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Galactic Center radio constraints on gamma-ray lines from dark matter annihilation
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Recent evidence for one or more gamma-ray lines at ~130 GeV in the Fermi-LAT data from
the Galactic Center has been interpreted as a hint for dark matter annihilation to Zy or Hy with
an annihilation cross section of (gv) ~ 10727 cm?®s~!. We test this hypothesis by comparing synchrotron
fluxes due to the electrons and positrons from decay of the Z or the H bosons only against radio data
from the same region in the Galactic Center. We find that the radio data from single-dish telescopes
marginally constrain this interpretation of the claimed gamma lines for a contracted NFW profile.
Already-operational radio telescopes, such as Long Wavelength Array, VLA-Low, and Low-Frequency
Array for Radio Astronomy, and future radio telescopes like SKA, are sensitive to annihilation cross
sections of the order of 1072% cm? s™! and can confirm or rule out this scenario very soon. We discuss the
dependencies on the dark matter profile, magnetic fields, and background radiation density profiles, and
show that the constraints are relatively robust for any reasonable assumptions. Independent of the above

said recent developments, we emphasize that our radio constraints apply to all models where dark matter

annihilates to Zy or Hvy.
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I. INTRODUCTION

The particle identity of dark matter (DM) is one of the
outstanding puzzles in contemporary physics. In order to
fully understand the particle properties of dark matter, a
number of complementary approaches to dark matter
searches have been adopted. Indirect detection of dark
matter is a promising technique, in which the products of
dark matter annihilation are searched for, and gives us
information about the DM abundance and annihilation
rate at various astrophysical sites [1-6].

Gamma-ray lines from DM self-annihilation are
believed to be a smoking-gun signature and have been
investigated in considerable detail [7-12]. Despite the
relative freedom in DM model building, if DM self-
annihilation is to two-body Standard Model final states,
then gamma-ray line(s) can be produced only via the
following three channels: (i) yx — vy, (i) xx — Zv,
and (iii) yxy — Hv, where y denotes the DM, and Z and
H denote the Z and Higgs boson, respectively. We take the
mass of the Higgs boson to be 125 GeV [13,14] and allow a
heavy DM to annihilate to it.

Recently, evidence for a gamma-ray line from the
Galactic Center (GC) has been uncovered in the Fermi-
LAT data at ~130 GeV [15,16] and this has given rise to
renewed interest in considering the line signal in more
detail [17-32].

This statistically significant signal has been tentatively
interpreted as arising from DM annihilation. Generally
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speaking, the signal requires a DM self-annihilation cross
section of (ov) ~ 1072 cm?s™! and the Galactic DM
halo described by a standard NFW, Einasto, or a contracted
NFW profile. Subsequently, a variety of particle physics
models have been proposed to explain the signal [33-55].
It is also found that the line is off center from the GC by
approximately 1.5° [21,28], which requires the center of
the DM halo to be displaced from the baryonic center. This
degree of displacement appears reasonable as shown by
recent numerical simulations [56].

On the other hand, there are arguments against the DM
origin of the gamma-ray line. There are hints that the line is
also present in the photons collected from the cascades in
the Earth’s atmosphere, which is a “pure background”
region [21], although this has been claimed to be due to
statistical fluctuations [57,58]. There have been claims of
the presence of gamma-ray lines at the same energy,
spatially correlated with some Fermi-LAT unassociated
sources [25]. However, there are also counterclaims that
most of these unassociated sources are consistent with
being standard astrophysical objects such as active galactic
nuclei or statistical fluctuations [59-61]. Furthermore, it
remains possible that the GC line signal is also of an
astrophysical origin [18,62,63].

The Fermi-LAT Collaboration, in their search for
gamma-ray lines in the 2-year data set [64] did not find a
signal as the analysis employed a different search strategy,
an older data set and background rejection software, and a
larger search region, making it difficult to compare directly
with the above claims. However, in their most recent search
for y-ray lines with the 4-year data [65], the Fermi-LAT
Collaboration has acknowledged the presence of a feature
at the GC at 135 GeV (this shift in the energy is due to
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recalibration but we will assume that the line is at 130 GeV
throughout this work). The collaboration also finds a
feature at the Earth limb at the same energy [66]. The
collaboration states that it does not have a consistent
interpretation of the Galactic Center feature and that it
needs more data to resolve the issue [67]. Given the
arguments in favor of and against the DM origin of this
signal, this remains a topic of active research.

If the DM annihilates to two-body Standard Model final
states, as in (i)—(iii), then we can predict some particle
physics model-independent consequences. For a dominant
annihilation (i), i.e., to two photons, there are no further
interactions of the photons at an appreciable level, with all
higher-level amplitudes suppressed by at least & = 1/137.
However, if the annihilation proceeds as in (ii) or (iii), i.e.,
to a photon and a heavy Standard Model boson, the heavy
boson decays to other charged particles that can have
observable consequences.

The decay of the Z and the H boson produces electrons,
protons, neutrons, neutrinos, their antiparticles, as well as
photons as final states. The almost featureless spectra of
these secondary particles poses considerable difficulty in
their search above the astrophysical backgrounds. Searches
for antimatter benefit from lower cosmic ray backgrounds;
therefore, one can search for antiprotons and positrons
from the Z and the H boson. A search for antiprotons
from these decays constrains several particle physics mod-
els that can give rise to a gamma-ray line [22], whereas the
preexisting unaccounted excess in positrons [68,69] makes
a positron search ambiguous. Neutrinos could, in principle,
be used to distinguish between all three final states, but
achieved or projected sensitivities in the range (ov) ~
(1072210723 cm?s™!) [70-73] will not be able to probe
the claimed signal. Secondary photons that are produced
in the decay of the Z or the H boson, or in other DM
annihilation channels, also constrain these scenarios
[22-24], and there are ongoing efforts to confirm this
130 GeV line with future detectors [26,31].

In this paper, we ask the following questions. If the
130 GeV signal is indeed from DM annihilation to Zy
or Hvy, what other consequences are guaranteed? Can we
use these consequences to test this signal? Synchrotron
radiation from products of DM annihilation has been
argued to provide strong constraints for many DM annihi-
lation channels and scenarios [74-91]. Thus, following
these promising leads, we explore our question by calcu-
lating the synchrotron radiation in the GC due to the
electrons and positrons from Z or H decays only, and
comparing it to existing data from radio telescopes.

We first take a very conservative approach, where
we compare the DM-induced synchrotron fluxes to the
total measured radio flux at 330 MHz in a relatively large
region around the GC, and determine that DM annihilation
cross sections to these channels cannot be more than
(ov) ~ 102 cm?s~!. However, this approach is overly
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conservative, as the synchrotron fluxes in the GC
are modeled accurately with known astrophysics. We argue
that the flux due to dark matter must not exceed the
uncertainties on the modeled radio fluxes, which provides
us with a constraint {cv)~ 10726 cm?s~!. Constraints
obtained by comparing fluxes predicted in smaller regions
of interest and upper limits at 408 MHz imply (ov) ~
1072 cm?s™! and are already in mild tension with the
130 GeV line. We forecast that the sensitivity can be
improved to ~1072% ¢m?s™! with a few hours of observa-
tion of the GC at 80 MHz with LWA, the Long Wavelength
Array, and at 200 MHz with LOFAR, the Low-Frequency
Array for Radio Astronomy, allowing us to constrain inter-
pretations of the 130 GeV line signal in the Fermi-LAT
data in terms of DM annihilation to Zy or Hy. Although
this is the main motivation for our present work, the radio
constraints we derive are valid regardless of whether this
claimed 130 GeV line signal survives further scrutiny or
not. These constraints will continue to apply to any future
interpretations of gamma-ray lines at the GC in terms of
DM annihilation.

Note that these sensitivities readily probe the cross
section that explains the tentative 130 GeV line signal.
More generally, we expect these sensitivities to be able to
probe many of the models, not necessarily supersymmet-
ric, that could explain this signal. We also emphasize that
since we are looking for the synchrotron radiation from the
electrons and positrons produced in the decays of the Z or
the H boson only, our constraints are independent of the
underlying DM particle physics model. In these two ways,
our work is complementary to Ref. [23]. The results here
are of course affected by astrophysical uncertainties, e.g.,
dark matter density profile, magnetic fields, interstellar
radiation energy density, and proton density in the
Galaxy, and by taking a range of different values for
them we try to understand their impact.

The rest of the paper is organized as follows. In Sec. II
we discuss the radio data that we use for obtaining our
constraints, and the theoretical framework for calculating
the flux densities from synchrotron radiation by DM anni-
hilation products. In Sec. III we furnish and justify the
astrophysical inputs, i.e., DM density, magnetic fields, and
radiation density in the Galaxy, that we use for our calcu-
lations. In Sec. IV we show the predicted flux densities for
benchmark DM annihilation cross sections and provide
constraints on the DM annihilation cross section as a
function of DM mass for the channels yy — Z7y and
xx — Hy. We conclude in Sec. V.

II. EXPERIMENTAL DATA AND
THEORETICAL FRAMEWORK

A. Radio data and regions of interest

We use radio data at two frequencies, 330 and 408 MHz,
to obtain the limits on a DM self-annihilation cross section
from near the GC. We use the projected radio sensitivity of
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the LWA telescope at 80 MHz [92] to predict the future
sensitivity on a DM self-annihilation cross section to
gamma-ray lines that can be probed by radio data. We
calculate the synchrotron flux density at a region offset
from the GC in the 200 MHz band, which is an operating
frequency band for the LOFAR telescope.

We consider both the LWA and LOFAR telescopes for
two reasons. First, the geographical location of LOFAR is
not ideal to observe the GC, but it can measure the radio
flux away from the GC to derive useful constraints on
dark matter properties. Second, LWA is in a much better
location to study the GC, but the GC can be opaque at the
frequencies the LWA will operate in. The redeeming factor
is that the absorptive nature of the GC at these frequencies
is patchy and there exists regions that are transparent
[93-96]. This argues for region optimization depending
on the observed patchiness and sizes.

1. ROI-2°: Region of interest 2° around GC

The radio measurements in the 330 MHz band by the
Green Bank telescope are available in a 6° X 2° region
around the GC [97] and provide us our first region of
interest (ROI-2°). We approximate this region to be a circle
with a radius 0.034 rad (= 2°), for simplicity. Thus, we
approximately match the area of the region of observation
in Ref. [97], but the shape is different. We assume that this
difference will not change our results significantly. In
Ref. [97], the authors present an astrophysical model to
explain the data, so we use the uncertainty in their mea-
surement at 330 MHz, i.e., 0.05 X 18000 Jy = 900 Jy, to
obtain our limits on the self-annihilation cross section as a
function of the DM mass. The authors in Ref. [97] also use
radio data at higher frequencies to construct a GC model.
Comparing our calculated synchrotron flux density with
the errors in their measurement at every measured
frequency we find that the most constraining limit on a
DM self-annihilation cross section comes from the lowest
frequency band (330 MHz), and hence we only use the
uncertainty in the measurement at 330 MHz to constrain
DM properties.

We will also use this ROI to obtain our projected
sensitivity on DM particle properties using the future
measurement around the GC by the LWA telescope.

2. ROI-4": Region of interest 4 around GC

The radio measurement in the 408 MHz band by the
Jodrell Bank telescope [98] in a region 4" around the GC
provides us with our second region of interest (ROI-4"). At
this frequency, the region of interest is a circle of angular
radius 4" and the upper limit on the radio flux is 50 mlJy.
This region is significantly smaller than ROI-2°, and as we
will show, is affected differently to our input parameters.
Thus it provides a complementary site to testing DM
properties.
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3. ROI-away: Region of interest away from the GC

We also calculate the synchrotron flux within an angular
cone of radius 1°, at angles 1.5° and 10° away from the
GC. We calculate the synchrotron flux at regions away
from the GC at 80 MHz, which is an operating frequency
band for the LWA telescope, and at 200 MHz, which is an
operating frequency band for the LOFAR telescope. We
calculate how the synchrotron flux varies with mass of the
DM, for a given {(ov). The advantage of measuring the
synchrotron flux away from the GC is that the synchrotron
flux depends less on the assumed DM profile and has much
smaller backgrounds. Ideally the best sensitivity to DM
properties will be found if the radio measurement is
done in a radio ““cold spot,” where no known radio sources
exist. On the other hand, due to smaller DM density, the
synchrotron flux falls away from the GC. This disadvant-
age is partially mitigated by the excellent sensitivity of the
present and upcoming radio telescopes like LWA, LOFAR,
and SKA.

Finally, anticipating future radio measurements near the
GC, we also estimate the constraints that can be obtained
on DM self-annihilation channels that produce a gamma-
ray line using the projected sensitivity of LWA. We very
conservatively assume that LWA can reach a background
subtracted sensitivity of 10 Jy at 80 MHz in a circular
region of radius 2° around the GC. After the measurement
of the radio flux near the GC one has to model the syn-
chrotron flux due to expected astrophysical processes and
then use the uncertainty in that measurement to constrain
the DM particle properties (as we have done for the
330 MHz band). Although we will only present our calcu-
lated synchrotron fluxes in regions away from the GC,
these can also be used to measure the DM properties.
We remind the reader that although the GC is generally
opaque to frequencies =< 100 MHz, the absorption is
patchy and the patchiness can be used to do the GC radio
measurements [93-96].

B. Theoretical framework

To calculate the synchrotron flux from DM self-
annihilation products, in principle, we need to solve the
time-independent diffusion equation for the produced
electrons and positrons [77]

K(E)V?n,(E,¥) + aiE[b(E, O (Er)] = —SET), (1)

where n,(E,r) is the electron density spectrum per unit
energy interval, K(E) is the diffusion coefficient, b(E, r) is
the energy-loss rate, and S(E, r) is the source injection
spectrum of the electrons. Here E denotes the energy of
the electron and r denotes the position of the electron.
For ROI-2°, it can be shown that we are in a regime
where the GeV electrons will travel only ~30 pc [79,99]
during their cooling lifetime. Since this length is much
smaller than the length associated with ROI-2°, we
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conclude that diffusion will have a small impact on
our results. For ROI-4”, due to the presence of very
high magnetic fields near the GC (see Sec. IIIB), and
consequently high energy loss rates, the diffusion length
(I(E)) ~ JKE/D is very small and diffusion can be safely
neglected. However, for increased precision, one may in
the future improve our results by performing a more
detailed numerical study along the lines of Ref. [90].

These electrons and positrons then lose energy via the
synchrotron process, the inverse Compton process, and the
bremsstrahlung process. For our purposes, the total energy
loss rate is given by

b(E’ r) = bsync (E) r) + b]C(E, r) + bbrem (E, r)- (2)

Ionization energy loss is important for electrons and
positrons only at lower energies than are considered in
this work.

Synchrotron energy losses are due to the interaction
of the electron and the positron with the Galactic magnetic
field. The energy loss rate due to synchrotron process is
given by (all formulas in this section are in SI units) [77]

dE 4
@t | e =377 Um0V F
E \2( B(r) \2
— 34X 10717 GeV —1(—) ( ) 3
Vs \Gev) 3 uG ©)

where o = e*/(6me3m?c?) is the Thompson scattering
cross section [100], Uy, is the magnetic energy density,

vy = E/m, is the Lorentz factor, and 8 = +/y> — 1/v. The
photons emitted because of synchrotron energy loss is
generally in the radio band.

Inverse Compton energy losses are caused by the up
scattering of the photons in the GC region [which is mainly
composed of the cosmic microwave background (CMB)
and the background starlight] by the more energetic
electrons and the positrons. The energy loss rate due to
the inverse Compton process is given by [77]

dE | 2 *Upy(r)E>
dt [,c 9 mwedmid’
E \2f U,4(r)
= 10716 GeV —1<—) <7‘ad ) 4
V% \Gev) \evem 3 @

where U, is the radiation energy density. The photons
from the CMB and the background starlight are generally
up scattered to gamma-ray energies by the energetic
electrons and positrons from the decays of the Z boson
and the Higgs boson.

Bremsstrahlung losses are caused by the emission of
gamma-ray photons by the electrons and positrons due to
their interaction with the nuclei in the Galaxy. The energy
loss rate for this process is given by the Bethe-Heitler
formula [101]. We assume that the hydrogen nuclei are
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the dominant nuclei present in the Galaxy. The energy loss
rate due to bremsstrahlung is given by

dE E n
= =3 X 10715 GeV -1(—)( H ) 5
dt | oo Vs (Gev)Gem3) @

where we use ny =~ 3 cm™3 as the number density of

hydrogen nuclei in the interstellar matter in the Galaxy.
The source term is due to the particle injection from DM
self-annihilation

pX(r))2 dNe (6)

S(E 1) = 5 ou(22) T,

X
where m, denotes the mass of the DM particle and p ,(r)
denotes the DM density distribution. dN,/dE denotes the
number of electrons and positrons from the decay of the Z
or the H boson per unit energy interval, which we calculate
using PYTHIA [102].

Collecting the above mentioned inputs, and in the no
diffusion limit [79], we can write electron density spectrum
per unit energy interval as

[ dE'S(E'x)

ne(Ex) = bE.T)

(7)

1. Flux density in ROI-2°

The synchrotron power density per unit frequency from
a spectrum of electrons and positrons is given by [101,103]

1 33B(r)

4mey  m,cC

L) = f dEn,(E, r){

X (Vi °/° dxK;s /3(x)>}, ®)

where the critical frequency v, is given by
3¢E’B E \( B

= =16 MHz| — ) | —= ) 9
drmict Z(GeV) (,LLG) ©)

and Ks,3(x) denotes the modified Bessel function of order
5/3.
The synchrotron radiation flux density is given by

F,= % fdQ[dlL,,(r), (10)

Ve

where [ denotes the line-of-sight distance and () is the
angular area of the region of interest.

We have verified that the synchrotron self-absorption is
unimportant for these parameters, which is generally a
problem near the GC at frequencies below approximately
100 MHz but the absorption regions are patchy [93-96].

2. Flux density in ROI-4"

For the smaller region of interest of radius 4" around the
GC, i.e., ROI-4", we follow the method presented in
Ref. [76], which is dependent on the morphology of the
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magnetic field near the GC black hole. Because of the
strong magnetic fields in this region, we assume that the
energy loss of the electron is dominated by the synchrotron
energy losses. In this case, we approximate

7[ de5/3(x) 9\/_ (v %)

The synchrotron flux density in this case is given by [76]

my dN
F, = . <"”2> ]dv 2p [ aE
47(8.5 kpc) 2m

(an

dE’ (12

where the first integral is over the volume of observation
and the second integral counts the number of particles
above a certain energy E. The value of E in this case can
be found by using Eqgs. (9) and (11) and is given by

E = 433 MeV. ( v )(“—G>
MHz/\ B

3. Flux density in ROI-away

(13)

We calculate the synchrotron flux in ROI-away in the
same way as we do in ROI-2°. To account for the fact that
we are now calculating the synchrotron flux away from the
GC, we do make some modifications to our input of the
interstellar proton density and the interstellar radiation
density. For simplicity, we take the number density of
hydrogen nuclei in the interstellar medium of our Galaxy
to be 3 cm ™. We take the variation of the radiation energy
density following Ref. [77]. More details about the varia-
tion of the radiation energy density is given in Sec. III C.

III. ASTROPHYSICAL INPUTS
FOR CALCULATIONS

A. DM density profiles

One of the major unknowns near the GC is the DM
density profile. Almost all simulations agree on the radial
dependence of the DM density profile at large radii from
the GC, p(r) ~ r~3. However, due to limited numerical
resolution and the complicated astrophysics at the GC, the
simulations disagree on the shape of the density profile at
small radii.

Observations of elliptical galaxies [104], early-type gal-
axies [105], M31 [106], and M84 [107] prefer a cuspy
profile [108] in contrast to dwarf galaxies that prefer a
cored profile [109]. Given that M31 is a Milky Way-like
galaxy, we assume that the DM density profile in the
Milky Way is not cored and hence we do not consider
the cored isothermal profile in our work. In general, the
constraints from the indirect detection searches are
especially weak for a cored isothermal profile [76,79].

In this work, we use three different DM profiles that
provide reasonable constraints from the radio measure-
ments at the GC. The dark matter density at the solar
radius has a value of 0.3 + 0.1 GeV/cm? [110]. For con-
creteness, in this work we take the benchmark value to be
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0.4 GeV/cm? [111,112]. Note that local dark matter
density taken in the papers that discuss the presence
of the 130 GeV line at the GC is also 0.4 GeV/cm?
(see, e.g., Refs. [15,17]).

The Einasto dark matter profile [113-116],

0.08 GeV cm™3

explst (i)~ )]

is the least cuspy of all the DM profiles considered in
this work, and hence we expect this profile to produce
the least amount of synchrotron radiation, especially
when we consider the synchrotron radiation from a region
very near the GC.

We then consider the standard NFW profile [117]

(1) — 0.35 GeVcem™?
- (20 kpc)(l + 20 kpc)z.

The cuspy nature of this DM density profile will ensure
that we get a larger synchrotron radiation flux than what
we expect from the Einasto profile when we consider
observation from a region very near to the GC.

We finally consider a contracted NFW profile

PEin(r) = (14)

(15)

» 0.29 GeVcm ™3
Pcon. NFW\V) = 1.15 1.85°
(20 ﬁ(pc) (1 + 20 rkpc)

The steeper inner slope in this case can be due to either a
GC black hole [118], or due to adiabatic contraction due to
the presence of baryonic matter at the GC [119-122],
which has been supported by more recent numerical simu-
lations [108].

These DM profiles are shown in the left panel in Fig. 1. It
is evident from the figure that, at small radii, the contracted
NFW profile has the steepest slope, and the Einasto profile
has the shallowest slope of all three DM profiles considered
in this work. From the figure, one can also infer that the
DM density profiles have almost the same shape at large
distances from the GC.

(16)

B. Magnetic fields

The GC magnetic field has both a regular and a turbulent
component. For both components, the normalization and
the radial profile are not understood very well. In particu-
lar, the magnetic field amplitude near the GC is uncertain,
with measured estimates spanning a range of some 2
orders of magnitude between 10 uG [123] and 10° uG
on scales of a few ~100 pc [124]. In order to account for
the uncertainty in the magnetic field, we adopt several
configurations. In all cases, we initially fix the normaliza-
tion to a value Bg = 6 uG at the solar system radius
(ro = 8.5 kpc). This is midrange among the various
estimates of B, that span between 3 uG and 10 uG
[125-127]. We will discuss how our results scale with the
different values of By when we present our results.
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FIG. 1 (color online).

Galactic dark matter density (left panel) and magnetic field profiles (middle and right panels). (Left) We show

the various DM profiles used in this work: the Einasto profile (14), the NFW profile (15), and the contracted NFW profile (16).
(Middle) We show the magnetic field used for calculating the synchrotron flux in ROI-2°, i.e., a region of angular radius 2° around the
GC. The constant magnetic field has a value of 6 uG everywhere in the Galaxy. The exponential magnetic field is given in Eq. (17) and
has a value of 6 uG at the solar radius. (Right) We show the magnetic field used for calculating the synchrotron flux in ROI-4”, i.e., in
aregion of angular radius 4" around the GC. The “‘equipartition”” magnetic field is given by Eq. (18) and the “cored”” magnetic field is
given by Eq. (20). Both the fields have been normalized to have a value of 6 uG at the solar radius.

1. Magnetic fields in ROI-2°

For ROI-2°, i.e., a circular region with radius 2° around
the GC (distance scale ~200 pc for ro = 8.5 kpc), we
consider two different magnetic field radial profiles. The
first is the spherically symmetric exponential profile,

r—re

%)
where r is the distance from the GC and R,, = 14 kpc is
the scale radius. Our choice of R, follows from Ref. [78],
where we adopt their Galactic magnetic field model “GMF
I” and their best-fit propagation parameters. We add that
we neglect the z dependence of the magnetic field, which is
only weakly constrained by data and remains highly uncer-
tain. Using this conservative form of the magnetic field, the
magnetic field at a radius of 2° is = 11 uG. Although this
value is within the range of estimates of the magnetic field
in the GC, it is closer to the lower range. In addition, it does
not obey the lower limit of 50 uG on scales of 400 pc
presented in Ref. [97]. However, given the uncertainties in
the astrophysical and propagation quantities, we do not
consider this difference significant. For example, if we
adopt instead B, = 10 G and the “MAX” propagation
parameters of Ref. [78], we obtain R,, = 8.5 kpc and a
magnetic field at 2° of = 27 uG. To estimate the impact
of the normalization of the magnetic field, we will also
show our results for two extreme values for Bg, i.e., 3 uG
and 10 uG.

To estimate the uncertainty due to the shape of the
magnetic field profile we also adopt the extreme case of a

constant magnetic field of value B, everywhere [82]. Both
of these are shown on the middle panel of Fig. 1.

B(r) = B, exp(— a7

2. Magnetic fields in ROI-4"

For ROI-4”, i.e., a region with radius 4’ around the
GC (distance scale ~0.2 pc for ro, = 8.5 kpc), we need
to take into account the influence of the supermassive
black hole (SMBH) at the GC. The presence of the
SMBH sets two length scales: the Schwarzschild radius,
Rpy = 1.2 X 10'2(M /4.3 X 10°M) cm and the radius
R,.. = 0.04 pc within which the free-fall velocity due to
the gravity of the SMBH v = —c4/Rpy/r is larger than the
random Galactic motion, ~1073¢. In other words, the
region r < R, defines the accretion region.

We adopt the “equipartition model” for the Galactic mag-
netic field, described by various authors (e.g., Ref. [76]).
In this model, the SMBH accretes matter from a radius
of R,., and the magnetic field in the accretion flow
achieves its equipartition with the kinetic pressure, i.e.,
B2(r)/(2uo) = p(r)v*(r)/2. For a constant mass accretion
rate M, one obtains p(r) = M /4mr?v(r) « r~3/2, and thus
B(r) o« r=5/* Outside of R,., the conservation of magnetic
flux is assumed, yielding B(r) = r~2. Thus, the equiparti-
tion magnetic field is given by

Bacc(r/Racc)_5/4 r § Racc
Beq(r) = Bacc(r/Racc)72 Racc <r= Rﬂux (18)
Bo Rﬂux < 7,
where R,.. = 0.04 pc, Ryux ~ 100R,.., and
M /40 M
Bue = 7.9 mG( B ) ( - ) (19)
4.3 X 10°M,) \102 g/s

for typical values of Bg.
We also consider a variant of the equipartition model,
where the inner magnetic field is kept smaller because
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equipartition is prevented somehow. This may occur if, for
example, magnetic field dissipation occurs by reconnection
in the turbulent accretion flow (see, e.g., Ref. [128] and
references therein). Since the details of dissipation are
not well understood, we conservatively adopt a constant
magnetic field throughout the accretion region, namely,

Bacc r= Racc
Bacc(r/Racc)72 Racc <r= Rﬂux (20)
BO Rﬂl]X <.

Bcored(r) =

We call this the cored magnetic field. These are shown in
the right panel of Fig. 1.

3. Magnetic fields in ROI-away

While calculating the magnetic field in a region offset
from the Galactic Center, we assume the exponential
magnetic field structure as in Eq. (17).

C. Radiation energy density

The radiation energy density is the sum of the energy
density of the CMB photons and the energy density of
the background starlight photons. The energy density of
the CMB photons is 0.3 eVcm 3. The radiation energy
density due to the background starlight varies with
position in the Galaxy from 1 eVem™ to 10 eVem ™3,
Conservatively, when we calculate the synchrotron flux in
a region near the GC, i.e., in ROI-2° and ROI-4”, we take
the background starlight energy density to have a constant
value of 9 eV cm 3. Hence we use the total radiation field
energy density as U,y =9 eVem ™3 in this work while
calculating the synchrotron flux in a region near the GC.
We also check our results by taking a much smaller radia-
tion energy density of 0.9 eV/cm? and find that using this
lower value of the radiation field energy density improves
our constraints by a factor of ~2-3.

When we calculate the synchrotron flux in a region away
from the GC, ROI-away, we follow the radiation energy
density parametrization in Ref. [77], which uses the results
in Ref. [129]. The energy density at any given position in
the Galaxy is [77]

Ustellar(4 kpC’ Z)
Uslel]ar(4 kPC’ O)

where we denote the CMB energy density as Ucyp and the
stellar radiation energy density by Uggy.- The vertical
distance from the plane of the Galaxy is denoted by z
and the radial distance from the center of the Galaxy is
denoted by r. Our choice of the radiation field density is
also consistent with Ref. [130].

Upaa(r, 2) = Ugeltar(r, 0) + Ucps, — (21)

IV. RESULTS

In this section, we first present our results for the syn-
chrotron fluxes from DM annihilation products and discuss
the expected systematic uncertainty due to incomplete
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knowledge of the DM and magnetic field profiles. In all
the plots, we have taken (ov) = 1072% cm®s™! unless
otherwise mentioned. We only assume the DM self-
annihilation channels yy — Zvy or yy — Hvy to present
a completely particle physics model-independent result.
We then compare the expected flux with available/
projected radio data from the GC to arrive at constraints/
sensitivities on the DM annihilation cross section. We
perform this exercise for three frequency bands (330,
408, and 80 MHz) in two different regions of interest
around the GC. We also calculate the synchrotron flux
due to DM annihilation using the above mentioned pa-
rameters in a region of radius 1° at an angle 10° away from
the GC. Although we do not use the region offset to the GC
to derive any constraints on DM properties, we remind the
reader that strong constraints can also be obtained from
radio observation at a region away from the GC.

A. Synchrotron flux density at the GC
1. Flux density in ROI-2°

We calculated the synchrotron flux according to the
prescription and inputs presented in Sec. III and plot, in
the top and bottom panels of Fig. 2, the flux density due to
synchrotron radiation from DM self-annihilation products
against mass of the DM for a region of radius 2° around the
GC in the 330 and 80 MHz radio band, respectively. The
magnetic field used is a spherically symmetric exponential
magnetic field, taken from Eq. (17) with the magnetic field
at the solar radius normalized to be 6 ©G. The uncertainty
in the measurement of the synchrotron flux density at the
330 MHz band in this region around the GC at this
frequency band, 900 Jy [97], is also shown in the plot
and is used to obtain our constraints on the DM particle
properties.

For both frequency bands, the synchrotron flux from DM
annihilation products is maximum for the contracted NFW
profile. This is expected because the signal is proportional
to p? and a larger p increases the signal at the GC. When
the region of interest is fairly large, e.g., ROI-2°, the
Einasto profile is predicted to lead to more annihilation
than the standard NFW profile. At such a large distance
from the GC, the synchrotron energy density only varies by
a factor of a few for different DM profiles, demonstrating
the relative robustness of these results.

2. Flux density in ROI-4"

We calculated the flux densities and plot them against
the mass of the DM in the top and bottom rows in Fig. 3 for
the 408 and 200 MHz radio bands, respectively. The
changes are that the region of interest is now a circular
region of radius 4" around the GC and the frequency of
radio observations is taken to be 408 MHz. The magnetic
field used is the equipartition magnetic field, taken from
Eq. (18). We get very similar results (differences of less
than 1 mJy) if we use the cored magnetic field, as given in
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Prediction of the synchrotron flux density 2° around the GC, against mass of the DM. In all the plots, we set as

cm’ s~}

and consider three different DM profiles: Einasto profile in

Eq. (14), NFW profile in Eq. (15), and the contracted NFW profile in Eq. (16). (Left) y y — Zv. (Right) y y — Hy. (Top) Results for
330 MHz. We also show the uncertainty in the measurement that is used to derive our constraints in this frequency band. (Bottom)
Results for 80 MHz. For both the frequency bands, we use the exponential magnetic field in Eq. (17).

Eq. (20). A different value of the magnetic field at the solar
radius (within the range 3-10 uG) does not change the
value of the synchrotron flux density by more than a factor
of 2. The upper limit on the synchrotron flux density in this
region around the GC at this frequency, 50 mJy [98], is also
shown in the top plot and is used to obtain our constraints
on the DM particle properties.

As expected, the synchrotron flux from DM annihilation
products is maximum for the contracted NFW profile.
However, in contrast to the above, we find that for smaller
regions of interest, e.g., ROI-4”, the cuspiness of the NFW
profile at lower radii leads to larger fluxes than from the
Einasto profile. Note, however, that for such small regions
of interest around the GC, the flux varies by orders of
magnitude for the different DM profiles.

3. Flux density in ROI-away

We calculated the synchrotron flux according to the
prescription and inputs given in Sec. III in ROI-away and
plot some representative results in Fig. 4. The top and
bottom panels show the synchrotron flux in a circular

region of radius 1° at 10° away from the GC for the 200
and 80 MHz radio bands, respectively. The magnetic field
used is the exponential magnetic field, taken from Eq. (17)
with the magnetic field at the solar radius normalized to be
6 uG. We also take into account the variation of the
radiation density with distance from the GC while calcu-
lating the synchrotron fluxes following the parametrization
in Eq. (21). For a given angle # away from the GC, we
calculate the value of z and then use the radiation energy
density Ugepar(0, z) in our calculations. Although this is a
conservative approximation, we expect that a full calcula-
tion will give similar results.

The disadvantage of the synchrotron flux decreasing as
one makes a measurement away from the GC is mitigated
by the fact that the flux depends less strongly on the
assumed DM profile. Because of the excellent sensitivity
of present generation radio telescopes like LWA and
LOFAR and even better sensitivity of near future radio
telescopes like SKA, very robust limits on DM properties
can be obtained from radio measurements away from the
GC. In particular, as mentioned earlier, if the measurement
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Prediction of the synchrotron flux density 4" around the GC, against mass of the DM. The DM annihilation

cross section and the profiles are the same as in Fig. 2. (Left) yx — Zvy. (Right) yy — Hy. (Top) Results for 408 MHz. (Bottom)
Results for 200 MHz. We use the equipartition magnetic fields in Eq. (18) for both of these frequency bands.

is done in a radio cold spot, then modeling the astrophys-
ical backgrounds will also be easier to find the putative
radio signal of DM annihilation.

4. Variation of the synchrotron flux with
angle away from the GC

We plot our calculated synchrotron flux density against
angle away from the GC for the 200 MHz band and for the
XX — Zvy channel in Fig. 5. We assume the exponential
magnetic field as given in Eq. (17). We calculate our
synchrotron fluxes in a region of radius 1° at the specified
angle away from the GC. We take into account the varia-
tion in the radiation field energy density following the
prescription in Sec. IVA 3. As can be seen from the plots,
the synchrotron flux falls off by an order of magnitude
as the angle away from the GC increases from 10° to 50°.
A very similar variation of the synchrotron flux away from
the GC is obtained for the yy — Hvy channel and in the
80 MHz radio band.

B. Sensitivity to magnetic fields

Now, we explore the sensitivity of the predicted
synchrotron fluxes to the normalization and shape of the

Galactic magnetic field profile. We remind the reader
that we have used 6 G as our benchmark value of the
magnetic field at the solar radius for all our calculations
presented in the other sections. The DM is assumed to
have a standard NFW profile [Eq. (15)] for the plot in
this section.

To understand the impact of the normalization of the
Galactic magnetic field on the synchrotron flux density due
to dark matter annihilation, in Fig. 6 we plot the synchro-
tron flux due to two different values of the Galactic mag-
netic field at the solar radius: 3 wG and 10 uG. It is seen
that varying the normalization of the Galactic magnetic
field can change the synchrotron flux density by a factor of
a few for both the exponential magnetic field profile and
the constant magnetic field profile.

We show the impact of two different magnetic field
profiles: the exponential profile, Eq. (17), and the constant
magnetic field profile for the 330 MHz band. For a given
normalization of the magnetic field profile at the solar
radius, we see that the flux due to the exponential magnetic
field profile is always larger than the flux due to the
constant magnetic field profile for the DM annihilation
channel, y y — Zv. The result is similar for the annihila-
tion channel yy — Hy.
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DM. The DM annihilation cross section and the profiles are the same as in Fig. 2. (Top) Results for the 200 MHz radio band. (Bottom)
Results for the 80 MHz radio band. We use the exponential magnetic fields in Eq. (17).
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the NFW DM profile, the same annihilation cross section, and
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FIG. 6 (color online). Prediction of the synchrotron flux
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the GC. The magnetic field used is exponential, as in Eq. (17),
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The variation is similar for all the DM profiles and annihilation
channels considered in the text.

043516-10



GALACTIC CENTER RADIO CONSTRAINTS ON GAMMA- ...

The overall uncertainty in the normalization and the
shape of the Galactic magnetic field can lead to a differ-
ence of at most an order of magnitude in the predicted
synchrotron flux in the 2° around the GC at 330 MHz. We
have checked that the variation in the synchrotron flux
density with the normalization and shape of the Galactic
magnetic field is similar for the other DM profiles consid-
ered in this work.

For the region of angular radius 4" around the Galactic
Center, the difference in the synchrotron flux density is less
than a factor of 2 for both the equipartition, Eq. (18), and
the cored magnetic field profile, Eq. (20), for a given DM
profile. Again, the uncertainty due to incomplete knowl-
edge of magnetic fields can lead to at most an order of
magnitude changes in the predicted synchrotron fluxes.

C. Constraints on (ov)-m
1. Constraint from the measurement at 330 MHz

In the region with radius 2° around the GC, data in the
330 MHz radio band is presented in Ref. [97]. We compare
our prediction of the synchrotron flux from products of DM
annihilation and demand that the radio is not oversaturated
by the DM-induced fluxes. This gives us a constraint on the
DM annihilation cross section (ov) ~ 1072 cm?s~!. This
is overly conservative, as there are known astrophysical
sources that produce most of the observed synchrotron
radiation. The astrophysical model presented in Ref. [97]
suggests that with the present level of uncertainty, at most
5% of the flux (= 900 Jy) could come from unknown
sources. This gives a much stronger constraint, (ov) ~
10726 cm?s~!. This constraint on the (ov)-m plane that
can be derived from the radio flux measurement at 330 MHz
for a circular region of radius 2° is plotted in the top panel of
Fig. 7. We only show the constraints that can be obtained in
this radio band by using the exponential magnetic field
given in Eq. (17), with a normalization of 6 uG.

For both the DM self-annihilation channels yy — Zy
and yyx — Hy, we see that the contracted NFW profile
gives the most constraining limit. Since the gamma-ray
line prefers a cross section (ov) ~ 10727 cm®s™! for all
three profiles [15], it can be concluded that the existing
data at this frequency is not able to constrain the line signal
independent of a DM particle physics model. However,
since the present constraints are only an order of magnitude
away from the DM self-annihilation cross section preferred
by the 130 GeV signal, a future radio measurement near the
GC can be used to either constrain or confirm its presence
at the GC.

2. Constraint from the measurement at 408 MHz

The upper limit on the synchrotron flux at 408 MHz
found by Ref. [98] allows us to impose much stronger
constraints than above. The procedure that we follow is
similar to that mentioned above: we compare the predicted

PHYSICAL REVIEW D 87, 043516 (2013)

fluxes with the existing upper limit and demand that the
DM annihilation not produce a flux larger than what is
already constrained. This constraint in the (ogv)-m plane
that can be derived from the radio flux measurement at
408 MHz for a circular region of radius 4” is plotted in the
middle row of Fig. 7.

We also show the dark matter mass and self-annihilation
cross section preferred for the 130 GeV gamma-ray line
by the thin shaded box. For the annihilation to Zy/Hy, the
gamma-ray energy is given by E, = m, (1 — mZ n /4m3).
Hence for a 130 GeV gamma-ray line, the DM
mass preferred is ~142 GeV for annihilation to Zy and a
DM mass of ~155 GeV is preferred for annihilation to
Hy. Given the self-annihilation cross section (owv),,
presented in Ref. [15], we convert them to (ov)z/y,
by following the prescription given in Ref. [131].
For DM self-annihilation to Zy or Hvy, the relation
between DM mass and the gamma-ray line is given by

m, = (1/2)(1 +,/1 + m%/h/E%y)Ey, and it follows from

kinematic considerations that if the limits of (ov),, are
given, the corresponding limits for (ov),/y, are given by

(ov)z/my = (1/2)(1 + ‘/1 + mé/h/E%yY(a'v)w. We take

the upper and lower limits on {(ov),, for the 130 GeV
gamma-ray line from the region 4 of the SOURCE class
events as presented in Ref. [15]. Using the other regions
and the ULTRACLEAN class events gives similar limits
and it will not change our conclusions. For the 408 MHz
radio band, we only show the (ov);/p, that is preferred
by the 130 GeV gamma-ray line for the NFW contracted
profile.

For both the DM self-annihilation channels yy — Zy
and yy — Hvy, we see that the contracted NFW profile
gives the most constraining limit ((ov) < 10727 cm?s™!),
and in fact the sensitivity to the cross section is less
than the total thermal relic cross section for both the
self-annihilation channels. The least constraining limit
is obtained from the Einasto DM profile, as expected
(ov) = 1072 cm?s™!). If we assume that the modeling
of the magnetic field near the GC black hole is correct, then
this shows that the interpretation of the line signal near the
GC for a contracted NFW profile is in mild tension with the
radio data, provided the source of the gamma-ray line in
the GC is due to the yy— Zy and yy — Hy self-
annihilation channel.

3. Sensitivity from a future measurement at 80 MHz

The situation is expected to improve dramatically
with future observation of the GC by LWA, LOFAR,
and SKA. Although we present our future constraint
from a radio flux measurement at 80 MHz near the GC,
it is worth mentioning that strong constraints can also be
obtained from measurement of the radio flux away from
the GC. As mentioned earlier, ideally we expect the best
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Constraints obtained in the (ov) vs m plane for different annihilation channels, different frequency bands, and

different regions of observations. The DM profiles are the same as in Fig. 2. (Left) yy — Zv. (Right) yx — Hy. (Top) Results for
330 MHz using the exponential magnetic field in Eq. (17). (Middle) Results for 408 MHz using the equipartition magnetic field in
Eq. (18). The DM mass and {ov) preferred for the 130 GeV gamma-ray line is shown by the thin box (see text for more details).
(Bottom) The sensitivities at 80 MHz using the exponential magnetic field in Eq. (17). The shaded region shows approximately the
{ov) favored by the recent 130 GeV gamma-ray line signal for the NFW profile (green), Einasto profile (red), and contracted NFW
profile (blue) [15]. The favored region in masses is the same as the plot above and is staggered in this bottom plot for better legibility.
We also show the updated thermal relic cross section from Ref. [136].

measurement to come from a radio cold spot. The standard
astrophysical background has to be modeled very carefully
to reach the sensitivity as presented in this paper.

To forecast the sensitivity, we very conservatively
assume that LWA can reach a background subtracted flux
density sensitivity 10 Jy at 80 MHz for a circular region of
radius 2° around the GC [92]. The constraint in the {ov)-m

plane that can be derived from the radio flux measurement
at 80 MHz for a circular region of radius 2° is plotted in the
bottom panel of Fig. 7. We also show the (ov);/p, pre-
ferred by the 130 GeV gamma-ray line by the green, red,
and blue shaded boxes for the NFW, Einasto, and the
contracted NFW DM profile, respectively. We again use
the region 4 in the SOURCE class events and the
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prescription given in the previous section to draw these
boxes. We did not draw these shaded boxes in the correct
DM mass positions for clarity.

Because of the superior flux sensitivity of LWA at these
frequencies, we see that both the yy — Zy and yxy — Hvy
self-annihilation channel can be probed well below the total
thermal relic cross section for all three considered DM
profiles. In particular, for all the DM profiles considered,
one can probe below the (ov) ~ 1077 cm®s~! cross sec-
tions required to explain the tentative 130 GeV signal. Thus,
if the 130 GeV gamma-ray line turns out to be robust and
originates from DM self-annihilation, LWA has a good
chance to search for the self-annihilation channel giving
rise to the line for the NFW, Einasto, and the contracted
NFW profile. Up to the uncertainty in the GC model, this
remains, to our knowledge, the best probe for discerning the
origin of the DM line independent of any particle physics
DM model. Since LWA will reach this sensitivity over a
large region of observation, the dependence of the constraint
on the underlying DM profile is modest. We expect similar
limits can be obtained by the LOFAR Collaboration as well.
SKA is expected to further strengthen this constraint.

V. SUMMARY AND OUTLOOK

In this paper we have shown that existing radio data
around the Galactic Center at 408 MHz marginally con-
strains the interpretation of the 130 GeV line in Fermi-LAT
data in terms of DM self-annihilation to Zy or Hy with a
cross section ~10727 cm3s™! for a contracted NFW pro-
file. For other frequencies or other DM density profiles the
constraint is up to an order of magnitude weaker within the
parameter ranges chosen by us. Future measurements made
around the GC by LWA in the 80 MHz band can push the
sensitivity to DM annihilating to gamma-ray lines down to
(ov) ~ 1072 cm3s~! and enable a test of the above sig-
nal. Although the background needs to be known very well
to achieve our quoted limits, these possibilities are, to the
best of our knowledge, some of the most competitive ways
to test for the nature of the DM that could have produced
the tentative 130 GeV line signal.
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We have shown that these conclusions are fairly robust
with respect to the assumptions on the magnetic field in the
Galaxy, and the constraints do not weaken by more than an
order of magnitude. The dependence on DM density pro-
files is somewhat more important, especially when the
region of observation is small and closely centered on the
GC. While the uncertainty in the astrophysical modeling of
the GC does impact our results (see for e.g., Ref. [132] for a
different modeling of the GC), we must emphasize that
these constraints are completely model independent from
the particle physics perspective, because we have simply
taken the electrons and positrons from the known decays of
the Z or H produced in the DM annihilation to Zy or Hy,
respectively. A similar study on dark matter annihilation
contribution to the galactic radio background [133] and
diffuse extragalactic radio background [134,135] can also
be performed to cross-check potential dark matter signals
from the Galactic Center [86,87,91].

We hope that these results will encourage radio astron-
omers, especially those at LWA, VLA-Low, LOFAR, and
SKA, to observe the GC, model the astrophysical synchro-
tron backgrounds, and determine if there is any excess flux.
Irrespective of whether the tentative 130 GeV gamma-ray
line signal at Fermi-L AT is due to DM annihilation or not,
this promises to deliver some of the strongest constraints
on DM annihilation.
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