FiEFEREEFEZEU
WIMPHEE EYEIER

Probing WIMP dark matter via the temperature observations of neutron stars
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Evidence for dark matter (DM)
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Dark matter (DM) exists.

But its nature is unknown...
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WIMP
Weakly-Interacting Massive Particles (WIMPSs)

> Electrically neutral and colorless particles.
> Stable.
> Masses of O(100—1000) GeV.

» Have interactions comparable to EW interactions.

Observed Dark Matter (DM) density
can be explained by their thermal relic.

Many new physics models predict such a particle.



WIMP dark matter heating in NS

It has been discussed that the signature of WIMP DM may
be detected via the neutron star temperature observations.
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WIMP DM accretes on
a neutron star (NS).
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Annihilation of WIMPs in the
NS core causes heating effect.



WIMP dark matter heating in NS

Dark matter heating effect may be observed in old NSs.

M = 1.4Mg, neutron: b, proton: CCDK
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In the standard cooling scenario, temperature becomes very
low for t > 107 years.

With DM heating effect, 7® — ~ 2 x 10° K at later times.



Questions

Is this strategy promising?
Observation

e Nearby old NSs

* |R telescopes

Theory

Validity of the standard cooling in old NSs?



JWST StUdy S. Chatterjee, et.al., Phys. Rev. D 108, 2 (2023).
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e With the F150W2 filter, SNR 2> 5 is obtained for 24 hours.



Old warm neutron stars?

Recently, “old but warm neutron stars” have been observed.

Milli-second pulsars

» J0437-4715: 1, = (6.7 0.2) x 10’ years, T® = (1.25-3.5) x 10° K

O. Kargaltsev, G. G. Pavlov, and R. W. Romani, Astrophys. J. 602, 327 (2004);
M. Durant, et al., Astrophys. J. 746, 6 (2012).

» J2124-3358: 1, = 1175 x 10” years, T = (0.5 - 2.1) x 10° K

B. Rangelov, et al., Astrophys. J. 835, 264 (2017).
Ordinary pulsars

2 J0108-1431: 1, = 2.0 X 10° years, Tp° = (2.7 = 5.5) x 10" K

V. Abramkin, Y. Shibanov, R. P. Mignani, and G. G. Pavlov, Astrophys. J. 911, 1 (2021).

» B0950+08: 1,y = 1.75 x 10" years, T® = (6 — 12) x 10* K

V. Abramkin, G. G. Pavlov, Y. Shibanov, and O. Kargaltsev, Astrophys. J. 924, 128 (2022).

These observations cannot be explained in the standard cooling.



Candidates for heating sources

Heating mechanisms discussed in the literature:
Non-equilibrium beta processes
Friction caused by vortex creep

Heat originates from the slowdown of pulsar rotation.

7 Consistency with current observation?

2 Implications for DM heating?



Rotochemical heating

Centrifugal
force weak

Centrifugal
force large -

Local pressure changes. Chemical equilibrium condition changes.

The beta processes are highly suppressed at later times.

Deviation from 3 equilibrium
A. Reisenegger, Astrophys. J. 442, 749 (1995).

The imbalance in chemical potentials is dissipated as heat.

Rotochemical heating

R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005);
C. Petrovich, A. Reisenegger, Astron. Astrophys. 521, A77 (2010).



Rotochemical heating vs DM heating

It turns out that rotochemical heating can explain the observed data.
K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).
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If Po is large enough, DM heating effect can be observed.

It is always concealed in millisecond pulsars.

K. Hamaguchi, N. Nagata, K. Yanagi, Phys. Lett. B795, 484 (2019).



Neutron superfluid vortex lines

Neutrons form Cooper pairs in NSs. Neutron superfluidity
In a rotating NS, superfluid vortex lines are formed.

The vortex lines are fixed to the crust by nuclear interactions.

P. W. Anderson and N. Itoh, Nature 256, 25 (1975).

rotation axis

Inner crust ® /outer crust

vortex line: VXv, #0

superfluidd : VXv,=0




Vortex creep

Due to the pulsar radiation, the crust component slows down.

But the superfluid component does not.

The rotational speed difference developed.

This induces Magnus force.
—

OV =V, — Vy.

When it gets large enough, vortex lines
start to move outwards.

Vortex creep

fMag

Speed difference decreases. vortex line
vortex creep keeps the speed difference constant.

Qgp — O = -
SF crust = CONSt Determined by the pinning force.



VO rtex Creep heati ng . Shibasa M. A. Alpar, et.al., Astrophys. J. 276, 325 (1984);

ki and F. K. Lamb, Astrophys. J. 346, 808 (1989).

The rotational energy stored in the superfluid component is
dissipated as heat:

LH — d]crust (QSF crust)‘Q‘ — J‘Q|

Moment of inertia / \

All NSs have similar values of J.

Determined by the pinning force.

In old NSs, this heating balances with the photon cooling:

Ly = L, = 4nR*0gpT;

Jobs — 47TR20-SBT54/|Q|

Can be determined by observation.

The vortex heating mechanism predicts this to be almost universal.



Vortex creep heating vs observations
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Theoretical estimations.

PSR B1706-44
PSR J1740+1000
PSR B2334+61
PSR B0656+14
PSR J0633+1748
PSR J0538+2817
PSR B1055-52
RX J1605.3+3249
PSR J2043+2740
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. RX J2143.0+0654
. RX J0806.4-4123
. PSR J0108-1431
. PSR J2144-3933

Observations find similar values of J.

Theoretical calculations are in the same ballpark.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2308.16066.



Vortex creep heating vs observations

Ordinary pulsars Millisecond pulsars
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Temperature evolution deviates at ¢ > 10° years.

Even for very old NSs, T, > 10* K.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2308.16066.
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Vortex creep heating vs DM heating

To see the DM heating effect, we want L., < Lp-
e I_ Upper limit on J| Q|
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J must be much smaller than the values favored by obs. and theor.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2309.02633.



Vortex creep heating vs DM heating
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The DM heating is buried under the vortex creep heating unless

J < 1038 eI - S Much smaller than the values
i S favored by obs. and theor.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2309.02633.



Conclusion

We discussed the feasibility of the WIMP DM search
via the NS temperature observation.

Potenital obstacles

Non-equilibrium 3 processes.

2 For ordinary pulsars, DM heating effect can be
observed if their initial period is relatively large.

2 For millisecond pulsars, DM heating effect is
always hidden by the rotochemical heating.

Vortex creep heating

This heating effect seems to dominate the DM heating...






Standard Cooling of NS

D. Pager, J. M. Lattimer, M. Prakash, A. W. Steiner, Astrophys. J. Suppl. 1565, 623 (2004);
M. E. Gusakov, A. D. Kaminker, D. G. Yakovlev, O. Y. Gnedin, Astron. Astrophys. 423, 1063 (2004).

Consider a NS composed of

500

2 Protons 400
2 Leptons (e, Y) §3°°
Supposed to be in the 3 equilibrium. <20
In Fermi degenerate states. -

0

Equation for temperature evolution

M=14My, R=11.43 km, APR

—-= muon . S~ ’\\
— '\
—==proton '\

— neutron ‘\

| I I I [ -

0 2 4 6 8 10

Radial distance [km]

d C(T): Stellar heat capacity
C(T)7 = Ly — L}, Lv: Luminosity of neutrino emission
! Ly: Luminosity of photon emission



Cooling sources

Two cooling sources:
Photon emission (from surface)

L., =4nR°ospT;

Dominant for ¢ > 10° years

Neutrino emission (from core)

2 Direct Urca process (DUrca)

A Modified Urca process (MUrca)

2 Bremsstrahlung

. 5
Dominant for 5 10° years  p, ppr Drocess

Occurs when nucleon pairings
are formed.



Luminosity

M= 1.4 Mg, n: (3P3, a), p: (!Sp, CCDK)
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becomes dominant after ~10° years.

Urca process is extremely suppressed at later times.



Success of Standard Cooling

6.5 1

RX J0B22—-43 7
1E 1207-52

/ PSR J0538+2817

1 1 |
EOS: APR I

RX JO720-3125

gt (yrs)

M = (1.01 — 1.92)M,,

0. Y. Gnedin, M. Gusakov, A. Kaminker, D. G. Yakovley,
Mon. Not. Roy. Astron. Soc. 363, 555 (2005).

Temperature gets very low for ¢ > 10° years.

Consistent with the observations for ¢ < 10° years.

~ 50 NSs listed.

For the latest data, see http://www.ioffe.ru/astro/NSG/thermal/cooldat.html



http://www.ioffe.ru/astro/NSG/thermal/cooldat.html

Dark matter accretion in NS

DM Impact parameter

QGM .......... < v A
(Y — — e
. Voo = 230 km /s

A

Uesc ¥ C @

R~10km | O
v

NS bmax =~ 800R

DM velocity is very large on the NS surface.

Uesc
bmax >~ I

Effective geometrical cross section is very large.

DM accretion rate Is

~ 2
N ~7b. . Voo -

-------------- DM number density



Recoll energy

For each DM-nucleon scattering, WIMPs lose energy by

2

2 2
MmN ’}/ v
AE DM /esc¥esc

6. : scattering angle

2 2
My + Mpy T 2YescMDMMN

(1 —coséb,.) in the CM frame.

Yesc = (1 - Ugsc)_1/2

Let us compare this with the initial kinetic energy: EX = mpyvz/2

Energy [GeV]

V. = 230 km/s, APR

10" ¢

1005_ ———————————————————

10" =

102 —— AE (M =1.4M,)
- ——— AE(M=2.0My)
Y 7 ES,

10-3 L - | |

1073 10 105 107

Mpm [GGV]

7 One scattering is sufficient for
WIMPs to lose the initial
Kinetic energy.

> Energy transfer can be as
large as O(100) MeV.



One scattering in NS

WIMP-nucleon scattering occurs at least once if

3
myR

<R oy = 107% cm?
MUN

Mean Free Path ~ ((an)_1 ~

oy - DM-nucleon scajtering cross section

If this is satisfied, then all of the accreted WIMPS are captured.

If not, capture rate is suppressed by o,/ 0y,

Captured WIMPs eventually inside the NS core.

For old NSs, we have

Accretion rate = Annihilation rate
equilibrium



NS temperature with DM heating

At later times, the DM heating balances with the cooling
by photon emission.

LH:Lfy LHEmDMNZQTFGMR[)DM/UOO

Independent of DM mass.

QWGMR,ODM/UOO ~ 47TR20313T84

M = 1.4M,, neutron: b, proton: CCDK (for O > Gth)
1. ~ 2500 K
/ Robust, smoking-gun prediction
[ — Standard V' .
oo N of DM heating. |
Can we observe this??

Time [year]



DM heating vs direct detection

In any case, an observation of a NS with 7, < 2 X 10° K
disfavors WIMPs which have ¢, > 10™* cm?.

ny

Prospects for direct detection experiments
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Such a large scattering cross section can be probed in direct
detection experiments. Why we should care about DM heating??



Advantage of DM heating in NSs

Bound from NS temperature may surpass those from DM
direct searches in the following cases:

Inelastic scattering occurs for AM < 6(100) MeV.

Dark matter interacts only with leptons.
Heavy/light dark matter

® WIMP-nucleon scattering is velocity-suppressed.

® Spin-dependent scattering



Spin-down age

For magnetic dipole radiation,
B 2B§ Sin2 8% R6 _ Qnow L PnOWPnOW
B 3c31 3. 42

now

Q=—kQ? k

By solving this, we have

P(t) = \/ P} + 2Poon Puow
(t) 0 + (Po: initial period)

In particular, for P, < P

owe WE can estimate the neutron star age

tsq Is called spin-down age or characteristic age.



Non-equilibrium (3 processes



Loop hole in standard cooling

In the standard cooling, 3 equilibrium is assumed.

In a real pulsar

Centrifugal
force weak

Centrifugal
force large -

Local pressure changes. Chemical equilibrium condition changes.

If the beta processes are rapid enough, the system can follow
the change in the equilibrium condition. But...



Neutrino emission

The beta processes are highly suppressed at later times, I.e.,
for low temperatures.

f
(p)ﬁ -
1 +—>
Nuclear force
0 > p
Modified Urca PF

Only the particles near the Fermi surface can participate in the processes.

Deviation from 3 equilibrium
A. Reisenegger, Astrophys. J. 442, 749 (1995).

The imbalance in chemical potentials is dissipated as heat.

Rotochemical heating

R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005);
C. Petrovich, A. Reisenegger, Astron. Astrophys. 521, A77 (2010).



Out of 3 equilibrium

Deviation from 3 equilibrium is quantified by
Ne = n — Up — H¢ (Zze,,u)

At early times

Urca processes are rapid.

NS can follow the change in the equilibrium condition.

At later times e = 0

Hy

Urca processes are too slow.

%
Deviation from 3 equilibrium

Driven by rotation

Increases! .
(% Time



Rotochemical heating

R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005);
C. Petrovich, A. Reisenegger, Astron. Astrophys. 521, A77 (2010).

Once 177, exceeds a threshold A, determined by nucleon gaps,

Agn = min {3A, + Ay, A, + 3A

p) Ny

Called the rotochemical heating.

It occurs in the same setup as the standard cooling.
No exotic physics needed.

This effect should have been included from the beginning...



Evolution of chemical imbalance

Since the deviation from equilibrium is driven by rotation,
it strongly depends on the value of period.

5% 10°
g =15
@ : 1Nn—15
= 10° P =10
8 ;
c " " " "
Magnetic dipole radiation
neutron: a2 O = —kO3
proton: CCDK
3 x 108

103 104 10° 10° 10 108 109
t [yrs]

Rotochemical heating occurs if the initial period Po is small enough.

K. Hamaguchi, N. Nagata, K. Yanagi, Phys. Lett. B795, 484 (2019).



Non-equilibrium 3 processes

When Urca processes are rapid enough, the system can
follow the new equilibrium conditions.

At low temperatures, Urca processes get very slow.
DeViation from B eqUi”brium A. Reisenegger, Astrophys. J. 442, 749 (1995).

Energy excess in chemical potentials

This energy excess is dissipated by

2 Increase in neutrino emission

2 Generation of heating.

Rotochemical heating

A. Reisenegger, Astrophys. J. 442, 749 (1995);
R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005).




Out of 3 equilibrium
The excess of energy is dissipated by

Increase of neutrino emission

- . P. Haensel, Astron. Astrophys. 262, 131 (1992);
Generatlon Of heat A. Reisenegger, Astrophys. J. 442, 749 (1995).

Deviation from 3 equilibrium is quantified by

Ne = Un — Hp — H¢ (526,,&)

Heating luminosity




Evolution of chemical imbalance

The time evolution off 77, is determined by

dne |
0= Y [ AV (ZupATaye + Zup AT ) + 217, 20
N=n,p
/
Bring the system back to equilibrium.

Drive the system out of equilibrium.

W < 0, Z > 0: coefficients which depend on NS structure.
R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005).

Once the second term wins, the imbalance increases.

Magnetic dipole radiation

47-‘-QPIIOWP5I10W
(P3 + 2Paow Paowt)?
(Po: initial period)

() = kO3 00 =



Rotochemical heating

If the imbalance overcomes the threshold given by

h

Ve"
’
4
4
4

Agn = min {3A, + Ay, A, + 3A,)

Pauli blocking is overcame by the chemical imbalance.

Heating becomes effective.

Modified Urca

This mechanism is called the rotochemical heating.

A. Reisenegger, Astrophys. J. 442, 749 (1995);
R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005).

It occurs in the same setup as the standard cooling.

No exotic effects are needed.



Millisecond pulsars

We take account of the effect of non-equilibrium [3 processes.

M=1.4My, Po=1ms

—— proton CCDK
— == proton normal

e M = 14M@

e P=5.8ms.

e P=57x%x10"%,

T 107 108 10° 10 10
t [yrs]

Rotochemical heating always occurs in MSPs.

We can explain the observations.

K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).



Ordinary pulsars

T [K]

Heating due to magnetic field decay may occur.

neutron: a, proton: CCDK, Pp =1 ms neutron: a, proton: CCDK, P =10 ms
S — AM 0~ . — AM/M=10"15
sz -~ M/M =107 | -—- AM/M=10""
100 b == 106 F .
- 3~y 1.4 M, ‘ o | ‘
v —_ \
> |8\U’ 5 ‘
o P =1s.
e P=1x1070, l l
4 M M T | A ez aaal A ez aaal A i aaaal M A 2 a2
1047 10° 10° 107 108 10° 1057 BET T
t[yrs]

t [yrs]

The temperature evolution highly depends on
the initial period P, of pulsars.

We can exp

2 (Cool star:

ain all of the observations.

arge initial period — no rotochemical heating.

K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).



