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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 (DM) and photons. Using the galaxyM101 as an example, we
show that for a scattering cross section at the level of 10−23ðm=GeVÞ cm2 or greater dark matter in the halo
will scatter light out from the more luminous center 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, a way that is complementary to existing
searches.
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Introduction.—Data from rotation curve surveys indicate
that the kinematical behavior of luminous matter, such as
stars, in galaxies can not be explained purely by their own
gravitation [1,2]. This implies either that our theory of
gravity is incorrect at large scales, or that there is an
additional component of matter in our Galaxy that we have
yet to observe. Indeed, the latter scenario is compelling
based on several additional observations [e.g., the cosmic
microwave background (CMB) measured most recently by
Planck [3] and lensing in clusters [4]], and such rotation
curves can be explained by the presence of a massive and
approximately spherical halo of dark matter (DM) sur-
rounding the Galactic disc.
Since these halos of DM have not been directly observed

(apart from via their gravitation) it is reasonable 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, espe-
cially as a function of photon wavelength. Furthermore,
some dark matter candidates (e.g., axions and axionlike
particles [14] or asymmetric dark matter [15]) may only
show up through their couplings to photons, while evading
more traditional search strategies such as direct detection
[16–18], indirect detection [19–22], or colliders [23].
Hence, in this Letter we consider the prospect for

observing DM halos in spiral galaxies directly through

the light they scatter from the disc, if the DM-photon
interaction cross section is nonzero. We have two main
aims: first, we seek to quantify to what extent the DM can
scatter light from the disc of a spiral galaxy and still remain
unobserved, and, second, we examine prospects for observ-
ing DM-photon scattering in the future. We show, using the
galaxy M101 as an example, that particles of DM can scatter
light from the more luminous center of the disc out to the
edge, where the scattered signal is potentially competitive
with the emission 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.
We then show that the spectrum of light as a function of

wavelength can be used to separate our signal from
potential backgrounds, such as dust scattering or a halo
of older stars. We discuss uncertainties in our knowledge of
the backgrounds to a dedicated search, we compare the
sensitivity of our method to previous constraints from the
CMB and large-scale structure, and, finally, we conclude.
Example constraints from M101.—To illustrate our idea

we consider the galaxy M101 as an example, for which
observations of its surface brightness 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 that have
been scattered by DM particles somewhere along the
observer’s line of sight. Hence, the total luminosity of
the disc is unaffected, but the radial profile of observed
light is flattened at large radii.
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This process is shown graphically in Fig. 1. The orange
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 somewhere in the halo,
altering its direction to make it appear 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 observer’s

line of sight l. For an element dl of the line-of-sight
distance the fraction of scattered photons from DM will be
proportional to nDMσdl, where nDM is the number density
of DM particles and σ is the scattering cross section (which
may be a function of the frequency or wavelength of the
scattered light). The total flux of scattered light along the
line of sight is then the integral of this scattering fraction
over all l. We assume that the cross section is small enough
such that each photon scatters at most once with a DM
particle, and additionally 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 θe and ϕe) is the sum of three
components: dark matter scattering, emission from the disc
and emission or scattering from old stars, and dust in the
halo Φhalo, respectively [28],

Φðθe;ϕeÞ ¼
Z

dlσnDMðrÞLdðh; rdÞ
4πl2

þ Ls½rdðθe;ϕeÞ�
4πl2d

þ Φhalo; ð1Þ

where we assume that the DM density nDM depends only on
the spherical radial distance from the Galactic center r and

LsðrÞ is the luminosity of the disc surface per unit area. The
function Ldðh; rdÞ is the luminosity of light at a height h
from the disc and radial distance rd from its center (see
Fig. 1), and is given by

Ldðh; rdÞ ¼
Z

dαdθαLsðαÞ
4π½h2 þ α2sin2θ þ ðα cos θ − rdÞ2�

: ð2Þ

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
discþ bulge profile for Ls and we assume that Φhalo 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 ultraviolet light [27,29], a point we return to
later on). For the dark matter density we use a Navarro-
Frenk-White distribution [30]. We take the distance to M101
to be ld ¼ 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 Fig. 2. Since the profile of light

from DM scattering depends on both Ls and the spherical
distribution of the DM itself nDMðrÞ, 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 center of the disc is scattered out to
the edges, where the emission from the disc itself is lower.
The situation in Fig. 2 is complicated by emission from

the stellar halo, which can also contribute significantly at
large radii [24,26]. The magnitude of the stellar halo

FIG. 1 (color online). 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 that 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.

FIG. 2 (color online). DM-photon scattering profile for a cross
section of σDM−γ ¼ 10−23ðmχ=GeVÞ cm2 compared to Dragonfly
data for M101 [24]. Here “magnitude” refers to the surface
magnitude through a Sloan Digital Sky Survey g-band filter. The
signal from DM-photon scattering is stronger than that from the
disc at large radial distances, but cannot easily be separated from
the stellar halo emission. For the stellar halo fraction we use the
best-fit value from Ref. [24].
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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 σDM−γ, by marginalizing over the
stellar halo fraction (we employ a flat prior for its
amplitude). Our upper limit at 90% confidence is at the
level of σDM−γ ≲ 10−23ðm=GeVÞ cm2. Since the Dragonfly
measurements were made using g-and r-band filters, this
constraint applies to wavelengths around λ ∼ 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 r≳ 50 kpc. In this case our upper limit is
σDM−γ ≲ 2 × 10−23ðm=GeVÞ cm2, i.e., only a factor of 2
weaker than when marginalizing over the stellar halo
contribution.
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 measurements of diffuse light.
However, even though the disc emission is small at large
radii, there are additional backgrounds, 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

sensitivity: taking measurements of surface brightness
away from the disc, which would reduce emission from
the disc itself, and using multiwavelength information to
separate sources based on their spectra. For the latter we
illustrate this point in Fig. 3, showing the expected spectra
as a function of wavelength λ for different DM and
background sources.
We focus on two different types of background that

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 wavelengths,
such as hot gas [33], the emission of which 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, σR ∼ λ−4. Hence, the spectrum from
dust scattering peaks in the 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 blackbody with a temperature of 5000 K, while for
the disc we assume a blackbody with a temperature of
6000 K, similar to the Sun. This assumption is approximate
as both components are actually composed of stars with a
range of colors. Indeed, the disc likely possesses a color
gradient, with the younger or bluer stars present towards the
outer edges [38].
What is clear from Fig. 3 is that the potential for

observing DM-photon scattering above astrophysical

backgrounds depends strongly on how the scattering cross
section varies with λ. For example, scattered light from dark
matter with σDM−γ ∼ λ2 will be more visible at longer
wavelengths, where the contribution from other sources
should be smaller (the same would be true for σDM−γ ∼ λ4).
Such a dependence may arise for a DM-photon cross
section that scales inversely with the square (or fourth
power for σDM−γ ∼ λ4 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 λ 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.
Limitations due to uncertainties in the backgrounds.—

Dark matter scattering of light from the disc has a
potentially unique radial profile (Fig. 2) and spectrum
(Fig. 3) that is difficult to mimic with astrophysical sources.
Hence, it should be possible to improve the above con-
straint on σDM−γ if we were to combine information from
the radial profile with measurements at multiple wave-
lengths 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

depends 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 models used for
M101 are for other galaxies [34]. For example, some
galaxies possess significant streams towards their outskirts
[36,40] which complicate the radial and spectral profile of
stars in the halo. In addition the exponential 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 observations

of diffuse light around many galaxies, since, e.g., although
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

FIG. 3 (color online). Spectra of scattered light from dark
matter as a function of wavelength λ, for both a constant cross
section and one which varies as λ2. This is compared with
emission from the stellar halo and from Rayleigh scattering due to
dust particles. At longer wavelengths DM with σDM−γ ∼ λ2

should be easier to distinguish from potential backgrounds.

PRL 114, 051303 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 FEBRUARY 2015

051303-3



similar patterns for many different galaxies. Ideally, stack-
ing a number of outer profiles with rescaled disk compo-
nents would be an optimal approach for addressing these
uncertainties. 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 σDM−γ is poorly constrained over
a wide range of frequencies, only a basic knowledge of the
backgrounds is needed to progress here.
Comparison with existing constraints and searches.—

The DM-photon interaction cross section is relatively uncon-
strained directly. The strongest constraint comes from the
damping of subhalo scale structures by DM-photon inter-
actions [12,45], leading to a 90% confidence limit of
σDM−γ < 5.5 × 10−9ðm=GeVÞσT [12], where σT ¼ 6.65 ×
10−24 cm2 is the Thomson cross section. As already dis-
cussed, 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 3000 K, then the photon population is that of a
blackbody with maximum intensity around a wavelength of
10−6 m. Hence, this constraint applies to σðλ ≈ 10−6 mÞ.
As such, for DM-photon scattering with a cross section

σ ∼ λ4, for example, constraints from structure formation
will be much weaker at longer wavelengths. Indeed, in this
case DM, which is consistent with the constraint from
Ref. [12], can have a cross section as large as σðλ ¼
10−4 mÞ≲ 10−1ðm=GeVÞσT for observations of 10−4-m
wavelength light. Hence, as we found above, observations
at longer wavelengths, in the infrared and beyond, present
the best prospect for observing DM-photon scattering. For
models where the cross section increases with λ our method
is complementary to other direct constraints [7,12], and
presents the only way of accurately determining the wave-
length dependence of the DM-photon cross section. There
are, in principle, further direct probes of DM-photon
scattering, whose relative strengths depend on how σ scales
with wavelength λ, 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., hidden
sector models [5,14] or composite DM, such as 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 complementary information.

Conclusion.—We have considered the observational
consequences of dark matter particles, in the halo of spiral
galaxies, scattering light emitted by luminous matter in the
center of the disc out to large radii. An illustration of this
principle is shown in Fig. 1. This is advantageous as a
search strategy for DM, since the potential astrophysical
backgrounds at large radii are smaller, as compared to
searches for DM self-annihilation, which focus on the
Galactic center region (e.g., [19–21]).
Using measurements of light from M101 by the

Dragonfly instrument [24] (see Fig. 2) we showed that,
for cross sections around 10−23ðm=GeVÞ cm2, dark matter
(with massm) will scatter light out from the more luminous
center 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 marginal-
izing 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 σDM−γ using multiwavelength measurements of
diffuse light. As shown in Fig. 3 we found that the
prospects for observation should be particularly good for
models of DM with a cross section σDM−γ that increases
with wavelength λ. 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 λ. Hence, using spectral information
would allow the signal from DM-photon scattering to be
separated from potential backgrounds. Taking observations
away from the disc where emission is expected 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 decaying
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 interactions

of dark matter, complementary to bounds on the DM-
photon cross section from the CMB and large-scale
structure [7,12,13] that 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 con-
straints 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 compo-
nents and stacking the halo light for several galaxies at
multiple wavelengths, would allow the DM-photon scatter-
ing cross section to be probed with more precision than has
previously been possible.

PRL 114, 051303 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 FEBRUARY 2015

051303-4



The research of J. H. D. and J. S. has been supported at
IAP by ERC Project No. 267117 (DARK), hosted by
Université Pierre et Marie Curie-Paris 6, and also for J. S. at
JHU by National Science Foundation Grant No. OIA-
1124403 and for J. H. D. at IPPP by the UK STFC. J. H. D.
thanks Ryan Wilkinson for helpful comments.

*jonathan.h.m.davis@gmail.com
†silk@iap.fr

[1] A. Klypin, H. Zhao, and R. S. Somerville, Astrophys. J.
573, 597 (2002).

[2] T. P. K. Martinsson, M. A.W. Verheijen, K. B. Westfall,
M. A. Bershady, D. R. Andersen, and R. A. Swaters, Astron.
Astrophys. 557, A131 (2013).

[3] P. Ade et al. (Planck Collaboration), Astron. Astrophys.
571, A16 (2014).

[4] A. B. Newman, T. Treu, R. S. Ellis, and D. J. Sand,
Astrophys. J. 765, 25 (2013).

[5] R. Foot and R. R. Volkas, Phys. Rev. D 70, 123508 (2004).
[6] J. M. Cline, Z. Liu, and W. Xue, Phys. Rev. D 85, 101302

(2012).
[7] R. J. Wilkinson, J. Lesgourgues, and C. Boehm, J. Cosmol.

Astropart. Phys. 04 (2014) 026.
[8] F.-Y. Cyr-Racine, R. de Putter, A. Raccanelli, and K.

Sigurdson, Phys. Rev. D 89, 063517 (2014).
[9] S. Dubovsky, D. Gorbunov, and G. Rubtsov, JETP Lett. 79,

1 (2004).
[10] S. D. McDermott, H.-B. Yu, and K.M. Zurek, Phys. Rev. D

83, 063509 (2011).
[11] A. H. Peter, M. Rocha, J. S. Bullock, and M. Kaplinghat,

Mon. Not. R. Astron. Soc. 430, 105 (2013).
[12] C. Boehm, J. Schewtschenko, R. Wilkinson, C. Baugh, and

S. Pascoli, Mon. Not. R. Astron. Soc. 445, L31 (2014).
[13] M. R. Buckley, J. Zavala, F.-Y. Cyr-Racine, K. Sigurdson,

and M. Vogelsberger, Phys. Rev. D 90, 043524 (2014).
[14] J. Jaeckel, Phys. Lett. B 732, 1 (2014).
[15] D. E. Kaplan, M. A. Luty, and K. M. Zurek, Phys. Rev. D

79, 115016 (2009).
[16] D. Akerib et al. (LUX Collaboration), Phys. Rev. Lett. 112,

091303 (2014).
[17] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.

Lett. 109, 181301 (2012).
[18] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.

Lett. 112, 241302 (2014).
[19] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.

Portillo et al., arXiv:1402.6703.
[20] C. Gordon and O. Macias, Phys. Rev. D 88, 083521 (2013).
[21] C. Boehm, M. J. Dolan, C. McCabe, M. Spannowsky, and

C. J. Wallace, J. Cosmol. Astropart. Phys. 05 (2014) 009.
[22] A. Abdo et al. (Fermi-LAT Collaboration), Astrophys. J.

712, 147 (2010).
[23] S. Malik, C. McCabe, H. Araujo, O. Buchmueller, A. De

Roeck et al., arXiv:1409.4075.
[24] P. G. van Dokkum, R. Abraham, and A. Merritt, Astrophys.

J. 782, L24 (2014)
[25] C. Sandin, Astron. Astrophys. 567, A97 (2014).
[26] S. Courteau, L. M. Widrow, M. McDonald, P. Guhathakurta,

K.M. Gilbert, Y. Zhu, R. L. Beaton, and Steven R. Majewski,
Astrophys. J. 739, 20 (2011).

[27] E. Hodges-Kluck and J. N. Bregman, Astrophys. J. 789, 131
(2014).

[28] D. Carollo, T. C. Beers, M. Chiba, J. E. Norris, K. C.
Freeman, Y. S. Lee, Željko Ivezić, C. M. Rockosi, and B.
Yanny, Astrophys. J. 712, 692 (2010).

[29] B. Ménard, R. Scranton, M. Fukugita, and G. Richards,
Mon. Not. R. Astron. Soc. 405, 1025 (2010).

[30] J. F. Navarro, C. S. Frenk, and S. D. White, Astrophys. J.
490, 493 (1997).

[31] M. G. Lee and I. S. Jang, Astrophys. J. Lett. 760, L14 (2012).
[32] S. Masaki and N. Yoshida, Mon. Not. R. Astron. Soc. 423,

L117 (2012).
[33] J.-T. Li, Z. Li, Q. D. Wang, J. A. Irwin, and J. Rossa, Mon.

Not. R. Astron. Soc. 390, 59 (2008).
[34] A. P. Cooper, S. Cole, C. S. Frenk, S. D. M. White, J.

Helly, A. J. Benson, G. De Lucia, A. Helmi, A. Jenkins, J.
F. Navarro et al., Mon. Not. R. Astron. Soc. 406, 744 (2010).

[35] A. P. Cooper, R. D’Souza, G. Kauffmann, J. Wang, M.
Boylan-Kolchin, Q. Guo, C. S. Frenk, and S. D. M. White,
Mon. Not. R. Astron. Soc. 434, 3348 (2013).

[36] C. Foster, H. Lux, A. J. Romanowsky, D. Martnez-Delgado,
S. Zibetti, J. A. Arnold, J. P. Brodie, R. Ciardullo, R. J.
GaBany, M. R. Merrifield et al., Mon. Not. R. Astron. Soc.
442, 3544 (2014).

[37] B. Lowing, W. Wang, R. Kennedy, A. Cooper, J. Helly, S.
Cole, and C. Frenk, Mon. Not. R. Astron. Soc. 446, 2274
(2015).

[38] E. F. Bell and R. S. de Jong, Mon. Not. R. Astron. Soc. 312,
497 (2000).

[39] J. Jaeckel, Frascati Phys. Ser. 56, 172 (2012).
[40] D. Martinez-Delgado, M. Pohlen, R. J. Gabany, S. R.

Majewski, J. Peñarrubia, and C Palma, Astrophys. J. 692,
955 (2009).

[41] A. A. Dutton, Mon. Not. R. Astron. Soc. 396, 121 (2009).
[42] I. Minchev, B. Famaey, A. Quillen, P. Di Matteo, F. Combes,

M. Vlajić, P. Erwin, and J. Bland-Hawthorn, Astron.
Astrophys. 548, A126 (2012).

[43] S. E. Sale, J. E. Drew, C. Knigge, A. A. Zijlstra, M. J. Irwin,
R. A. H. Morris, S. Phillipps, J. J. Drake, R. Greimel,
Y. C. Unruh et al., Mon. Not. R. Astron. Soc. 402, 713
(2010).

[44] Warped Disks and Inclined Rings around Galaxies, edited
by Stefano Casertano, Penny D. Sackett, and Franklin H.
Briggs (Cambridge University Press, Cambridge, England,
2006).

[45] C. Boehm and R. Schaeffer, Astron. Astrophys. 438, 419
(2005).

[46] M. Cirelli, P. Panci, and P. D. Serpico, Nucl. Phys. B840,
284 (2010).

[47] M. Ackermann et al. (LAT Collaboration), Astrophys. J.
761, 91 (2012).

[48] E. Storm, T. E. Jeltema, S. Profumo, and L. Rudnick,
Astrophys. J. 768, 106 (2013).

[49] F. Kahlhoefer, K. Schmidt-Hoberg, M. T. Frandsen, and
S. Sarkar, Mon. Not. R. Astron. Soc. 437, 2865 (2014).

[50] Q. Wallemacq, Phys. Rev. D 88, 063516 (2013).
[51] D. M. Jacobs and G. D. Starkman, arXiv:1410.2236.
[52] J. Fynbo, T. Krhler, K. Leighly, C. Ledoux, P. Vreeswijk

et al., Astron. Astrophys. 572, A12 (2014).
[53] A. Geringer-Sameth and S. M. Koushiappas, Phys. Rev.

Lett. 107, 241303 (2011).

PRL 114, 051303 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 FEBRUARY 2015

051303-5

http://dx.doi.org/10.1086/340656
http://dx.doi.org/10.1086/340656
http://dx.doi.org/10.1051/0004-6361/201321390
http://dx.doi.org/10.1051/0004-6361/201321390
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1051/0004-6361/201321591
http://dx.doi.org/10.1088/0004-637X/765/1/25
http://dx.doi.org/10.1103/PhysRevD.70.123508
http://dx.doi.org/10.1103/PhysRevD.85.101302
http://dx.doi.org/10.1103/PhysRevD.85.101302
http://dx.doi.org/10.1088/1475-7516/2014/04/026
http://dx.doi.org/10.1088/1475-7516/2014/04/026
http://dx.doi.org/10.1103/PhysRevD.89.063517
http://dx.doi.org/10.1134/1.1675909
http://dx.doi.org/10.1134/1.1675909
http://dx.doi.org/10.1103/PhysRevD.83.063509
http://dx.doi.org/10.1103/PhysRevD.83.063509
http://dx.doi.org/10.1093/mnras/sts535
http://dx.doi.org/10.1093/mnrasl/slu115
http://dx.doi.org/10.1103/PhysRevD.90.043524
http://dx.doi.org/10.1016/j.physletb.2014.03.005
http://dx.doi.org/10.1103/PhysRevD.79.115016
http://dx.doi.org/10.1103/PhysRevD.79.115016
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevLett.112.091303
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://dx.doi.org/10.1103/PhysRevLett.112.241302
http://arXiv.org/abs/1402.6703
http://dx.doi.org/10.1103/PhysRevD.88.083521
http://dx.doi.org/10.1088/1475-7516/2014/05/009
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://dx.doi.org/10.1088/0004-637X/712/1/147
http://arXiv.org/abs/1409.4075
http://dx.doi.org/10.1088/2041-8205/782/2/L24
http://dx.doi.org/10.1088/2041-8205/782/2/L24
http://dx.doi.org/10.1051/0004-6361/201423429
http://dx.doi.org/10.1088/0004-637X/739/1/20
http://dx.doi.org/10.1088/0004-637X/789/2/131
http://dx.doi.org/10.1088/0004-637X/789/2/131
http://dx.doi.org/10.1088/0004-637X/712/1/692
http://dx.doi.org/10.1111/j.1365-2966.2010.16486.x
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1088/2041-8205/760/1/L14
http://dx.doi.org/10.1111/j.1745-3933.2012.01268.x
http://dx.doi.org/10.1111/j.1745-3933.2012.01268.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13749.x
http://dx.doi.org/10.1111/j.1365-2966.2008.13749.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16740.x
http://dx.doi.org/10.1093/mnras/stt1245
http://dx.doi.org/10.1093/mnras/stu1074
http://dx.doi.org/10.1093/mnras/stu1074
http://dx.doi.org/10.1093/mnras/stu2257
http://dx.doi.org/10.1093/mnras/stu2257
http://dx.doi.org/10.1046/j.1365-8711.2000.03138.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03138.x
http://dx.doi.org/10.1088/0004-637X/692/2/955
http://dx.doi.org/10.1088/0004-637X/692/2/955
http://dx.doi.org/10.1111/j.1365-2966.2009.14741.x
http://dx.doi.org/10.1051/0004-6361/201219198
http://dx.doi.org/10.1051/0004-6361/201219198
http://dx.doi.org/10.1111/j.1365-2966.2009.15746.x
http://dx.doi.org/10.1111/j.1365-2966.2009.15746.x
http://dx.doi.org/10.1051/0004-6361:20042238
http://dx.doi.org/10.1051/0004-6361:20042238
http://dx.doi.org/10.1016/j.nuclphysb.2010.07.010
http://dx.doi.org/10.1016/j.nuclphysb.2010.07.010
http://dx.doi.org/10.1088/0004-637X/761/2/91
http://dx.doi.org/10.1088/0004-637X/761/2/91
http://dx.doi.org/10.1088/0004-637X/768/2/106
http://dx.doi.org/10.1093/mnras/stt2097
http://dx.doi.org/10.1103/PhysRevD.88.063516
http://arXiv.org/abs/1410.2236
http://dx.doi.org/10.1051/0004-6361/201424726
http://dx.doi.org/10.1103/PhysRevLett.107.241303
http://dx.doi.org/10.1103/PhysRevLett.107.241303

