PHYSICAL REVIEW D 102, 061302(R) (2020)

Rapid Communications

Structure formation models weaken limits on WIMP dark matter

from dwarf spheroidal galaxies
Shin’ichiro Ando ,1’2’* Alex Geringer-Sameth ,3’4 Nagisa Hiroshima ,5‘6’7 Sebastian Hoof ,8
Roberto Trotta ,3’9’10 and Matthew G. Walker®'!

'GRAPPA Institute, University of Amsterdam, 1098 XH Amsterdam, Netherlands
Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU, WPI), University of Tokyo,
Kashiwa, Chiba 277-8583, Japan
3Deparlment of Physics, Imperial College London, London SW7 2AZ, United Kingdom
*Department of Mathematics, Imperial College London, London SW7 2AZ, United Kingdom
SRIKEN Interdisciplinary Theoretical and Mathematical Sciences (iTHEMS),
Wako, Saitama 351-0198, Japan
6Department of Physics, University of Toyama, Toyama 930-8555, Japan
TInstitute of Particle and Nuclear Studies, High Energy Accelerator Research Organization (KEK),
Tsukuba, Ibaraki 305-0801, Japan
8 Institut fiir Astrophysik, Georg-August Universitdt, Friedrich-Hund-Platz 1, 37077 Géttingen, Germany
°Data Science Institute, William Penney Laboratory, Imperial College London,
London SW7 2AZ, United Kingdom
1OSISSA, Physics Department, Via Bonomea 265, 34136 Trieste, Italy
"McWilliams Center for Cosmology, Department of Physics, Carnegie Mellon University,
Pittsburgh, Pennsylvania 15213, USA

® (Received 2 March 2020; revised 4 May 2020; accepted 25 August 2020; published 17 September 2020)

Dwarf spheroidal galaxies that form in halo substructures provide stringent constraints on dark matter
annihilation. Many ultrafaint dwarfs discovered with modern surveys contribute significantly to these
constraints. At present, because of the lack of abundant stellar kinematic data for the ultrafaints,
noninformative prior assumptions are usually made for the parameters of the density profiles. Based on
semianalytic models of dark matter subhalos and their connection to satellite galaxies, we present more
informative and realistic satellite priors. We show that our satellite priors lead to constraints on the
annihilation rate that are between a factor of 2 and a factor of 7 weaker than under noninformative priors.
As a result, the thermal relic cross section can at best only be excluded (with 95% probability) for dark

matter masses of <40 GeV from dwarf spheroidal data, assuming annihilation into bb.
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I. INTRODUCTION

The search to uncover the nature of dark matter is one of
the greatest challenges in modern physics. If dark matter is
made of weakly interacting massive particles (WIMPs), as
motivated by the thermal freezeout argument [1,2] or
supersymmetry [3], it can self-annihilate, producing observ-
able gamma rays.

Dwarf spheroidal galaxies (dSphs) are associated with
dark matter substructure (or subhalos). Given their proximity
to us and paucity of baryons—and hence relative lack of
astrophysical backgrounds—they offer the most robust
environments to test the WIMP hypothesis [4-6]. In recent
years, many new ultrafaint dSphs have been found [7]. While
the small baryonic content of ultrafaint dSphs makes them
promising targets for WIMP searches, the resulting dearth of
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stars makes it difficult to estimate their density profiles from
dynamical analyses of kinematic data. A Bayesian approach
can help by including additional, physical information on the
parameters describing the dark matter density profile (such as
ascaleradius r, and a characteristic density p, [8]) in the form
of prior probability distribution functions (PDFs). The
literature to date [e.g., [9—12] ] has usually adopted “unin-
formative” uniform priors for both logr, and logp, (see
Ref. [13] for an alternative Bayesian hierarchical analysis and
Refs. [14,15] for frequentist analyses of classical dSphs).
However, such uniform priors ignore theoretical and numeri-
cal simulation results that predict the frequency distributions
of subhalo parameters in the standard cold dark matter
framework. While it may be appropriate to adopt such
uniform priors when allowing for a variety of dark matter
models, when testing WIMP dark matter specifically it is
more appropriate to adopt priors derived from that model.
(See Ref. [16] for a theoretical approach adopting the r -p,

© 2020 American Physical Society
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FIG. 1. Prior and posterior distributions in (r, p,) parameter

space for Ursa Major II. The red color map represents the
satellite number density with Vs, = 10.5 kms™' [cf. Eq. (2)]:
d*Ng./(d In ryd In p,). The open white, open black, and filled
blue contours show 68% and 95% confidence/credible regions
of priors, likelihood, and posteriors, respectively. The gray
shaded region is the GS15 cut, excluded in previous work
[10]. The green dashed curves correspond to constant values
of log[J(0.5°)/(GeV? cm™)], indicated alongside.

correlation expected for field halos based on a concen-
tration-mass relation [17].) For classical dSphs with well-
measured velocity dispersion profiles, the adopted priors
are relatively unimportant, as the inference is dominated by
the data. Therefore, we focus on the ultrafaint dSphs, where
the data are sparse and a physically motivated prior
becomes critical. Including structure-formation physics
in the prior represents a major improvement compared to
the approaches adopted to date, which use uninformative
priors or are otherwise “data-driven,” thus neglecting
relevant physical information.

As we show in this work, subhalos occupy only specific
regions of the parameter space (see the red color map in
Fig. 1). Realistic constraints on WIMP annihilation, there-
fore, should use an informative prior distribution based on
our best understanding of how dwarf galaxies form in
subhalos. Such a prior is difficult to generate from N-body
simulations, because of the limited statistics of relatively
large subhalos that can host dSphs. In this paper, we
construct realistic satellite priors for the relevant param-
eters of the ultrafaint dSphs’ dark matter distributions by
using semianalytic models based on the extended Press-
Schechter (EPS) formalism combined with tidal effects on
subhalo evolution, as developed in Refs. [18-20] (see also
[21,22]). We apply these novel satellite priors to obtain
more realistic estimates of the gamma-ray flux from WIMP
annihilation in dSphs. This results in a significant reduction
of the predicted gamma-ray flux from ultrafaint dSphs
compared with previous studies [9-15,23-38].

II. ASTROPHYSICAL J FACTOR

The gamma-ray flux from dark matter self-annihilation
from each dSph is proportional to the so-called astrophysi-
cal J factor, defined as

Jam) =21 / " gy siny / dip(rlLyl). (1)

where y is the angle relative to the direction toward
the center of the dSph, o, is the radius of the integration
aperture, p(r) is the dark matter density, 1> =
I + D?sin?y, [ is line of sight distance from Earth, and
D is the distance to the dSph. It is commonly assumed that
the density profile p(r) is given by a spherically symmetric
function, such as the Navarro-Frenk-White (NFW) profile
[81, p(r) = pyri/[r(r + r,)], out to a tidal truncation radius
r; (but see also Refs. [12,28] for axisymmetric profiles).

III. SUBHALO MODELS

In order to determine physically motivated priors,
we adopt the semianalytic models of subhalos developed
in Refs. [19,20]. We focus on a host halo with mass
M = 10'> Mg at redshift z = 0. The differential number
of smaller halos with mass m, that accreted onto the
host at redshift z, (and henceforth become subhalos),
d*Ng,/(dm,dz,), is described with the EPS formalism
[39], calibrated against numerical simulations [40]. After
accretion, we model the evolution of the density profiles of
the subhalos, which are well approximated by truncated
NFW profiles [41], by taking tidal effects into account
[42,43]. This procedure predicts the distribution of subhalo
variables at 7 = 0. The relevant variables for the J factor are
rg, ps, and r,, whose joint probability density is propor-
tional to the abundance of subhalos: Py (r,,py, ;)
d*Ng,/(dr,dpdr,). In the Supplemental Material (SM)
[44], we show that the ensuing distribution of r, and p; is in
excellent agreement with the results from numerical sim-
ulations, as is the associated subhalo mass function [19].

IV. SUBHALO-SATELLITE CONNECTION

In order to connect the subhalo population to that of the
dSphs that form within them, we adopt the simple pre-
scription given in Ref. [45]. The probability that a satellite
galaxy forms in a host subhalo is given by

Piorm(Vieat) = % {1 +erf <%)] )

where V., is the peak value of the maximum circular
velocity of the satellite, V5, is where Py, is 1/2, and we
adopt 6 = 2.5 kms™!, following Ref. [45]. (See Ref. [46]
for different criteria related to reionization.)
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In our model, V. is obtained at the time the subhalo
accretes onto its host, i.e., Veac = (47Gp; , /4.625)7r,
where p;, and r,, are determined at accretion (see SM
[44]). According to the conventional theory of galaxy
formation, we adopt a value of Vs, that allows atomic
cooling to form galaxies in subhalos: Vs, = 18 kms™!.
However, Ref. [45] found that Vs, = 18 kms~! under-
predicts the number of dSphs and their radial distribution
compared with the observations, and suggested smaller
values. Thus, we also adopt Vs, = 10.5 kms~! [45].

V. SATELLITE PRIOR

From the above distribution for subhalos we derive a
distribution for satellite galaxies, which we then adopt as a
prior in the analysis of kinematic data from each observed
galaxy. When analyzing kinematic data, the dark matter
profile of each satellite is described by parameters
(rs, ps, 7). Our model results in a prior PDF:

dSNsat o d3Nsh P
dridpdr,  drdpdr, ™

(vpeak)' (3)

Psat(rs’ps’ rt) x

The interpretation of this prior is that it assigns to each
ultrafaint dSph an equal probability of being found in
any subhalo that hosts a satellite galaxy.l The red color
map in Fig. 1 shows the number density of satellites
d*Ng/(d In rid In p,) (after marginalization over r,) for
the case Vs, = 10.5 kms~!, while the white contours show
68% and 95% highest density credible regions.

Previous studies have used uniform priors in the (log r,
log p,) parameter space with a sharp cut-off obtained from
cosmological arguments for subhalo formation. For exam-
ple, Ref. [10] uses the EPS formalism to evaluate the
probability that the Milky Way hosts a subhalo with a given
mass and collapse redshift and excludes parts of subhalo
parameter space where this probability is low. This
unphysical region is represented by the gray region in
Fig. 1 and is referred to in what follows as the “GS15 cut”
(see also Ref. [11]). Our model effectively allows us to
replace this cut-off with a smooth transition.

VI. LIKELIHOOD FUNCTION
FOR OBSERVED DWARF SPHEROIDALS

For each ultrafaint dSph, we take the data d to be
summarized by the observed line-of-sight velocity
dispersion 6y, the angular projected half-light radius @h,
and distance ﬁ, while the true values of these quantities are
written without hats. We assume the likelihood, i.e., the

'The framework could be extended by adopting stellar-mass—
halo-mass relations [47-50] as an additional factor in the like-
lihood. But these relations are known to have large uncertainty for
faint galaxies [51], and we choose not to include them.

probability of obtaining data d for a dSph given model
parameters 0, P(d|0) = L(6), to be
1 (& —x)?
| @

H exp {— 5
x€{0),010.D} 'V 27[0-)2‘ 20)6

where o, is the measurement uncertainty on X and x is the
model value. For classical dSphs, velocity dispersion
profiles provide additional important information but for
the sparsely observed ultrafaints there is little to be gained
in using more than the single value 6),,. Our data are
detailed in the SM [44].

According to the virial theorem, for a spherical system in
dynamic equilibrium, the line-of-sight velocity dispersion
is given by [52]

£(9) =

4G
2 = —
Olos 3

/oo drrv, (r)M(r), (5)
0

where M(r) is the enclosed mass within radius r (assumed
dominated by dark matter) and v, (r) is the stellar density
profile, for which we adopt a Plummer sphere: v, (r) =
3[1 + (r/Ry)?™/2/(4zR}) with R, = D@, For a subhalo
characterized by 0 = (ry, py, 1y, 0),, D), we compute oy,
with Eq. (5) and use this in Eq. (4) to evaluate the
likelihood.

VII. POSTERIOR DISTRIBUTION

Applying Bayes’ theorem using the satellite prior
[Eg. (3)] and the likelihood [Eq. (4)], we obtain the posterior
PDF of the subhalo quantities 6 as P(0|d) « P, (0)L(0). In
Fig. 1, we show the marginal posterior PDF on r and p, for
Ursa Major II as filled blue contours encompassing 68%
and 95% probability (highest probability density regions),
while the likelihood (maximized over 6;, and r,, assuming
r; > Ry,) is shown by the black contours. For log-uniform
priors on ry and pg, the posterior would trace these iso-
likelihood contours. The degeneracy between r, and py,
which occurs for ultrafaint dwarfs, can be broken by the
additional information supplied by the prior.

Given values for ry, p,, and r,, as well as distance D for
each dSph, we evaluate J(0.5°) [30]. In Fig. 1, we show
contours of constant log[J/(GeV? cm™)] for Ursa Major
II, from which one can see the impact of adopting different
priors (log in this work is base-10). We ignore substructure
boosts of the annihilation rate for dSphs, as they are at most
a few tens of percent (see SM [44]). In addition, we ignore
the errors on D (i.e., set o, = 0). The fractional errors in
distance are much smaller than those on o,, and we have
checked that ignoring them has no impact on our results.
The priors on 8, and o}, are uniform over positive values.

In Fig. 2, we show the marginalized posterior distribu-
tion on log J(0.5°) of Ursa Major II for four different priors.
Compared with a log-uniform prior, the satellite prior
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FIG. 2. Posterior distributions of J(0.5°) for Ursa Major II,
obtained with log-uniform priors for r, and p, (dotted),
log-uniform priors with the GS15 cut that corresponds to the
gray shaded region in Fig. 1 (dashed), satellite priors with Vs, =
18 kms™! (dot-dashed), and Vs, = 10.5 kms™' (solid). Median
and lo credible regions for log[//(GeV?cm™)] from these
posteriors are 19.587)3}, 19.3470-3", 18.967 3%, and 18.7810:3,
respectively.

moves the posterior toward the bottom-left corner in
(rs,ps) parameter space, which yields systematically
smaller J factors. In the case of Vsy = 10.5 kms™!
(18 kms™"), the median of the J distributions with the
satellite prior is 3.6 (2.4) times smaller than when using a
log-uniform prior with GS15 cut. We discuss all the other
ultrafaints in the SM [44].

Figure 3 summarizes the median values and 68% and
95% credible intervals for J(0.5°) for all ultrafaint dSphs
(and the classical dSph Sagittarius, which we find has one
of the largest J factor but has been considered in very few
previous studies). The figure compares the results when
using the satellite prior with different assumptions for V..
to the results using log-uniform priors with the GS15 cut.
We find that for ultrafaint dSphs exhibiting the largest J
factors in previous analyses, adopting the satellite prior
produces J distributions whose medians are systematically
smaller. This generic result also holds true in comparison
with earlier work [10,11,33]. In Fig. 3, we also show the J
factors resulting from replacing the probability of a satellite
forming in a host subhalo, Eq. (2), by a step function
Prorm =0O(Vpear = Vi) With Vi, = 6 kms™'. Although
it may seem implausible that such small subhalos host
galaxies in strong radiation fields after cosmic reionization,
such a scenario has been suggested from the observed
numbers and distribution of satellites [45]. In this extreme
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Ref. [10] are shown. The classical dSph Sagittarius uses a different satellite formation threshold of V1

for the other classical dSphs).

peak = 25 km s7! [46] (see SM [44]
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FIG. 4. Limits on the WIMP annihilation cross section {cv) (bb
channel) for different prior choices. Top: upper limits at 95%
credibility (conditioned on the WIMP mass m, ). The star and
surrounding region indicate the parameter point and 26 con-
fidence levels associated with a possible Galactic centre excess
[56] (see also [57-62]), respectively. Bottom: ratios of the cross-
section upper limits obtained with satellite priors and those with
log-uniform prior with GS15 cut; i.e., how much weaker the
limits derived from the satellite priors are.

case, we observe that the J factor distributions shift even
further toward smaller values.

VIII. CONSTRAINTS ON WIMP ANNIHILATION

We now quantify the impact of the satellite priors on
annihilation cross section limits using Fermi-LAT gamma-
ray data. We use a sample of 31 dSphs, adding Bootes II,
Segue 2, Triangulum II, and Tucana III to the 27 dSphs in
Ref. [35]. We do not include Sagittarius due to its proximity
to the Galactic plane. Our data selection, background
modeling and sampling techniques are as in Ref. [35]:
we use around 11 years of Pass 8 (R3) data [53] in
conjunction with the 4FGL source catalogue [54].

For the classical dSphs,2 we use the J factor posteriors of
Ref. [33] as priors in our analysis since J factors of classical
dSphs are well-constrained by the large number of member
stars and are relatively insensitive to the choice of prior
distribution. For the ultrafaint dwarfs, we compute mar-
ginal J factor distributions under the following priors:

(i) Uniform prior on (log ry, log p,) with the GS15 cut;

(i) Satellite prior, Eq. (3), V5o = 18 kms™!;

“These are Carina, Draco, Fornax, Leo I, Leo II, Sculptor,
Sextans, and Ursa Minor.

(iii) Satellite prior, Eq. (3), V5o = 10.5 kms™;
(iv) Satellite prior, Eq. (3), step function replacing
Eq. (2), Vit = 6 kms™

We implement these J distributions as priors in the
gamma-ray analysis. As described in Ref. [35], we use the
T-Walk algorithm [55] to compute the full posterior over
the 64-dimensional parameter space of dark matter mass,
m,,, and annihilation cross section, (ov), along with the J
factors and diffuse background normalization parameters of
each dSph.

Figure 4 (top) compares the resulting upper limits on the
cross section under the different prior assumptions. Limits
on (ov) are obtained from the posterior distribution
conditioned on WIMP mass annihilating to a bb final state
(in the SM [44], we also show limits for the 777~ channel).
Figure 4 (bottom) shows ratios normalized to the limit
obtained from the prior (i) above. Satellite priors result in
limits that are weaker by a factor of between ~2 and ~7
than uninformative priors. In particular, under informative
priors the thermal relic cross section can only be excluded
with 95% probability for m, < 40 GeV at best (and m,, <
25 GeV at worst), in contrast to m, < 150 GeV for

uninformative priors.

IX. CONCLUSIONS

In this paper, we introduced satellite priors based on
physical modeling of dark matter subhalos and a semi-
analytical formalism connecting them to the Milky Way’s
population of satellite galaxies. Our informative priors
assign a higher probability to regions of (logr,,logp;)
parameter space where subhalos and satellites tend to be
found, in contrast to the uniform priors in (log r, logp)
space widely adopted in the literature. Our priors therefore
better reflect the physical mechanisms of subhalo and
satellite formation in the cold dark matter picture. When
applying our informative satellite priors to the analysis of
11 years of Fermi-LAT data from 31 dSphs, we found that
the limits on dark matter annihilation cross section are
substantially weaker (between a factor of 2 and 7) com-
pared to using the less informative log-uniform priors. This
is a consequence of a systematic shift of most of the J
factors to smaller values induced by the informative prior,
which downweighs the parameter space region where
dSphs are unlikely to form. We conclude that physically
motivated priors for the properties of dSphs, which
encompass as much as possible our understanding of
structure and galaxy formation, are crucial for interpreting
the particle properties of dark matter.
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