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Introduction



Dark matters accrete in neutron stars

• WIMPs accrete in NS by gravity 

• If , they lose kinetic energy by scattering with nucleons, and trapped by 

the NS

σn ≳ 10−45 cm2

[Kouvaris, 0708.2362]

LDM ∼ ρDMvDMπb2
max

b ≲ 1000R
R ∼ 10 km

WIMP

NS

We can probe the WIMP DM signature in Neutron stars

DM kinetic/mass energy Heat in a NS

Heating rate: w/ bmax ∼ 2GMR /v2
DM

vDM ∼ 230 km/s



Prediction of dark matter heating

 at   is a signal of WIMP DM!T∞
s ∼ 3000 K t ≳ 10 Myr

Balance between photon emission 
and DM heating

4πR2σBT4
s = 2πGMRρDM/vDM

[Kouvaris, 0708.2362 ;Baryakhtar+, 1704.01577]

Surface temperature of old NSs can probe/constrain WIMP models!



Prospects

100 pc of ISM [31] is relatively underdense, with ISM
densities as low as ∼10−3 GeVcm−3, making the present-
day DM heating contribution predominant in this region.
The heating of NSs by DM is similar to heating by the

ISM [24]: in both cases, a particle crosses the NS surface,
scatters against nucleons, transferring its kinetic energy to
the star. In cold NSs, the crust and core thermalize within
less than a year [22,32]. Following thermalization of
scattered nucleons in the NS interior, dark kinetic heating
imparts a NS luminosity at long distances of Ldark

∞ ¼
_Ek½1 − ð2GM=RÞ% ¼ 4πσBR2T4

s ½1 − ð2GM=RÞ%, where
σB is the Stefan-Boltzmann constant, and Ts is the black-
body temperature of the NS as would be seen at its surface.
For a near-Earth DM mass flux of _m ∼ 4 × 1025 GeV s−1,
the NS appears as a blackbody with a temperature
up to Tdark

∞ ∼ 1750 K, depending on the fraction of
DM captured. For NSs inside the galactic bulge, maximal
dark kinetic heating produces optical emission, Tdark

∞ ∼
3850 Kðρx=10 GeVcm−3Þ1=4. In Fig. 1, the DM-neutron
cross section sensitivity is shown for 100–1750 K NSs
near Earth.
4. Detecting dark kinetic heating.—While the radio

observability of isolated, ∼Gyr old pulsars is a topic of

active research, the faintest, oldest pulsars are likely to be
uncovered by the recently operational FAST radio telescope
[39]. After radio detection, infrared telescopes trained on
old NSs can measure or bound their thermal emission. For
ρx ¼ 0.42 GeVcm−3, dark kinetic heating can warm NSs
up to Tdark

∞ ∼ 1750 K, with a spectrum peaking at 1–2 μm.
More precisely the blackbody spectral flux density of
the NS is

fν ¼ πBðν; Tdark
∞ Þ 4πðRγÞ

2

4πd2
; ð3Þ

where Bðν; TÞ ¼ 4πν3ðeð2πν=kbTÞ − 1Þ−1. Figure 2 displays
the dark kinetic heating spectral flux density for a range of
NS masses and radii, at a distance d ¼ 10 pc (where 1–5
old, cold NSs should abide [26]) and at wavelength
ν−1 ¼ 2 μm. This results in a spectral flux density of
fν ≃ 0.5 nJy, which is potentially detectable by upcoming
telescopes like JWST, TMT, and E-ELT.
In more detail, the NIRCam on JWST is a 0.6–5 μm

imager, with a smorgasbord of filters available [42]; the
F200W filter, centered at 2 μm obtains 7.9 nJy at 10 SNR
in 104 s, where for such long exposures, added sensitivity
scales with root integration time, ∝ ffiffiffiffiffiffi

tint
p

. Using these
values, a NS at distance d, maximally heated by DM
kinetic energy (to 0.5 nJy at 2 μm), could be detected at
SNR 2 in ∼105½d=ð10 pcÞ%4 s. At the TMT, the IRIS
instrument [43] has coverage from 0.8 to 2.5 μm, with a

FIG. 1. Dark kinetic heating sensitivity to DM-neutron cross
sections (σnx), for NSs near Earth with blackbody temperatures of
100–1750 K, indicated with dashed lines. A 1750 K blackbody
temperature is the maximum imparted by dark kinetic heating, for
a 1.5 M⊙, R ¼ 10 km NS that captures the entire flux of
DM passing through it, for DM density ρx ¼ 0.42 GeV cm−3

[10]. While radiation from a 1750 K NS at 10 pc could be
detected by JWST, TMT, or E-ELT, imaging a ≲1000 K NS
requires future telescopes. Old NSs cool to ∼100 K after
a billion years (see Sec. III). Dark kinetic sensitivity curves
apply to SD and SI interactions, since scattering occurs off
individual neutrons. Bounds from LUX [33], PandaX [34,35],
CDMS [36], and CRESST [37] Collaborations are shown,
(assuming ρx ¼ 0.3 GeV cm−3), alongside the SD and SI xenon
direct detection neutrino floors [38].

FIG. 2. Contours of infrared photon spectral flux density for a
NS 10 pc from Earth with mass M and radius R, maximally
heated by DM with ρx ∼ 0.42 GeV cm−3 and vx ∼ 230 km s−1.
Dashed blue contours indicate dark kinetic heating only, while
dotted-dashed red contours indicate DM that also annihilates in
the NS. The green region encloses a fit to pulsar data [40]; gray
regions are excluded by causality and the fastest rotating
pulsars [41].
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[Fig. from Baryakhtar+, 1704.01577]

Constraints on DM-neutron cross section

Pauli blocking Multiple scattering

Particularly sensitive to 1 GeV - 1 PeV



Advantages over the terrestrial experiments

vesc =
2GM

R
∼ 0.6c

• Velocity on the surface of a typical NS (  and )M = 1.4 M⊙ R = 10 km

- Inelastic scattering of electroweak DM (pure , , …) H̃ W̃

ΔE =
mnm2

χ γ2

m2
n + m2

χ + 2γmnmχ
v2

esc(1 − cos θCM) ∼ 𝒪(1) GeV

- Velocity suppressed scattering 

- Spin-dependent scattering

• No detector threshold for light DM 

• No limitation from neutrino floor

c.f.  on the earthΔE ∼ 100 keV



Can we really see DM heating?

The observation suggests presence of other heating mechanisms

Question: (DM heating) > (other heating) really occurs?

Hotter than theory prediction 
even if DM is included

These effects are overlooked in the previous studies of DM heating



Theory of NS cooling/heating



Standard theory of NS cooling

C
dT
dt

= − Lν − Lγ

Thermal evolution equation

Heat capacity (n, p, e, μ)

Neutrino luminosity Lν

Surface photon luminosity:
Lγ = 4πR2σBT4

s

• Modified Urca process

n + N ↔ p + N + ℓ ± ν̄ℓ

• Cooper pair breaking and formation
[ÑÑ ] → ÑÑ ÑÑ → [ÑÑ ] + νν̄

+ minor processes…

ν emission

photon emission

N = n, p ; ℓ = e, μ

Neutrino emission
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These processes occur near the Fermi surface.

If the direct Urca process can occur, the neutrino emission is 

significantly increased. 

pF ≫ T, mn−mp

π

Any loophole?



Neutrino emission
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These processes occur near the Fermi surface.

If the direct Urca process can occur, the neutrino emission is 

significantly increased. 

pF ≫ T, mn−mp

π

Assumption of β-equilibrium

Conventional assumption: matters are in β-equilibrium by weak interaction

Γn→p+ℓ = Γp+ℓ→n

μn

μe

μp

n + N → p + N + ℓ ± ν̄ℓ

Modified Urca process tries to maintain β-equilibrium

μn = μp + μeμn ≠ μp + μe

equilibration



Pulsar spin-down

NS spin-down violates β-equilibrium assumption

The rotation of actual pulsar is slowing down (spin-down)

pressure

centrifugal force
gravity

• Continuous decrease of centrifugal force  
    → change of equilibrium condition 
    → β-equilibrium is broken

Γn→p+ℓ ≠ Γp+ℓ→n

centrifugal force decreases

spin-down



Neutrino emission
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These processes occur near the Fermi surface.

If the direct Urca process can occur, the neutrino emission is 

significantly increased. 

pF ≫ T, mn−mp

π

Rotochemical heating

In non-equilibrium modified Urca process, imbalance between chemical 
potentials is converted to heat

L∞
roto = ∑

ℓ=e,μ
∑

N=n,p
∫ dV e2Φ(r)

Consistent with the observations w/o any exotic physics

C
dT∞

dt
= − L∞

ν − L∞
γ +L∞

roto

(μn − μp − μℓ) ⋅ (Γn→p+ℓ − Γp+ℓ→n)

P = 1 s
·P = 10−15

[Reisenegger, astro-ph/9410035]

μn

μe

μp

} → L∞
H



DM heating vs. rotochemical heating



DM heating vs. rotochemical heating

DM heating 
•   
• For nearby NSs, this prediction cannot change by order

Ts ∼ 3000 K

Rotochemical heating 

• If it operates, typically  

• Heating rate is strongly dependent on 

the initial rotation period  

• Heating is more efficient for smaller 

Ts ∼ 105−6 K

P0

P0

ηℓ = μn − μp − μℓ

P = 1 s ·P = 10−15



DM heating vs. rotochemical heating

DM heating effect is visible if the initial period is sufficiently large!

P = 1 s
·P = 10−15 } LDM < Lroto

LDM > Lroto for P0 ≳ 7 ms

Numerical simulation including both DM and rotochemical heating

C
dT∞

dt
= − L∞

ν − L∞
γ +L∞

roto + L ∞
DM



Initial period

• Observed kinematic age 

• Population synthesis 

• Supernova simulation for proto-NSs

Several studies suggest that typically,  P0 ∼ 𝒪(10 − 100) ms

[Mu ̈ller et al., 1811.05483]

[Faucher-Giguere & Kaspi, astro-ph/0512585; Popov et al., 0910.2190, Gullo ń et al., 1406.6794, 1507.05452]

[Popov & Turolla, 1204.0632; Noutsos et.al., 1301.1265; Igoshev & Popov, 1303.5258]

Thus we expect 
• For many NSs, DM heating > Rotochemical heating 
• Some NSs accidentally have  → observed high P0 ∼ 1ms Ts ∼ 105−6 K



Summary

• DM heating predicts  for old NSs 

• It can constrain WIMP models which are difficult to probe on the earth 

• However, rotochemical heating, inherent in pulsars, can be much 
stronger than DM heating 

• We show that DM heating is theoretically visible even if rotochemical 
heating operates

Ts ∼ 3000 K



Backup



Uncertainty from superfluid gap models

• Critical P0 depends on the choice of gap models 
• (DM heating) >> (rotochemical heating) for                       indep. of gap models 
• Recent studies of NS birth period suggest

P0 ≳ 100 ms

P0 = O(100) ms

[Popov & Turolla, 1204.0632; Noutsos et.al., 1301.1265; Igoshev & Popov, 1303.5258;  
Faucher-Giguere & Kaspi, astro-ph/0512585; Popov et al., 0910.2190;  
Gullo ń et al., 1406.6794, 1507.05452; Mu ̈ller et al., 1811.05483]

(neutron gap, proton gap)


