PHYSICAL REVIEW D 113, 063539 (2026)

No evidence for p- or d-wave dark matter annihilation
from local large-scale structure

A. Kostié ,1’* D.J. Bartlett ,2’3‘% and H. Desmond®*
'Max Planck Institute for Astrophysics, Karl-Schwarzschild-Strafie 1, 85748 Garching, Germany
2CNRS and Sorbonne Université, Institut d "Astrophysique de Paris (IAP),
UMR 7095, 98 bis bd Arago, F-75014 Paris, France
3Astrophysics, University of Oxford, Denys Wilkinson Building,
Keble Road, Oxford, OX1 3RH, United Kingdom
*Institute of Cosmology and Gravitation, University of Portsmouth, Dennis Sciama Building,
Portsmouth, PO1 3FX, United Kingdom

® (Received 21 April 2023; accepted 12 February 2026; published 16 March 2026)

If dark matter annihilates into standard model particles with a cross section which is velocity dependent,
then Local Group dwarf galaxies will not be the best place to search for the resulting gamma ray emission.
A greater flux would be produced by more distant and massive halos, with larger velocity dispersions. We
construct full-sky predictions for the gamma ray emission from galaxy- and cluster-mass halos within
~200 Mpc using a suite of constrained N-body simulations (CS1iBORG) based on the Bayesian Origin
Reconstruction from Galaxies algorithm. Comparing to observations from the Fermi Large Area Telescope
and marginalizing over reconstruction uncertainties and other astrophysical contributions to the flux, we
obtain constraints on the cross section which are 2 (7) orders of magnitude tighter than those obtained from
dwarf spheroidals for p-wave (d-wave) annihilation. We find no evidence for either type of annihilation
from dark matter particles with masses in the range m,, = 2-500 GeV/ 2, for any channel. As an example,
for annihilations producing bottom quarks with m, = 10 GeV/c?, we find a; < 2.4 x 107! cm? s™! and
a, < 3.0x 10~'% cm? s~! at 95% confidence, where the product of the cross section, o, and relative particle
velocity, v, is given by 6v = a,(v/c)* and £ = 1, 2 for p- and d-wave annihilation, respectively. Our
bounds, although failing to exclude the thermal relic cross section for velocity-dependent annihilation

channels, are among the tightest to date.

DOI: 10.1103/rssj-zc8t

I. INTRODUCTION

An unambiguous detection of nongravitational interactions
of dark matter continues to evade us. Astrophysical objects
are ideal targets in the search for novel dark matter physics,
since low interaction rates can be compensated by the large
quantities of dark matter, leading to potentially detectable
signals. For over a decade, the origin of the observed excess
of gamma rays at the center of our galaxy—known as the
Galactic Center excess (GCE) [1-3]—has been debated,
with explanations such as unresolved point sources or
dark matter annihilation being proposed (e.g., [4-30]).
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The majority of work on this excess has focused on s-wave
annihilation, where the product of the self-annihilation cross
section, o, and relative velocity, v, is independent of ». Such
models can be strongly constrained by considering the
gamma ray flux from nearby dwarf galaxies [31-33], which
are able to rule out the thermal relic cross section for dark
matter particle masses relevant to explain the GCE.

Not all dark matter annihilation models require ov to be
independent of velocity. For example, for fermionic dark
matter annihilation to spin-O particles, even parity final
states cannot have an s-wave contribution in parity
conserving theories [34,35]. p-wave annihilation—where
ov is proportional to the square of the relative velocity—
dominates when standard model fermion-antifermion pairs
are produced from Majorana fermions in models with
minimal flavor violation due to chirality suppression of
s-wave annihilation [36]. If dark matter is instead a real
scalar, then d-wave annihilation—where the fourth power
of the relative velocity is relevant—is dominant [37,38].

If the GCE were due to velocity-dependent dark matter
annihilation, then, despite their close proximity, dwarf
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The ensemble mean over CS1BORG realizations of the all-sky J factor maps for our fiducial case of p- (£ = 1) and d-wave

(Z = 2), assuming isotropic halos. It is interesting to note that the d-wave all-sky map shows a more prominent peaked annihilation
signal coming from the central halo regions. As in Fig. 1 of Bartlett et al. [40], we also plot the completeness mask used in the BORG
inference of the initial conditions [44,45] (transparent gray). These maps were used in our likelihood model, as described in Sec. II D.

spheroidals cannot provide tight constraints on the anni-
hilation cross section, since the low-velocity dispersions in
these objects result in heavily suppressed annihilation rates.
One should therefore test whether these velocity-dependent
models are compatible with other observations of gamma
ray fluxes, since these can evade bounds from these objects.
In these scenarios, one would expect a large signal from
extragalactic halos, where the velocity dispersion should be
larger. It has therefore been recently suggested to use
extragalactic halos to search for velocity-dependent dark
matter annihilation signals in gamma ray data [39].

In this paper we perform this test for p-wave and d-wave
annihilation, where the cross section is proportional to the
square and fourth power of the relative velocity between
dark matter particles, respectively. As in our previous work
constraining s-wave annihilation [40], we utilize the
CS1iBORG [41-43] suite of constrained N-body simulations
to produce full-sky templates for the dark matter annihila-
tion flux (see Fig. 1), which are then compared to the
observations of the Fermi Large Area Telescope via a
Markov chain Monte Carlo (MCMC) algorithm. The initial
conditions for these simulations are inferred using the BORG
(Bayesian Origin Reconstruction from Galaxies) algorithm
and are designed to produce three-dimensional dark matter
density fields which match the observed positions of
galaxies in the 2M ++ galaxy catalog [44,45]. We mar-
ginalize over uncertainties in this reconstruction as well as
over nondark-matter contributions to the gamma ray sky.
Our constraints on the self-annihilation cross section are two
(seven) orders of magnitude tighter than those obtained
using dwarf spheroidal galaxies for p-wave (d-wave)
annihilation.

In Sec. II we describe how we forward model the dark
matter annihilation flux, discuss the models used for com-
peting astrophysical contributions to the signal, and outline
our inference procedure. These predictions are compared to
observations, presented and discussed in Secs. III and IV,
and we conclude in Sec. V.

II. METHODS

A. Bayesian large-scale structure inference

In this work we study the expected gamma ray flux from
dark matter annihilation in extragalactic halos. To deter-
mine the masses and locations of these halos, we use the
CSiBORG suite of 101 dark matter—only constrained
simulations [41-43]. The initial conditions of these sim-
ulations produce present-day density fields which match
the observed number densities of galaxies in the 2M ++
galaxy compilation [44,45] and are inferred using the BORG
algorithm (see, e.g., [44,46—49]). This algorithm produces a
Markov chain of plausible initial conditions via the
application of a Bayesian forward model and marginalizes
over galaxy bias parameters. The initial conditions are
constrained in a box of length 677.7 h~' Mpc with 2563
voxels. For each CSiBORG simulation these initial con-
ditions are augmented with white noise to a resolution of
20483 within 155 A~' Mpc of the Milky Way (giving a
mass resolution of 4.4 x 10°M) and run to z = 0 using
RAMSES [50]. The watershed halofinder PHEW [51] is
applied on-the-fly to the dark matter particles with
the standard threshold of 200p.. We do not consider
subhalos and the minimum halo mass used (Mg ) is
4.4 x 10'"'"M . The resulting halo catalogs are publicly
available at [43].

B. Velocity-dependent J factor

In this work we consider dark matter annihilation of
particles of mass m,,, with a cross section ¢ which depends
on the relative velocity, v, between annihilating dark matter

particles as
61}2(1;@&(%)» (1)

where a, is a constant and S, can be an arbitrary function
of v/c. At observed energy E,, the differential photon flux,
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do, /dE, , is
do dn;
= A0 gy B , (2)
dE,  8wmy S B |p_p 14y

where we sum over annihilation channels with branching
ratios Br;. This equation is valid if dark matter is entirely
comprised of a single particle whose antiparticle is itself.
We introduced the J factor

B, = /,4 ,,, dQdu &v, B30, S, (M)
X f(r(u), v)f(r(n), va), (3)

where f(r(u), v) is the distribution function of dark matter
particles, which we integrate over the velocities of the two
particles, v; and v,, and along the line-of-sight coordinate,
u. Since we define these quantities on a discretized map, we
also integrate across the HEALPix' pixel area p. For
simplicity, we assume that the decays occur via one
channel, so the branching ratio, Br;, is either O or 1.
Note that the photon distribution function dN;/dE;, should
be evaluated at the redshift of the halo. Since we will be
using low-redshift halos in this work (z < 0.05) we will
neglect this redshift effect and thus assume that E}, x E,.
Introducing redshift dependence would require inserting a
redshift-dependent optical depth into Eq. (2), which, in our
case, will only marginally affect the results (see for
example the discussion in Sec. IV.B.5 in [40]).

In this work we will consider p-wave and d-wave
annihilation, i.e., S,(x) = x*, where £ = 1 (p-wave) or
¢ = 2 (d-wave). In the following two sections we describe
how one can obtain the J factor for these models from the
density profile of a dark matter halo.

1. ] factor for p-wave annihilation

For p-wave annihilation, the J factor can be rewritten as

345" = [ aaa( =2 .00, @

which upon expanding the square and remembering that we
are assuming velocities are defined with respect to the center
of mass, i.e., the velocity distribution is zero-centered, the
whole expression can then be simplified to (see [52])

2

=2 [ s ) (% )

=] a0 )(rm) +25300). (5

"https://healpix.sf.net.

where p(r(u)) is the dark matter density at the position y
along the line of sight and o, and 6, are the corresponding
radial and tangential velocity dispersion, respectively. The
factor of 2 follows from the symmetry of the problem, i.e.,
that the two annihilating particles have the same phase-space
distribution function. We keep the explicit dependence on
the line-of-sight position in order to emphasize that the
J factor needs to be evaluated with respect to the observer.
However, since the total J factor within a pixel is a scalar
quantity, one can also first evaluate it within the correspond-
ing volume with respect to the halo center and then make the
appropriate projection. This is precisely how the cLumpy
package—which we utilize here—works (see [40,53-55]).
Now, to obtain the dispersion for a given halo, we assume
spherical symmetry, and therefore must solve the Jeans
equation

1d, 2 do
e by, pA——
ar (o) + 28— e (6)

where we introduce an anisotropy parameter

(7)

and @ is the gravitational potential of the halo.
We assume that all our halos have Navarro-Frenk-White
(NFW) [56] density profiles

. Po
P = G e ®)

with scale length r,, defined such that the concentration of
the halo is ¢ = ry;./r, for virial radius r;. In this work we
use the mean mass-concentration relation of Prada ef al. [57]
and Sanchez-Conde and Prada [58] and assume zero scatter
in this relation. Note that the use of an external mass-
concentration relation is needed because the halo finder we
used [51] does not calculate concentration on-the-fly.
However, given the consistency of mass-concentration
relations derived from N-body simulations (see, e.g.,
[59,60]), the method for adding the concentration [57,58]
is not an important source of systematic error. Since the
J factor traces the square of the density, one may expect that
subhalos or clumps may provide a significant contribution
to the J factor and should also be included. Although this is
true for s-wave annihilation, the small velocity dispersion of
these clumps means that the overall signal is dominated by
the smooth component and we therefore ignore the unre-
solved substructure. This approximation has been validated
by explicitly calculating the J factor for halos from
hydrodynamical simulations [61], although we note that
this conclusion does not hold for the case of Sommerfeld
enhanced annihilation (see for example [62,63]). We do not
consider this case in this paper and leave it for future work.
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Defining the dimensionless radial coordinate 7 = r/r,.,
one finds that the radial velocity dispersion for circular
orbits is (see Eq. (14) in [64])

o? $=0 A2F(1 + cF)? 2
" (R'= 6Liy(—cF
VO S Tt [ o
1 4 2
—In(cF [
n(cr)+< +c2F2 cF 1+cf>
1
x In(1 + ¢7) + 3In%(1 + ¢F) — —
cr
6 1
- - , 9
1+ cF (1+cf)2] ©)

where V ;. is the virial velocity, and Li, is the dilogarithm
function. Similarly, for the extreme cases of a constant
anisotropy parameter # = 0.5 and f = 1.0 one finds (see
Egs. (15) and (16) from [64])

o2 p=0.5 C(l + Cf)z 2
(77 = — - = 2Liy(—cF
0 ez erre | 2
2 In(1+c7)  In(l+ cF)
+ A ~ ~
I+er cr 1+ cF
1
—In?(l 4+ c¢f) ———
n ( +C}") 2(1 +CF>2:|’
0'2 p=1 (1+C}7)2 77,'2
O mh= LT
v, 7 Hnr o — /(1) {6 + Lip(=c7)
1 ~_1n(1+c~7) ln2(1+cf)} (10
L+cr  14cF )

In Fig. 2 we show how these different velocity dispersion
profiles affect the angular dependence of the normalized
J factor (labeled as J) for a halo of mass M = 1.2 x 101°M,
(one of the most massive halos in CSiBORG simulation
9844) at a distance of ~100 Mpc from the observer. The
quantity J we calculate as

A ()

J (6)_fdQJf(9)’ (11)
where @ is the angular distance from the halo center, as seen
on the sky. We perform this calculation from close to the halo
center, @ ~ 0.01°, all the way up to two times the virial radius
of the halo. Similar results for the case of the Milky Way halo
(modeled as a NFW profile) were obtained through the
Eddington inversion method in [65]. We show the results for
p-wave with different values of the anisotropy parameter f
[Egs. (9) and (10)] and d-wave calculations. The g = 0.5
(dashed) and p = 1.0 (dotted-dashed) cases are more
strongly peaked at the center than the corresponding
/= 0 case, reflecting the behavior of the velocity dispersion
profiles (see also Fig. 1 in [64]). Furthermore, for f = 1.0,
J diverges at the center and hence needs to be regularized
[see Eq. (24)]. The d-wave J shows qualitatively similar

1]

FIG. 2. The angular distribution of the normalized J factor, J
[Eq. (11)], as a function of angle on the sky from the halo center,
0, for p-wave (£ = 1) and d-wave (£ = 2) annihilation channels.
The results are shown relative to the s-wave (Z = 0) result and for
different choices of anisotropy parameter, /5. For this example, we
used one of the most massive halos from the CSiBORG 9844
realization with M = 1.2 x 10" M, at a distance of 96 Mpc from
the observer.

behavior as the corresponding p-wave case (thick line). For
more details on the d-wave calculation, see Sec. IIB 2 and
Appendix.

It should be noted that, for a more realistic scenario, the
anisotropy parameter should be taken as a radially varying
function (see [66-68]). We do not consider these models
here, given that the three extreme scenarios for the anisotropy
parameter we pick should bracket reality. In our fiducial
analysis we choose f# = 0, however, and show in Sec. [V B 1
that this is a conservative choice. The corresponding J factor
calculation then simply consists of substituting Eq. (9) into
Eqg. (5), noting that in this case 6, = o,, and integrating the
final expression for all our halos. We do this numerically
using the CLUMPY package at a HEALPix resolution of
nside = 2048, which is then subsequently degraded to
the coarser resolution (nside = 256) at which we perform
the inference. This allows a more faithful calculation of the
J factor than performing the calculation at nside = 256,
since the dependence of J on p is nonlinear.

2. ] factor for d-wave annihilation

For d-wave annihilation the corresponding expression
for the J factor takes the form (see also [52])

157 = [ aadwe) (2(%)0+5(%) )
(12)

We see that the second term appearing can be computed
from a power of the velocity dispersion [as in p-wave,
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see Eq. (5)], but the first term requires the evaluation of the
fourth moment of the velocity distribution. In general, this
would require solving the Boltzmann hierarchy up to the
fourth moment. It will not be possible to do so, however,
since this system of equations is not closed for a general
self-gravitating stellar system. In order to solve the Jeans
system of differential equations, one must impose addi-
tional constraints. This can be done by requiring that the
stellar system has certain symmetries. One of the possibil-
ities is to assume an ergodic distribution function (f = 0,
see Sec. IV, Box 4.3, of [69]). This then allows to write
down the following equation, relating (v?) and (v7):

d

do
dr

(p(vi)'=" = 3p(u2) 7. (13)
r
where by v, we have denoted the projection of the velocity
to the radial direction (fixing the coordinate system to the
halo center of mass). In addition to calculating (v}), we
need to also calculate the other projected moments as well
as the cross-terms in order to obtain the total fourth moment
of the velocity, as is necessary for evaluating Eq. (12). This
is straightforward, due to the ergodicity of the distribution
function, as shown in Appendix. The final expression for

the fourth velocity moment is then given by
(v4)'=5(0f). (14)

This, and the solution for (v?) from Eq. (9), are then
enough to evaluate the total J factor for d-wave annihila-
tion. See Appendix for more details.

Our analytical expressions for the velocity moments
needed to evaluate p- and d-wave J factors have been
obtained under the assumption of ergodicity of the phase-
space distribution function but without any assumption on
its shape, e.g., the extent to which it is Maxwellian. One
could instead extract the moments from the velocity
distribution function empirically derived from simulations
(see, e.g., [70]). However, as can be seen from Fig. 2 of that
paper, this empirical velocity distribution function lies in
between the analytical models we consider here, and thus
our model should bracket reality. Similarly, Ref. [71]
demonstrates that the analytical prediction for the velocity
distribution within the scale radius of the halo matches well
the (dark matter only) numerical prediction. In particular,
Christy et al. [71] argue that the analytical prediction is
especially useful for probing the high end of the velocity
distribution, which is of particular importance for p- and
d-wave annihilation channels but severely impacted by the
finite resolution of the simulations. Our use of the Jeans
equation makes us much less sensitive to resolution effects.

C. Gamma ray data

We compare the dark matter annihilation templates to the
gamma ray observations from Fermi Large Area Telescope

between mission weeks 9 and 634. We select photons in the
upper quartile of angular resolution (PS3) and event class
SOURCEVETO in the energy range 500 MeV — 50 GeV.
The maximum zenith angle is chosen to be 90°. These are
binned spatially onto HEALPix [72,73] maps with resolution
nside = 256 and into nine logarithmically spaced energy
bins. The processing of the photon files is performed using
the Fermi Tools” and FermiPy [74]. We also use this software
to convolve our templates with the Fermi point spread
function and to obtain the exposure maps. To reduce the
impact of galactic emission and the GCE, we mask the
region with galactic latitude |4 < 30°.

Although some of the photons detected by Fermi could
have been produced by dark matter annihilation, there are
other sources which will also contribute, and thus it is
important to incorporate these in the analysis. As in our
previous work [40], we consider three contributions: point
sources (psc), an isotropic background (iso), and the
Milky Way (gal). Each contribution is modeled with a fixed
spatial template for energy bin i, {T%(7) : ¢ € {iso, gal, psc} },
where we assign a different normalization, A!, for each
energy bin and template. We jointly infer these parameters
with the amplitude of the J factor template. The point
source template is comprised of all extended and point
sources in the Large Area Telescope 12-year Source
Catalog (4FGL-DR3)* and the galactic component is
modeled using the templates described in [75]. The scalings
{A!} are defined such that they all equal unity if the Fermi
data are perfectly described by these templates, however,
jointly inferring these parameters will allow us to capture
any imperfections in the spectral modeling. We thus require
an initial guess for the isotropic component’s spectral
shape, for which we use the Fermi Isotropic Spectral
Template.4 All templates are convolved with the Fermi
point spread function using the Fermi Tools. We plot these
templates after this convolution and after accounting for the
varying exposure alongside the observed data in Fig. 3 for
energies 0.8-1.4 GeV.

D. Likelihood model

As in [40], we constrain the dark matter annihilation
cross section in two steps. First, we do not assume a
functional form for the spectrum, but infer the normaliza-
tion of each template in each energy bin for each CSiBORG
simulation separately. We then fit this inferred spectrum to
a functional form in the second step, which allows us to
constrain a,.

For pixel p and CSiBORG simulation j, the mean
number of counts in energy bin i is predicted to be

2https://fermi. gsfc.nasa.gov/ssc/data/analysis/software/.

https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermilpsc
.html.

4https://fermi. gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html.
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Astrophysical templates used to model the nondark matter contribution to the observed gamma ray flux, which is given in the

final column. These templates are for the energy range 0.8—1.4 GeV and are shown after convolution with the point spread function and
exposure maps, hence the “isotropic” contribution appears anisotropic.

Aipj = Fip x@Lm+z)mJ (15)

where the F;, is the Fermi exposure, and we have defined

T;—/T«mg (16)

where J, = 10'* GeV? cm™ sets the units. A depiction of
the J factor templates is available in Fig. 1. Next, we
assume that the photon counts are Poisson distributed, such
that the likelihood for observing n;, counts in pixel p and

energy bin i given the mean 4;,; i

/lzpj exXp ( /llpj)

L(nipldip;) = P (17)
ip*
Given this likelihood, we then apply Bayes’ identity
P(A7 {4} Dy
_ LI AL DPADPUADPG) (o
Z(Dy)

to obtain the posterior distribution for the model param-
eters, P, where Z is the evidence. For our priors, P, we
enforce the improper, uniform priors a,,A! >0, and a
uniform prior on our nondark matter templates, A’, between

0.5 and 1.5, where A!€ {A%" Al AP}, We run the No
U-Turn Sampler implemented in NUMPYRO [76,77] for
5000 steps after an initial 1000 warmup steps. We find this
typically leads to at least O(2000) effective samples in all
parameters, and Gelman-Rubin statistics consistent with
unity within 1072

We then marginalize over all other parameters and average
over the N, = 101 CS1iBORG realizations, assigning them
equal weights, to obtain the one-dimensional posterior for
the annihilation flux in a given energy bin

P(AID;) = d{AP(AL{AL} JIDy). (19)

Now, given some model f;(@) describing the predicted flux
in each energy bin, we wish to find the model parameters, 6.
Concretely, we will choose some annihilation channel and
particle mass, and wish to find the corresponding 6 = a,.
For f;(@), we use the precomputed spectra calculated by
Jeltema and Profumo [78] and provided by Fermi collabo-
ration’ which capture the energy spectra of intermediately
produced standard model particles and their final products.
As our model is deterministic,

L(A]0) = 5(AL - £,(0)). (20)
one can then obtain the likelihood of the observed gamma
ray sky as

£(D,j6) = / dALL(D,AD L(ALl6)

J
- [anPA ‘;(D)émi—fi(a)). @)

Assuming each energy bin is independent, one can then use
Bayes’ theorem to find the posterior distribution for the
model parameters to be

POID)  PO)] [L(D,10). (22)

where P (@) is the prior on the model parameters.

III. RESULTS

The first step of our analysis infers the amplitudes of the
J factor templates, A, alongside the amplitudes of the
isotropic, galactic, and point source templates. We do this
separately for each energy bin, i, and each CSiBORG
simulation. In Fig. 4 we show a corner plot from one of
these runs, for the energy range 0.8-1.4 GeV and
CS1iBORG simulation number 9844. In this figure we show
the results from both our p- and d-wave analyses, although
we note that these are run separately. There is very little

5https://fermi. gsfc.nasa.gov/ssc/data/analysis/scitools/
source_models.html.
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FIG. 4. Posterior distributions of the parameters determining the
gamma ray flux in the energy range 0.8-1.4 GeV for CS1BORG
simulation number 9844. The contours show the 1 and 2o
confidence intervals. We fit the amplitudes of the galactic diffuse
(A%al), isotropic (A5°), and point source (A5™) templates, as well as
a contribution from dark matter annihilation, A}. We show results
for both p- and d-wave annihilation in this plot, although note that
these amplitudes are normalized differently by a factor of 10°.

degeneracy between the normalization of the J factor
templates and those giving the astrophysical contributions,
and we note that the posteriors on the latter are almost
independent of the type of annihilation studied. As in
Bartlett et al. [40], we find that the astrophysical amplitudes
are less than 1 and that there is a strong degeneracy between
the galactic and isotropic normalization. We attribute the
former to the region over which the fits are performed—
the templates are calibrated over 10° < |4| < 60°, whereas
we use |4| > 30°.

Once we have run this first stage for each CS1iBORG
simulation, we combine these to marginalize over the
uncertainty in the density field reconstruction and the
small-scale unconstrained modes of the simulation. In
Fig. 5, we plot (in black) the posterior on A}, (corresponding
again to the energy range 0.8—1.4 GeV) using each of the
CSiBORG simulations. The mean of these is given in red,
which is the posterior distribution of A} once we have
marginalized over the reconstruction uncertainty.

At this stage of the inference we have 18 such posteriors:
for each energy bin we have one for p-wave and one for
d-wave annihilation. These distributions are plotted in
Fig. 6, and we see that these coefficients are consistent
with zero at 1o confidence for all energy bins for both
p- and d-wave annihilation. In the second step of the

p-wave
1

AJ /107 em 25 MeV !

d-wave
1

A} /107 em ™2 s MeV !

FIG. 5. One-dimensional posterior distributions of the coeffi-
cients describing the flux proportional to the J factor for p-wave
(upper) and d-wave (lower) annihilation in the energy range
0.8-1.4 GeV. Each black line is the distribution for a given
CS1BORG simulation, and the red line gives the mean of these,
which is the final posterior distribution used to constrain a,.

inference we fit this inferred spectrum to a dark matter
annihilation model and hence constrain a,. For reference,
in Fig. 6 we plot example spectra for annihilation via the
bb channel for m, = 100 GeV/ c? at a fiducial a,.

In Fig. 7 we convert these posteriors to 95% upper limits
on the p- and d-wave self-annihilation cross section
[ov = a,(v/c)*] as a function of dark matter particle mass,
m,,, for the production of any standard model quark, charged
lepton, or gauge boson (except photons). We do not attempt
to constrain m,, and instead find constraints on a, condi-
tioned on this variable for the range m, € [2,500] GeV/c?.
In all cases we find no evidence for p-wave or d-wave dark
matter annihilation, as all the fluxes in Fig. 6 are consis-
tent with zero. For dark matter annihilating to bb, if
m, =10 GeV/c?, we constrain a; < 2.4 x 107! cm?s™!
and a, <3.0x 107"® cm®s~! at 95% confidence. For an
annihilation which forms lighter quarks, we obtain practi-
cally identical constraints, whereas lepton production yields
constraints which are approximately an order of magnitude
less stringent. For large m,, 2 100 GeV/ 2, our upper limits
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FIG. 6. Posterior distributions of the amplitudes of the J factor templates for each energy bin, i, for p-wave (left) and d-wave (right)
annihilation. The black points are the maximum posterior points and the error bars indicate the 1o confidence intervals. For reference we
also plot the expected A! for dark matter annihilation via the bb channel for dark matter particles of mass m, =100 GeV/c?, with
a, = 1071° cm?®s7! (p-wave) and a, = 1071 cm? s™! (d-wave). All fluxes are consistent with zero, indicating no detection of dark

matter p-wave or d-wave annihilation.
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FIG.7. 95% upper limit on the dark matter p-wave (upper, Z = 1)
and d-wave (lower, £ = 2) annihilation cross section parameter, a ,
where the annihilation cross section is 6v = a,(v/c)*. The solid
lines and points are from this work. Each constraint is derived at a
fixed dark matter particle mass m,, as indicated on the x-axis. The
red dotted line is a constraint obtained from dwarf spheroidal (dSph)
satellites of the Milky Way [79,80] for the b channel. We find that
our constraints are approximately 2 orders of magnitude tighter than
those from dSphs due to the larger velocity dispersions in massive
extragalactic halos. The dSph constraint for d-wave is off the top of
the plot. The brown dashed line is the constraint for the ete™
channel, directly detecting the resulting electrons and positrons,
assuming they are produced by the galactic halo [81]. This is slightly
tighter than our e* e~ constraint.

for the production of top quarks or W or Z bosons are similar
to those for lighter quarks, but these processes cannot occur
at lower m, so we do not obtain constraints for smaller dark
matter particle masses.

Note that, in Fig. 7, the constraints weaken as m,
approaches my, if the annihilation product is AA. Near
this value, the process is strongly suppressed and hence the
constraints no longer lie within the range of the plot, so we
do not plot these points.

For comparison, for p-wave, in Fig. 7 we also plot the
constraints one obtains for the bb channel from dwarf
spheroidals. As anticipated from the much smaller velocity
dispersion in dwarf galaxies, our constraints are signifi-
cantly tighter, by approximately 2 orders of magnitude for
p-wave annihilation, and 7 orders of magnitude for d-wave.
This demonstrates the increased importance of large halo
masses for velocity-dependent annihilation, whereas for
s-wave annihilation the close proximity of these objects
more than compensates for their small masses, leading to
tighter constraints (see, e.g., Fig. 7 of [40]). We perform a
more detailed comparison to the literature in Sec. IV D.

IV. DISCUSSION
A. Understanding the results

To determine which halos are responsible for our con-
straints, we produce J factor maps for halos only within a
given mass range and run the inference using only those
halos. For computational convenience, we perform this on
one representative CSiBORG simulation only (9844). The
results of this inference are plotted in Fig. 8, where we use
moving mass bins of width Alog,,(M,/My) =1 and
consider dark matter particles of mass m, = 8 GeV/c?
annihilating via the bb or e*e™ channels. We see that our
constraints are dominated by the most massive objects in our
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FIG. 8. Constraints on p-wave (upper, £ = 1) and d-wave
(lower, £ = 2) annihilation cross section, v = a,(v/ C)Zf , from
halos in a given mass range from a single CSiBORG simulation
(9844). Each mass bin has a width Alog;, (M},/M) = 1, and we
use a sliding window. We plot the 95% upper limits on a, for
the bb and eTe~ channels, and the dashed horizontal lines are
the constraints obtained from all halos together. We see that our
constraints are driven by the most massive halos and that this is
more important for d-wave annihilation due to the stronger
dependence of the annihilation rate on the relative velocity
between dark matter particles.

simulations, i.e., halos of mass M}, ~ 10'#~1M . This is due
to both the larger densities and velocity dispersions in
massive objects, as was predicted by Baxter et al [39]
(see their Fig. 3). If we continued Fig. 8 to larger M, we
would see that the constraints would begin to weaken, due to
the lack of very massive objects in our simulation. We
observe that the constraining power as a function of mass for
p-wave annihilation plateaus at an earlier halo mass than
for d-wave annihilation due to the weaker dependence on
the relative velocity between dark matter particles, which
increases with mass. Qualitatively similar results are seen for
other channels and dark matter particle masses. Again, this is
consistent with the expectations of Baxter ez al. [39]. We find
that the total J factors we obtained, for the 128 most massive
halos of one of our CSiBORG realization (9844), agree to
within a factor of ~5 when compared to the expression in
Eq. (3.3) of [39]. This is a consequence of more detailed
modeling of the J factor in this work, for example, if Baxter
et al. [39] chose a different mass definition, given the strong
dependence of the p- and d-wave annihilation channels

on total mass of the object, this difference could be
alleviated.

To assess which energy bins drive our constraints, for
each channel and m, we calculate the log-likelihood at the
95% upper limit on a, for each energy bin and compare to
the values for a, = 0. For both p- and d-wave annihilation,
we find that the first three energy bins are the most
constraining for m, <30 GeV/ c?, whereas the fourth
energy bin becomes particularly important for higher
masses. This is the same behavior as for s-wave annihi-
lation [40], which is attributed to the lower expected photon
counts in the higher energy bins, and therefore weaker
constraining power. As one increases n1,, one expects more
photons at higher energy, and thus the relative importance
of these bins increases.

B. Systematic uncertainties

1. J factor calculation

In Eq. (19) we marginalized over uncertainties in the
large-scale density modes which are constrained from the
BORG algorithm, as well as smaller-scale unconstrained
modes which were added as white noise in the initial
conditions. In our fiducial analysis we use the full suite of
101 CSiBORG simulations, however to verify this is a
sufficiently large number, we rerun our analysis 100 times
using 50 randomly selected CS1BORG simulations (with
repeats) each time. This yields an uncertainty on the
95% upper limit of a, of no more than 5.9% and 6.5%
for p-wave and d-wave annihilation, respectively, when
considering all channels and particle masses separately.
The median change in the constraint across these runs at a
given mass and channel changes by no more than 1.2%
compared to the fiducial analysis. Thus, we conclude that
this is an appropriate number of simulations.

For our p-wave analysis, we assumed circular orbits for
dark matter particles (f = 0), leading to the radial velocity
dispersion given in Eq. (9). Similar expressions exist for
alternative values of f, thus to determine the impact of this
assumption on our constraints, we compute J factor maps
assuming f# = 0.5 or f =1 (although the latter case is
unrealistic, as this corresponds to purely radial orbits) for a
representative CSiBORG simulation (9844) and rerun our
analysis to obtain alternative constraints on a;.

For f# = 1, one finds that the J factor diverges logarith-
mically toward the center, and thus simply computing
Eq. (5) would predict an infinite annihilation flux from each
halo. In practice, if the annihilation rate becomes suffi-
ciently high, then it will disrupt the density profile of the
halo, as the dark matter particles will be depleted toward the
center, presumably forming a cored profile. Thus, Eq. (5) is
only valid up to some core radius, .. We estimate this to be
the radius at which the dynamical timescale of the halo
(1/4/Gp) equals the annihilation timescale (pov/m,).
Since we expect this to occur close to the center of the
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halo, we use the leading-order term for o2,

o7 =l -9
V2. 6(log(1+c)—2)F

vir

and assume p ~ por,/r [see Eq. (8)]. This leads to a core
radius of

2 2 2
ry o~ <” —9a Viir ,00> e (24)
6 mylog(l+c)—1 VG

We have verified that, for the core radii that this implies, the
O(s°) term is negligible compared to the leading-order term.
For simplicity, we compute Eq. (5) using r. as the lower
limit of the integral and add the contribution from the cored
region separately. Furthermore, we note that Eq. (24)
depends on a; and m,, and thus a fully consistent analysis
should recompute the J factor at each step in the MCMC and
for each channel. However, this is computationally infea-
sible. Instead, we set a; = 2.4 x 107! ecm®s™! and m,, =

100 GeV/c? in this formula—this is a characteristic weakly
interacting massive particle mass with a; at approximately
the 20th percentile for the bb channel when § = 0.5. This
typically leads to a core radius of r, ~ 0.1-1 pc. We find that
the constraints on a; for f = 1 are much tighter than this,
and thus our approximation yields a conservative constraint.

For both f = 0.5 and # = 1, we find that the anisotropic
J factors lead to tighter constraints for all masses and
channels, by up to a factor of 2.3 for f# = 0.5 and up to
2 orders of magnitude for # = 1. This simply reflects the
general behavior of the J factor for these two different
anisotropic profiles. As can be seen from Fig. 2, the f = 0.5
and f = 1.0 profiles are more strongly peaked toward the
center than the corresponding =0 case, with = 1.0
diverging more quickly toward the center and giving total
J factors between 50 and 100 times larger than the
corresponding f = 0 case. From this and Eq. (2), it is then
easy to see that the derived constraints for these respective
cases will show similar trends. Choosing f# = 0 is therefore
the most conservative of the cases considered, justifying our
use of it in our fiducial analysis.

For all halos considered in this work, we have not
attempted to add corrections to the halo density profiles due
to baryonic effects, and have instead used profiles cali-
brated against dark matter—only simulations. In the pres-
ence of baryons, adiabatic contraction during galaxy
formation [82,83] can steepen the central density profile,
or it can be made shallower due to the subsequent stellar
feedback [84,85]. The different resulting density profiles
would change our J factor calculations and hence our
constraints on a,. Indeed, cosmological zoom hydrodynam-
ical simulations have demonstrated that baryons do affect
the J factors for velocity-dependent annihilation, typically
increasing J from a factor of a few up to factors of several

hundred [86,87]. Assuming this increase in J can be applied
to our halos, then our constraints on a, are conservative,
however we leave it to future work to implement more
precise corrections for baryonic physics.

2. Constrained simulation volume

As already argued in Sec. VL.B.5 of [40], the choice of
HEALPix nside=256 for our inference pipeline allows for
circumventing the issue of the limited volume we have for
our CSiBORG simulation suite (z < 0.05). This is because
any sources beyond the CSiBORG volume would most
likely be unresolved at this resolution and hence captured
by the isotropic template.

Our discovery that the most massive halos in the local
Universe dominate the p- and d-wave constraints [running
the inference using the ~20 largest halos gives constraints
which differ by a factor of only O(1) compared to the full
result] raises the question of whether stronger constraints
could be obtained using a dedicated cluster catalog extend-
ing to higher redshift than CSiBORG. To address this we
calculate the J factor produced by the Master Catalog of
X-ray Clusters (MCXC [88]), a compilation of clusters
detected through their x-ray-emitting gas.

We find that the total J factor of the CS1BORG catalog is
larger by a factor of ~10 than that from MCXC. This is a
result of the incompleteness of the MCXC as well as the
various selection effects involved, which outweigh its
larger redshift range and are absent from CSiBORG. The
CS1iBORG suite is therefore optimal in terms of its all-sky
constraining power.

Nevertheless, since the p- and d-wave annihilation
channels are strongly dependent on relative velocity of dark
matter particles, and thus the total halo mass, it might still be
worthwhile to explore constrained simulations with larger
simulation volumes than CSiBORG to include the contri-
butions from more distant massive halos. Further con-
straining power may be extracted from the angular
dependence of the s-, p-, and d-wave annihilation signals,
which we do not fully exploit due to the relatively coarse
resolution of our all-sky maps. Useful future work would
therefore be to use higher-resolution simulations or obser-
vations of clusters to compare their predicted and observed
flux profiles in greater detail. Note that the angular resolution
of the Fermi data is approximately nside =~ 1024, so
significant improvements in resolution are possible. The
positions and masses of local dark matter clusters may be
found in the public CS1BORG halo catalogs [43].

3. Cluster masses

As demonstrated in Fig. 8 and indicated by Baxter et al.
[39], for p-wave and d-wave annihilation, the constraints
on cross section are dominated by the largest-mass objects.
It is therefore more important to correctly obtain cluster
masses than it is when considering s-wave models
(cf. Fig. 9 of [40]). In this work we have used the masses
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obtained from constrained N-body simulations, with initial
conditions inferred using the BORG algorithm. This is an
alternative to traditional estimates of cluster masses, which
typically use one of the virial theorem [89], x-ray mea-
surements [90], the Sunyaev Zel’dovich effect [91,92], or
weak lensing [93,94]. These measurements tend to lead to
significantly different measurements of masses for the same
clusters (e.g., Fig. 3 of [95]), so it is not clear whether these
traditional methods offer a more appropriate route to
obtaining J factor maps, as each method would produce
very different constraints.

It has been found that the halo mass function in
CSiBORG is higher than the average ACDM expectation
at the massive end [43]. Although cosmic variance is high
in this regime, this still represents a ~2¢ effect. To
determine the effect of this potential mass discrepancy,
we obtain a single new posterior sample of the initial
conditions with a different gravity model (using the
comoving Lagrangian acceleration method [96]), different
time-stepping in the forward model, a different method for
generating power spectra (CLASS [97] instead of Eisenstein
and Hu [98]), and a more robust likelihood [99], designed
to remove the effects of unknown systematic uncer-
tainties on scales larger than 1.4°. We then run a simulation
with these initial conditions but otherwise identical to
CS1iBORG. This reconstruction produces two- and three-
point statistics of the density field and a halo mass function
which is closer to that expected from a random ACDM
realization. However, the resimulated halo masses are
systematically smaller than those observed, and some
objects (e.g., the Perseus cluster) are less prominent than
in our fiducial reconstruction. These modifications to the
older BORG algorithm are studied in more detail in [100].

Due to the variety of changes, this simulation is useful to
test the robustness of our results to the reconstruction
analysis. We produce J factor maps for this simulation and
rerun the end-to-end inference. We find this new simulation
produces weaker constraints than our fiducial analysis, with
changes in the constraints of up to a factor of ~5 and ~12
for p- and d-wave, respectively. This is to be expected
given the systematically smaller cluster masses obtained

with the updated initial conditions and is much greater than
the variation in constraints between CS1BORG realizations,
which is typically ~40-50%. We note that this variation is
comparable to what one would obtain using measured
clustered mass because different measurements give highly
variable results [95]. It is the most significant uncertainty in
our analysis.

4. Astrophysical templates

In our fiducial analysis, we use the latest galactic diffuse
model provided by Fermi collaboration (g11 iem v07).
Although we find little degeneracy between the normalization
of the astrophysical templates and the amplitude of the J factor
maps (and hence a, constraints), we nonetheless rerun our
inference using an older template (gll iem v02) to
estimate the systematic effect of the choice of galactic
template. As in Bartlett ez al. [40], we find that the constraints
usually weaken slightly when using the older model, by up to
249 for p-wave and up to 31% for d-wave, although at low
m,, the d-wave constraints can be up to 7% tighter with the
older model. This variation is small compared to that caused
by the cluster masses.

5. Point sources

In the all-sky likelihood, point sources have a very large
weight. This is an unwanted feature since we want our
constraints to be driven by the large-scale structure rather
than point sources. To test their impact on our constraints,
we mask all point sources with an energy-dependent mask
of radius equal to the point spread function width (which
is energy dependent) and repeat our analysis. Although
we mask the point sources, we still keep a point source
template to capture any residual flux from those outside
the mask.

In Fig. 9 we plot the resulting constraints on A’ for the
p-wave and d-wave cases using our fiducial simulation
(9844). We see that there is not a significant shift in the
posteriors, indicating that our constraints are not driven
by point sources. Once we convert these posteriors into
constraints on the cross section of p-wave annihilation,

B p-wave _ d-wave

|m 1 1 |w 1 1

T, = Fiducial T, oel = Fiducial
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FIG.9. Comparison of posterior distributions on the amplitude of the J factor templates as a function of energy if one includes (red) or
masks (blue) point sources for one of the CSiBORG simulations (9844). There is little change between the posteriors, indicating that the

point source regions do not drive the constraints.
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we find that our constraints weaken, but typically by only
5-10%. The effect is slightly larger for d-wave annihila-
tion, with changes of up to 40%, however, in this case the
constraints sometimes tighten for the masked data. This
degree of change is comparable to other systematic
uncertainties, and thus we conclude that our main results
are robust to whether one masks or keeps the point sources
in the inference.

C. Thermal relics

In this work we have focused on dark matter particles of
mass 2-500 GeV/c? since, if the thermally averaged
annihilation cross section is (o), ~3 x 10726 cm?s™!
[101] and these particles are thermal relics, then the current
abundance of dark matter is reproduced. This cross section
is comparable to the electroweak coupling of the standard
model, motivating the study of these dark matter candi-
dates. In fact, the previously quoted (ov)y, is appropri-
ate for s-wave annihilation only. Hence, in this section we
extend the analysis of Steigman et al. [101] to obtain the
equivalent values for p- and d-wave annihilation, and
compare to the a, we obtain.

We assume that ov = a,v* and that dark matter
particles are nonrelativistic and follow a Boltzmann dis-
tribution. The thermally averaged cross section at temper-
ature 7 is then

(o0) = J &k &k exp (=52 4T(6 +3)ay
[ &k dPky exp (- EE2) re)

where k; and k, are the phase-space momenta and
x =m,/T. One must then solve the equation governing
the number density, n, of dark matter,

1d(log gg} ¥

d s(ov
- >{1 3d(logT) WY (26)

dx  Hx

where Y = n/s for entropy density s, g, is the number of
relativistic degrees of freedom contributing to the entropy
density, H is the Hubble parameter, and the equilibrium
value of Y is

45 (m\2g
Yeq = o (g) 232 exp (—x), (27)

where the dark matter particle has g, degrees of freedom.
Since this is a numerically stiff differential equation, we
follow Steigman et al. [101] and solve for W =logY
instead. We also take g,(7) from the calculations of Laine
and Schroder [102]. Using an implicit Runge-Kutta method
of the Radau ITA family of order 5 [103], we solve from
x =1 to x = 10, with an initial condition set using the
approximate solution [104]
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FIG. 10.  Annihilation cross section coefficient [6v = a,(v/c)’]
as a function of dark matter particle mass, m,,, required to give a
present-day dark matter abundance of Q)(h2 = 0.11 for a thermal
relic. We plot the results for s-, p-, and d-wave annihilation and
see that the required a, increases by less than an order of
magnitude for a unit change of #. The dashed horizontal lines
give the standard value of @y = 3 x 10720 cm?® s~! for s-wave, and
this value multiplied by x;/3 and x?/20 for p- and d-wave,
assuming a freeze-out value of x of x; = 20.

xf+2

Y(x)~ ETe + Yeq(x), (28)

which is valid long before freeze-out, where 1= 2.76 x
10%m, (ov), for (ov) = (ov)ox™" and where m, is in

v
GeV and (ov), is in cm® s~!. We then convert our solution
to a density parameter

&rG
Q)( = WmXSOYO, (29)
0

where Hy, s(, and Y, are the values of H, s, and Y evaluated
today. By comparing this value to Q)(h2 = 0.11 [105], for
Hy = 100 hkms~! Mpc~!, we repeat the analysis for varying
ay at fixed m,, to obtain the thermal relic cross section which
reproduces the present-day dark matter abundance.

This is plotted in Fig. 10 as a function of m, for £ = 0,
I, 2. We find that the required p-wave coefficient is
a; ~(1-3) x 1072 cm®s™!, whereas for d-wave this is
a, ~ (4-9) x 1072 cm?s™!. In both cases, this is several
orders of magnitude smaller than the constraints we find in
Fig. 7, and thus we cannot rule out dark matter being a
thermal relic with a velocity-dependent cross section using a
large-scale structure. These conclusions are consistent with
those discussed in the context of the extragalactic gamma ray
background [106,107]—a detection of a p-wave annihilation
signal would suggest a nonthermal origin of the present-day
dark matter abundance.

We note that approximate analytic solutions of Eq. (29)
exist for p- and d-wave annihilation (e.g., [37,108]). In these
cases, if freeze-out occurs when x = x; and x; is the same for
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all 7, then to obtain the p- and d-wave (ov) from the
s-wave analysis, one would multiply a4, by x;/3 ~ 6.7 and
x7 /20 = 20, respectively, where we have used x; ~ 20. These
ratios give the dashed horizontal lines in Fig. 10, when
multiplied by the fiducial value of ay = 3 x 10726 cm?®s~!.

D. Comparison to the literature

An attempt to combine the relic abundance requirements
with the GCE and lack of detection in dwarf galaxies was
proposed by Choquette et al. [109]. They suggested that a
metastable particle undergoing s-wave annihilation can
produce the thermal abundance of dark matter particles,
and these daughter particles can then undergo p-wave
annihilation in the present epoch. They find that a dark
matter particle mass m, ~ 90 GeV/ ¢? with an annihilation

cross section given by a; ~ 1072 c¢m? s~! for the b channel
can reproduce the GCE and survive all other tests. For this
mass and channel, the a; required to explain the GCE is
ruled out at over 1o confidence in our analysis, suggesting
that the large-scale structure disfavors this interpretation. In
particular, they convert constraints on a, from clusters to
constraints on a; by multiplying by multiples of the square
of the velocity dispersion, and they find the Fornax cluster to
be the most constraining object, with constraints which are
~?2 orders of magnitude weaker than those given in Fig. 7.
Since we perform a more careful analysis and obtain tight
constraints on a;, future work should be dedicated to
repeating the analyses cited by Choquette ef al. [109] but
with the correct velocity-dependent J factors.

If dark matter annihilated via the e*e~ channel, then
the resulting cosmic rays from the Milky Way could be
detectable in Voyager 1 and the AMS-02 data. Boudaud
et al. [81] considered this effect, and found constraints on
p-wave annihilation for this channel which are tighter than
our constraints, by up to approximately 1 order of magni-
tude (see Fig. 7). Their results are found to be robust to the
choice of profile used for the galactic halo, although are
only applicable to the ete™ channel.

This is supported by Johnson et al. [110], who obtain a
null detection of p-wave annihilation as the cause of the
GCE, since they do not find a spike in emission around Sgr
A*. Moreover, since s- and p-wave annihilation produce
different spatial distributions of emission [65] for the same
density profile, it is argued that, to explain the GCE, p-wave
annihilation would require a slope of the density profile of
the Milky Way much steeper than normally considered
(y ~1.5-1.7 compared to y ~1.2-1.4 for s-wave) [111],
further questioning whether velocity-dependent annihilation
is the cause of this detection.

Alongside the GCE, one of the most common targets for
indirect dark matter annihilation searches are dwarf gal-
axies in the Local Group due to their proximity and low
baryon fraction. In Fig. 7 we compare our p-wave con-
straints to those obtained by these objects [79,80,112] for

the bb channel, and find that our constraints are up to
2 orders of magnitude tighter. Similarly, we find that our
d-wave constraints are approximately 7 orders of magni-
tude tighter than those previously found from studying 25
dwarf spheroidal galaxies of the Milky Way [80], and hence
lie outside the range of Fig. 7. This is in contrast to the
results of s-wave annihilation, where dwarf galaxies give a
constraint which is an order of magnitude tighter than that
from the large-scale structure [40]. Assuming that clus-
ters and dwarf galaxies have velocity dispersions of
0(100) kms~! and O(1-10) kms~!, respectively, then
one could estimate the p- and d-wave constraints by
multiplying the s-wave ones by ¢?. Given this ratio of
velocity dispersions, one would anticipate that clusters can
produce p- and d-wave constraints which are factors of
10?73 and 107 tighter, approximately as we find. Despite
being less constraining for velocity-dependent annihilation,
if one did detect such a signal, then dwarf galaxies could
still have an important role, since each object would have
the same spectrum, but the different density and velocity
profiles would result in different spatial distributions of the
signal, which one could use to determine £ [113].

If dark matter annihilated, then the energy injected into
the intergalactic medium would modify the Universe’s
postrecombination ionization history, and hence the
observed cosmic microwave background (CMB). The large
velocity dispersion in halos means that this is a predomi-
nantly low-redshift effect and could be detectable in the
lowest multipoles of the CMB. Combining results from
Hubble Space Telescope with Baryon Acoustic Oscillation
measurements, a joint analysis of data from Planck,
WMAPY9, ACT, and SPT found no evidence of
p-wave dark matter annihilation, ruling out cross sections
corresponding to a; ~ 1071°-10712 cm?®s~! for the pro-
duction of leptons at masses m, ~1—10% GeV/c? at
95% confidence [114]. Our constraints are approximately
4 to 5 orders of magnitude more stringent than these results.
One can similarly constrain dark matter annihilation via this
process using the Lyman-a forest, but these constraints are
also ~4 orders of magnitude weaker than those found in
this work [115].

V. CONCLUSIONS

Annihilation of dark matter particles with velocity-
dependent cross sections can result in fluxes of gamma
rays which are higher from extragalactic halos than from
dwarf galaxies in the Local Group. In this work, we use the
CS1iBORG suite of constrained N-body simulations of the
nearby Universe (within 155 2~! Mpc) to forward-model
the expected emission from all halos down to M,; =
4.4 x 101" M, and therefore produce full-sky, field-level,
energy-dependent intensity predictions for p-wave and
d-wave dark matter annihilation. We combine these with
templates describing emission by baryonic processes in the
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Milky Way, an isotropic background, and point sources,
and compare to observations from the Fermi Large Area
Telescope. Marginalizing over the amplitudes of these
templates and uncertainties in the reconstructed dark matter
density field, we find no evidence for velocity-dependent
dark matter annihilation to any standard model particle.
We place upper limits on the annihilation cross section as
a function of dark matter particles mass, m,, in the range
m, = 2-500 GeV/c* and for different annihilation chan-

nels. For the bb channel, defining 6v = a,(v/c)** where
¢ =1, 2 for p- and d-wave, respectively, we constrain
a; <24x102 em’s™! and a, <3.0x1078cm’s™! at
95% confidence for m, = 10 GeV/ ¢ Our constraints
are weaker for the e'e~ channel, with a; < 1.5 X%
1072 cm?s7! and a, < 1.9 x 10717 ecm?s™! at 95% con-
fidence for this particle mass. We find that these con-
straints are dominated by the most massive halos
(My, ~10'%1M ). Our constraints are 4 to 5 orders of
magnitude more stringent than those on p-wave annihilation
from cosmic microwave background analyses, and
2 (7) orders of magnitude tighter than p-wave (d-wave)
constraints from dwarf galaxies, as one would expect from
the larger velocity dispersion in higher-mass objects. Our
bounds are, however, still several orders of magnitude above
the value required to rule out dark matter being a thermal
relic with a velocity-dependent annihilation cross section.

In this work we have demonstrated the constraining
power of the full halo field on velocity-dependent dark
matter annihilation through a full-sky field-level inference,
and obtained constraints which are several orders of
magnitude tighter than alternative probes. Future work
should be dedicated to higher-resolution inferences using
the most constraining (highest mass) objects, incorporating
other observations to constrain and marginalize over the
density and velocity profiles, as well as investigating the
case of Sommerfeld-enhanced annihilation channels, as
proposed in [62,63].

The dominant systematic uncertainty in our analysis is
the density field reconstruction (in particular its ability to
reproduce high halo masses accurately), and hence future
work should focus on understanding and improving this
modeling. Indeed there are promising developments within
the BORG framework: not only has [100] largely addressed
the cluster mass overprediction problem (see Sec. IV B 3),
but a new reconstruction Manticore has recently been
released [116] and demonstrated to be the premier local
Universe reconstruction according to a diverse range of
metrics (see also [117]). This bodes well for future, even
more precise constraints on dark matter properties from
field-level inference in the local Universe.

Some of the results in this paper have been derived using
the HEALPY and HEALPix [72,73], cLUMPY [53-55],
NUMPYRO [76,77], Numpy [118], scrpy [119], and
FermiPy [74] packages.
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DATA AVAILABILITY

This work required modifications to the CLUMPY pack-
age in order to model velocity-dependent dark matter
annihilation. These modifications will be included in a
future CLUMPY release. Other code and data—including our
J and D factor maps, which may be useful for other indirect
detection analyses of current or future data—will be made
available upon request. As Supplemental Material on arXiv
[121] we provide the Mathematica notebooks used in
deriving Eq. (A6) (see “TeX Source”).

APPENDIX: CALCULATION OF J FACTOR
FOR d-WAVE

To calculate the d-wave J factor at a given distance from
the halo center, one needs to evaluate the corresponding
fourth velocity moment at that distance, (v*). To do so, we
assume ergodicity of the halo dark matter distribution
function, which directly leads to the relation Eq. (13).
However, this equation solves for the fourth moment of the
radial velocity component, while we need the total (v*).
One can show that in the case of an ergodic distribution
function the following holds (see Problem 4.29 in [69] and
Sec. 1.3 from [122]):

(o) = (o)

From this, the following relations directly follow:

(v) = (vy) = (v}, (A2)

[SSI )

(1303) = (312) = (1203) = S (o), (A3)
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as does Eq. (14). Now, the only remaining issue is finding a
solution to Eq. (13), since the second part of Eq. (12) can be
directly obtained from Eq. (9). Note that since we are
assuming ergodicity, f = 0.

We assume NFW profiles [Eq. (8)] for our halos, which

where c is the concentration, and 7 = r/r;.. We can then
solve Eq. (13) using Eq. (9). Noting that the gravitational
potential in this notation is

,log (1 + c7)

we rewrite as q)(f) — —471'Gﬂors , (AS)
[60)
£o
ps) =————3. (A4)
cF(1 +cF)? one obtains
|
() = izﬂGngrﬁ _ 6(cF(cF(8cF +21) Jgj) — 1)log?(c7 + 1) N 6Li2(c2;’2)(100Fj— 9log(cF+ 1))
3 7 cF
6log(cF + 1
- % (e (=32 (cF + 1) + cF(3cF + 35) + 25) + 3cF(cF + 1) log(cF) +2)
P (er+1)
108 log(c7 + 1
1 288Lis(cF + 1) + Lis(c#) (—w - 120) - T2Lig(cF + 1)(3 = 4log(cF + 1))
cr
_ 52(meF 4 m)* 4 174¢F + 177 6
(cF+1)? cF(cF+1)?
6(8¢F + 9)log®(c7 + 1
4SBT HNOST L) | 5 100(7)(3 = 210g(cF + 1)) log(cF + 1) + 181og(cF)| +const,  (A6)
cr

where Li, and Li; represent the dilogarithm and trilogar-
ithm, respectively. We use the implementations provided in
the polylogarithm library [123,124] to evaluate these.
We impose lim;_ ., (p(v#))(F) = 0, which fixes the inte-
gration constant to 0. This is a consequence of the fact that
the velocity dispersion itself goes to zero far away from the
halo, for the case of ergodic phase-space distribution
function which we assumed throughout for our halos. This
in turn implies that the velocity distribution has a vanishing
second moment and hence, by definition, the fourth mo-
ment is zero too in this limit.

This analytical solution was implemented within the
CLUMPY package and tested against a numerical solution.
For all our results regarding d-wave, we always utilize
the analytical solution from Eq. (A6) and use the numerical
solution only for cross-checking the results. We demonstrate

the obtained J factor for d-wave in Fig. 2 obtained by
substituting the expression from Eq. (A6) into Eq. (12) and
normalizing by the total integrated J factor value and
dividing by the corresponding quantity for s-wave (labeled
as J?=2/J?=%). One sees that the shape of the angular
distribution of the normalized J factor is qualitatively very
similar to the f =0, p-wave case and shows the same
behavior toward the halo center and the edge of the halo.

Note that similar results have been obtained in Boddy
et al. [65], using the Eddington inversion formula. We
chose to directly integrate the Jeans equations instead,
since we were also interested in studying the anisotropic
cases for the p-wave annihilation channel, and hence
for consistency used the same approach for the d-wave
J factor calculation.
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