, we evaluate the expected signal-to-noise ratio
for DM against realistic x-ray and gamma-ray background
modeling. Finally, we summarize our results in Sec. IV and
report further details on the analysis in Appendixes A
and B.

II. DOPPLER SHIFT OF DARK MATTER

Let us start considering the following question: if an
emission line in the x-ray or in the gamma-ray wavelength
would be detected, how would it be unambiguously related
to DM physics? Lines associated to high-energy gamma
rays—say photons of tens to hundreds of GeV [89], or even
more energetic—would not have an obvious astrophysical
counterpart: together with the morphological information
of the signal, they would indeed provide a smoking gun for
the discovery of particle DM [16]. However, in the case of a
line detection involving softer photons, i.e., in the keV [5]
and in the MeV [90] energy range—where multiple
astrophysical emission lines appear—discarding the back-
ground-only hypothesis can be a much harder task to
accomplish.

As originally discussed in Ref. [67], a promising route to
uncover an emission line in favor of DM may consequently
rely on the analysis of its Doppler shift, i.e., via a study of
DM velocity spectroscopy. For the purpose, let us recall
that the differential flux expected from DM annihilation/
decay up to overall constants reads’

dd L, dN
X xSV

. 1

dQdE ~ 4r dE (m)

In the above, L, stands for the D- and J-factor [15]—i.e.,
the “DM (relative) luminosity” [21]—while dN, /dE is the
photon energy spectrum from DM final states. Note that £,
is sensitive to the macroscopic properties of DM, while the
photon spectrum 1is instead related to the details of DM
particle interactions: the two are, in principle, factorized
from each other (but see, e.g., Refs. [91,92] for exceptions
due to the velocity-dependent DM annihilation). However,
if we would have at our disposal a detector with an
exquisite energy resolution [say, at least, at the level of
0(0.1%) [67]], then the above factorization would cease to
be valid; e.g., for the case of decaying DM, one should
rewrite the rhs of Eq. (1) as [67,68]

'See Appendix A for some more detail.
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where p, is the DM density profile, while K is a spectral
kernel that is a function of energy and also of the line-of-sight
(Lo.s.) velocity dispersion of DM, ,(7). Assuming a line
with optimal detector resolution, Eq. (2) improves the
estimate in Eq. (1), encoding now the energy shift of the
original spectrum dN, /dE due to the relative motion of DM
with respect to us. For example, for an emission line
generated by DM decay with a rate I', and a mass m,,
one would expect the original spectrum dN,/dE =
8(E —m,/2); then, approximating /C with a Gaussian
profile, the expected differential flux of photons from
DM, d®,/(dQdE), would be explicitly given by

_1 (M)z

— 2\ o105y
W[Cs ds(p,/o1es)e "\ (3)
As we will discuss in this section, the spectral energy shift
due to DM relative motion could have a crucial impact in the
future prospects for the interpretation of the 3.5 keVemission
line, whose detection today is established at high statistical
significance.

In order to study DM spectroscopy, as a starting point of
our investigation, we analyzed the outcome of cosmologi-
cal zoom-in baryonic simulations of MW-mass galaxies
from the Latte suite of FIRE-2? [85]. These simulations
represent the state-of-the-art in the field, involving the so-
called “GIZMO gravity plus hydrodynamics” code in
meshless finite-mass mode, allowing for an accurate
inclusion of hydrodynamic effects in N-body studies; see
[93]. In particular, the underlying physics implemented in
FIRE-2 simulations contains the modeling of star forma-
tion, feedback, and also cooling/heating processes in a
multiphased interstellar medium (ISM) [85]. The whole
cosmological simulation initially contained several indi-
vidual DM halos within a box of 85.5 Mpc in length,
evolved under the assumption of standard ACDM cosmol-
ogy. A suite of MW-mass halos present in the cosmological
simulation have been rerun in order to get zoom-in regions
at redshift z = 0 [82-84].

From the aforementioned suite, the m12i [82], m12f[83],
and mi2m [85] realizations have been already used in
synthetic surveys3 as they constitute the Latte suite halos,
which reproduce to a good approximation properties of the
Galaxy, e.g., My, ~ 10'> M, [85]. In the present study,
we chose to focus on the mi2i halo that also well
reproduces the stellar and gas mass inferred for the MW
[84], and provides a concrete playground for the analysis of
the distribution of DM in the Galaxy. Note that the m/2i
simulation contains more than 7 x 107 high-resolution DM

For the interested reader, visit https://fire.northwestern.edu/.
3https://girdf:r.hub.yt/#collcf:cti0n/5b0427b2e99 14800018237da.
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Dark Matter Energy Shift

HI Velocity Map from HI4PI survey
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Left panel: The energy shift pattern of a DM narrow emission line estimated from the DM l.o.s. velocity dispersion extracted

from the FIRE-2 m12i zoom-in simulation [82]. The red/blue pattern in the skymap corresponds to l.o.s., where the DM signal gets
redshifted/blueshifted as a result of the relative motion with respect to the observer. Right panel: The energy shift pattern AE/E, of the
HI gas in the Galaxy, with E now related to the Galactic 21 cm HI emission line measured by the HI4PI survey [96]. Similarly, the red/
blue part denotes the redshift/blueshift region for the HI emission line. As elaborated in the text, the distinctive energy shift pattern
exhibited by the two maps (left and right panel) could be used for an accurate diagnosis of the origin of an unresolved line.

particles with mass of M, =3.5x 10* M, within the
zoom-in region (600 kpc), centered around the MW-mass
halo. Each DM particle in the simulation is characterized by
both a three-dimensional spatial position X = (x,y, z) and
velocity ¥ = (vy, vy, v,) defined in the GC reference frame.
In our analysis, we restrict to DM particles within a sphere
of about the virial radius of the m/2i galaxy (i.e., roughly
300 kpc), resulting in a total of about 3 x 10° particles.

We used HEALPix [94,95] with a resolution index set to
6 as the optimal choice to produce a detailed skymap for
DM, ending up with a fair number of particles in each pixel
for a meaningful statistics. For the computation of the line-
of-sight velocity of DM, v, relative to the observer, we
evaluated the corresponding energy shift for each DM
particle, AE/Ey = =45/ (¢ + ¥105), being Ey = m,,/2 the
characteristic energy of the emission line. For a given Lo.s.,
we binned the result in order to infer the spectral function K
from the simulation. We adopted a Voigt profile and
performed a fit to each of the histograms obtained in the
correspondence to the line-of-sight pixel in the DM sky-
map. We used the centroid of the fitted Voigt profile to
estimate the shift in the photon spectrum AE/ E0.4

In the left panel of Fig. 1, we present the full-sky inferred
energy shift AE/E,, reported in a percentage with a
Mollweide projection. The dipole structure characterizing
the DM v, skymap obtained is the result of the DM halo
being static, while the observer (at the position of the Sun)
corotates with the Galactic disk. Therefore, in the rest frame
of the observer, the bulk of DM particles in the window
[ = 0°-180° are moving towards (v},, < 0), while those in
the sky region / = 180°-360° are moving away (v}, > 0),
resulting in a corresponding dipole blueshift or redshift of

“For a few cases, a single Voigt profile was not an optimal
choice to fit the histogram obtained for AE/E,. The estimate of
the centroid of the line for these cases is discussed in Appendix B.

the DM emission energy, respectively. In the same panel,
peaks in the v,,, of DM are visible in the correspondence to
the clustered inhomogeneities of the map due to the
presence of subhalos. In the same panel, we observe a
slight north-south asymmetry, that would not arise with a
perfectly smooth spherical halo; see Fig. 7 of Ref. [68]. We
may attribute this feature to the presence of subhalos and to
the degree of triaxiality of the MW DM halo in the FIRE-2
simulation.

In sharp contrast to what extracted from the FIRE-2
simulation for DM, we show in the right panel of Fig. 1, the
energy-shift map due to the v, of the Galactic HI gas as
characterized in the analysis of Ref. [96].° This component
should be indeed considered as a good proxy for atomic-
line emissions in the ISM (see, e.g., [67]). In order to obtain
the velocity gas map shown, we adopted the 21 cm HI
emission data of HI4PI survey6 and analyzed the spectra
obtained from the data set in the ancillary material provided
by the collaboration. In particular, each of these spectra
corresponds to a profile of HI brightness temperature versus
the HI line-of-sight velocity, and we fitted the HI emission
line using for simplicity a single Gaussian function. Despite
our simplistic modeling, the best-fit result allowed us to
obtain a reasonable estimate of the centroid of the 21 cm
line emission. The resulting HI energy-shift pattern
reported in the right skymap of Fig. 1 is morphologically
complex and very different from the DM one. Indeed, the
“blue-red-blue-red” structures in the full-sky map are

The velocity distribution of gas and stars in the FIRE-2
simulation does not match well the observed HI map, high-
lighting a current limitation of state-of-the-art N-body imple-
mentations of baryonic physics. However, we checked explicitly
that the DM result shown in Fig. 1 is not altered by this fact, being
consistent also with the outcome of DM-only simulations as the
ones of the via-lactea project [97].

®http://cdsarc.u-strasbg fr/viz-bin/qcat?J/A+A/594/A116.
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connected to the motion of HI gas, correlated with the
rotation of the Galactic disk. In addition to the morpho-
logical information emerging from Fig. 1, we wish to note
that the vy, of the HI gas happens to be much smaller than
the one inferred for DM: hence, the energy shift of an
emission line associated to the motion of the HI gas would
be typically smaller than the one expected from DM
particles.

The differential motion of gas and DM is quite striking in
the left panel of Fig. 2, where we display the variation of the
energy shift AE/E, versus Galactic longitude at fixed
Galactic latitude b = 5°,10°, and 30°. Clearly, the magni-
tude of a line-emission energy shift imprinted by the
relative motion of DM stands out over the one coming
from the kinematics of the HI gas. Besides, the DM
longitude profile shown is approximately symmetric
around / = 0° and yields similar shifts AE/E, for the
different Galactic latitudes considered. This is again in
sharp contrast with the case of the HI gas, with AE/E|
(with Ey now related to the 21 cm HI emission) following a
more complex pattern. Eventually, we wish to highlight that
the DM longitude profile of Fig. 2 presents spiky irregu-
larities in virtue of the contribution of substructures along
the line-of-sight (in addition to the noise due to the velocity
dispersion of the particles constituting the main halo):
these can further blueshift/redshift spectra as already seen
in the Doppler shift map of Fig. 1. We also remark that
our findings here are qualitatively consistent with the
outcome analytically predicted in Ref. [68], where the
dark matter light-of-sight velocity has been modeled as a
function of Galactic longitude / and latitude b as (v}, =
) = vg cos bsinl with vy = 220 km/s.
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Let us now focus more on the possibility of performing a
diagnosis of the origin of an emission line, as for the case of
the 3.5 keV detection, using DM spectroscopy. For the
purpose, let us consider the possibility of a simultaneous
detection of a DM line in coincidence with an astrophysical
background emission happening at the same characteristic
energy E,: assuming a unity ratio of the two components,
how would we really discern one from the other? With the
aim of providing a quantitative answer to this question, in
the right panel of Fig. 2, we report the difference of the line-
of-sight velocity measured in the sky at the same latitude
(b = 5° 10°, 30° for illustrative purposes) but a £/ pair of
longitude coordinates,

AleS/C = AE/E0|7 - AE/E0|—77 (4)

with the (absolute) Galactic longitude 7 € [0°, 180°].
Clearly, an interesting opportunity emerges from the
inspection of this quantity: Fig. 2 shows how two obser-
vations of the sky at same latitude but performed at a pair of
Galactic longitudes close to I = 90° would provide a very
promising diagnosis of the line origin under scrutiny. Note
that here we assumed the HI gas kinematics to yield the
dominant source of background expected for the analysis.
While this assumption may turn out to be rough (or even
inaccurate given the partial information we have about
emitting gas in the Galaxy, see [98—100]), it would be hard
to imagine that any other astrophysical source of Galactic
origin for the line could be degenerate with the spectro-
scopic identification of DM due to the expected corotation
within the MW disc [67]. A possible notable exception to
this argument may be encountered in the gaseous halo

0.20

—= HI (b=5°)

—— DM (b=5°)
— = HI (b=10°)
= DM (b=10°)
= = HI (hb=30°)
= DM (b=30°)

XRISM
Lynx

—— T N ’~
e e e e v I S

0 45 90
Galactic longtitude [deg]

FIG. 2. Left panel: The relative line shift AE/E, versus Galactic longitude / at Galactic latitude b = 5°,10°, and 30°. Solid lines
denote DM shift while dashed lines are for HI gas shift. Direct comparison between these two cases shows that at  ~ 90° the Doppler
shift from DM can be clearly distinguished from the astrophysical one. Right panel: the separation of two emission lines as given in
Eq. (4) observed around / = 0° at fixed b = 5°, 10°, and 30°. The horizontal dash-dotted lines show the expected energy resolution (1o,
not FWHM) of future x-ray telescopes at 3.5 keV. Though the separation, Av,,/c, is within a factor of ~2 of the nominal energy
resolution, we estimate that the centroids of the DM versus gas lines may be separated at > 5o with XRISM exposures of 3.9 to 15 Ms,
Athena exposures of 10 to 52 ks, and Lynx exposures of 23 to 110 ks, whether a very aggressive or a much more conservative estimate of

the expected background is considered; see Table I.
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inferred at the outskirts of the MW [101], whose degree of
rotation remains uncertain; see Ref. [102]. However,
independently from the present characterization of the
MW diffuse x-ray halo, the spectroscopy of a DM emission
of photons of energy E, = 2 keV would likely break the
potential degeneracy with this astrophysical background,
given the spectral characteristic of the latter [101].

Hence, in the right panel of Fig. 2, we show the DM
longitude profile related to the velocity difference intro-
duced in Eq. (4). Interestingly, the prediction reported—
agnostic a priori on the characteristic spectral energy
Ey—turns out to be above the prospects of detection of
future x-ray campaigns as the one of Athena, XRISM, and
Lynx for the 3.5 keV emission line; see also Table I. From
Fig. 2, we can therefore conclude that, in the future,
performing two observations at two symmetric points
around / = 0° with same Galactic latitude, say b < 30°
would allow us to gain a unique clue on the interpretation of
the 3.5 keV line.

The velocity spectroscopy method can be employed
with a number of proposed telescopes. The x-ray micro-
calorimeter on the upcoming XRISM has a planned energy
resolution 5 eV (FWHM) at 6 keV [71]. The Athena x-ray
integral field unit (X-IFU) would provide a high resolution
measurement at the energy range of 0.2-12.0 keV [103].
Based on the TESSIM simulation, the energy resolution of
X-IFU will be approximately 2.5 eV (FWHM) near 7 keV
[104]. The x-ray microcalorimeter on the Lynx x-ray
observatory is proposed to also have very high energy
resolution, with the main array and the enhanced main
array having uniform energy resolution 3 eV (FWHM) in
0.2-7.0 keV [74]. The missions’ energy resolutions are
relatively independent of energy in the range of interest for
our approximation of required exposures. However,
the effective area is more highly dependent of energy,
and we use that for 3.5 keV in the respective missions’
current science cases [71,74,103], as listed in Table 1. To
estimate the signal, we used canonical Navarro-Frenk-
White (NFW) [105] parameters as py = 0.4 GeVcm™

TABLE I.  For proposed instruments’ energy resolutions, fields
of view and effective areas of these respective missions, we
provide the minimum exposure time for 5¢ line separation due to
velocity differentiation between foreground emission and the
3.5 keV line case in pair observation at [ = £90° and |b| = 20°
for a low x-ray background (Ny, < Ny) and high x-ray back-
ground cases (Nyy, ~ Ny).

X-ray Mission Lynx Athena XRISM
Energy resolution [eV] (FWHM) 3 2.5 5
Effective area [cm?] (@ 3.5 keV) 4000 6000 250
Exposures for 5o detection

Low x-ray background case 23 ks 10ks 3.9 Ms
High x-ray background case 110 ks 52 ks 15 Ms

(or ~1.05 x 10" My kpc™) and Ry = 16 kpc [106] (see
also the discussion in Sec. III).

Let us therefore consider the detectability of the line
separation of the 3.5 keV emission line in the MW. We
adopt Avy,s/c = 0.15% and consider the overall difference
of two line centroid at [ = +90° to be ~5.25 eV (cf. Fig. 2).
We list the energy resolution and the separation between
two observations at / = +90° in Table I, and we show the
relative energy resolution Ay /c in Fig. 2 (right panel).
We estimate the uncertainty in 6E = C(R)o./N,, where
o 18 the effective energy resolution of the instrument, N
is the number of signal photons, and C(R) = /1 + 4R isa
factor determined by the signal-to-background, R =
N/ Ny; see, e.g., Ref. [107]. Assuming a range from
an optimistic vanishing-background model (R <« 1), to a
conservative high-background flux model (R = 1), we find
that the velocity separation of the lines can be accomplished
by XRISM at 50 one-sided separation with an exposure
between 3.9 to 15 Ms. Athena and Lynx have much greater
sensitivity to the line separation due to their higher energy
resolution and effective areas, with required 56 exposures
of 10 to 52 ks for Athena, and 23 to 110 ks for Lynx,
depending on the estimate of the background. Our esti-
mates are consistent with the separation sensitivity con-
sidered in Speckhard et al. [67] (~3.60 at [ = 20°), but here
we consider the standard high statistical threshold require-
ment of 5¢ and greater sensitivity availed by the [ = £90°
symmetric observations about / = 0.

While upcoming x-ray campaigns could have a
possible measurement of DM Doppler shift effects with
long exposure times, we find for the next generation of
gamma-ray telescopes this task to be much more challeng-
ing in light of the spectral resolution of currently proposed
experiments. Indeed, the required energy resolution emerg-
ing from Fig. 2 should be at least O(0.1%); however, the
spectral resolution of e-ASTROGAM would be about
AE/E; > 0.4% at 0.1-10 MeV [108]; the energy reso-
lution of HERD would correspond instead to 1% for
gamma rays beyond 100 GeV [77,78] and similar reso-
lution would be at hand for GAMMA-400 [79], and CTA
[80,81]; AMEGO would have an energy resolution slightly
below 1% for energies <2 MeV (and ~10%, at the GeV)
[76]. Eventually, we wish to reiterate that—given the clean
astrophysical background—the potential detection of lines
in the gamma-ray sky remains of extreme relevance for
dark matter indirect searches [16], even in absence of the
spectroscopic analysis discussed so far.

Looking forward, the eventual possibilities with spectro-
scopic information, lines from x-ray or gamma-ray photons
would not only be Doppler shifted, but have an intrinsic
velocity dispersion. That dispersion is modeled by the
simulation, and we show the intrinsic width of the line(s) on
the sky in Fig. 3. We describe the method for producing this
map in Appendix B. The required energy resolution is at the
<0.1% level. This means that the inference of this map
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FIG. 3. The full-width-half-maximum (FWHM) of DM narrow
emission line estimated from the DM velocity dispersion in each
line-of-sight. The colder, blue portions have narrow observed
lines from the dominance of cold subhalo contributions, while the
warmer, red portions are due to the higher velocity dispersion in
the parent halo.

remains observationally challenging for current and future
experiments. At the same time, this information would
yield a further constraint on the velocity field of DM
particles, allowing one to constrain more precisely the full
6D phase-space distribution of DM in the Galaxy.
Moreover, note that the features present in Fig. 3 are also
connected to the presence of subhalos: the dark blue (cold)
regions in the velocity dispersion are due to colder
substructure bound to the parent halo. So, the same ones
could eventually be probed by very high energy-resolution
observatories, providing a look into the cold, early forming
structures in our Galaxy’s DM halo.

III. DARK MATTER LUMINOSITY IN THE
X-RAY AND GAMMA-RAY SKY

Let us now move to the analysis of the DM D- and
J-factors £, namely the DM luminosity, estimated from
FIRE-2 simulations. Our goal in this section is twofold:
i) reassess the signal-to-noise ratio of DM annihilation/
decay over realistic x-ray and y-ray background according
to state-of-the-art DM N-body simulations, that include
effects from baryonic physics and also from subhalos;
ii) highlight the most important opportunities in the forth-
coming observational campaigns in the x-ray and y-ray
band for DM indirect searches.

Going back to Eq. (1) and leaving aside the spectral-shift
effects discussed in the previous section, for an observer
placed at the Sun position in the Galaxy (R = 8.2 kpc),
the D factor (J factor) from the decay (annihilation) of DM
particles in the Galactic halo is given by

ﬁ)(:ec.(ann.) :/ dQ/ d§p;<(2)[r(§)] (5)
AQ los

Note that the resulting J factor towards the GC is expected
to be enhanced with respect to the corresponding D factor:

the former case involves DM particle annihilation, and,
hence, it is sensitive to the DM number density squared.
Moreover, the l.o.s. integral above crucially depends on the
FOV AQ chosen: a simple consideration that will be of
extreme relevance in establishing the best observational
prospects for DM astronomy in the x-ray band.
Following from what already elaborated on FIRE-2
simulations at the beginning of the previous section, the
extraction of £, from the m/2i MW-like galaxy essentially
depends on the characterization of the distribution of DM
particles in the simulation. On the basis of a total of
~3 x 10° DM particles with resolution M »~3.5x10* M,
for the analysis of the simulation output, we design a
suitable Cartesian grid and estimate p,(X) in each of

the cubic cells of length Ax, counting the number of

particles N;,Ax) inside the cell. Hence, the estimate of the

DM density in the cells follows the basic prescription

p,(X) =N g,Ax>M »/Ax*. Based on the approximate location
of the Large and Small Magellanic Cloud, roughly distant
O(50) kpc from the GC, we decided to adopt two different
grids in order to optimize the computationally intensive
evaluation of p,: a fine sampling of the inner DM
distribution set by Ax = 0.1 kpc and a less precise one
for DM particles farther than 50 kpc from the GC using
Ax = 0.6 kpc. Note that at such a distance from the GC,
the DM density has already dropped significantly: this
justifies a looser sampling without affecting the final
outcome of our computation. Eventually, after evaluating
the DM density in each of the cells composing a 300 kpc-
sized cubic volume, we performed a linear interpolation to
reconstruct the DM density profile p(X) of the FIRE-2 m12i
MW realization.

We test the agreement of the DM density distribution in
the FIRE-2 MW-like simulation by comparing with the
stellar kinematics constraints that probe the DM content of
the Galaxy. We observe a good match with the density
distribution of Refs. [106,109,110]. More specifically,
taking an NFW profile as a reference halo, within a
spherical average of the outcome extracted from the
FIRE-2 simulation, a very good description of our DM
profile at radii >1 kpc is given by py; = 0.4 GeV cm™ and
ru = 16 kpc,” already introduced in Sec. II for the com-
putation of the predictions reported in Table I.

The knowledge of p(X) allows us to proceed in
the evaluation of Eq. (5), i.e., D-factor and J-factor maps
from FIRE-2. We compute all the 786432 l.o.s. in the
skymap with HEALPix resolution of index 8, which has an
angular resolution in the sky of about 0.23° that is sufficient
for our predictions. The DM J-factor maps are displayed in
the left panel of Fig. 4 under the Mollweide projection.

"Note that due to the presence of baryonic physics in FIRE-2,
departures from the NFW behavior in the inner slope of the DM
distribution were expected and seen in the very inner halo profile.
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FIG. 4. Left panel: The Galactic DM annihilation luminosity distribution from an observer at the Sun position (at R, = 8.2 kpc) in the
FIRE-2 m12i simulation. Right: The analogous Galactic DM luminosity map for the case of DM decay. See text for more details on the

full-sky prediction of DM luminosity from FIRE-2.

In a similar fashion, we computed from FIRE-2 simulation
mi2i the full-sky map for the D factor in the scenario
of DM decay, illustrated in the right panel of the same
figure.

A first look at the maps in Fig. 4 clearly reproduces the
widespread expectation that the GC is by far the brightest
spot of interest for DM. In an ideal world where back-
ground and foreground contamination would be completely
absent, any other region of interest with a FOV not
including the GC would result to be of much less relevance
for the program of DM indirect searches. However, note
that the granular structure present in both maps underlies
the presence of substructures that populated the specific
MW zoom-in simulation analyzed. In light of a more
careful inspection of what would be the signal-to-noise
ratio expected in the x-ray and y-ray band, the role of
subhalos may be crucial in enhancing a DM signal along
the lL.o.s. as well as confirming or disproving any possible
information on DM extracted from the analysis of the GC
region itself.

With the final aim of providing a valuable insight on the
signal-to-noise ratio (S/N) for a DM discovery, let us start
with a brief discussion on the expected signal-to-noise ratio
from DM annihilation/decay in the x-ray band. While the
sensitivity of current observational x-ray missions in the
quest for DM is limited by their particle instrumental errors,
the main source of noise for a fair S/N estimate carried out
by future x-ray campaigns may be provided by the x-ray
background, whose origin constitutes a broad field of
research [111,112]. At energies roughly above few keV,
the x-ray sky is expected to be dominated by extragalactic
contributions; see, for instance, the study of SuperAGILE
[113] and the more recent measurements from Swift-BAT
[114]. On the other hand, the soft diffuse x-ray background
features the complexity of Galactic physics in the turbulent
ISM, and it was measured more than 20 years ago by
ROSAT [115,116]. The latter still provides today the most
precise observations of cosmic photons in the energy range

0.5-2 keV, and the only accurate full-sky maps in the broad
x-ray band that are not affected by small exposure times,
typically implied for the hard x-ray spectrum in relation to
point-source detection.

Consequently, we opted for the use of ROSAT maps as a
good proxy of the noise expected in the soft x-ray back-
ground, leaving the inspection of the hard x-ray sky in our
S/N analysis to future investigation. In order to process
ROSAT dataset, we used the online tools described by the
collaboration in Ref. [1 17]8; we obtained photon counts for
a given l.o.s., and we estimated the flux according to the
formula [117],

counts-background
exposure

Floke) — 0.39063( > arcmin~2s~!.  (6)

In Fig. 5, we show the result of this procedure: using the
resolution of the data measured by ROSAT, of about 0.2°,
we obtained three different probes of the x-ray background
at the energy E = 1/4,3/4,3/2 keV. Note that the angular
resolution involved is consistent with the chosen resolution
for the DM luminosity in Fig. 4.

Hence, we proceed constructing the corresponding full-
sky noise maps (again with HEALPix resolution of index
8), exploiting the estimated x-ray luminosity for DM and
the ROSAT maps at the three energies provided by the
collaboration. Assuming an exact Poisson statistics for the
photon counts, the S/N can be easily forecast as the ratio
between the expected DM photon counts, N, and the
square root of the estimated background photon /Ny,.

Therefore, up to dimensional factors that would depend on
the characterization of the fundamental nature of DM, and

*https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl.

For ROSAT data and the flux calculation in Fig. 5,
please refer to https://heasarc.gsfc.nasa.gov/Tools/xraybg_help
.html#references.
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FIG. 5. The ROSAT 1/4 (upper), 3/4 (middle), and 3/2
(bottom) keV x-ray background map reproduced from Ref. [115]
with same angular resolution (~0.2°) and unit of flux
(107 counts s~! arcmin~?) as provided in the data.

on the specifics of an experiment, the S/N would be
predicted generically as

S/N o L,/4/ fke), (7)

where L, stands for the DM luminosity from the
FIRE-2 simulation, while f*¢) is the background flux

considered; in this case, it corresponds to fg?kg), namely
the x-ray background flux measured by ROSAT in
1076 counts s~! arcmin2.

Selecting 15 l.o.s. in the sky at varying angular distance

from the GC, y, we ended up evaluating the average S/N as

a function of y and its typical spread, as reported in
Fig. 6.1 As expected, from Fig. 6, regardless of the
different morphological information contained in the three
maps in energy for the inferred x-ray noise, the emerging
S/N picture always favors DM detection in the proximity of
the Galactic Center region. Going from y = 180° towards
the GC, we observe a gain in S/N of roughly 1 order of
magnitude (for 1/4 keV even more) for the scenario
involving DM decay, and a jump of almost 3 orders of
magnitude in S/N for the case of DM annihilation.

On the basis of the results obtained above, we would like
to pause one moment on an important remark, i.e., what
seems to us a highly promising forthcoming opportunity for
DM searches in the x-ray wavelength. Overall, measures of
DM prompt emission dominate over the above-mentioned
velocity measures for large FOV observations. Importantly,
an observatory with a wide FOV can have very high
sensitivity because of the immense DM mass within the
field of view, increasing the signal considerably, while the
background still scales as ~+/f"€. That is, the overall
sensitivity increases as S/N ~FOV/v/FOV ~ +/FOV, in
the approximation of a constant DM density in the FOV. As
shown in previous work, the XQC sounding rocket with
100 s exposure of an x-ray microcalorimeter to a FOV of
0.81 sr toward the Milky Way Galactic cap [118] placed
limits comparable to a 3 Ms exposure with Chandra’s
8 arcmin FOV in its deep field observations, when match-
ing at the same energy/mass range [18].

The WFM instrument [86] aboard the eXTP x-ray
telescope [72] will have a field of view of ~4 sr and an
energy resolution comparable to Chandra. This will provide
an unprecedented high-signal measure of DM photons.
Given that each camera pair on the WFM aboard eXTP
has an effective area A.;~79 cm?, and adopting the
candidate particle mass and decay rate at m, =7 keV
and T, = 1.3 x 1072® s™!, we can approximate the signal
count for WFM using both the simulations here, and
analytic halo models, which agree to large extent given
the broad FOV (Fig. 7). Each of WFM’s camera pairs’ have
aFOVof 30° x 30° at full exposure, and a reduced exposure
out to 90° x 90° [86]. Our FIRE-2 simulation estimates a
signal count of 3.5 keV sterile neutrino decay photons,
in the case of the smallest FOV to be of N, = 390000,
for a relatively brief exposure of Ty, = 100ks. The larger
90° x 90° gives N, ~ 1.3 x 10°. This signal rate is con-
sistent with smooth halo models with our canonical NFW
parameters in Sec. II.

The WFM instrument’s particle instrumental back-
ground and astrophysical x-ray background will need to
be analyzed to reveal the exact sensitivity of WFM, though
the signal is large. We estimate the signal relative to the

""The S/N curves involve an average over the azimuthal angle,
in contrast to S/N density maps that correspond to the compu-
tation of the S/N performed on a pixel-by-pixel basis.
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FIG. 6. Left: The average S/N of x-ray DM annihilation signal versus angle y to the Galactic Center (up to an overall model-dependent
normalization C). The blue, green, and red envelopes represent the FIRE-2 result against 1/4, 3/4, and 3/2 keV background. The
envelopes are obtained by different L.o.s. integrals, in relation to 16 observer positions in m/2i galaxy. As comparison, the blue, green,
and red dashed lines denote the Milky Way NFW results for 1/4,3/4, and 3/2 keV background. The FIRE simulation’s S/N is enhanced
due to the substructure boost. Right: The variation of average relative S/N of x-ray DM decay signal versus angle y to the Galactic
Center. As expected, the Galactic Center region has the most significant DM annihilation and decay signal against the background.
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FIG.7. The simulated eXTP WFM FOV approximated over the
FIRE-2 DM decay luminosity map, matching the approximate
FOV given in Fig. 4 of Ref. [86]. The semimajor and semiminor
axis of the elliptical region are 90° and 45°, respectively, which is
an approximation of WFM’s three pairs FOV (180° x 90°). Note
that the FOV covers the most luminous Galactic Center region
and would offer an unprecedented signal for Galactic DM decay
within its band of 2-20 ke V. Specifically, a 100 ks exposure of the

region will collect between ~10° to 10° events from the candidate
3.5 keV line.

x-ray background given in Gruber et al. [119], which is an
overestimate of the expected x-ray background as WFM
will resolve bright point sources. We set aside WFM
instrumental backgrounds for future work. Taking the
Gruber et al. cosmic x-ray background at 600 eV around
the 3.5 keV line (twice WEM’s FWHM), for the case of a
30° x 30° full exposure signal toward the GC, the signal-to-
noise ratio is ~170 and the signal-to-noise for 90° x 90° is
~270. Therefore, with respect to the cosmic x-ray back-
ground, we estimate that WFM is very sensitive to the

candidate 3.5 keV line due to its large FOV toward the GC.
Importantly, note that a 3.5 keV atomic transition from the
x-ray emission of the MW warm-hot halo (~200 eV) will
have a Boltzmann-suppressed emissivity by a factor of
~20000 relative to local hot plasma in the MW or a cluster
of galaxies at ~2 keV. Overall, we find WFM will likely be
more sensitive than the other instruments aboard eXTP,
whose FOV are ~10 arcmin [120].

Let us finally end our discussion with the estimate of the
S/N in the gamma-ray band. Indeed, future ground-based
experiments like CTA will study the GC region with
unprecedented sensitivity [80,81] and will probe an energy
scale well beyond the TeV, while space missions like
GAMMA-400 and, in particular, e-ASTROGAM may give
us new insights even at lower energies, approximately
down to the MeV scale [75,79].

According to these considerations, we have organized
our prediction for the gamma-ray background into two
bins: 10 MeV-10 GeV and 10 GeV-10 TeV photons. In
this two energy ranges, the full-sky emission detected by
experiments like Fermi-LAT [121] proved us in great detail
that more than 80% of the collected photons are correlated
with the Galactic plane and with gas and starlight distri-
butions. This fact further lead us to the relevance of
Galactic CR physics behind the scenes of the observed
gamma-ray sky. In particular, high-energy cosmic rays of
Galactic origin interact with the magnetized ISM and with
the interstellar radiation field (ISRF) to yield three funda-
mental contributions: photons produced mainly by neutral
meson decay, the so-called 7° component, sensitive to the
hydrogen gas distribution of the ISM; the bremsstrahlung
contribution due to the relativistic charged CRs traveling
through the ISM, again proportional to the ISM gas density;
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Full-sky map for the gamma-ray background obtained according to the CR propagation model derived in Ref. [122], fitting all

local CR measurements, and simulated with the DRAGON code [123,124]. Left panel shows the prediction related to the low-energy
range of 10 MeV-10 GeV, while the right panel shows the prediction at high energies, 10 GeV-10 TeV.

the inverse-Compton (IC) component, related to the kick in
energy that CMB photons and starlight receive from high-
energy leptons accelerated in the Galaxy.

In order to study the gamma-ray noise for an accurate S/N
full-sky prediction, here we exploited the outcome of the
recent analysis carried out in Ref. [122], that presented a new
benchmark for CR propagation in the Galaxy: the authors
constrained CR propagation fitting to all the up-to-date
measurements relative to local CR observables. We there-
fore reproduced the Galactic CR simulation of Ref. [122]
using the numerical package DRAGON [123,124].

Similarly to other Galactic cosmic-ray propagation codes
[125,126], DRAGON is built upon a fiducial model based
on the quasilinear transport theory [127], with CR particles
propagating into the Galaxy typically within an effective
steady-state regime that encodes effects like diffusion,
advection, and reacceleration; see, e.g., [17]. Given the
large astrophysical uncertainties at stake, even within
similar propagation setups (1) variations in the final
prediction of CR fluxes in the Galaxy can be easily
expected from these codes.

Adopting the standard assumption that CR properties
probed locally may hold effectively across the whole
Galaxy, we computed the gamma-ray emissivities associ-
ated to the 7z, IC, and bremsstrahlung components. For this
last step, we adopted state-of-the-art results for what
concerns the ISM gas distribution [128] and the modeling
of the ISRF [129]. Our full-sky prediction for the expected
gamma-ray background is reported in Fig. 8, obtained once
again with HEALPix resolution index of 8. In this novel
prediction, interestingly, we note that the 10 MeV-10 GeV
sky presents a relatively important contribution coming
from leptonic diffusion and its convolution with the ISRF
distribution, while the hadronic component greatly domi-
nates the scene of the gamma-ray sky at energies above
10 GeV.

With our prediction of the gamma-ray background, we
look at the computation of the S/N for DM annihilation and

decay in this wavelength as a function of the angular
distance from the GC, 1;/.11 As shown in Fig. 9, the GC
region stands out also in this case as the most compelling
direction for the discovery of DM. In particular, we observe
that the impact of baryonic physics is important at very
small y. There remains 2 orders of magnitude of enhance-
ment of the signal-to-noise as y approaches the GC
region (y — 0°).

Consequently, the GC remains a primary target for all the
next-generation gamma-ray campaigns whose science case
includes the quest for particle DM. Note, however, that the
GC region (y < 20°) per se turns out to be also one of the
most challenging regions for which our adopted foreground
models are insufficient. See, e.g., [39,40].

In this respect, a full-sky inspection of the expected S/N
ratio from DM annihilation and decay may offer a more
robust prediction than the one specifically related to the GC
region, since the impact of the limitations and simplifica-
tions in the background and foreground modeling around
the GC can be mitigated by angular averages over the larger
field of view considered.

Hence, in Fig. 10, we show for illustrative purposes the
S/N full-sky map obtained for both the case of DM
annihilation and decay in the energy range of few GeV,
where the spectrum of the “GC excess” discussed in the
Introduction is known to be peaked [32,33]. We observe
that while the S/N is maximized in the region where the
background astrophysical emission is harder to accurately
model, it remains very important in the assessment of DM
emission in the gamma-ray band in the inspection of the
control region at medium (b = 20°) latitudes, where the S/N

"For the sake of clarity, the DM prediction concerns the
prompt-photon emission only; in particular, it does not take
into account morphological modifications that may arise in
specific scenarios with annihilation/decay leptonic channels;
see, e.g., [130].
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FIG. 9. Left: The variation S/N of gamma-ray DM annihilation signal versus angle y to the Galactic Center (up to an overall
model-dependent normalization C). The blue and green envelopes represent the FIRE-2 result against 10 MeV-10 GeV and
10 GeV-10 TeV simulated background. As comparison, the blue and green dashed lines denote that from a smooth Milky Way
NFW halo model from a 10 MeV-10 GeV and 10 GeV-10 TeV simulated background. The FIRE simulation’s S/N is enhanced
due to the substructure boost. Right: The analogous variation of S/N for the case of gamma-ray DM decay versus angle y to the Galactic

Center.
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FIG. 10. The full-sky S/N prediction of the annihilation (left) and decay (right) DM gamma-ray signal in the energy range where the
“excess emission” at the GC is found to be pronounced [32,33], namely 1-5 GeV.
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The full-sky S/N prediction of DM x-ray signal at 1/4 (top), 3/4 (middle), and 3/2 (bottom) keV scale for annihilation (left)

and decay (right) emission. The grey feature in the maps is due to the lack of soft x-ray background data.

is not dropping yet and gamma-ray background emission
can be much better understood.

Finally, we note that a nontrivial outcome is captured both
in Figs. 6 and 9 when one compares the decay and annihilation
scenarios and focuses the attention also to the S/N obtained for
the case of the analytic NFW profile reported. As anticipated
before, except for the very inner kpc from the GC, the NFW
profile shown turns out to be a very good proxy of the smooth
DM halo component of the MW-like galaxy analyzed in the
simulation: therefore, it gives us a glimpse of the role of
substructures along the line-of-sight.

In both Figs. 6 and 9, the S/N extracted from the FIRE-2
analysis agrees well with the NFW one for the case of DM

decay. The NFW profile does not agree well for the
annihilation scenario, which shows a departure of almost
an order of magnitude between the two cases. This suggests
us that the subhalo contribution along the l.o.s. in the
FIRE-2 becomes relevant for the study case of DM
annihilation. The presence of these subhalos is also
significant in the S/N full-sky map in the x-ray and
y-ray bands, illustrated in Figs. 11 and 12.

Therefore, while the GC region should be explored in
great detail by several x-ray and gamma-ray surveys, for the
specific case of DM annihilation, bright substructures along
the l.o.s. remain an important signal source in the potential
upcoming era of DM astronomy.
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Annihilation S/N at 10 MeV — 10 GeV

Decay S/N at 10 MeV — 10 GeV
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FIG. 12. The full-sky S/N prediction of DM gamma-ray signal at 10 MeV-10 GeV (top) and 10 GeV-10 TeV (bottom) scale for
annihilation (left) and decay (right) emission. Similar results can be found in Ref. [89], obtained with a DM analytic model and gamma-

ray background provided by Fermi-LAT.

IV. CONCLUSION

Future x-ray and gamma-ray missions will largely extend
the capability of astronomical searches for DM via photon
emission from annihilation, decay, or internal structure, and
potentially lead us to the era of “dark matter astronomy.”
We focus on near to long-term prospects for x-ray and
gamma-ray observatories. We go beyond prior studies of
the D factor and J factor of DM annihilation and decay by
using detailed hydrodynamic simulations of our MW
Galaxy’s formation with a representative DM spatial and
velocity distribution, via the FIRE-2 Latte simulations.

Narrow line features in energy are ubiquitous at higher
order in DM emission (e.g., [5,12]), which allows DM
astronomy to involve spectroscopic studies revealing
bulk velocity as well as dispersion motion of the DM.
We have studied how the bulk velocity, velocity dispersion,
and the “dark luminosity” profile of DM signals will
present themselves in the sky, using the FIRE-2 Latte suite
of simulations of the local group.

For bulk velocity spectroscopy, astrophysical fore-
grounds will be persistent in any future signal studies.
For the case of the narrow photon line found in the MW,
there are definitive ways of differentiating a DM line from
an astrophysical line given the Doppler velocity informa-
tion. Reference [67] showed that telescopes with energy

resolution O(0.1%) are suitable for differentiating DM via
a particle physics model-independent property of DM: the
motion of DM inside the MW relative to baryonic gas.

We employed a FIRE-2 cosmological hydrodynamic
simulation from the Latte suite in order to more accurately
specify the requirements of velocity spectroscopy to differ-
entiate a DM and astrophysical line source. A pair of
symmetric observations equally separated about [ = 0° to
compare the location of two detected emission lines’
centroids could provide sufficient information for the
DM diagnosis. We find that / = £90° would be an ideal
place to make use of the velocity energy shift, giving the
most significant separation of a DM line relative to an
astrophysical source.

For the representative case of the 3.5 keV candidate line,
DM velocity spectroscopy performed by the forthcoming
x-ray telescopes XRISM, Athena, and Lynx are only
capable of separating a DM line from astrophysical fore-
ground with fairly long exposures.

We estimate that the separation of the lines at 5o would
require an exposure of ~4 Ms to =15 Ms of XRISM at
[ = 190°, away from the Galactic plane, with the range
depending on the level of the foreground/background
astrophysical emission. Note that this velocity procedure
is applicable for any DM narrow features from annihilation
or decay at x-ray or gamma-ray band.
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Overall, sensitivity to Doppler velocity spectroscopy in
the x ray will require Athena and Lynx energy and flux
sensitivity levels. DM overdensities in collapsed structures
outside our MW halo remain a promising prospect for the
narrow FOV observatories [5,131]. Velocity broadening in
the x-ray and velocity spectroscopy in the gamma ray
will require mission sensitivities beyond those currently
considered.

We studied the signal-to-noise of DM annihilation and
decay in full-sky observations using optimal available
foreground models. Most significantly, we point out that
the J and D factors of DM on the full sky point to a very
robust signal when combined with large FOV observatories.

Specifically, we find the WFM instrument aboard the
eXTP Telescope to be a very well-suited large FOV
instrument to search for DM signals on the sky, as well
as follow up the 3.5 keV candidate signal. We estimate that
WEFM aboard eXTP would have a very high flux of the
3.5 keV candidate line, with a 100 ks exposure giving DM
decay event counts between 103 and 10° depending on the
acceptance across the field of view, with a commensurate
high signal-to-noise, S/N > 180, relative to the cosmic
x-ray background.

In a more general sense, we also estimate the full-sky J
factor and D factor for DM and the S/N curves from the
x-ray to gamma-ray bands. Although the Galactic Center
region has luminous foreground emission at x-ray or
gamma-ray band, the most significant DM signals could
be also found in this place. From the comparison of NFW
profile for the MW, we conclude that the subhalos would
have significant contribution on the annihilation emission
in searches in outer regions of the halo.

Overall, the near term prospects for DM searches in
high-energy photons remain promising. As x-ray and
gamma-ray observatories improve, finer energy and spatial
resolution have the potential to reveal not only spatial
structure but also dynamical, velocity structure of the DM
in our MW’s halo, both in its bulk motion as well as its
intrinsic velocity broadening. Recent candidate detections
of anomalies in gamma rays and x rays may be the start of
an era of DM astronomy, or novel signals across the
electromagnetic spectrum could reveal surprises that can
be fully explored by new observatories, guided by robust
simulations of DM in our MW galaxy.
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APPENDIX A: DM FLUX AND SPECTROSCOPY

In general, DM can produce photons via either annihi-
lation or decay processes. The expected signal depends on
the details of the DM particle model, the detector proper-
ties, the spatial distribution, and also on the kinematics of
DM in the Galaxy. R

For an observer at the position of the Sun, R, the
number N, of photons from DM annihilation/decay in the
FOV AQ along the l.o.s. 5, with exposure time AT and
detector effective area A (E), should be obtained as

dec.(ann.) AT / / _./ 2) dN)(
N ~— dQ d dEp;’ —= Ag,
X 47[ AQ los s p)( dE eff

where p, denotes the DM density at distance r(5) =

(A1)

\/Rb + 52+ 25 Ry from the GC, and § identifies the

direction of the observer l.0.s.—equivalently specified by
the pair (I, b)—and dN,/dE is the annihilation spectrum.
Note that due to the relative motion of DM with respect to
the observer, dN, /dE gets distorted according to

dN,(E.1.b) dN, 5
WALLD) / 4E L K(E,E. 010 [r(3)))

(A2)
where IC is the kernel function that takes into account the
Doppler-shift modification of the original DM spectrum
and in simple cases, may be approximated by a Gaussian
profile, yielding, for instance, Eq. (3) for DM decay; oy, is
the DM velocity dispersion along the l.0.s.. More precisely,
for an emission line centered at the rest-frame energy E,
the energy redistribution from /C is related to the Doppler
effect AE = —v1oEp/(c + v1o), Where vy, is the lo.s.
velocity of DM relative to the observer.

Assuming an effective area constant in energy, and
neglecting also the l.o.s. dependence in oy, (as supported
by Fig. 3), both A and the spectral integration reported in
Eq. (Al) can be factored out of Eq. (Al). Then, the
observed spectrum from DM particles of mass m, and
annihilation cross section (ov) would actually be

d®,(E,1.b) _ (ov) dN, / i
= — Sp,.
dQdE  8aml dE )i

(A3)

Following Refs. [20,21,23], we can define the DM relative
luminosity, i.e., the J factor, as

£ (1, b) = / 4523, (Ad)

los
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which only depends on the DM spatial distribution.
Similarly, we expect from DM decay with a rate T,

dd (E l b) I' dN
X\ — X X pdec A5
dQdE 4zm, dE 5 (A5)

where the DM decay luminosity, i.e., the D factor,
corresponds to

(1, b) = / 3, [r(3)]. (A6)

los

APPENDIX B: FITTING THE VELOCITY
DISTRIBUTION FUNCTION

In this appendix, we briefly describe the procedure
to extract the kernel function K from DM simulation
data. First of all, we analyzed the outcome of the
simulation in the GC frame, where the observer position
corresponds to Rg = (—8.2,0,0) kpe, with a velocity
Uo = (20.38,224.718,3.90) km/s. Through a proper
coordinate transformation, we then moved to the rest frame
of the observer, and then computed the DM l.0.s. velocity
vyos as the projection along the lo.s. identified by s, i.e.,
vos = ¥ - 5. Note that a positive/negative v, here means an
outward/inward movement of DM particles along the
direction of 5.

Hence, we adopted a HEALPix resolution of 6 in order
to map DM particles along a given l.o.s. in the sky. We
reconstructed the l.o.s. DM velocity distribution for each of
the 49152 pixels at hand. This is the minimal sky resolution
we found to be necessary in order to meaningfully analyze

—— Voigt profile
¢ FIRE-2

0.12f

0.09¢

0.06¢

dN/(Niot - binsize)

0.00 **

02 ~01 0.0 0.1 0.2
AE/E %)

FIG. 13.

DM velocity distribution from the N-body simulation.
Finally, having collected the info on ., we built up
histograms relative to the energy shift AE/E,,
AE/E) = =165/ (€ + Dios), (B1)
where E| is the characteristic energy in the DM-emission
rest frame; we grouped all particles along a given l.0.s. with
AE/E, = 0.8 as a bin size and adopted the widely used
Voigt function to fit the resulting histogram. We have
conveniently multiplied the collected set of AE/E,, values
by a factor 10* before constructing the corresponding
histograms. This has actually facilitated our Voigt fitting
procedure without affecting the inference of the centroid of
the profile, but yielding an estimate of FWHM larger by a
factor 10%, that has been properly corrected a posteriori.
A couple of examples for the best-fitting result are shown
in Fig. 13. For most cases, a single Voigt profile well
described the histogram obtained, but two Voigt profiles
were needed in some cases (see Fig. 13) due to the presence
of substructure. Also, sometimes the bin size has been
adjusted to further improve the fitting outcome when
required. The FWHM of the Voigt profile was obtained
using the following expression [132]:

fv = 1.0697 + \/0.8664;72 +8521n2, (B2)
where 6 and 7 are the Gaussian and Lorentz profile
parameters estimated in the fit. For multiple profile cases,
in a conservative fashion, we adopted the center of the
narrow component as the energy shift and used the FWHM
of the broad component as the profile width.

0.30 T
—— Voigt profile
0.95F + ® FIRE-2
o
S 0.20f
=
-
s 0.15¢p
=
>~ 0.10f
=
=
0.05F
0.00 \ , ’
—0.2 —0.1 0.0 0.1 0.2
AE/E %)

The Voigt profile fitting results for two line-of-sights with HEALPix ID 5136 (single Voigt function) and ID 7798 (two Voigt

functions). These two plots are for illustration purposes. Fitting with single Voigt function is sufficient for most cases (upper panel),
while multiple line profiles are needed when subhalos contribute along the l.o.s. (lower panel).
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