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WIMP dark matter heating in NS
It has been discussed that the signature of WIMP DM may

be detected via the neutron star (NS) temperature observations.

WIMP annihilation and cooling of neutron stars

Chris Kouvaris*
CERN Theory Division, CH-1211 Geneva 23, Switzerland,

University of Southern Denmark, Campusvej 55, DK-5230 Odense, Denmark
and The Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
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We study the effect of WIMP annihilation on the temperature of a neutron star. We shall argue that the
released energy due to WIMP annihilation inside the neutron stars might affect the temperature of stars
older than 10! 106 years, flattening out the temperature at "104 K for a typical neutron star.

DOI: 10.1103/PhysRevD.77.023006 PACS numbers: 97.60.Jd

I. INTRODUCTION

Since Zwicky proposed the problem of the ‘‘missing
mass’’ in 1933, a lot of theoretical and experimental effort
has been made in order to unveil the nature of dark matter.
Today, WMAP has provided very accurate data regarding
the matter density in the Universe [1]. The energy density
of the Universe is composed of 4% atoms and roughly 22%
dark matter. Data from recent observations indicate that
dark matter cannot be attributed more than 20% to dim
objects like black holes, brown dwarfs, and giant planets
[2]. From a theoretical point of view, several candidates
rise from different theories, such as neutralinos [3,4],
Majorana neutrinos, and, lately, technibaryons provided
by theories that are not ruled out by the electroweak
precision measurements [5–10]. From the experimental
point of view, the focus is on the direct and indirect
detection of dark matter particles. The direct detection
might occur in underground experiments like CDMS
that, in principle, can detect recoil energies from collisions
between weakly interacting massive particles (WIMPs)
and nuclei, or atmospheric experiments like the X-ray
Quantum Calorimeter (XQC), where strongly interacting
particles might collide with the detector. The indirect
detection might occur via gamma-ray and neutrino tele-
scopes, where the presence of WIMPs can be detected
indirectly, by observing products of WIMP annihilations.
In particular, provided that WIMPs can annihilate and
because they can be trapped inside the Earth or the sun,
such annihilations would produce jets of particles and
more specifically neutrinos coming straight from the center
of the Earth or the sun, that could possibly be detected by
neutrino telescopes [11–13]. On the other hand, gamma-
ray telescopes can, in principle, detect gamma rays pro-
duced by WIMP annihilation at the center of the Galaxy
[14]. Both direct and indirect detection experiments can
impose strong constraints on the cross section of the WIMP
with the nuclei. For instance, heavy Dirac neutrinos have
been excluded as WIMPs for masses up to several TeV,
because their elastic cross section with nuclei is suffi-

ciently large and therefore they should have been detected
by now in CDMS [15].

In this paper we investigate the possibility of a different
kind of indirect signature of WIMP annihilation. Instead of
looking at the indirect signals from the annihilation of
trapped WIMPs inside the Earth or the sun, we examine
the consequences of WIMP annihilation on the tempera-
ture of neutron stars. The neutron stars are massive com-
pact objects with very low temperatures. Naively one
might expect that, since the mass of the trapped WIMPs
inside a neutron star represents a tiny fraction of the overall
mass of the star, such an effect should be negligible.
However, the annihilation of massive particles inside the
star releases a huge amount of energy that is heating up the
star. As we shall argue, once the accretion rate of dark
matter particles equilibrates the rate of annihilation, the
amount of released energy is independent of the star’s
temperature, and therefore at late times the WIMP annihi-
lation can keep the star at a constant temperature that
depends on the mass and the radius of the star, the cross
section of annihilation, and the local dark matter density of
the star.

The paper is organized as follows: First we calculate the
rate of dark matter accretion onto the neutron star includ-
ing general relativity corrections. Then we calculate the
annihilation rate for the WIMPs, and we calculate the
effect of the WIMP annihilation on the cooling curves of
a typical neutron star made of regular nuclear matter. We
present our conclusions in the last section.

II. WIMP’S ACCRETION RATE ONTO THE
NEUTRON STAR

The accretion of dark matter particles inside the Earth
and the sun is not a new subject. Press and Spergel studied
first in [11] the capture rate of WIMPs inside the Earth and
the sun. More elaborate calculations were also done by
Gould [12,13], taking into account several effects specifi-
cally for the case of the Earth and the sun. An estimate of
the accretion rate onto a neutron star was also provided by
Goldman and Nussinov [16], who were the first to study
effects of WIMPs on neutron stars. In this section we
calculate the accretion rate of WIMPs onto a typical neu-*kouvaris@nbi.dk
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Neutron stars as dark matter probes
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We examine whether the accretion of dark matter onto neutron stars could ever have any visible external

effects. Captured dark matter which subsequently annihilates will heat the neutron stars, although it seems

the effect will be too small to heat close neutron stars at an observable rate while those at the galactic

center are obscured by dust. Nonannihilating dark matter would accumulate at the center of the neutron

star. In a very dense region of dark matter such as that which may be found at the center of the galaxy, a

neutron star might accrete enough to cause it to collapse within a period of time less than the age of the

Universe. We calculate what value of the stable dark matter-nucleon cross section would cause this to

occur for a large range of masses.

DOI: 10.1103/PhysRevD.81.123521 PACS numbers: 95.35.+d

I. INTRODUCTION

Observations of the kinematics of self gravitating ob-
jects such as galaxies and clusters of galaxies consistently
send us the same message—if we are to believe in
Einstein’s theory of gravity on these scales, then there
appears to be an invisible quantity of dark matter in each
of these objects which weighs more than the matter we can
observe. Cosmological observations add weight to this
hypothesis and tells us that this invisible matter cannot
consist of baryons, rather it must be a new kind of matter
which interacts with the rest of the standard model rather
feebly—dark matter [1].

The exact coupling and mass of this dark matter is not
known but has been constrained. One hypothesis is that the
dark matter annihilates with itself and interacts with the
rest of the standard model via the weak interaction. This
weakly interacting massive particle (WIMP) scenario has
gained favor because such particles would fall out of
equilibrium with the rest of the plasma at such a tempera-
ture that their relic abundance today would be approxi-
mately correct to explain the astronomical observations.

Such a scenario also predicts a direct detection signal
due to the recoil of atoms which are hit by dark matter
particles, recoils which are being searched for at several
purpose built experiments (e.g. [2–4]). We also expect to
see signals from the self-annihilation of WIMP dark matter
in regions of the galaxy where the density is large, although
there are many uncertainties with regards to the magnitude
of this signal. Neither of these signals has yet been detected
although international efforts to find such signals are in-
tensifying to coincide with the opening of the LHC which
also may create WIMP dark matter particles.

Since we only understand the thermal history of the
Universe back to the start of nucleosynthesis, we cannot
say with any surety whether or not the WIMP scenario

makes sense. Furthermore there are many other scenarios
of dark matter which involve much more massive particles
or particles which cannot annihilate with themselves [5,6].
There is roughly 5–7 times the amount of dark matter in the
Universe by mass relative to baryonic matter. This ratio is
rather close to 1, a mystery which is only solved within the
WIMP framework by a happy coincidence. The closeness
of these numbers has led some researchers to suggest that,
like baryons, dark matter also possesses a conserved charge
and there is an asymmetry in this charge in the Universe. If
the two asymmetries are related then one would require the
dark matter mass to be approximately 5–7 times the mass
of a nucleon. This intriguing possibility would be consis-
tent with the controversial DAMA experiment [7] and the
slight hint of anomalous noise in the cogent experiment
[8]. Such a dark matter candidate could also have interest-
ing implications for solar physics [9].
Since any constraints on the nature of the mass and cross

section of dark matter particles are interesting, in this paper
we will consider both of these paradigms and see whether
or not it is possible to obtain any new constraints from a
new angle—namely by considering the capture of dark
matter by neutron stars.
The accretion of dark matter onto stellar objects has

been considered by various groups looking at both stars
[10–14] and compact objects [15–17]. In particular, the
structure and the ultimate fate of neutron stars which
accrete nonannihilating dark matter has been discussed
before [18–20].
Our aim is to consider the accretion of dark matter onto

neutron stars in greater detail in order to examine whether
or not it would ever be possible to either observe the
heating of a neutron star due to dark matter annihilation
within the object, or the collapse of a neutron star which
accretes nonannihilating dark matter.
In the next section we will outline our estimate for the

accretion rate of dark matter onto a neutron star. Then we
will explain which densities we will be assuming for dark
matter in the Milky Way. We will then go on to work out
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Can neutron stars constrain dark matter?
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Because of their strong gravitational field, neutron stars capture weakly interacting dark matter particles

(WIMPs) more efficiently compared to other stars, including the white dwarfs. Once captured, the WIMPs

sink to the neutron star center and annihilate, heating the star. We find that this heat could lead to

detectable effects on the surface temperature of old neutron stars, especially those in dark-matter-rich

regions such as the Galactic center or cores of globular clusters. The capture and annihilation is fully

efficient even for WIMP-to-nucleon cross sections (elastic or inelastic) as low as!10"45 cm2, and for the

annihilation cross sections as small as!10"57 cm2. Thus, detection of a sufficiently cold neutron star in a

dark-matter-rich environment would exclude a wide range of dark matter candidates, including those with

extremely small cross sections.
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I. INTRODUCTION

Since the initial discovery of the ‘‘missing mass’’ prob-
lem by Zwicky in the 1930s, a lot of theoretical, experi-
mental, and observational effort has been put into unveiling
the mystery of dark matter. A number of possibilities have
been proposed, including modifications of the gravitational
theory, hidden sector(s), primordial black holes and other
massive objects, and new dark matter particles.

An attractive solution of the dark matter problem within
the context of particle physics can be provided by a
class of models with weakly interacting massive particles
(WIMP). The standard model does not have a WIMP
with the required characteristics, which means that
WIMPs are probably related to physics beyond the stan-
dard model. There are several dark matter propositions
according to what extension of the standard model one
selects: supersymmetry [1,2], hidden sectors [3,4], techni-
color [5–8], etc.

All currently existing evidence in favor of dark matter
(as, for example, WMAP [9]) is of gravitational origin. In
order to distinguish between the dark matter models, a
direct (nongravitational) detection of dark matter particles
is required. The most important parameters that determine
the perspectives of the direct detection are the cross section
!N of the dark matter-to-nucleon interaction, and the dark
matter self-annihilation cross section !A, or the decay rate
in models with decaying dark matter. Underground direct
search experiments such as CDMS [10] and Xenon [11]
have put tight constraints on the spin-independent
and spin-dependent cross sections of WIMPs scattering
off nuclei targets at the level of !N & 10"43 cm2.
Interestingly, the DAMA Collaboration [12] claims the
observation of an annual modulated signal with high sta-
tistical significance. A possible reconciliation of all the

underground search experiments points to the existence
of dark matter with excited states, in which case WIMPs
can interact also inelastically [13,14], or to less mainstream
scenarios as in [15,16].
In the past 20 years, there have been several attempts to

constrain the properties of WIMPs by looking at signatures
related to the accretion and/or annihilation of WIMPs in-
side stars. This includes the capture of WIMPs in the Earth
and the Sun [17–19], the self-annihilation of WIMPs that
can lead to an observable neutrino spectrum [20,21], the
effect of dark matter in the evolution of low-mass stars
[22,23], and the study of the WIMP accretion and/or
annihilation inside compact stars such as neutron stars
[24–26] and white dwarfs [27,28].
Compact objects and, in particular, neutron stars con-

stitute a potentially promising way of constraining dark
matter models. First, the high baryonic density in compact
stars increases the probability of WIMP scattering within
the star and eventually the gravitational trapping. This is
crucial in view of the tiny value of !N . It should be noted
that in the models with the inelastic dark matter interac-
tions, the elastic and inelastic cross sections of the WIMP
scattering inside the star are of the same order, because the
WIMP velocity is much higher than the asymptotic value
of 220 km=s, and its kinetic energy is therefore much
larger than the splitting between the WIMP excited and
ground states. Second, at the late stages of their evolution,
neutron stars can be rather cold objects due to the lack of
possible burning or heating mechanisms, and therefore
heating by annihilation of the dark matter could produce
an observable effect.
Close cousins of the neutron stars are the white dwarfs,

the second most compact objects. They are easier to ob-
serve due to their larger surface area. However, they are
lighter and less dense than neutron stars. For an efficient
capture, a dark matter particle has to collide at least once
per star crossing. For a neutron star, this requires the cross
section to satisfy !N * 10"45 cm2, while for a solar mass
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We identify a largely model-independent signature of dark matter (DM) interactions with nucleons and
electrons. DM in the local galactic halo, gravitationally accelerated to over half the speed of light, scatters
against and deposits kinetic energy into neutron stars, heating them to infrared blackbody temperatures.
The resulting radiation could potentially be detected by the James Webb Space Telescope, the Thirty Meter
Telescope, or the European Extremely Large Telescope. This mechanism also produces optical emission
from neutron stars in the galactic bulge, and x-ray emission near the galactic center because dark matter is
denser in these regions. For GeV-PeV mass dark matter, dark kinetic heating would initially unmask any
spin-independent or spin-dependent dark matter-nucleon cross sections exceeding 2 × 10−45 cm2, with
improved sensitivity after more telescope exposure. For lighter-than-GeV dark matter, cross-section
sensitivity scales inversely with dark matter mass because of Pauli blocking; for heavier-than-PeV dark
matter, it scales linearly with mass as a result of needing multiple scatters for capture. Future observations
of dark sector-warmed neutron stars could determine whether dark matter annihilates in or only kinetically
heats neutron stars. Because inelastic interstate transitions of up to a few GeV would occur in relativistic
scattering against nucleons, elusive inelastic dark matter like pure Higgsinos can also be discovered.

DOI: 10.1103/PhysRevLett.119.131801

Despite ongoing searches, the identity of DM remains a
mystery. Terrestrial detectors looking for DM impinging on
known particles have found no dark sector scattering events
in up to 100 kilogram years of data. While some DM
models have been excluded by these searches, many well-
motivated candidates remain untested. Earthbound direct
detection is considerably less sensitive to DM that couples
to standard model (SM) particles primarily through inelas-
tic or SD interactions, as well as DM much heavier or
lighter than the nuclear masses of argon, germanium,
or xenon.
A compelling insight developed in this document is that

DM interactions with SM particles heat NSs through the
deposition of kinetic energy that DM gains falling into
steep NS gravitational potentials. Dark kinetic heating of
NSs depends only on the total mass of accumulated DM,
and is therefore sensitive to DMmasses spanning dozens of
orders of magnitude. As a consequence, dark kinetic
heating of NSs provides a powerful complement to, and
indeed could surpass, terrestrial direct detection searches
for DM interactions.
This Letter also demonstrates that the aggregate impact

of DM falling onto NSs results in thermal emission
detectable with imminent telescope technology.
Detecting or constraining DM using nearby NSs requires
dedicated searches and observation times a few orders of
magnitude beyond standard surveys. In addition, locating
an old NS within 50 pc of Earth, where ∼100 old NSs

reside, may be critical to near-future searches for dark
kinetic heating. Such efforts are warranted by the extraor-
dinary sensitivity dark kinetic heating has for a broad
variety of DM models. This builds substantially on studies
of DM that annihilates in compact stars [1–6], showing that
well-motivated nonannihilating, asymmetric [7,8] and
inelastic DM can heat NSs appreciably.
1. Dark kinetic heating.—DM’s flux through a NS

depends on the maximum impact parameter of incoming
halo DM. For NS mass M∼1.5M⊙ and radius R ∼ 10 km,
bmax¼ð2GMR=v2xÞ1=2½1−ð2GM=RÞ%−1=2∼103km, where
vx is the velocity of DM [9]. The total mass rate of DM
passing through the NS is _m ¼ πb2maxvxρx, where ρx is the
ambient density of DM. Using a best-fit DM density
and halo velocity, ρx∼0.42GeVcm−3 and vx∼230kms−1

[10], _m ∼ 4 × 1025 GeV s−1.
The total kinetic energy that can be deposited by DM is,

to good approximation, given by DM’s kinetic energy at the
surface of the NS, Es ≃mxðγ − 1Þ, where for a typical NS
γ ∼ 1.35. Then the rate of dark kinetic energy deposition is
given by

_Ek ¼
Es _m
mx

f ≃ 1.4 × 1025 GeV s−1
!
f
1

"
; ð1Þ

where f ∈ ½0; 1% is the fraction of dark particles passing
through the star that become trapped in the NS interior. This
fraction depends on the cross section for DM to scatter
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Mechanism

WIMP DM accretes on

a neutron star.

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.

In the standard cooling scenario, temperature becomes very 
low for t > 107 years.
With DM heating effect,  at later times. T∞

s → ∼ 2 × 103 K

σχN ≳ 10−45 cm2



Other heating sources?
If there are other heating sources in NSs, DM heating effect 

may be concealed. 

There is no heating source in Standard NS cooling theory.

Is it possible to have extra heating sources?
Or, even motivated?



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

Milli-second pulsars

J0437-4715: tsd = (6.7 ± 0.2) × 109 years, T∞
s = (1.25 − 3.5) × 105 K

J2124-3358: tsd = 11+6
−3 × 109 years, T∞

s = (0.5 − 2.1) × 105 K

Ordinary pulsars

J0108-1431: tsd = 2.0 × 108 years, T∞
s = (2.7 − 5.5) × 104 K

B0950+08: tsd = 1.75 × 107 years, T∞
s = (6 − 12) × 104 K

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

O. Kargaltsev, G. G. Pavlov, and R. W. Romani, Astrophys. J. 602, 327 (2004);

M. Durant, et al., Astrophys. J. 746, 6 (2012).

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

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

These observations cannot be explained in the standard cooling.



Topics of this talk
We need an extra heating source to explain those 
observations.

Non-equilibrium beta processes

Can we still observe the DM heating effect in the 
presence of this extra heating effect??

Candidates for the heating mechanism

Friction caused by vortex creep



Outline of this talk

• Introduction

• Standard Cooling Theory

• Non-equilibrium β processes

• Vortex creep heating

• Conclusion



Standard Cooling Theory



Standard Cooling of NS
D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner, Astrophys. J. Suppl. 155, 623 (2004);


M. E. Gusakov, A. D. Kaminker, D. G. Yakovlev, O. Y. Gnedin, Astron. Astrophys. 423, 1063 (2004).

Consider a NS composed of

Neutrons
Protons
Leptons (e, μ)

Equation for temperature evolution

C(T)
dT
dt

= − Lν − Lγ

C(T): Stellar heat capacity
Lν: Luminosity of neutrino emission
Lγ: Luminosity of photon emission

In Fermi degenerate states.

Supposed to be in the β equilibrium.

Form Cooper pairs



Cooling sources
Two cooling sources: 

ν

γ

Dominant for t ≳ 105 years

t ≲ 105 yearsDominant for
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Nuclear force
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in the β equilibrium.

Photon emission (from surface)

Neutrino emission (from core)
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Success of Standard Cooling

M = (1.01 − 1.92)M⊙

O. Y. Gnedin, M. Gusakov, A. Kaminker, D. G. Yakovlev, 

Mon. Not. Roy. Astron. Soc. 363, 555 (2005).

Consistent with the observations for .t < 106 years
Temperature gets very low for .t ≳ 106 years

For the latest data, see http://www.ioffe.ru/astro/NSG/thermal/cooldat.html
~ 50 NSs listed.

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


Heating mechanism?
In old NSs, the following heating mechanisms due to 

the slowdown of NS rotation may operate:

Non-equilibrium beta processes

Friction caused by vortex creep

Let us discuss these two mechanisms, and see their implications

for the detection of the DM heating mechanism.



Non-equilibrium β processes



Loop hole in standard cooling
In the standard cooling, β equilibrium is assumed.
In a real pulsar

Rotation rapid

Centrifugal

force large

Rotation slow

Centrifugal

force weak

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.

1

0 p

f(p)
T

pF

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

Deviation from β equilibrium
A. Reisenegger, Astrophys. J. 442, 749 (1995).
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Nuclear force

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).



Millisecond pulsars

We can explain the observations.

Rotochemical heating always occurs in MSPs.

M Znpe Znpµ Znp Wnpe Wnpµ

[M�] [10�61 erg] [10�61 erg] [10�61 erg] [10�13 erg s2] [10�13 erg s2]

1.4 10 12 4 �1.5 �2
1.8 6 7 2 �1.4 �1.8

Table 2: The values of Znp, Znp`, and Wnp` in Eqs. (13) and (14), which are taken from Ref. [23].

We divide the NSs listed in Tab. 1 into two categories: MSPs and the others. The latter contains
ordinary pulsars and XDINSs. We exploit a representative parameter set for each category as
follows:

Millisecond pulsars MSPs have much smaller P and €P than ordinary pulsars. With MSP J0437-
4715 in mind, we use the following parameters for this category:

• M = 1.4 M�.

• P = 5.8 ms.

• €P = 5.7 ⇥ 10�20.

• �M/M = 10�7.

We also note that the values of P and €P of J2124-3358, P = 4.9 ms and €P = 2.1 ⇥ 10�20, are fairly
close to those of J0437-4715, while its mass is unknown. We have fixed the amount of the light
elements in the envelope, �M/M = 10�7, as it turns out that the result is almost independent of
this choice for old NSs such as J0437-4715 and J2124-3358.

Ordinary pulsars and XDINSs For ordinary pulsars and XDINSs, we use

• M = 1.4 M� or 1.8 M�.

• P = 1 s.

• €P = 1 ⇥ 10�15.

• �M/M = 10�7 or 10�15.

Note that P and €P a�ect the rotochemical heating only through Eq. (16), and thus the result
depends only on the combination P €P. Ordinary pulsars have P €P ⇠ 10�17

� 10�13, corresponding
to B ⇠ 1011

� 1013 G. The dependence of the thermal evolution on P €P is weaker than that on gap
models and P0, and thus we fix it to be P €P = 1 ⇥ 10�15 s in the following analysis.

Once we fix the NS parameters as above, the time evolution of the NS surface temperature
depends only on the nucleon gap models and the initial period P0. As we see in Sec. 2.2.2, the

15

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

We take account of the effect of non-equilibrium β processes.



Ordinary pulsars

We can explain all of the observations.

The temperature evolution highly depends on 
the initial period  of pulsars.P0

Cool star: large initial period → no rotochemical heating.
Warm star: small initial period → rotochemical heating effective.

M Znpe Znpµ Znp Wnpe Wnpµ

[M�] [10�61 erg] [10�61 erg] [10�61 erg] [10�13 erg s2] [10�13 erg s2]

1.4 10 12 4 �1.5 �2

1.8 6 7 2 �1.4 �1.8

Table 2: The values of Znp, Znp! , and Wnp! in Eqs. (13) and (14), which are taken from Ref. [23].

We divide the NSs listed in Tab. 1 into two categories: MSPs and the others. The latter contains
ordinary pulsars and XDINSs. We exploit a representative parameter set for each category as
follows:

Millisecond pulsars MSPs have much smaller P and €P than ordinary pulsars. With MSP J0437-
4715 in mind, we use the following parameters for this category:

¥ M = 1.4 M�.

¥ P = 5.8 ms.

¥ €P = 5.7 ⇥ 10�20.

¥ ! M/ M = 10�7.

We also note that the values of P and €P of J2124-3358, P = 4.9 msand €P = 2.1 ⇥ 10�20, are fairly
close to those of J0437-4715, while its mass is unknown. We have fixed the amount of the light
elements in the envelope, ! M/ M = 10�7, as it turns out that the result is almost independent of
this choice for old NSs such as J0437-4715 and J2124-3358.

Ordinary pulsars and XDINSs For ordinary pulsars and XDINSs, we use

¥ M = 1.4 M� or 1.8 M�.

¥ P = 1 s.

¥ €P = 1 ⇥ 10�15.

¥ ! M/ M = 10�7 or 10�15.

Note that P and €P a! ect the rotochemical heating only through Eq. (16), and thus the result
depends only on the combination P €P. Ordinary pulsars have P €P ⇠ 10�17

� 10�13, corresponding
to B ⇠ 1011

� 1013 G. The dependence of the thermal evolution on P €P is weaker than that on gap
models and P0, and thus we fix it to be P €P = 1 ⇥ 10�15 s in the following analysis.

Once we fix the NS parameters as above, the time evolution of the NS surface temperature
depends only on the nucleon gap models and the initial period P0. As we see in Sec. 2.2.2, the

15

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

Heating due to magnetic field decay may occur.



Rotochemical heating vs DM heating
Now we include both the DM and rotochemical heating effects.

Simulations show that P0

can be as large as O(100) ms.

See, e.g., 1811.05483.

If P0 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).



Vortex Creep Heating



Neutron superfluid vortex lines
Neutrons form Cooper pairs in NSs. Neutron superfluidity

In a rotating NS, superfluid vortex lines are formed.

outercrustinner crust

rotationaxis

f

vortex line

superßuid : ! " vs = 0C

S

vortex line : ! " vn # 0core

The vortex lines are fixed to the crust by nuclear interactions.
P. W. Anderson and N. Itoh, Nature 256, 25 (1975).



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

But the superfluid component does not.

The rotational speed difference developed.

! v

! v = vs ! vVL

"
fMag

"

fMag
vortex line

"

neutronstar

rotationaxis

This induces Magnus force.

When it gets large enough, vortex lines 

start to move outwards. 

Vortex creep

Speed difference decreases.

The vortex creep keeps the speed difference constant.
<latexit sha1_base64="ejeUtJWaFQw7AlbLOwiL5H0jsGs="></latexit>

! SF ! ! crust = const. Determined by the pinning force.



Vortex creep heating
The rotational energy stored in the superfluid component is 

dissipated as heat:

<latexit sha1_base64="2ALw8g7j+KxJx4LKwM0hov+vXuQ="></latexit>

L H =
!

dI crust (! SF ! ! crust )| ú! | " J | ú! |

Moment of inertia Determined by the pinning force.

All NSs have similar values of J. 

In old NSs, this heating balances with the photon cooling:
<latexit sha1_base64="AA39g84kIy7hetKpo1YMStcZwf4="></latexit>

L H = L ! = 4 ! R2" SBT4
s

<latexit sha1_base64="e5y2ugK5cp27UOvGuIC197k7Stw="></latexit>

Jobs = 4 ! R2" SBT4
s / | ú! | Can be determined by observation.

The vortex heating mechanism predicts this to be almost universal.

M. A. Alpar, et.al., Astrophys. J. 276, 325 (1984);
M. Shibazaki and F. K. Lamb, Astrophys. J. 346, 808 (1989).



Vortex creep heating vs observations

Magnetic heating suspected

MSP

tsd < 105 years

Theoretical estimations.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, in preparation.

Observations find similar values of J.

Theoretical calculations are in the same ballpark.
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Vortex creep heating vs DM heating
To see the DM heating effect, we want .Lvortex < LDM

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, in preparation.

Upper limit on J ! ·Ω !

Limit on J  (log J [erg s])

Distribution of known pulsars

Vortex-creep heating seems to dominate DM heating…

38

For observationally favored value

of J, we need this size of ! ·Ω !
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Conclusion



Conclusion

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

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

We studied potential heating mechanisms in NSs.

Non-equilibrium β processes.

Vortex creep heating

This heating effect seems to dominate the DM heating.



Backup



Dark matter accretion in NS

NS

R ~ 10 km

DM

DM velocity is very large on the NS surface.

Effective geometrical cross section is very large.

DM number density

DM accretion rate is

<latexit sha1_base64="yXS1gvO/cWbxoQ3Nidh5jixUAMY="></latexit>

vesc =

!
2GM

R

<latexit sha1_base64="Ny/3KnjMQLQH/U9lxNOPH5TjU0A="></latexit>

bmax ! R
vesc

v!

Impact parameter

<latexit sha1_base64="HMBR2zVd0DfxVvr7xVJSLoATaVs="></latexit>

úN ! ! b2
max v! á

" DM

mDM



Dark matter accretion in NS

For old NSs, we have

Accretion rate Annihilation rate=
equilibrium

It is found that 

One scattering is enough for WIMPs to be captured.

At least one scattering occurs if .σN ≳ 10−45 cm2

Energy transfer ~ 100 MeV — 1 GeV.

Independent of DM mass.

<latexit sha1_base64="VmChY95dd58TyOX1C296M6/GUS8="></latexit>

L H ! mDM úN ! 2! GMR " DM /v !



Dark matter accretion in NS

v∞ DM
b

vn

rn
Perihelion

NS

Energy Angular momentum

Consider a WIMP with mass mDM, incoming from infinity 

with speed v∞ and impact parameter b.



Dark matter accretion in NS
For a WIMP to be captured by a NS,  is required.rn ≤ R

Escape velocity

Close to the speed of light!Maximum impact parameter

v∞ ≃ 230 km/s

Much larger than the NS radius.



Recoil energy
For each DM-nucleon scattering, WIMPs lose energy by

Let us compare this with the initial kinetic energy: E∞
kin = mDMv2

∞/2

 scattering angle

       in the CM frame.
θc :

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

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

If not, capture rate is suppressed by .σN /σth

σN ≳ 10−45 cm2Mean Free Path ∼ (σNn)−1 ∼
mNR3

MσN
≲ R

 DM-nucleon scattering cross sectionσN :

Captured WIMPs eventually annihilate inside the NS core.

For old NSs, we have

Accretion rate Annihilation rate=
equilibrium



NS temperature with DM heating

(for )σ > σth

Independent of DM mass.

At later times, the DM heating balances with the cooling 

by photon emission.

Robust, smoking-gun prediction

of DM heating.

Can we observe this??



DM is electrically neutral. But, this does not fully determine

its electroweak charges.

Electroweak multiplet DM

SU(2)L ⊗ U(1)Y : (1,0), (2, ± 1/2), (3,0), (3, ± 1), …

Electroweak multiplet DM
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

This class of DM has small DM-nucleon scattering cross section.



! m ! m+1,m! 1

W

! m ! m ! m! m

Z, "

Electroweak multiplet DM
Electroweak multiplet DM is accompanied by charged particles,

which are degenerate in mass.
Mass splitting

O(100) MeV

Inelastic scattering can occur.

Cross section is large enough for 
such a DM to be captured in NS.

NS can be a promising probe for 
this class of DM candidates.

W !

pn

! 0 ! !

M. Fujiwara, K. Hamaguchi, N. Nagata, J. Zheng, arXiv:2204.02238.



Muon g-2 and DM
NS heating can occur for DM models that couple only to leptons.

Muon g-2 DM-muon scattering cross section

K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, arXiv:2204.02413.

In the parameter regions where the muon g-2 anomaly is explained,

DM-muon scattering is sufficiently large.



Effective operator analysis

N. Raj, P. Tanedo, H. Yu, Phys. Rev. D97, 043006 (2018).



Dark kinetic heating
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M. Baryakhtar, J. Bramante, S. W. Li, T. Linden, N. Raj, Phys. Rev. Lett. 119, 131801 (2017).

Effect of Pauli blocking Multiple scattering required



Neutron star structure

~ 1 km

Outer crust
Neutron-rich nucleus (crystal)

Inner crust

Neutron-rich nucleus, electron
Neutron superfluid:

Outer core

Electron, muon
Neutron superfluid:
Proton superconductor:

Inner core
Neutron superfluid:
Hyperons, π/K condensation, quarks (?)

Electron

1S0

3P2

3P2

1S0

We do not consider them in this talk.

Envelope, atmosphere



Cooling sources
Two cooling sources: 

ν

γ
Photon emission (from surface)

Dominant for t ≳ 105 years

Neutrino emission (from core)

Direct Urca process (DUrca)

Modified Urca process (MUrca)

Bremsstrahlung

PBF processt ≲ 105 yearsDominant for

Occurs when nucleon pairings 

are formed.



Urca processes
Urca processes keep NSs into β equilibrium:
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Nuclear force

Chemical equilibrium

Rapid Direct Urca process can occur only in heavy stars.
For the APR equation of state, M ≳ 1.97M⊙
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Temperature distributionBA C D
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D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner [arXiv: 1302.6626].

Relaxation in the Core

done in ~ 100 years.
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Neutrino Theory of Stellar Collapse

G. GAMow, George Washington University, Washington, D. C.
M. ScHQENBERG, University of SaoPaulo, SaoPaulo, Brazil

(Received February 6, 1941)

At the very high temperatures and densities which must
exist in the interior of contracting stars during the later
stages of their evolution, one must expect a special type
of nuclear processesaccompanied by the emission of a large
number of neutrinos. These neutrinos penetrating almost
without difficulty the body of the star, must carry away
very large amounts of energy and prevent the central
temperature from rising above a certain limit. This must
cause a rapid contraction of the stellar body ultimately
resulting in a catastrophic collapse. It is shown that energy
lossesthrough the neutrinos produced in reactions between

free electrons and oxygen nuclei can cause a complete
collapse of the star within the time period of half an hour.
Although the main energy losses in such collapses are due
to neutrino emission which escapes direct observation.
the heating of the body of a collapsing star must necessarily
lead to the rapid expansion of the outer layers and the
tremendous increase of luminosity. It is suggested that
stellar collapses of this kind are responsible for the phe-
nomena of novae and supernovae, the difference between
the two being probably due to the diR'erence of their
masses.

)1. INTRQDUcTIQN

1

 ~ONE

of the most peculia.r phenomena which
we encounter in the evolutionary life of

stars consists in vast stellar explosions known as
"ordinary novae" and "supernovae." It is now
well established that, although these two classes
of novae possessa great many features in com-
nlon, they are sharply separated insofar as their
maximum luminosities are concerned. The ordi-
nary novae, appearing at the rate of about 50 per
year in our stellar system, reach at their maxi-
mum a luminosity of the order of magnitude of
10' suns. On the other hand, the supernovae,
Haring up in any given stellar system only once in
several centuries, reach luminosities exceeding
that of the sun by a factor of 10'. The inter-
mediate luminosities have never been observed, .

and there seems to exist a real gap between these
two classesof stellar explosions.

The common features of novae and supernovae
may be briefly summarized as follows:

(1) Both ordinary novae and supernovae show
a very similar form of luminosity curve (apart
from the luminosity scale,of course) with a sharp
rise to the maximum within a few days or weeks,
and a subsequent slow decline of intensity,
decreasing by a factor of two every four or five
months.

(2) In both cases the spectrum shows rather
high surface temperature (up to 20,000'C for

* Now at George Washington University as Fellow of
the Guggenheim Foundation.

ordinary novae, and probably above 30,000'C
for supernovae), and the rapid expansion of the
stellar atn1osphere which is evidently blown up
by the increasing radiative pressure. In the case
of Nova Aquilae 1918,for example, the star was
surrounded by a luminous gas shell expanding
with a velocity of 2000 kilometers per second,
whereas the gas masses expelled by the galactic
supernova of the year A.D. 1054 (observed by
Chinese astronomers) form at present an ex-
tensive luminous cloud known as the "Crab-
Nebula. " It must be noticed here that the large
surface area of this blown-up atmosphere is
mainly responsible for the observed high lumi-
nosities, since the increaseof the surface tempera-
ture can only account for a factor of several
hundreds in the surface brightness.

(3) Whereas the "prenovae," in the rare cases
when they have been observed, represent com-
paratively normal stars of the spectral class A
(surface temperature about 10,000'C),' the
"postnovae,"remaining after the Hare-up, possess
extremely high surface temperatures (spectral
class 0) and seem to represent highly collapsed
configurations, such as the stars of the "Wolf-
Rayet" type.

The same evidently holds true for the caseof

The meagerness of observational material makes it
impossible to decide whether "prenovae" are located on
the main sequence or to the left of it. There seems to be
no doubt, however, that, as the result of explosion, the
position of the star in the Hertzsprung-Russell diagram is
strongly shifted towards higher surface temperatures and
smaller radii.
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supernovae, since the star found in the center of
the "Crab-Nebula, "and representing most proba-

bly the remainder of the galactic supernova A.D.
1054,shows the typical features of a very dense
"white dwarf. "

The change of state caused by these stellar
catastrophes strongly suggests that the process
involved here is not connected with any instan-

taneous liberation of intranuclear energy due to
some explosive reaction, but rather represents a
rapid collapse of the entire stellar body as was

first suggested by Milne. '
It was suggested by Baade and Zwicky, ' in

particular application to supernovae, that such

collapses may be due to the formation within the

star of a large number of neutrons which would

permit considerably closer "packing" in the

central regions.
It is easy to see, however, that the possibility

of closer packing alone is quite insufficient to
explain the rapid collapse of the star, since such a
collapse requires the removal of large amounts of

gravitational energy produced by contraction in

the interior of the star. In fact, quite independent

of whether the matter in the center consists of

charged nuclei or neutrons, the heat produced by
contraction must pass through the entire body of

the star, and the rate of energy transport, de-

pending on the opacity of the main body, will be

the same in both cases.On the other hand, if we

can find some way of removing instantaneously

the heat liberated in the central regions, in spite

Of the opacity of the stellar body, the star will

collapse with a velocity comparable to that of
"free fall" independent of the kind of particles

existing in its interior.
The amount of gravitational energy which is

liberated when a star of a mass M contracts from

the original radius Rp to the collapsed radius R, is

given approximately by

companion of Sirius (R.=Ro/40),' the total liber-
ation of gravitational energy will be of the order
of magnitude of 10"erg. On the other hand, the
time of the free-fall collapse from the original
radius Ro to any small value of the radius is given

approximately by

In the case of the sun, At will be of the order
10'sec.(i.e., about half an hour), so that the mean

rate of energy removal necessary for such a
collapse is about 10"erg/g sec. If we remember
that the collapse of novae and supernovae takes
place within a few days, we come to the con-
clusion that the rate of energy removal in these
actual casesmay be only several hundred times
smaller than given above.

As we suggested in a recent publication, ' this

very fast removal of energy from the interior of
the star can be understood on the basis of the
present ideas on the role of neutrinos in nuclear
transformations involving emission or absorption
of P-particles. In fact, when the temperature and
density in the interior of a contracting star reach
certain values depending on the kind of nuclei

involved, we should expect processesof the type

zN~+e Ñ+z ~X'+antineutrino

g ~X Ñ+zN +e +neutrino,

which we shall call, for brevity, "urea-processes."
The neutrinos formed in the above processes'
absorb a considerable part of the transformation
energy (about ~3), and escapewith practically no

difhculty through the body of the star.
As we shall see later, these processes of ab-

sorption and reemission of free electrons by
certain atomic nuclei which are abundant in

stellar matter may lead to such tremendous
energy losses through the neutrino emission that

Thus, for example, if a star of the mass and

radius of our sun contracts to the size of the

~ E.A. Milne, Observatory 54, 145 (1931).
3 W. Baade and F. Zwicky, Proc. Nat. Acad. Sci. 20,

259 (1934).

4 The companion of Sirius possessesa mass which is
almost equal to the mass of the sun, and may be considered
as representing the type of the white dwarfs obtained by
the collapse of the sun.

G. Gamow and M. Schoenberg, Phys. Rev. 58, 1117
(1940).

'We shall use the term "neutrino" both for ordinary
neutrinos and antineutrinos involved in the reaction,
since there is no noticeable difference in their behavior.
It is also clear that one can neglect the possibility of mutual
anniJ'ilation of these particles witkin a stellar body, since
they escapefrom the star with practically no collisions.

Named after a casino in

Rio de Janeiro:

Cassino da Urca

To commemorate the casino where they first met.

Rapid disappearance of energy (money) of a star (gambler).

UnRecordable Cooling Agent.

“Urca” means “thief” in Russian.



Fermi momenta
Fermi momenta in neutron star

Fermi momentum of neutron is large: 300—500 MeV

Muons also appear in the region where .μe > mμ



Neutrino emission
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These processes occur only near the Fermi surface.

First we consider the processes that occur without superfluidity.

Nuclear force Nuclear force
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β equilibrium
Inside neutron stars, β equilibrium is achieved via 

the direct/modified Urca reactions

Chemical equilibrium

Chemical potential of neutrino is zero

since it can escape from neutron star.

Charge neutrality

Muons also appear in the region where .μe > mμ

Chemical equilibrium Charge neutrality



Direct Urca

The step function comes from the momentum conservation.

pF,p + pF,e > p F,n
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Direct Urca is the dominant process, if it occurs.

Emissivity !  energy loss per volume per time.

of the direct Urca process is given by



Direct Urca condition

For the APR equation of state, M ≳ 1.97M⊙

Direct Urca can occur only in the high density region.

It can occur only in relatively heavy stars.



Modified Urca/bremsstrahlung
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If Direct Urca does not operate, Modified Urca/bremsstrahlung

processes become dominant.

Nuclear force Nuclear force

Momentum exchange with a spectator allows these processes

to satisfy the momentum conservation.



Effects of nucleon pairings

∝ e− ΔN
T

Nucleons in a NS form Cooper pairings.

Energy spectrum

: pairing gapΔN
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This pairing energy gap strongly suppresses the neutrino emission

at low temperatures.

2ΔN



Luminosity

Urca process is extremely suppressed at later times.

Photon emission becomes dominant after ~105 years.



Nucleon pairing
Nucleons in a NS form pairings below their critical temperatures:

Neutron singlet 1S0

Proton singlet 1S0

Neutron triplet 3P2

Only in the crust. Less important.

} Form in the core. Important.

Neutron triplet pairing gap
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Effects of nucleon parings

The paring gap introduces a suppression factor to

∝ e− ΔN
T

Neutrino emission processes

Heat capacity

In addition, a new neutrino emission process is turned on:

Pair-breaking and formation (PBF) process
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Nucleons in a NS form Cooper parings.

Energy spectrum

: paring gapΔN
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PBF process
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Thermal disturbance induces the breaking of nucleon pairs.

During the reformation of cooper pairs, the gap energy 

is released via neutrino emission.

This process significantly enhances the neutrino emission 

only when

T ≲ TC

If T > TC, this process does not occur.
If T << TC, pair breaking rarely occurs.



Surface temperature
It is the surface temperature that we observe, so we need to

relate it to the internal temperature.

g14: surface gravity in units of 1014 cm s-2.
ΔM: mass of light elements.

As the amount of light elements gets increased, the surface 

temperature becomes larger. Light elements have large thermal conductivities.

A. Y. Potekhin, G. Chabrier, and D. G. Yakovlev, A&A 323, 415 (1997).

This relation depends on the amount 
of light elements in the envelope.

η ≡ g2
14ΔM/M



Temperature evolution
We can now solve the equation for temperature evolution:

If Direct Urca occurs, the neutron star cools down rapidly.

Temperature of NSs (older than 106 years) is very low.

Before the thermal relaxation

completed, the surface 

temperature does not 

follow the internal temperature.



Temperature evolution (gap dependence)

Proton singlet gap

Neutron triplet gap

Uncertainty in nucleon gap models

lead to the theoretical errors in the

cooling calculation.



Challenge for standard cooling
On the other hand, there is an example of old cool neutron star.

J2144-3933: tsd = 3.33 × 108 years, T∞
s < 4.2 × 104 K

S. Guillot, et al., Astrophys. J. 874, 175 (2019).

Is there any theory that can explain these observations

on the equal footing??



Loop hole in standard cooling
In the standard cooling, β equilibrium is assumed.
In a real pulsar

Rotation rapid

Centrifugal

force large

Rotation slow

Centrifugal

force weak

Local pressure changes. Chemical equilibrium condition changes.

At low temperatures, the rate of Urca process is highly suppressed.

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



Out of β equilibrium
Deviation from β equilibrium is quantified by

At early times

Urca processes are rapid.

NS can follow the change in the equilibrium condition.

At later times

Urca processes are too slow.

Deviation from β equilibrium

 increases!ηℓ

ηℓ

Time

ηℓ

Driven by rotation
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Rotochemical heating

Once  exceeds a threshold  determined by nucleon gaps,ηℓ Δth

Urca processes are enhanced.

Generation of heat

Called the rotochemical heating.

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

It occurs in the same setup as the standard cooling.

ηℓ

Time

Δth
Heating!

This effect should have been included from the beginning…

No exotic physics needed.



Evolution of chemical imbalance

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

Magnetic dipole radiation

Rotochemical heating occurs if the initial period P0 is small enough.

Since the deviation from equilibrium is driven by rotation,

it strongly depends on the value of initial period.



Out of β equilibrium
The excess of energy is dissipated by

Increase of neutrino emission

Generation of heat

Deviation from β equilibrium is quantified by

Heating luminosity

where

P. Haensel, Astron. Astrophys. 262, 131 (1992);

A. Reisenegger, Astrophys. J. 442, 749 (1995).



Evolution of chemical imbalance
The time evolution off  is determined byηℓ

W < 0, Z > 0: coefficients which depend on NS structure.

Bring the system back to equilibrium.
Drive the system out of equilibrium.

R. Fernandez and A. Reisenegger, Astrophys. J. 625, 291 (2005).

Once the second term wins, the imbalance increases.

Magnetic dipole radiation

(P0: initial period)



Gap dependence

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



Gap dependence

Courtesy of K. Yanagi.



Spin-down age
For magnetic dipole radiation,

By solving this, we have

In particular, for , we can estimate the neutron star ageP0 ≪ Pnow

tsd is called spin-down age or characteristic age.

(P0: initial period)

<latexit sha1_base64="XJCjNLEJVSf61W6WOvITk/r49+w="></latexit>

ú! = ! k! 3

<latexit sha1_base64="un/tP/FxOZo2LybuCNhwRpZ4k6g="></latexit>

k =
2B 2

s sin2 ! R6

3c3I
= !

ú! now

! 3
now

=
Pnow úPnow

4" 2

<latexit sha1_base64="VLKplqeEg39Fgo0V3rvPoOnf7qw="></latexit>

P (t) =
!

P2
0 + 2Pnow úPnow t

<latexit sha1_base64="ez/lOOYHbQzAz4BLiceJxLPe+jg="></latexit>

t sd =
Pnow

2 úPnow



Pulsar age

Actual age

Spin-down age

P = 0.033392 s, ·P = 4.21 × 10−13

Agrees within ~ 30%.

Let us compare the spin-down age with the actual age

in the case of the Crab pulsar.

It was born in 1054, so its age is 967 years old.
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