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z Neutron Stars
2 Structure
» Cooling process

» NS as DM laboratories

> DM heating of NS

» Vortex creep

> Summary




Neutron stars: structure The upper mass limit depends

~on the uncertain EOS

)
1

Envelﬁpe » Extremely compact objects: T—
. ~ Ps = 10 3 ~ — ~ —_ ) ~ 14 3
P Outer crust ¢ £ pm( f/ o | M, ~(=2) Mg, R, ~(10-16)km, p~ O(10™) g/cm
- p~ 10%g/em® BCClattice  p, Thejr exact composition is still unknown.
Inner crust p ~ pa(=4x 10"g/cm?)

n,Ze n 1S, superfluidity

» The core accounts for 99% of the mass of the NS

- > p ~ 0.5p(= 2 x 10"g/cm?)

Uniform nuclear matter » Mostly composed of neutrons + admixture of protons and
_ n Py, p 'Sy superfluidity electrons + muons (when £ , > mﬂ)
A 7 P~ 2p0 ’
> Inner core » Neutron, protons and electrons are degenerate
1) Hyperons? Bose (K, 77 ) condensation
Quarks? Hyperon 1S, superfluidity o -
Color superconductivity
) 0.8F || -
PF,i
E.. = .
’l 2m LS 06 S e e B
PR i =
=
Pr, ~ 300 —-500MeV 04 l
Lim, Y., Hyun, C.H., & Lee, C. (2015). Nuclear Equation of State and Neutron 02k ol T—0K i
Star Cooling. arXiv: Nuclear Theory. — Neutrons — Electrons
— Protons — Muons
0.0 ' '

Pi




Neutron Stars: Standard Cooling Theory

dT
C(—=--E
dt :

P Young NS (f S 10° yr)

Neutrino emission is the predominant
orocess

Relaxation Neutrino stage Photon stage

log L™

> Old NS (¢ > 10° yr)
Photon emission is the predominant

Drocess , .
L, = 4nRogp1




DM heating o

NS

s 4
dt

L,— L, + Lpy




DM heating o

Neutron Stars

NS

s 4
dt




Neutron Stars Stellar matter




DM accumulates
Neutron Stars Stellar matter ,
in the core




DM accumulates DM annihilates to

Neutron Stars Stellar matter
in the core SM particles




DM heating of NS

d T Heating of the star to temperatures of

C E — Ly 2L Ly _I_ LDM the order of ~ 2000 K

T

é

Surface Temperature
10° |

10° |

10* |

1()3' 1()4 105 106 107‘108 Time > Observations of an old/cold NS potentially

leads to a DM signal.




1011
- ° i EoS ]
Noas DM laboratories oaf —ssaes wsasa
Z'——BSk?Tf;::fffEffL/////// :
» No detector threshold for light DM: Sub-GeV ?0'67 / .
regime, down to 0(10) keV R o4l / __
» DM particles become mildly relativistic when 0.2 BR) = 1 — 2GM, -
approaching the NS ; * R, -
Anzuini, Bell, Busoni, Motta, Robles, ootlh—ootoo Lo o Lo A
> 2 (r)=1=B(r) (v ~(0.5=0.7)cat  Thomas and Virgato 2108.02525 R
the NS surface) 10-37
» \elocity/momentum suppressed 10'22 . NS oy,
scattering 10 %: — QMC 1L5M, -
10749 O EoS QMC
104 8
» Threshold cross sections: o 1042 3
o
%10-43
> Nucleons: 62 ~ [107* — 10™*] cm? o 10
107 NS O'fg(
10%°F _ QMC 1.5M
— . O
> Leptons: 6, ~ 8 X 10 em? 10747 EoS QMC Ye 1 floor

10748
10°10410310210110°10110210310%10°10%°10710810°

» No limitation from neutrino floor m, (GeV)




NS as DM laboratories

® Multiple targets: e, u, p, n

A large parameter space will remain unexplored in the LHC
and DM direct searches.

» DM coupled only to muon
K. Hamaguchi, N. Nagata,MRQ [2204.02413]

Field Spin SU(3)¢ SU(2)r, U(l)y Z,

xs 1/2 1 1 0o -
L 0 1 2 -1/2 -
e 0 1 1 1 —

1 ~ ~
Lmass - (§MFSXSXS + hC) - Mfz,lle - Mézlélz )

Lyukawa = =91 XsLu LT — 4o xSu%ET +h.c.,

Lui=—agelLH +he. ,

Lauart = — Y M|fPPIH)? = N Lir, LH 7, H + . ... .
f=Lé




NS as DM laboratories

Internal heating: Vortex creep

» Some old and warmer NSs have been observed

(T > 2000 K)

neutron: a, proton: CCDK

10° E
» Neither standard cooling nor DM heating can explain

those old warm NSs.

v 103
- » Some internal heating could be the reason/explanation
~ for such NS temperatures:
10*
— w/o DM » Vortex creep Heating.
---- w/ DM ' M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv:
10143 10 105 106 107 108 1( 230816066, 2309.02633]

t [yrs]

Figure taken from K_Yanagi's



https://indico.icrr.u-tokyo.ac.jp/event/259/contributions/1551/attachments/1213/1447/yanagi_WIMP.pdf

M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633

NS as DM laboratories

Internal heating: Vortex creep

rotation axis

inner crust outer crust

vortex line: VXv, #0

OV =V, — VyL

vortex line

Vortex creep heating: total

» energy stored in the superfluid
component is dissipated as heat

Vortex lines are formed Vortex creep: Vortex lines
in a rotating NS start to move outwards




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633]

NS as DM laboratories

Internal heating: Vortex creep

dT
CE —_ _LU_L}/+LVC

Phenomenological approach of J

| : | 1/4
' YARY.
. Cq _ o S
LVC - ‘]l (2 | TS " )

_af 47R2 6y,
Steady vortex creep scenario: The crust and VC heating mechanism balanced with

superfluid component decelerate at the same time the photon luminosity L, = Ly




DM laboratories

No as .

Internal heating:Vortex creep

J

Young pulsars

Ordinary pulsars

Jpo ~ 10% — 10%erg - s

For \Q\ = [

obs

XDINS (strong magnetic fields)

Millisecond pulsars

M. Fujiwara, K. Hamaguchi, N. Nagata, MR

arXiv: 230816066, 2309.02633
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1 Semi-classical Mesoscopic
1 Quantum Mesoscopic
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1 1. PSR B1706-44
PSR J1740+1000
PSR B2334+61
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M. Fujiwara, K. Hamaguchi, N. Nagata, MR

DM laboratories

No as .

Internal heating: Vortex creep

PP=10""%s, Py =10 ms, M = 1.4M,

106 F======_
E N\\ l
o \
\
R10° \ *
_ \
i \
| \ |
: Vortex Creep \‘ 1
4| ——— Standard \
10 R EEETT EE NETT BRI R RET: | R S AR AR TT] B S SR 111 B
103 10* 10° 106 107 108
Time [year]

(a) Ordinary pulsars

T K]

10*

PP=3.3x 1072, Py=1ms, M =1.4M,

arXiv: 230816066, 2309.02633
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(b) Millisecond pulsars

1010




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633]

NS as DM laboratories

Vortex creep heating + DM heating

dT . . L |
o= — Ly il Assuming the heating luminosity is dominated

dt y by the DM effects:

) )
4R35 05p

X+ BR) M= DImCm)\
I IDM —

Lheat = L}/ =b (R*) X 4'7Z'R~)2<GSBT5fl
™2 = 2600 K
After capture and annihilation of DM

» The predicted surface temperature dominated by DM
effects is quite universal for a wide range of DM mass

Loy =~ B(R,) X [X + (B(R,)™"* = D]Im,C(m,)

lGeV,Sm%,S 1 PeV




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633]

NS as DM laboratories

Vortex creep heating + DM heating

dT . . L |
o= — Ly + Assuming the heating luminosity is dominated

dt y by the DM effects:

X+ BR) M= DImCm)\
Lyc+ Lpy Ipm =

)
4R35 05p

Lheat = L}/ =b (R*) X 4'7Z'R~)2<GSBT5fl
™2 = 2600 K
After capture and annihilation of DM

» The predicted surface temperature dominated by DM
effects is quite universal for a wide range of DM mass

Loy =~ B(R,) X [X + (B(R,)™"* = D]Im,C(m,)

lGeV,Sm%,S 1 PeV




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633

NS as DM laboratories

VOrteX Creep heatlng + DM heating » Akmal-Pandaharipande-Ravenhall (APR) EOS. [arXiv:nucl-th/9804027]
> M, =1.4M,
To observe DM heating eftects: > R, = 12km

[, <L [, P=1s, P=10"15 Py=10ms, M= 1.4M,
VC DM

i —— Vortex Creep + DM
100 F——_ | | e DM Only
- ' - == Standard
The DM heating is concealed by the vortex i ~
creep heating unless J < 10°%erg - 3 1055‘ /= 10% erg-s
|
104 - &
E \ ~
i AN
i v
103 & | L\ |

10% 108 108 1010
Time [year]




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633

NS as DM laboratories
Vortex Creep heating + DM heating » Akmal-Pandaharipande-Ravenhall (APR) EOS. [arXiv:nucl-th/9804027]

> M, =1.4M,

To observe DM heating effects: > R, =12km
L << L P=1s,P=10"15 Py=10ms, M = 1.4M,
VC DM i — Vortex Creep + DM
100 F—_ | e DM Only
- - == Standard
The DM heating is concealed by the vortex i
creep heating unless J < 10%%erg - s 3 10° 3 =104 erg-s
|
104 4
E \ ~
i A1
i v
10% & | |\ |

10% 108 108 1010
Time [year]




M. Fujiwara, K. Hamaguchi, N. Nagata, MRQ [arXiv: 230816066, 2309.02633

NS as DM laboratories

VOrteX Creep heating + DM heatins; » Akmal-Pandaharipande-Ravenhall (APR) EOS. [arXiv:nucl-th/9804027]

> M, =1.4M,

To observe DM heating effects: > R, =12km
L << L P=1s,P=10"15 Py=10 ms, M = 1.4M,
VC DM I — Vortex Creep + DM
100 F——{_ ||, DM Only
- ' — ==~ Standard
The DM heating is concealed by the vortex i -
creep heating unless J < 10%% erg - s g 10°F
8 n -
I~ i
: 10% =
Seems to be challenging ;
10° = |
J ~ 10*erg - s can explain old & warm NS 10° 10° 10° 101°

Time [year]




oummary

p NS Heating is a promising alternative/complementary method to test Dark Matter.
» Allows access to velocity- and momentum-dependent interactions
» Probes the Sub-GeV DM mass regime
p Multiple targets make it ideal for testing DM-lepton interactions

» Some old and warm NSs have been observed suggesting an internal heating mechanism

B \Vortex creep heating: It this is the dominant mechanism, DM effects could be difficult to
detect or observe.




Thank you

PPC 2024

JoHANNES GUTENBERG  pstas tvotis sems sog sounts
UNIVERSITAT MAINZ WWWW

Indian Institute of Technology Hyderabad

JG|U




adC.

CUp slides




DM models: tree-level coupling

Field Spin SU3)¢c SU(2)r; Uy Zs

XS 1/2 1 1 0 —

ep 12 1 2 —1/2 -

w12 1 2 1/2 -

L 0 1 2 ~-1/2 -
107 ¢ T T T T T T
- Y = 0.20 , :
108 3 - = ?ﬁgu_ | E
10° |
3 = -
S C .
9 100] -
10111 §
10'12_ L i

102 103 104

_ 10 s

> ’ — PandaX4T
= 10YE -7

— -~ " y—floo"

KX




Possible observations
o Sensitivity at James Webb Space Telescope. For this we need

o Exposure time ~1day
o Distance ~ 10 pc

Neutron star
° Neutron star of M, = 1.4 Mg, And radius of R, ~ 12km

o EOS: APR- EOS (A.__Akmal V.R. Pandharipande D.G.
Ravenhall) Phys.Rev.C58:1804-1828,1998

o pion condensation

Nearest NS is
discovered at 100 pc (!)

A lot of uncertainty: Many different Equations of state!

. . . . Future possibilities
Neutron star cooling: Neutrino emission

Nuclear force Nuclear force FAST (radio telescope) Thirty Meter Telescope

Direct Urca Modified Urca Bremsstrahlung

Figure taken from Natsumi Nagata

Yet, a lot to do!
Extremely Large Telescope
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> Evaluation of f.

pin
® ® ® o Microscopic

Estimation using £, derived from fm-size box
o Mesoscopic

: ~ 3 4
Epin <0 Nuclear pinning Interstitial pinning E . > () Averagefpin along a mesoscopic length L ~ (10° — 10™) fm
pin ) Mesoscopic Microscopic
Evaluation of E . ! 1
| | pin [Donati, Pizzochero (2004)] ‘== ‘l“-a - ~ Ry

o Semi-classical approach  [Seveso, Pizzochero, Grill, Haskell (2015)] == E%‘

Thomas-Fermi approx. (Interacting fermi gas of nucleons) ‘ '| Ei“ @

.
[Avogadro, Barranco, Broglia, Vigezzi (2008)] . “‘ ==\“‘“

o Quantum Oppl’OOCh [Klausner, et al. [2303.18151]] i - “ ===\‘\

Hartree-Fock-Bogoliubov approx it Eget v

Table from Motokos Theoretical approaches for Vortex creep

E ;,-evaluation

Semi-classical Quantum

Rout f .
. . 11
Jpln ~ / dR db d¢ R3 smzé’ .
Rin K
Micro. Donati, et al. (2004) Avogadro, et al. (2008)

f’ ‘ p ‘Epin‘
PN T ArAL

Jpin-€valuation

Meso. Seveso, et al. (2015)




