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Growing interest
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N.Bell M.Virgato _ e,

. Neutron Stars: |
- JCAP 09 (2018) 018 (1807.02840)

« JCAP 06 (2019) 054 (1904.09803)

« JCAP 09 (2020) 028 (2004.14888)

- JCAPO03 (2021) 086 (2010.13257)

. Phys.Rev.Lett. 127 (2021) 11, 111803 (2012.08918) Additional credits: T. Motti\A.Thomas, M.

\

. JCAP 11 (2021) 056 (2108.02525) Ramirez-Quezada, F Anzuini, A. Ghosh
« JCAP 04 (2024) 006 (2312.11892)
- 2505.06506

S. Robles

. White Dwarfs:
. JCAP 10 (2021) 083 (2104.14367)
. JCAP 07 (2024) 051 (2404.16272)
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Why (stars)?

* Direct Detection sensitivities closing up on the
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Why (compact stars)?

Neutron Stars
* Very large density
* Competing sensitivities with DD
* Relativistic kinematics

* Wash away non-relativistic suppressions of some DD
operators

* Larger reach for inelastic DM
* DM interactions with different kind of matter
* No SD/SI suppression

e |nteractions with muons

14/07/2025 Dark Matter and Stars - Kingston

White Dwarfs
Large density
Degenerate, relativistic electrons

Much more common than NS!



Why (compact stars)?

Neutron Stars

* Relativistic kinematics

* Woash away non-relativistic suppressions of some DD e Maximal Capture achieved for

operators

o~—~10"*cm?
nRk

* Larger reach for inelastic DM
* DM interactions with different kind of matter
* No SD/SI suppression

e |nteractions with muons
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— XenonlT (5I)

I 807.02840 -—-- Darwin (51)

Why (compact stars)?

— LUX (5D} : — LUX (5D)
-—- Darwin (5D) -—-- Darwin (SD)

 Similar sensitivities for all operators for NS
* Order of magnitude differences for DD

— XenonlT (51)
-—- Darwin (5l)

* Larger reach for inelastic DM

* DM interactions with different kind of matter
— LUX (SD)
-—- Darwin (SD)

e |nteractions with muons

— LUX (SD)
-—- Darwin (SD)
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Why (compact stars)?

Neutron Stars
* Very large density

* Competing sensitivities with DD

* Wash away non-relativistic suppressions of some DD

operators Sun (H)
10° Sun (Fe)
10° F — Earth (Na)
10" - - Earth (Xe)
* DM interactions with different kind of matter 10 £ — Neutron Star
* No SD/SI suppression 10 liu-l 10° 10! 102 10° 10* 10° 10°

m, (GeV)

* |nteractions with muons
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Why (compact stars)?

Neutron Stars
* Very large density
* Competing sensitivities with DD
* Relativistic kinematics

* Wash away non-relativistic suppressions of some DD
operators

* Larger reach for inelastic DM
* DM interactions with different kind of matter

* No SD/SI suppression
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‘What

(could we observe/constrain)?

Dark Matter and Stars - Kingston




What?

Neutron Stars
Collapse to BH/instability
Altering the internal structure/EOS

Heating

14/07/2025 Dark Matter and Stars - Kingston

White Dwarf
Core collapse/instability
Altering the internal structure

Increased luminosity



What?

Neutron Stars  Star captures

DM particles
* Triggered by large DM over-density in the center

* Particles thermalise and get confined in region of
* Heavy DM at low temperature

’ 3T
DM forms BEC Ten™~
4tGpm

* Altering the internal structure/EOS

* DM density
* Heating Wi
Px~ 3

14/07/2025 Dark Matter and Stars - Kingston



What?

Neutron Stars

* Collapse to BH/instability

* Heating

14/07/2025

Dark Matter and Stars - Kingston

Usually requires a considerable fraction of the star
mass to be DM

* Requires a mechanism different from capture




What?

Neutron Stars M = 1.4M,, neutron: b, proton: CCDK

* Collapse to BH/instability

* Altering the internal structure/EOS

* Energy from gravitational infall ~m,, (kinetic heating)

* Energy from annihilation ~m, (annihilation heating) —— Standard
- == With DM

10° 10 10° 10°
Time [year] Plot by N. Nagata
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Kinetic and annihilation heating

Maximum Capture rate:

mR?*(1 — B(R)) Px

Copg = ————— 27
geom vsB(R) My

Average energy transfer

(6K)~m,

Energy balance

nR*(1 = B(R)) py

vsB(R) m, Tx

Cgeom<5K> —

T - MAX
Kinetic heating: (6K)~m,, T,;¢"* ~1800K

Annihilation heating: an additional (5K)~mx, TeAZIIAX~2300K
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Dark Matter path in a Neutron Star
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Dark Matter path in a Neutron Star

evaporate

Capture

thermalise

C/A
equilibrium

A
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Capture in the Sun

Geometric limit

o) |
R
Multiscatter, light Multiscatter, heavy
Oty A/
Single scatter, light Single scatter, heavy
_—
Meyap
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Capture in the Sun

Geometric limit

o)
Multiscatter, light Multiscatter, heavy
Simulation Simulation
Oty \
Single scatter, light Single scatter, heavy
Press & Spergel (1985) Press & Spergel ('985)
Gould (1987) Gould (1987) -~
_—
Mepap %
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Capture in NS
Geometric limit

o) _
\ Multiscatter, heavy
0]} r N

Single scatter, light Single scatter, intermediate Single scatter; heavy

Meyap Max[ps, mr] i Max[ps, mr]

14/07/2025 Dark Matter and Stars - Kingston 2 py)



Capture probability

* Capture probability (Sun)

2
v
P<——
u? + v

* InNSv2 >» u?
P~1

Even if not kinematically matched
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DM kinetic energy in halo
1
Khalo — _mu2~10—6m
2

DM kinetic energy after infall

. 1
Kmfall = m (_ _ 1) ~m
VB

DM energy lost in first scattering (hadron targets)

1GeV, m, < 10GeV

qo“'(’(“)“’{ov(mx), m, S 1GeV

Capture with single scatter for K"%° < g,

m s 10°GeV
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Capture in NS ~2015

Geometric limit

1 [

Single scatter, light Single scatter, intermediate Single scatter, heavy

m

Mevap Max [pf; mT] m*~ Max[prmT]
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Capture in NS
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Non-comprehensive list
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Capture in NS ~2025

Geometric limit

0}

Multiscatter, heavy

Single scatter, light Single scatter, intermediate Single scatter; heavy

mevap Max[pf,mT] m* Max[pfimT]
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Interaction rates in degenerate matter

* Derived in full generality in the relativistic regime

A3k 1 o e
' = / : e O(E, —my)O(q0)S(qo, q),

(2m)% (2Ey)(2E, ) (2myg)(2my)

S(qo,q) = 2 P / —— M| (27)0" |k, +p,— Kk, —Pp
40+ 4, ‘ / fET } 3 lI_ETl'_J"’ E+ E} | | . ) ( I Pu [T ! [T )

x fep(Ee)(1 — frn(Ey))O(Er — me)O(E, — my),

C o thdty | Bt
qo d qo / E;— 1 - qo
J V4 t1iE |
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Interaction rates in degenerate matter F

* Derived in full generality in the relativistic regime
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Capture in NS ~2025

Geometric limit

o)
Multiscatter, heavy
The boring bit
Oty N
Single scatter, light @ter mtermeD Single scatter, heavy
———
Meypap Max[ps, mr] . Max[ps, mr]
14/07/2025 Dark Matter and Stars - Kingston m 2 29



Capture in NS ~2025

Geometric limit

0}

Otr
p scatte@ Single scatter, intermediate
.95 |

mevap MClX[pf, mT] m*~ Max[pfimT]

Multiscatter, heavy

Single scatter, heavy

IE——

ny
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Single Scatter, light: Pauli Blocking

* DM needs to transfer enough
energy/momentum to scatter
degenerate fermions above the
Fermi surface

* In capture, suppresses the rate by
approximate scaling

My

Max[ps, mr]

14/07/2025 Dark Matter and Stars - Kingston
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Capture in NS ~2025

Geometric limit

o)
Multiscatter, heavy
Oty A/
Single scatter, light Single scatter, intermediate
m M M My
evap ax [pf, mT] . ax [pf, mT]
14/07/2025 Dark Matter and Stars - Kingston m 2 32



Single Scatter, heavy: energy loss

* Interaction rates gives average energy loss

* Energy loss function can be used to compute capture
probability Py

15
a0(GeV)

With
m*~o(10°~%GeV)(hadrons) : m.

« 10" GeV

m*~o(10*>GeV)(leptons) 0 | o o

10° GeV

107 GeV
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Capture in NS

* Intermediate mass region

1
COCTLXOCm—
X

* Low mass region, additional m,, factor:

C « const

: i 1
* Large mass region, additional — factor:
X

1

COC—Z
my

* Momentum dependent cross sections have additional
m,, factors at low mass from kinematics

14/07/2025 Dark Matter and Stars - Kingston

Optically thin _
— Multiscatt. + NS opacity
Multiscatt. opt. thin ’
1001031074101 10° 10* 104 10% 10* 10° 105 107 108
m, (GeV)

st

— Multiscatt. + NS opacity
Multiscatt. opt. thin

10°10410°10410' 10” 10* 104 10? 10* 10° 10° 10”7 10°

m, (GeV)
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Capture in NS

Threshold cross section defined as

i i ag
Al Al
( - ( geom

Oth

For Dark Kinetic Heating, Equilibrium
Temperature scales as

Detect NS with T < Te"glAX

4
T
Exclude 0 > oy, > (W) O¢r
eq

14/07/2025 Dark Matter and Stars - Kingston

102'3
10%/

100

m, =1 TeV

10

o(cm”)

- i_f"'

— et
i
C (Lo

f-_'

- H' LT
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Capture in NS: leptons

Few | Fpar=1)
SEMNSEI
DAMIC

— XENCON1D
— XENON1T
- - DAMIC-M lkg-year 2
Si v floor 1000kg-year
NS D1 o
— B5k24-2

EoS BSk24

NS D1 o'
— B5k24-2
EoS BSk24

1U-dﬁ 1 3 v ¥ 3 £ T ] o 0 10
10 10% 10" 10° 10' 10° 10° 10* 10° 10° 107 10% 10° 10%°

m, (MeV)

14/07/2025 Dark Matter and Stars - Kingston

36



Capture in NS: hadrons

* Inclusion of 2 important effects
* Form Factors for Hadrons

* Hadrons self interactions QMC-4 (1.9M )

, strong interactions

* Target mass (and m*) become position-dependent, as
they depend on the target density

14/07/2025 Dark Matter and Stars - Kingston



Capture in NS: hadrons

QM
oMC-2
QMC-4
NS o!h

— OMC-2
oMC-4

45
10%10410910410110° 10 102 10% 10* 10° 10% 107 10° 109

Xe v floor

e, (GeV)

NS D8 o
QMC-1
QMC-2
QMC-4

Xe v floor

10°°10*10310%10110%10 102 107 10 10° 10% 107 108 107
m, (GeV)
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Capture in NS: muons/light mediator
U(1),-r model

White-dwarf
. —— CCFR
1074, myp = 5GeV, gy =10

——— BaBar

— 0k =012
—— MB
f| == CRESST-I

10"

m,[GeV]

7= 5GeV, SR = (0

2505.06506
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Evaporation mass 18 NS

* Evaporation mass ~ scale at which

temperature effects and

upscattering become relevant

e Estimate:
T

10°K

Mepap~300eV

* Previous estimates (nhon-
relativistic)

Mepap~20eV 105K

14/07/2025 Dark Matter and Stars - Kingston

oy
=
U
=
—
*
B~
=
\_;l

Capture — Evap. !
., 2ap-

Electrons
D1
D2-D3

— D4
D5-D10

-7 :rrll'f |"|'|'.|'_I

\ Equilibrium

10® 10° 10% 107

m., (GeV)
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Thermalisation and C/A equilibrium  gersasse:

DM energy distribution time evolution:

10% g
103
102
10
100
101

- ]_'D'z

= 1073

* Annihilation heating always happens E 10°

(tca K tstar) 19

108

. . 10

* Thermalisation depends on the cross 10720 E ol sl ol sl ol
10° 10* 107 10 10 10° 10' 10% 10° 10°

section scaling with g, m, (GeV)
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Thermalisation and C/A equilibrium

DM energy distribution evolution:

* Kinetic heating always happens
(tkin < tstar)

* Thermalisation depends on the cross
section scaling with g2

14/07/2025 Dark Matter and Stars - Kingston

10
10°
10°

D1

— 101
= 10

10
1077

|
1011 Ll , woud s Lol sonl 3o
10°10410310410110°10 104107104 10° 10107 108 10
m, (GeV)

Age of the Universe

10°10410310210110°10! 104 10° 104 10° 10% 107 10° 10°
m., (GeV) 2



Thermalisation and C/A equilibrium

DM energy distribution evolution: .:

* Kinetic heating always happens v
(tkin < tstar) % - .

T = 10'K
lig = 107K

107 Bl gl il sy v 10 sl sl ol vl e
10°10%10%10210110° 10 102103 10°10%10°10°107 10810

eV )

* Annihilation heating always happens
(tCA < tstar)
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Thermalisation

Pauli-blocked

Neutrons, o= const

* Pauli blocking activates in the late
stages of the thermalization process

EoS QMC

T = 10°K
. = 10'K 3 T = 10'K
K ——Tr 2 I = 1P K
¢ Onl)’ MasSes abOVG 10-{0'510"410'310'310'110"5‘1011021[_’3104 Qe ¥ 10° 10° 10?0-510-“10-310-210-1;oﬂ QL oalaesFr 105 10° 107 10° 10°

Lkl my (GeV)

= 1ang LO°K
m, < 10 ST GeV

Not affected by PB

-4

10 .
1010410102101 1091

Age of the Universe
EoS QMC
Toq = 10°K
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Conclusions

* NS interesting astrophysical laboratory to probe and
constraint DM physics

* Wash away non-relativistic suppressions in DD
* No SD suppression

* Sensitivities below neutrino floor for SD

* Large interest in the field and huge theoretical progress
in the last decade

* Rates for most common scenarios now available

14/07/2025 Dark Matter and Stars - Kingston
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Thanks

Giorgio Busoni

Adelaide University
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O O I MOTWATIONS (NS) Z—IZ = C — (EN) — AN?

48

Threshold Cross

Thermalisation/

Energy Distribution

Capture ,
section
v /
> Kinetic Heating
l v \

Annihilation Rate =

Dark Matter and Stars - Kingston

C/A Equilibrium

: === Annihilation Heating
timescale

1

t = —
Cc/A /—CA C / .
N = |—Tan _>
A \ C/A

14/07/2025

E=CxK¢
Toq**~1700K

E = AN? x K4
h @
=Cm.,Tanh: —
X \tc/a
Toq*~2300K
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o() | MOTIVATIONS (NS)

o . . . 1 2 _6
DM in halo, kinetic energy K~meu ~107"m,,
« DM after gravitational infall, K¢ ~ m, (% — 1) ~o(my)

1GeV, m, < 10GeV

e DM energy loss in recoil q0~(f(/«l)~ {a(m ) m. < 1GeV
XD X

* If K < qq a single scattering is enough to capture

* Requires m, < 10°GeV

 Energy transferred to the star by Capture K ~ m, (\/% — 1) TeIZAX’VlSOOK (Kinetic Heating)
*  Energy transferred to the star by subsequent annihilation K4 ~ m,, Toq*~2300K

(Kinetic + Annihilation Heating)

Dark Matter and Stars - Kingston 14/07/2025 49



CAPTURE (NS

1911.13293

Need to use/include: 2
. . <. . — (X" '(E"us neutrons
e Schwarzschild metric : e ”

EM, =15M; R, =126km Rt

electrons

* Pauli blocking

* Capture probability/average energy transfer (for multiple sca
* Hadronic Form Factors

* Target effective mass due to self-interactions

direct detection: e~ >«
10 m, [G('\'j

Dark Matter and Stars - Kingston 14/07/2025 50



CAPTURE (NS

Need to use/include:

e  Schwarzschild metric

* Relativistic kinematics

* Pauli blocking

* Capture probability/average energy transfer (for multiple scattering/

F(t) = ———
{._ ] (J. ¢ ;I, {'-':.) ‘3' ] 4

Lower average energy transfer

Large suppression at large mass

Phys.Rev.Lett. 127 (202 I) L1 T 80[§ark Matter and Stars - Kingston
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CAPTURE (NS _

QMC-2 (15M.,)
— mi, cS()
Free Fermi gas, c_(0)

3
-

e v oy g e g
D1 3
. . 1041

A R R s R
E ~
3 2\

<
<.

%

~DarkSide

10742 . {:‘F
NS o S8 e ® 3 s “5_;»?,.& 4:,@
QMC-1 SR LAt ——— ! 1043

QMC-2 \

QmMC-4

NS o)

QMC-1
. gmgi K o Xe v floor ;
Evvumd o ool o vomml ool voiumd ooned o v ool ool vl vomed o oo o -46
10°10%10°10710710° 10" 107 10° 10% 10° 10° 10’ 10° 10° 10

i, (GeV)

1044

1045

o
4
T
3
3

LARLL LR B B BRI LR |

QMC-2 (1.5M,)

— m, el(t)

ot

10-39

e I s I B e e B I e B e B B 107 gy e o e s i B s R e R

;- NS D8 o 2|5 { 103 | NsDBJ . 1040
QMC- 1 5] 5 : 1035 ; QMC 1 : :
QMC-2 o 3 1036 omMc-2

QMC-4 [ e E 107 QMC-4

1038 E
1039:
10740
1041:
1092
1043 § :
)(e uﬂoor ; 10 | C Fyw floor 1 1045
E ool vl goumd oo s 1075 B vovmd yiumd o yovmd ool o 5
0510410310210110“10110210310410510610?103109 0510410310210110010110210310410510510?10310g
m, (GeV) m, (GeV)

Free Fermi gas, ¢(0)

10-41 %
ﬂz,
d/
[#)
CF‘ i
@
&

1042
7 1043

1044

TP [ T Y [ O [

UL IR R B L LRI B LR R

-46
10°10%10°10210110° 10" 10¢ 10° 10% 10° 10° 107 10% 1(
m, (GeV)

Dark Matter and Stars - Kingston 14/07/2025




THERMALISATION g

* Ultimate goal: is DM energy released in the star on a timescale smalle
 What about annihilation heating?

* |If DM thermalizes within star lifetime: * If DM DOES areSideso
* Use DM temperature to compute *  Findiu e Detectors
L s ; 10°10*10°102107 109 10! 10% 10° 10* 10° 10° 107 10° 10°
annihilation rate « Use m (GeV)
* Use Annihilation rate to compute the ann .
. . ey . 10° teq =100 yr

Capture-Annihilation equilibrium *  Use [
timescale Cap
* Check thatitis smaller than star age tim SRt
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