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We consider the observation of diffuse halos of light around the discs of spiral galaxies, as a probe
of the interaction cross section between Dark Matter and photons. Using the galaxy M101 as an
example, we show that for a scattering cross section at the level of 1072% . (m/GeV) cm? or greater
Dark Matter in the halo will scatter light out from the more luminous centre of the disc to larger
radii, contributing to an effective increased surface brightness at the edges of the observed area
on the sky. This allows us to set an upper limit on the DM-photon cross section using data from
the Dragonfly instrument. We then show how to improve this constraint, and the potential for
discovery, by combining the radial profile of DM-photon scattering with measurements at multiple
wavelengths. Observation of diffuse light presents a new and potentially powerful way to probe the
interactions of Dark Matter with photons, which is complimentary to existing searches.

I. INTRODUCTION

Data from rotation curve surveys indicate that the
kinematical behaviour of luminous matter, such as stars,
in galaxies can not be explained purely by their own grav-
itation [1, 2]. This implies either that our theory of grav-
ity is incorrect at large scales, or that there is an addi-
tional component of matter in our galaxy which we have
yet to observe. Indeed the latter scenario is compelling
based on several additonal observations (e.g. the Cosmic
Microwave Background (CMB) measured most recently
by Planck [3] and lensing in clusters [4]), and such rota-
tion curves can be explained by the presence of a massive
and approximately spherical halo of Dark Matter (DM)
surrounding the galactic disc.

Since these halos of DM have not been directly ob-
served (apart from via their gravitation) it is reason-
able to assume that they are composed of electrically
neutral particles, which by definition do not scatter
light. However this is not strictly necessary. Indeed
many models of Dark Matter include a small coupling
with photons [5, 6], and DM-photon interactions have
been previously discussed in terms of their effect on the
CMB [7-10], the shape of elliptical galaxies (via DM self-
interactions) [10, 11] and large-scale structure [7, 12, 13].
However there are few direct constraints on the DM-
photon cross section, especially as a function of photon
wavelength. Furthermore some Dark Matter candidates
(e.g. axions and axion-like particles [14] or asymmetric
dark matter [15]) may only show up through their cou-
plings to photons, while evading more traditional search
strategies such as Direct Detection [16-18], Indirect De-
tection [19-22] or colliders [23].

Hence in this work we consider the prospect for ob-

serving DM halos in spiral galaxies directly through the
light they scatter from the disc, if the DM-photon in-

teraction cross section is non-zero. We have two main
aims: firstly we seek to quantify to what extent the DM
can scatter light from the disc of a spiral galaxy and still
remain unobserved, and secondly we examine prospects
for observing DM-photon scattering in the future. In
section II we show, using the galaxy M101 as an exam-
ple, that particles of DM can scatter light from the more
luminous centre of the disc out to the edge, where the
scattered signal is potentially competitive with the emis-
sion from the disc itself (for a large enough scattering
cross section). This light is very faint, however we show
that the Dragonfly instrument [24] is sensitive enough to
detect this signal for Thomson-like cross sections.

In section IIT we show that the spectrum of light as a
function of wavelength can be used to separate our sig-
nal from potential backgrounds, such as dust-scattering
or a halo of older stars. In section IV we discuss uncer-
tainties in our knowledge of the backgrounds to a dedi-
cated search, in section V we compare the sensitivity of
our method to previous constraints from the CMB and
large-scale structure and we conclude in section VI.

II. EXAMPLE CONSTRAINTS FROM M101

To illustrate our idea we consider the galaxy M101 as
an example, for which observations of its surface bright-
ness have been made using the Dragonfly instrument [24]
(see also refs. [25, 26] for other galaxies). We examine the
possibility that some component of the light, observed to
originate from a particular point on the disc of M101,
could actually arise from photons emitted at another
point on the disc which have been scattered by DM par-
ticles somewhere along the observer’s line of sight. Hence
the total luminosity of the disc is unaffected, but the ra-
dial profile of observed light is flattened at large radii.
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FIG. 1: A light ray from the inner parts of the disc, where the
luminosity is larger, can scatter with a Dark Matter particle
in the halo, thereby altering its path. Hence, for example, the
dashed blue light ray will appear to originate from the outer
parts of the disc. This will compete with light which does not
scatter on its way to Earth, as shown by the orange arrow.
There will also be emission from a stellar halo and scattering
from dust outside of the disc, which we do not show here.

This process is shown graphically in figure 1. The or-
ange solid arrow shows the path of a photon from the
disc to the observer on Earth. This is accompanied by
a photon from a more central region of the disc (dashed
blue line), which has scattered with a DM particle some-
where in the halo, altering its direction to make it ap-
pear to originate from a position towards the edge of the
disc instead. This is somewhat analogous to scattering
by dust [27], which will also contribute to the apparent
surface brightness, along with emission from the halo of
older stars around the disc.

This scattering can occur anywhere along the ob-
server’s line of sight . For an element dl of the line
of sight distance the fraction of scattered photons from
DM will be proportional to npyodl, where npy is the
number density of DM particles and o is the scatter-
ing cross section (which may be a function of the fre-
quency/wavelength of the scattered light). The total flux
of scattered light along the line of sight is then the inte-
gral of this scattering fraction over all [. We assume that
the cross section is small enough such that each photon
scatters at most once with a DM particle, and addition-
ally that the DM does not emit photons through e.g.
decay or self-annihilation.

As such the total emission observed from a point on
the sky (denoted by the angles 6. and ¢.) is the sum
of three components: Dark Matter scattering, emission
from the disc and emission/scattering from old stars and
dust in the halo ®y,), respectively [28],
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FIG. 2: DM-photon scattering profile for a cross section of
opM—~y = 10723(m, /GeV) ecm? compared to Dragonfly data
for M101 [24]. Here ‘Magnitude’ refers to the surface magni-
tude through an SDSS g-band filter. The signal from Dark
Matter - photon scattering is stronger than that from the disc
at large radial distances, but can not easily be separated from
the stellar halo emission. For the stellar halo fraction we use
the best-fit value from ref. [24].

where we assume that the DM density npy depends only
on the spherical radial distance from the galactic centre
r and L;(r) is the luminosity of the disc surface per unit
area. The function L4(h,rq) is the luminosity of light at
a height i from the disc and radial distance r4 from its
centre (see figure 1), and is given by

dadf aLly(e)
La(h,rq) = '
a(h,ra) /47r(h2 + a2sin? 6 + (acosf — ry)?)

(2)

There should also be an effective dimming of the emission
from the disc due to the scattering from DM, which we
assume to be negligible in this work.

We are now in a position to compare our predictions to
observational data for M101 [24]. We use the exponential
disc+bulge profile for £, and we assume that @y, is
dominated by emission from the stellar halo, for which
we use the surface brightness profile given in [24], rather
than dust (this should be true for optical wavelengths as
dust scatters mainly ultra-violet light [27, 29], a point we
return to later on). For the Dark Matter density we use a
Navarro-Frenk-White distribution (NFW) [30]. We take
the distance to M101 to be Iy = 7 Mpc [31], and have
made the assumption that the disc is completely face-on
for simplicity. If the disc were more edge-on its emission
would be reduced at large radii, making the DM-photon
signal easier to observe.

The result is shown in figure 2. Since the profile of light
from DM scattering depends on both L4 and the spherical
distribution of the DM itself npwm(r), it is much flatter
than that from the disc. This therefore contributes to an
apparent brightening of the disc at large radii, as some
of the light from the more luminous centre of the disc is
scattered out to the edges, where the emission from the
disc itself is lower.



The situation in figure 2 is complicated by emission
from the stellar halo, which can also contribute signifi-
cantly at large radii [24, 26]. The magnitude of the stellar
halo emission is not known a priori for M101 and so for
this data alone we are only able to set an upper bound on
the scattering cross section opnm—~, by marginalising over
the stellar halo fraction (we employ a flat prior for its am-
plitude). Our upper limit at 90% confidence is at the level
of opm—~y < 10723 - (m/GeV) cm?. Since the Dragonfly
measurements were made using g and r band filters, this
constraint applies to wavelengths around A ~ 500 nm.
This upper limit is conservative and robust to changes
in the background model. Indeed the weakest possible
limit is set when we assume no stellar halo background,
such that the DM-photon scattering signal makes up all
of the observed light for » = 50 kpc. In this case our
upper limit is opy— < 2-10723 - (m/GeV) cm? i.e. only
a factor of two weaker than when marginalising over the
stellar halo contribution.

III. USING SPECTRAL INFORMATION TO
SEPARATE DARK MATTER FROM DUST AND
THE STELLAR HALO

We have shown that it is possible to obtain bounds
on the DM-photon scattering cross section using mea-
surements of diffuse light. However even though the disc
emission is small at large radii, there are additional back-
grounds such as emission from a halo of older stars, which
make discovering DM-photon scattering difficult. In this
section we consider methods of overcoming these issues
and improving the sensitivity to DM-photon scattering.

There are broadly two ways of achieving increased sen-
sitivity: taking measurements of surface brightness away
from the disc, which would reduce emission from the disc
itself, and using multi-wavelength information to sepa-
rate sources based on their spectra. For the latter we
illustrate this point in figure 3, showing the expected
spectra as a function of wavelength A\ for different DM
and background sources.

We focus on two different types of background which
should be present towards the outskirts or away from
the disc: scattering from dust particles [27, 29, 32] and
emission from older stars in the halo [28] (there are other
light sources present in the halo which emit at short wave-
lengths, such as hot gas [33] whose emission peaks in the
X-ray band). We have assumed a simplistic model for
the dust, in which the dust particles are smaller than the
wavelength of scattered light, such that the cross section
is that for Rayleigh scattering o ~ A~%. Hence the spec-
trum from dust-scattering peaks in the ultra-violet (UV)
range [27, 29]. Since the stellar halo is composed mainly
of older stars [34-37] we have assumed that the spectrum
is that of a typical red star i.e. a black body with a tem-
perature of 5000K, while for the disc we assume a black
body with a temperature of 6000K, similar to the Sun.
This assumption is approximate as both components are
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FIG. 3: Spectra of scattered light from Dark Matter as a
function of wavelength A, for both a constant cross section
and one which varies as A2. This is compared with emission
from the stellar halo and from Rayleigh scattering due to dust
particles. At longer wavelengths DM with opym—~ ~ 2 should
be easier to distinguish from potential backgrounds.

actually composed of stars with a range of colours. In-
deed the disc likely possesses a colour gradient, with the
younger /bluer stars present towards the outer edges [38].

What is clear from figure 3 is that the potential for ob-
serving DM-photon scattering above astrophysical back-
grounds depends strongly on how the scattering cross
section varies with A. For example scattered light from
Dark Matter with opyv—~y ~ A2 will be more visible at
longer wavelengths, where the contribution from other
sources should be smaller (the same would be true for
ODM—~y ~ A1), Such a dependence may arise for a
DM-photon cross section which scales inversely with the
square (or fourth power for opy— ~ A* models) of the
photon energy. This could proceed through the exchange
of a light mediator particle (e.g. [39]), with the scale at
which the cross section stops increasing with A depending
on the mediator mass. Hence these models of DM can
give observable signals even if their integrated emission is
less intense than that from e.g. dust or the stellar halo.

IV. LIMITATIONS DUE TO UNCERTAINTIES
IN THE BACKGROUNDS

Dark Matter scattering of light from the disc has a
potentially unique radial profile (figure 2) and spectrum
(figure 3) which is difficult to mimic with astrophysical
sources. Hence it should be possible to improve the con-
straint on opm—~ from section II if we were to combine
information from the radial profile with measurements at
multiple wavelengths into a statistical analysis of many
galaxies, and in particular if observations can be made
away from the disc.

However the detectability of our DM-photon signal de-
pends crucially on how well the disc and stellar halo
components are understood at large radii. Indeed at
present it is not clear how accurate the analytical mod-
els used for M101 are for other galaxies [34]. For exam-



ple some galaxies posses significant streams towards their
outskirts [36, 40] which complicate the radial and spec-
tral profile of stars in the halo. In addition the exponen-
tial disc model can vary considerably between galaxies
even at large radii e.g. it can be truncated past a certain
radius or warped [41-44].

This problem would be mitigated by using observa-
tions of diffuse light around many galaxies, since e.g. al-
though stellar streams [36, 40] may be able to mimic the
DM spectral and radial profile for one galaxy, it is highly
unlikely that this could occur at similar radii and with
similar patterns with many galaxies. Ideally, stacking a
number of outer profiles with rescaled disk components
would be an optimal approach for addressing these un-
certainties. However we can only have confidence in a
stacking approach once we have an improved statistical
understanding of how the stellar halo and disc profiles
and spectra vary from galaxy to galaxy. Although recent
progress has been made in for example simulating stellar
halos [34-37] such a statistical analysis is not presently
possible. However since opy—~ is poorly constrained over
a wide range of frequencies only a basic knowledge of the
backgrounds is needed to progress here.

V. COMPARISON WITH EXISTING
CONSTRAINTS AND SEARCHES

The DM-photon interaction cross section is relatively
unconstrained directly. The strongest constraint comes
from the damping of sub-halo scale structures by DM-
photon interactions [12, 45], leading to a 90% confidence
limit of opy—y < 5.5-1077 - (m/GeV) - or [12], where
or = 6.65 - 1072* cm? is the Thomson cross section. As
already discussed the size of the DM-photon cross section
could be dependent on wavelength, hence the relative
sensitivity of our method compared to that in ref. [12]
depends on the photon spectrum at the time of DM-
photon decoupling. If we take this to be the temperature
of the CMB at recombination i.e. around 3000K then the
photon population is that of a black body with maximum
intensity around a wavelength of 107® m. Hence this
constraint applies to o(A &~ 107%m).

As such, for DM-photon scattering with a cross sec-
tion o ~ A%, for example, constraints from structure
formation will be much weaker at longer wavelengths.
Indeed in this case DM which is consistent with the con-
straint from ref. [12] can have a cross section as large as
oA =10"*m) < 1071 - (m/GeV) - or for observations
of 107 m wavelength light. Hence as we found in the
previous section observations at longer wavelengths, in
the infra-red and beyond, present the best prospect for
observing DM-photon scattering. For models where the
cross section increases with A our method is complimen-
tary to other direct constraints [7, 12], and presents the
only way of accurately determining the wavelength de-
pendence of the DM-photon cross section. There are in
principle further direct probes of DM-photon scattering,

whose relative strengths depend on how o scales with
wavelength A e.g. from the scattering of gamma-rays by
DM in the halo from FERMI [46, 47] or the observation
of diffuse radio emission from DM scattering [48] near
strong radio sources.

Indirect constraints, such as on the charge of DM [9, 10]
or interactions between DM particles themselves [10, 11,
49], will in principle be related to the DM-photon cross
section. However the relative strength of constraints
will depend on the particular model of DM e.g. hid-
den sector models [5, 14] or composite DM, such as a
dark atoms [6, 50] (or Standard Model composite states
e.g. [51]). As such constraints on the DM-photon cross
section and other probes such as self-interactions or the
charge of DM will give complimentary information.

VI. CONCLUSION

We have considered the observational consequences of
Dark Matter particles, in the halo of spiral galaxies, scat-
tering light emitted by luminous matter in the centre of
the disc out to large radii. An illustration of this prin-
ciple is shown in figure 1. This is advantageous as a
search strategy for DM, since the potential astrophysi-
cal backgrounds at large radii are smaller, as compared
to searches for DM self-annihilation which focus on the
galactic centre region (e.g. [19-21]).

Using measurements of light from M101 by the Drag-
onfly instrument [24] (see figure 2) we showed that, for
cross sections around 10723 - (m/GeV) c¢cm?, Dark Mat-
ter (with mass m) will scatter light out from the more
luminous centre of the disc to its edge. This leads to an
effective increase in the surface luminosity at large radii,
where the emission from the disc itself is less intense.
By marginalising over the emission from the stellar halo,
whose radial profile is similar to that from DM, we set a
90% upper limit on the cross section at this level.

We also considered the prospect for improving sensi-
tivity to opm—~ using multi-wavelength measurements
of diffuse light. As shown in figure 3 we found that the
prospects for observation should be particularly good for
models of DM with a cross section opy—~ which increases
with wavelength \. This is because the contribution from
prominent backgrounds such as Rayleigh scattering of
dust [27, 29, 32] and emission from the stellar halo [28]
should be smaller at longer A. Hence using spectral infor-
mation would allow the signal from DM-photon scatter-
ing to be separated from potential backgrounds. Taking
observations away from the disc where emission is ex-
pected to be lower would also be beneficial.

There is also the prospect of extending the search for
DM-photon scattering to other astrophysical sites such as
elliptical galaxies, clusters, Active Galactic Nuclei and
Gamma-Ray Bursts [52]. Note also that unlike decay-
ing or self-annihilating DM, there would be no expected
signal in objects without luminous matter in significant
quantities, such as dwarf spheroidal galaxies [22, 53].



We have presented a new way of probing the inter-
actions of Dark Matter, complimentary to bounds on
the DM-photon cross section from the CMB and large-
scale structure [7, 12, 13] which are sensitive to different
photon energies, as well as alternative search strategies
such as indirect detection, direct detection and collider
searches. The unique radius and wavelength-dependent
profile of DM scattering is advantageous for setting
stronger constraints in the future, though at present the
variation of the backgrounds from the disc and stellar
halo between galaxies is not well understood, making
a statistical analysis difficult. However even a small
amount of progress here, for example by rescaling the
disk components and stacking the halo light for several

galaxies at multiple wavelengths, would allow the DM-
photon scattering cross section to be probed with more
precision than has previously been possible.
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