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The visible part of Galaxies (including ours) is strongly
believed to be embedded in a halo of invisible Dark |
Matter particles (the only alternative: modify gravity) | Dark Halo

WIMPS (Weakly Interacting Massive Particles) are the

most popular Dark Matter candidates (but many other g

possibilities...): | _ __

 few GeV < WIMP mass< few TeV

* No electric charge, no colour

 Weak-type interactions with ordinary matter keep
WIMPS in thermal equilibrium in the early Universe
and can provide the correct relic abundance through
thermal decoupling (“WIMP miracle”)

Earth (not in scale!)

The most direct way to detect WIMPs: direct detection of its interaction with ordinary matter (it’s all in the name!)

‘ Measure nuclear recoil (~ keV range) from WIMP-nucleus elastic
o scattering in ionizator, scintillator, bolometer, bubble chamber, etc.

Underground
lab



WIMP searches:
* Direct detection
* Indirect detection

* accelerators
accelerators
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Indirect detection:

*  WIMP annihilation to photons/neutrinos/antiprotons/positrons in tha halo of our Galaxy

* Enhanced wherever the DM density is large (e.g. Galactic Center)

* Celestial bodies can accumulate WiMPs in their interior through their gravitational potential



WIMP searches:
* Direct detection
* Indirect detection
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<Oinn V= ~ 3x10% cms st - “standard thermal value”

Indirect detection:

* WIMP annihilation to photons/neutrinos/antiprotons/positrons in tha halo of our Galaxy
 Enhanced wherever the DM density is large (e.g. Galactic Center)

* Celestial bodies can accumulate WiMPs in their interior through their gravitational potential



WIMP direct detection

40 Dark Matter
(mass ~ GeV - TeV)

Germanium

h
oiI energy
ol (

Stdss Seq
7.3 ‘r\\-: tens of keV)

Incoming WIMP non-relativistic (v ~ 13 ¢) = nuclear recoil energy in the keV range



Indirect detection: enhanced wherever the density is high
EXAMPLE: WIMP capture in the Sun

V-Oscillations

interaction

Only neutrinos can escape -> up-going muons detected on Earth by Cherenkov detectors (Super-K, IceCube)

NB: same WIMP-nucleus scattering process entering direct detection



Capture mechanism:

WIMP scatters off nucleus at distance r inside celestial body (same interaction probed by Direct Detection)
* |If its outgoing speed v, is below the escape velocity v, (r) gets locked into gravitationally bound orbit

* Keeps scattering again and again until it settles down in the stellar core

V>o utVesc(r)



Thermalization of Dark Matter within the Sun: confirmed by numerical simulations
WIMP distribution at
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very high density of WIMPs localized at the center of the Sun - enhanced annihilation signal



Halo-independent bounds

The WIMP direct detection signal can be written in the form:

Rpp = /0 o du f(u) Hpp(u)

velocity distribution response function

HDD(’LL) o C2ﬁDD(u)

is it possible to get a bound on the coupling for any velocity distribution f(u) with the only condition:

T fwdu=1 » | NO

u=0

Due to the energy threshold WIMP direct detection alone does not probe the full velocity range of the velocity
distribution - combine with capture in the Sun (F. Ferrer, A. Ibarra, S. Wild, JCAP 09 (2015), 052, [1506.03386])

Also in this case:
Co= | dute(w He(u) = ¢®He (u)

The velocity range probed by capture is complementary to direct detection




writing:

2 2 __
H(ci,u) = c;H(c; = 1,u)
an experimental upper bond implies:

2 :

R = [ duf()

C; max (W)

(. (u),u) = [O A f (1)~ — Runae < Rona

C'i max (’U.) -

with:

H(cgmax(u)i ’LL) — zmax(u)H(C® T 1 U) _ max

one gets the upper bound on ¢

Umax —1
22 < du 2f (u)

0 C; max(u)

F. Ferrer, A. Ibarra, S. Wild, JCAP09(2015)052



Ci max(U) is @ function of u that can be bounded combining DD and Capture in the sun:

now c” can be pulled out from the rate formula:
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Sensitivity of WIMP bounds on the
velocity distribution in the limit of a

massless mediator
(K. Choi, I. Jeong, S.Kang, A. Kar and S.S., JCAP 01
(2025) 007, 2408.09658)



Assume effective Hamiltonian for Spin Independent and Spin Dependent interactions + a massless mediator
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WIMP-nucleus cross section in the limit M;—>0:
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Problem: scattering amplitude diverges for q—>0 (effective model requires ultraviolet completion to restore Unitarity!)



For Direct Detection signals the infrared divergence is not a problem, thanks to the energy threshold

ER™ do
Rpp = MeXpTexp (:;—G;) ZNT/d’U,f(’U;)’U»/(; dERCT(ERaEi?Eé) ﬁ
T

Window function specifying the energy bin and including convolution with experimental efficiency/acceptance:

£
Cr = / AE'Gr [E', Q(ER)ER)] e(F') — ¢(Er)O(Ers — ER)O(Eg — Br1) | |

!/ P ——
El

lower cut-off in momentum integration due to the energy threshold E,*" for nuclear target T:

K. Choi, I. Jeong, S.Kang, A. Karand S.S., JCAP 01 (2025) 007, 2408.09658



Instead, for Capture in the Sun the momentum integration extends to g—>0
At face value the capture rate diverges

Co = (ﬂ@ ) /duf(u) L /RQ dr 47 w? Z’UT(T‘) O(ES,, — ES.) ngax dEdU_T
mX U 0 7 dE
C 9 2 9
Emax — 2ﬂxTw /mT — QMXT(U’ =+ Uesc(/r))/mT
1
C 2
Erin = 5Tl

For u=>0 the capture rate diverges
Actually, the capture rate is totally dominated by the low-speed tail of the velocity distribution!

* in the Sun reference frame, they are WIMPs corotating with the Sun
» dark streams or a dark disk may be suggested by recent data from Gaia

v

» for a massless mediator the WIMP Capture rate in the Sun is extremely sensitive to a poorly known
component of the dark halo

K. Choi, I. Jeong, S.Kang, A. Kar and S.S., JCAP 01 (2025) 007, 2408.09658



A closer look to the Capture rate divergence

WIMP Capt h
apture phase space @ free WIMP before scattering (E>0)
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angular momentum of WIMP

WIMPs with very small positive energy (u=>0) can be captured (driven to negative energies) by arbitrarily small
momentum transfer (g—>0). Not a problem for a contact interaction, but for a massless mediator the cross section for
these events dominates the total capture rate

However, on the boundary (| E| = 0 with E<0) the aphelion of the captured WIMP orbit diverges (the WIMP is barely captured)



e asq —~>0the WIMP
trajectory eventually
reaches other planets, and
eventually the boundary of
the Solar System!

decreasingg ¢ after being locked into a
bound orbit by a first
scattering event, the WIMP
is assumed to scatter again
many times during the age
of the Solar System and to
eventually thermalize at the
center of the Sun

e this picture assumes that
the WIMP-Sun system is
isolated, and breaks down in
presence of external
disturbances that can drive
the WIMP away from the
Sun

cut-off on maximal size of the orbit



The Jupiter cut

in the Literature a cut is assumed on the maximal distance r, of the WIMP bound
trajectory in order to assume that it is captured

e usual assumption: a WIMP is captured if the outgoing speed after scattering is below the
escape velocity:

Vo ut<Vesc(r) (r=position of nucleus inside the Sun)

e Jupiter cut: a WIMP needs a minimal speed:

2

Ue(r)z — Uesc(r) — Uesc(TO)2

in order to reach the maximal distance r,

since V4(r) <v.(r) this is a stronger condition for Capture - corresponds to assuming that all WIMPs with bound
trajectories reaching Jupiter are lost. For the Sun-Jupiter distance:

vesc(rO) = VUcut = 185 km/S

In this way the capture rate no longer diverges, but the procedure appears arbitrary and does not really remove the
sensitivity of the rate on the low-speed tail of the velocity distribution - halo-independent approach!



Long-range interaction: Maxwellian bounds
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In all cases the bounds are driven by direct detection

K. Choi, I. Jeong, S.Kang, A. Kar and S.S., JCAP 01 (2025) 007, 2408.09658



Long-range interaction: Halo-independent bounds
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Long-range interaction: Halo-independent bounds
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Long-range interaction: relaxing factor

contact interaction long-range interaction
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of the same order of contact interaction, with the exception of ayP that is
extremely sensitive to Hydrogen in the Sun. At large WIMP masses capture
on Hydrogen is kinematically not accessible and the signal drops by orders
of magnitude.

K. Choi, I. Jeong, S.Kang, A. Karand S.S., JCAP 01 (2025) 007, 2408.09658



Searching for WIMPs with solar-mass
black holes in low--mass X-ray
binaries (LMXB)

(A. Kar, H. Kim, S. P. Kim, S.S., JCAP 03 (2024) 030, 2311.16539)



Dark Matter density profile at the Center of Galaxies

In cosmological simulations of cold and collisionless dark matter, a dark matter halo has a density profile that rises toward
the center with a power index of =1 to —1.5 — cusp
This is not observed (cusp-core problem) but simulations do not include the effect of baryons.

Supermassive black hole (SMBH) with mass Mg~ 3x10° Mg located very close to the

dynamical center of the Galaxy, and most likely associated to the compact radio source
labeled Sgr A

«annihilation plateau

The dark matter at the galactic center can be redistributed
by the black hole into a cusp with density profile r*»» and
1.55 y, < 2.5 (adiabatic compression, Gondolo, Silk,
PRLS83(1999)1719)

-> stong enhancement of the WIMP annihilation signal
very sensitive on the cups index y;,




Dark Matter Spike density profile horizon radius:

(

0 for r <2R;,

pSp(T) Psat
/OSP(T) + Psat
00 for r > rgp,

spike radius:

ppM(T) = < for 2Rs <1 < 71y

with:

RS = QGMBH/62

radius of influence r,, defined by the relation:
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<= constant value of the annihilation plateau

Psat =
(

WIMP annihilation signals are extremely sensitive to the spike index y,.

What is the value of the spike index y,?



Adiabatic contraction of the spike (Gondolo, Silk, PRLL83(1999)1719)

Beyond the influx of the Black Hole the DM density profile is predicted by models of Galaxy formation (NFW, Moore,
Einasto, etc). Suppose that:

p(r) = po (L) h O<y<2

corresponding to the phase distribution f(E,L) (E=energy, L=angular momentum)

Locally, the presence of the BH redistributes the DM density as:

p'(r) = [ dE’ f dL’47TL, fI(E'", L with “f%%”*%‘%ﬂm’
E! L

E = _G_M<1 = 4&)
m r r
L. = 2¢cRs, (all particles with
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/I _ 2( ! il
b = [2” (E R ﬂ the BH)

Adiabatic assumption: f'=f, U'=L, E=F’

9 — 2v
) Vsp —

4—7

‘ 2.25<y,<2.5



Very uncertain.

1. Nocusp —> no spike

2. Evenif the cusp is there, the spike could not have been formed (BH or hosting galaxy
experienced a non-adiabatic merger, or BH not exactly at the center)

3. Even if the spike is initially formed, it can be smoothed out by DM scattering off stars

In the literature, very strong bounds on <ov> have been published from the Super Massive Black Holes at
the center of our Galaxy, or of the Large Magellanic Cloud, when the existence of the cusp is assumed, but
they don’t even reach the thermal value <ov>y o ma™ 2.2 X 10%° cm3st when the the uncertainty on &, is
taken into account
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XTE J1118+480: a low-mass X-ray binary in the constellation Ursa Major. Made of a Black
Hole and a rotating star.

The study of the motion of the visible star allows an accurate measurement of the
parameters of the system

Mg 7.467038 M (Gonzalez Hernandez et al. 2014)
g =m.. /Mg, 0.024 + 0.009 (Khargharia et al. 2013)

K (km s_l) 708.8 4+ 1.4 (Khargharia et al. 2013)

i 7375 4 575 (Khargharia et al. 2013)

Gonzalez Hernandez et al. 2014)

Gonzalez Hernandez et al. 2014)
d (kpc) 1.70 + 0.10 (Gonzalez Hernandez et al. 2011)

low-mass black hole (few solar masses) + visible star ~¥2% of that

Change of rotational period abnormally high: -1.9 ms/year



https://en.wikipedia.org/wiki/Low-mass_X-ray_binaries
https://en.wikipedia.org/wiki/Ursa_Major

« Difficult to explain P =-1.9 ms/year in XTE J1118+480, 2 orders of magnitude larger
than the one expected with gravitational-wave radiation
* Two possible explanations:

O orbital period reduced by coupling between the magnetic field and the winds
from the companion star through tidal torques. However, there should be a
significant mass loss from the binary system, which has not been observed

O the tidal torque between the circumbinary disk and the binary can efficiently
extract the orbital angular momentum from the binary to cause the orbital
decay. However, simulations show that the predicted mass transfer rate and the
circumbinary disk mass should be much greater than the inferred values from
observations

Alternative explanation: the star is slowed down by the dynamical friction
with a steep dark matter density spike close to the Black Hole

) . Dynamical friction: if the star is crossing a very dense
L e T . - . spike of DM particles, a concentration of DM particles
e ) develops behind the rotating star, slowing it down



Orbital decay due to dynamical friction between DM and the star

1277gGP InA

GMgu(1 + ¢) P

1/3
PpM

P =

(1 + @)X(K/sini)

4772

depends on the observed parameters of the BH—LMXB and the spike density. The only free parameter is the

spike index ys, — can determine y, from observation

M.H.Chan and C.M.Lee, Astrophys. J. Lett. 943, no.2, L11 (2023)
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using observed value of P :

Ysp= 1.85+ 0.04 for xte s1118+480

at variance with SMBH in the Galactic Center, orin LMC
very small uncertainty - much smaller uncertainty in the

calculation of DM signals



DM signal from XTE J1118+480

Main source of signal: syncrotron radiation from e* produced from DM annihilation in BH magnetic field

] + A
X b et € i et _e+ e+ radio waves ."5 ‘::il I:I
e . et € € e 50«
>‘\ » Pythia » - et € et e e-e’ » —« ;" o P?. —p magnetic field
X b “e et et ¢ ﬂ*; P('% L |
et et - E:‘:- [Z:“ radio waves
e - ;3' ¥

Subdominant signal: Inverse Compton scattering of e* off CMB photons

Solve diffusion equation (f=density of e* assumed in equilibrium) :

L [50f], 10 -
— 3 TD@’I“ pa(ppf) q(r,p)

. \

diffusion coefficient source from DM annihilation

D(r,p)=(1/3) ryv. with r,=E/(eB) (the e* gyroradius and v, ~c the electron velocity (assuming Bohm diffusion, i.e. that the
coherence length of the magnetic field is comparable or greater that r,)



DM signal from XTE J1118+480
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= Synchrotron
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strong constraint! A. Kar, H. Kim, Sang Pyo Kim, S.S, JCAP 03 (2024) 030



DM signal from XTE J1118+480

Xxx-bb, Bi¥=(Bi%),
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strong constraint, small uncertainty!
A. Kar, H. Kim, Sang Pyo Kim, S.S, JCAP 03 (2024) 030



LDM / Lobs

uncertainty in the DM signal calculation from the magnetic field

10°
102
10?
10°

10-8

m, =100 GeV, XX"bB. (ov) = (0V)thermal
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diffusion Al " |
e
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equipartition

B®4(r) for g <7< 7Tic

—2
B®(r,ec) ( r:cc)

.\ —5/4
Beq(r) = BIEEIq (_) 3

TH
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for

T 2 Tacc

No direct access to B®9, parameter. Assuming
equipartition of energy:

—1/2
B ~ 4 x 1014 n1/2 (1]\0/‘[]\3/;1) (LG .
©

with m ~ 104

On general grounds B~101° uG for supermassive black
hole (Mgy = 10°My) and B~10'# uG for a stellar mass
one (as in XTE J1118+480)

predictions are sensitive to the intensity of the magnetic field when the effect of diffusion is included

A. Kar, H. Kim, Sang Pyo Kim, S.S, JCAP 03 (2024) 030



10—11

the bottom line: we have traded the
uncertainty on the spike profile index for
another one: the intensity of the magnetic
field....

can we better estimate the magnetic field from the data? work in progress...
(spoiler: need a comprehensive fit where the DM spike is added to the other components, i.e.
including emissions from accretion disk + companion star emission + DM spike

A0620-00 XTE J1118+480
o == Synchrotron == Synchrotron
=== Thin Disk === Thin Disk
oP = Synchrotron + Thin Disk === Synchrotron + Thin Disk
== |Jpscattered Synchrotron e === Upscattered Synchrotron
+ Observational Data
bladk-body
emission —_
n 107t
~
o~
Hdisk £
O
o
\
. o
- \ IC )
DM? \ >
H : P A0 wo_

: \ > = 107t .
syncrotron i pa \-.\ - x. -
emission frgm ! \ /7N

- . /N

ADAF ! K . .

: \ \ / \
: \ . \ / \
T T l' ./ T 10°% T ". I T T \
1010 1012 10]4 1016 1018 101ﬂ 1012 1014 1016 1018

nTH=71 nIH=71
IR visible X-ray

P. Gondolo, A. Kan, S. Kang, H. Kim, SS, work in progress



comment: looking directly for a signal in the gamma spectrum (~ tens of GeV) would be the simplest way to look for DM
* no dependence on the accretion disk details

* including no dependence on the magnetic field

* present bounds very weak (astronomers do not allocate telescope time to this part of the spectrum!)

n0<y
Y Y
X / b 1'[0\

: )14

< > Pythia mp 7 VY n0<

X b \)/ %
14
no/y no<
" Y

continuum spectrum, up to E=my),



Conclusions

* Combining WIMP direct detection and capture in the Sun it is possible to obtain bounds that do not depend
on the WIMP velocity distribution (different cases: elastic, inelastic, long-range)

* The Dark Matter cusp in Low-Mass X-ray binaries can potentially put constraints on the WIMP annihilation
cross section times velocity <ov> that exceed existing ones by several orders of magnitude (but we need to
better understand the intensity and coherence of the magnetic field)
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