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A thick dark matter disk is predicted in cold dark matter simulations as the outcome of the
interaction between accreted satellites and the stellar disk in Milky Way sized halos. We study the
effects of a self-interacting thick dark disk on the energetic neutrino flux from the Sun. We find that
for particle masses between 100 GeV and 1 TeV and dark matter annihilation to 777~ either the
self-interaction may not be strong enough to solve the small scale structure motivation or a dark

disk cannot be present in the Milky Way.

PACS numbers:
I. INTRODUCTION

In the last two decades a cosmological model emerged
with the Universe being composed of Cold Dark Matter
(CDM) and a dark energy with a negative equation of
state. In this cosmology, structure forms hierarchically,
small scales form first and their subsequent mergers lead
to the formation of larger scale objects up to the scales
of galaxy clusters. Adiabatic perturbations in the early
universe seed the formation of structure and lead to the
development of voids and filaments of dark matter. In
this scenario, the formation of a large object follows the
accretion of smaller systems along filaments that provide
the mass funneling to the central deep potential well of
dark matter halos.

The orbital evolution of accreted satellites is heavily
influenced by the presence of the Galactic disc. The re-
sult is that the stars and gas drag the accreted satellites,
tidal forces destroy these satellites and their dark matter
settles into a dark thick co-rotating disk that is co-planar
to the Galactic disk [I}[2]. This thick dark disk is a stable
configuration of dark matter in phase space unlike dark
matter streams that disperse in timescales set by the ve-
locity dispersion of dark matter in the host halo. The
existence of such a disk has implications in experimental
attempts for dark matter detection [3].

The nature of dark matter interactions among it-
self and among standard model particles remains un-
known. Searches for Weakly Interacting Massive Particle
(WIMP) signatures have at most given rise to suspicious
hints with no clean significant detection [4, [5], and the
parameter space for compact halo objects as a dark mat-
ter candidate is also shrinking [6l [7]. Other dark matter
candidates are in the form of an axion-like particle [8] or
a particle with a self-interaction cross section [9]. Both
of these candidates have interesting consequences to a
plethora of problems within the context of CDM [I0HI3].

Self interacting dark matter particles were tested by
analysis of the matter distribution of the Bullet Cluster
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as well as galaxy cluster shapes excluding the parame-
ter space of oy, /my > 1.25cm?/g [14] and oy, /m, >
1.0cm? /g [15, [16] respectively. More recently, Kapling-
hat et al. [I7] showed that detailed fits to the dark matter
halos of galaxies and clusters prefer a velocity dependent
cross section, from o, /m, =~ 2cm?/g on galaxy scales
to oyy/my ~ 0.1cm?/g on cluster scales. Note that the
fits to the relaxed clusters used in [I7] do not include
systematic errors, however, the limits obtained from the
bullet cluster do not suffer from the systematics inherent
to the modeling assumptions of the shape of galaxy clus-
ters, and thus the bullet cluster may be considered the
cleanest test of self-interaction from these observations.

If the dark matter particle has a non-zero self-
interacting cross section then the capture rate of such
particles in the Sun and the Earth [I8] 19] will be en-
hanced compared to the standard approach where the
capture rate is simply set by the scattering cross section
of the dark matter particle with standard model particles
[20]. IceCube placed constraints on self-interacting dark
matter by looking at the energetic neutrino flux from
dark matter annihilation in the center of the Sun. In ad-
dition, Albuquerque et al. [21] independently probed the
same parameter space confirming most of the excluded
space from the previous analysis.

In this manuscript we calculate constraints to the self-
interacting cross section of dark matter in two-scenarios:
First we use the latest results from IceCube [22] and com-
pute updated limits for annihilation to 7+7~ and bb in
the case of the Standard Halo Model (the case of anni-
hilation to gauge bosons gives limits that are in between
the two cases we consider here). This is similar in spirit
to the analysis of Albuquerque et al. [2I]. We then repeat
the calculations under the assumption that a thick dark
matter disk alters the density and velocity distribution
of dark matter at the solar radius. The importance of
this second calculation is in the fact that since the dark
disk is very likely to be co-rotating with the visible disk
of the galaxy or to have a small lag speed there is a sig-
nificant enhancement to the predicted capture rate and
subsequently the annihilation rate.

We begin in Section II where we show how dark mat-
ter capture and annihilation rates are determined by the
density and velocity distribution of dark matter and how
these rates are affect by the presence of a thick dark disk
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at the solar neighborhood. Our results are presented in
Section III, and we conclude in Section IV.

II. DARK MATTER CAPTURE AND
ANNIHILATION RATES

In most scenarios captured dark matter is thermalized
in the solar interior on a timescale that is less than the
age of the Sun (75 = 5 x 10° yr) and the time evolution
of the number of captured particles N, is given by

dN,
dt

= C.+ C;Ny — CoNZ, (1)

where C. is the capture rate of dark matter by interac-
tions with nuclei in the Solar core, Cs N, is the capture
rate by dark matter self-interactions, and CaNi twice the
annihilation rate per pair of dark matter particles [20].
We ignore the effects of time dependence that can arise
in the case of rich substructure in phase space [23].

The general solution of Eq. is

C. tanh(t/¢)

M= 726, tann(t/0) 2

where
1

VC.Co +C2/4

The quantity ( is the equilibration timescale, which is the
timescale where the rate of capture of dark matter (from
scattering with nuclei and itself) equals the annihilation
rate of dark matter particles.

By knowing the number of captured particles N, at
the time equal to the current age of the Sun 75 the an-
nihilation rate can be calculated as

(= 3)

1
r,= 5CaNj. (4)

It is interesting to notice that in the limit of no self inter-
actions and at times much greater than the equilibration

J

timescale the annihilation rate reduces to
1
Fa == iCC (5)

On the other hand when self interactions are dominating
the capture, i.e., C2 > C.C,, the annihilation rate is

1C?
To=-=-=2 6
Y rox (6)
independent of C,.. Note though that a non zero value of
C. is required in order to seed the self capture.

The annihilation rate coefficient C, depends on the

dark matter distribution in the Sun and is usually given
in terms of the effective volumes V; [I8| 20, 24] by

7
Co = (0av) VTQ (7)
where
3/2
1
V; = 2.45 x 1077 <09Gev) cm® 8)
Jmy

and (o4v) is the velocity averaged annihilation cross sec-
tion which for a non-relativistic thermal relic dark matter
particle is roughly 3 x 10~26cm? /s [25].

We assume that the spin-independent cross section for
dark matter scattering off nuclei heavier than hydrogen
is given by [20]
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where A is the atomic mass number, m, is the proton
mass and m,, is the mass of the nucleus.

The dark matter capture rate due to elastic scattering
off an element distributed in the Sun C. is (see Gould
[18, 19], Jungman et al. [24])
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In this pedagogical expression, p, is the dark matter den-
sity, m, is the mass of the dark matter particle, and Mg
is the mass of the Sun. o,,, is the elastic scattering cross
section between dark matter and a nucleon, and we as-
sume a Maxwell-Boltzman distribution for dark matter
particles with a velocity dispersion ©v. The speed of the
Sun through the dark matter halo is vg which can be
written in a dimensionless form as n? = 3(vg /v)?/2.

To get Eq.[I0] we assume that the local escape velocity
of the Sun can be approximated by

2002 —02) (11)

where v, = 1354km/s and v, = 795km/s. Note that
these velocities are approximate and are based on the
modeling of the Solar interior (see Gould [19]) — if one
assumes the true escape velocity the effect on the scat-
tering cross section is negligible. Another assumption
involved in this calculation is that the form factor that
parametrizes a suppression of the interaction which arises
when momentum transfer if of order or greater than the
inverse nuclear radius is given by an exponential of the
form

AFE
F(AFE) = - 12
@B =ex (-5 ). (12)
where E = 1.5h%/2m, R? and the mean-square ra-

dius of the nucleus R, is approximated by R, =
[0.91(m,, /GeV)'/3 4 0.3] x 10~ 3cm.

In order to get the total capture rate by nuclei in the
Sun, Eq. [I0] needs to be summed over all elements of
interest. Here, we will include the 16 most abundant
elements in the Sun between hydrogen and nickel as in
Grevesse et al. [20].

Finally the rate of self-capture is given by Zentner [20]

Cs = \/gnxgxx veSC(;%O) <ng>erfn(77) (13)

and depends on the local number density of the dark
matter n,, the dark matter self interaction cross section
Oy, the real escape velocity at the surface of the Sun
v%.(Re) = 618km/s, the dimensionless speed of Sun 7

and the average potential (¢,) = 5.14 which accounts
for the dark matter distribution (we ignore evaporation
effects as they are negligible for the dark matter particle
masses we consider here).

In order to obtain limits on the strength of dark matter
self interaction, we compute the annihilation rate in the
Sun using Eqs. [ & 2l We set upper limits on the self-
interaction cross section o, and the dark matter nucleon
cross section oy, by comparing the derived annihilation
rate with the upper limit as measured by IceCube [22].

We compute the annihilation rate in two scenarios.
First we assume the Standard Halo Model (SHM) with a
Maxwell-Bolztman distribution with v = 220km/s and
v = 270km/s [27] while in the second scenario we add
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FIG. 1: An example of upper limit of the annihilation rate
XX — bb as set in [22], for various dark matter masses on the
(oxps Oxx) Plane. The parameter space above and to the right
of each curve is excluded (confirming the behavior of Eq.
and Eq. @ in the limit where self-interaction dominates over
scattering off nuclei and vice versa).

to the SHM a thick dark disk with density ppp that is
~ 0.25 — 1.5 times the local density of dark matter
in the SHM p, = 0.4GeV/cm?® [2§], a rotation lag with
respect to the stellar disk of vg ~ [0—150] km/s and near
isotropic 1-D dispersion of © ~ [85 — 155] km/s.

III. RESULTS

We first consider self interacting dark matter without
the presence of a dark disk (similar to the analysis of
Albuquerque et al. [21]). Figure [1| shows contours of the
observed annihilation rate from IceCube in the (oyp, 0yy)
plane assuming spin independent interaction with the nu-
clei and annihilation of the dark matter particles in the
bb channel. The region above and to the right of each
curve is excluded for each mass, as the rate of neutrinos
(from annihilation in the solar interior) would violate the
observed upper limit of IceCube [22]. The sharp cutoff
on each of o,, and o, originate from equilibration con-
siderations and the relative strength between the capture
rate off nuclei and the self-interacting capture rate (see
Egs. |5| & @

We next calculate constraints on the (o, m, ) param-
eter space using IceCube limits on the annihilation rate
[22]. We assume conservatively that o, = 10~4"cm?, a
value well within the region that the annihilation rate is
independent of o, for all the scenarios we consider as
well as below the current sensitivity of direct detection
experiments [30].

Figure 2| shows the constraints on oy, as a function
of m,, for annihilating to bb and 7+7~ . The upper lim-
its are independent of whether the interaction with the
nuclei is Spin-Dependent (SD) or Spin-Independent (SI)



S

S
RN

102 103
m,[GeV]

FIG. 2: Upper limits of the annihilation rate of dark matter on the (oyy,my) plane for annihilations to bb and 7777. The
dashed line represents the Standard Halo Model (SHM) while the green line is the result of Albuquerque et al. [21I]. The colored
filled regions represent the effects of the addition of a dark disk to the Milky Way halo. The upper edge of each filled region
is a fast rotating disk while the bottom edge corresponds to a slow rotating disk (see text for details). The dark grey region
is excluded by analysis of the Bullet Cluster [14], the light grey region by galaxy cluster shapes [15] [16] and the hatched area
is the region of the parameter space for which the self-interaction is not strong enough to resolve the small scale structure

problems [29].
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FIG. 3: Upper limits on the dark matter-proton scattering cross section as a function of dark matter mass for spin-independent
(left) and spin-dependent (right) interactions. The dashed line represents the Standard Halo Model (SHM) while the colored
shaded areas show the limits derived with the addition of a dark disk The upper edge of each filled region is a fast rotating
disk while the bottom edge corresponds to a slow rotating disk (see text for details). Note that here we assume a SHM with
px = 0.4GeV /cm® while the limits presented in IceCube are derived using p, = 0.3 GeV /cm®.



because the chosen value of o, is low enough and thus
the capture off nuclei is significantly smaller than self-
capture. A choice of higher value of o,, would make
the limits on self-interaction even stronger. The num-
ber of dark matter particles N, before equilibration be-
tween capture and annihilation grows exponentially but
requires a non-zero value of o,, otherwise capture will
not commence. Therefore as self capture is proportional
to C. and equivalently to o, the equilibration timescale
is proportional to In(oy,).

For the SHM model the constraints improve by a fac-
tor of ~ 2 — 4 for large masses compared to Albuquerque
et al. [21], as expected from the improved annihilation
rate limits set by IceCube'. The bb channel being the
softest produces lower energy neutrinos and the limit
is less constraining compared to annihilating in heavy
lepton final states (annihilation to c¢¢ and other lighter
quarks gives a similar spectrum but a lower yield of neu-
trinos). In both cases, the limits are similar or stronger
compared to the limits set by the bullet cluster for dark
matter masses greater than ~ 100 GeV. For complete-
ness we repeat the calculations for a gauge boson final
state (WTW ™) but do not show the result on Fig. [2] as
the limits are in between these two representative cases.

In the case of the presence of a thick dark disk we study
two extreme scenarios. The first is a fast rotating disk
with density ppp = 0.25p,, lag speed | vg| = 150km/s
and velocity dispersion of opp = 86.6km/s. This case
is represented by the upper edge of the colored shaded
area in Fig. [2| In the second scenario, we assume a slow
rotating disk with ppp = 1.5p.,| ve| ~ 0km/s, and
Upp = 86.6km/s and it is depicted by the lower edge of
the color shaded area in Fig.[2] The hatched area in Fig.
is the region of the parameter space oy, /m, < 0.1cm?/g
for which the self-interaction is not strong enough to re-
solve the small scale structure problems based on the
kinematics of dwarf spheroidals [29].

A dark matter annihilation to 777~ potentially has
an important consequence. It is possible that for dark
matter particle masses between 100 GeV and 10 TeV,
self-interaction may be too weak to resolve some of its
empirical motivations (e.g., small scale structure) or a
dark disk cannot be present in the Milky Way. It is im-
portant to emphasize that the thickness of the constraint
as shown in Fig. [2| corresponds to the uncertainties in
the properties of the dark disk. Nevertheless, even in the
most conservative case a self-interacting dark matter of
mass O(1TeV) is inconsistent with a dark disk.

For completeness in the limit of no self interaction we
can apply a similar analysis and observe the effect of
the neutrino flux enhancement by the thick dark disk.
Figure [3] shows the constrains obtained assuming spin-

I Note that the constrains shown in the 777~ panel from [21] are a
combination of the WTW = and 777~ channel for masses below
the mass of W.

independent (SI) interactions and spin-independent (SD)
interactions (where interactions only with hydrogen were
taken into account). For annihilating into bb we obtain
limits only for m, > 35GeV as that is the lowest en-
ergy with constraints from IceCube [22] while for 77~
the mass range is m, > 20 GeV. The width of the con-
straints (shaded areas for the two annihilation channels)
is set by the range of choices we make on the relative
speed and local dark matter density due to the dark disk.
This width is smaller at masses m, < 100 GeV as com-
pared to m, > 1 TeV. This outcome is expected because
slower speeds allow for an easier exchange of momentum
and energy between the nuclei and the dark matter par-
ticle, enough for the latter to be captured into the solar
potential well. On the other hand light candidates could
have been captured as easily even when they were mov-
ing faster and thus the width is narrower in that range.
The most constraining power comes at m, ~ 1 TeV, and
this is set by the IceCube sensitivity curve [22].

IV. CONCLUSIONS

We considered the effects of the presence of a thick
dark matter disk on self-interacting dark matter con-
straints as well as spin-dependent and spin-independent
dark matter-nuclei interactions. A thick dark matter disk
is motivated by numerical simulations of the formation
of dark matter halos similar to the Milky Way and it is
the outcome of the presence of the baryonic disk. The
enhanced density and very slow relative velocity between
the Sun and the dark matter particles of the disk result
in an enhancement of the capture rate of dark matter
particles in the Sun.

We find that the energetic neutrino flux from IceCube
limits the self-interacting cross section of dark matter. In
the case where the dark matter particle annihilates pre-
dominant to 717~ we find that it is possible the presence
of a dark disk to constrain the self-interaction cross sec-
tion to a value less than what is needed to explain small
scale structure (one of the motivations for self-interacting
dark matter) for dark matter masses between ~ 100GeV
and 10 TeV. We also show improved constraints on the
interaction between dark matter and nuclei based on the
latest IceCube results.

These results depend on a set of assumptions that if
relaxed can have different effects. For example, the value
of the relative velocity and velocity dispersion of self-
interacting dark matter are obtained from cold dark mat-
ter simulations. In reality, if the dark matter possesses
a non-zero self-interaction cross section the thick dark
disk will evolve over time to a thin but denser disk (e.g.,
the model of [31H33]). Note however that any effect on
the structure of the dark disk due to self-interaction will
lead to stronger constraints compared to the ones derived
here and therefore in the interest of being conservative
we did not include such effects. In addition, the results
are sensitive to the assumed gravitational potential of



the Sun (the escape speed as a function of radius) and
internal composition of the Sun as a function of radius
(e.g., Table 1 in [34] and [35]). Both of these quantities
have been studied extensively in literature and the ef-
fects on the results derived here are negligible compared
to the systematics on the distribution of dark matter in
the Milky Way halo. Finally, constraints to the presence
of a dark disk is sensitivity to the branching ratio of the
annihilation products. If for example the annihilation of
dark matter is predominantly to a light lepton final state
such as electron-positron pairs or muons the presence of a
dark disk can no longer be constrained because the final
state does not contain an energetic neutrino (muons will
stop before decaying as the mean free path of a muon in
the solar interior is extremely small).

In summary we show that the hierarchical assembly of
the Milky Way places constrains on the self-interacting
cross section of dark matter. If future observations of

the stellar distribution in the Milky Way gives evidence
of the presence of a dark disk in the Milky Way [36] it will
be possible to further constrain the strength of a possible
self-interaction of the dark matter particle.
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