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Today’s topic
Search for new physics via temperature observations of

neutron stars (NSs).

Dark matter
(WIMPs, …)

Axion, …

Cooling

Heating
Neutron Star

NS surface temperature

Explore the effects of new physics by searching for deviations

from standard NS cooling.



Outline

•Heating

•Cooling

WIMPs, …

Axion, …

May be hidden by NS internal heating

Limit from Cassiopeia A NS

•Standard NS cooling



Standard NS cooling theory



Standard NS cooling
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

• Supposed to be in the β equilibrium.


• In Fermi degenerate states.



Cooling sources
Two cooling sources: 

γ

Dominant for t ≳ 105 years

t ≲ 105 yearsDominant for

Photon emission (from surface)

Neutrino emission (from core)

<latexit sha1_base64="GIFMOs37tIZlpF+K9YYjXXvkl5o="></latexit>

L� = 4⇡R2�SBT
4
s

ν Direct Urca process (DUrca)

Modified Urca process (MUrca)

Bremsstrahlung

PBF process



Luminosity

• Neutrino emission is dominant for young NSs.


• Photon emission is dominant for old NSs.



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

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


DM heating vs NS internal heating



Dark matter heating in NSs
It has been discussed that the signature of dark matter (DM) may

be detected via the NS temperature observations.

DM accretes

on a NS.

Deposit its energy

inside the NS. Heat the NS!

C. Kouvaris, Phys. Rev. D77, 023006 (2008).  
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Dark matter heating in NSs
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



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.



Internal heating
In actual NSs, the following internal heating mechanisms due to 

the slowdown of NS rotation may operate:

Non-equilibrium beta processes

Friction caused by vortex creep
We discuss this today.

See K. Hamaguchi, N. Nagata, K. Yanagi, Phys. Lett. B795, 484 (2019);
K. Hamaguchi, N. Nagata, K. Yanagi, MNRS 492, 5508 (2020).

DM heating effect can be observed in ordinary pulsars.



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

In a rotating NS, superfluid vortex lines are formed.

outer crustinner crust
rotation axis

f
vortex line

superfluid : ∇ × 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).

Ω

t

Vortex lines may be

relevant for pulsar glitches.



Pulsar slowdown

Rotation of the rigid component of NS slows down.

But the superfluid component does not.

The rotational speed difference  develops.δv



Magnus force
Vortex lines are pinned to the crust, feeling a superfluid flow.

δv

Magnus force

Magnus force acts on vortex lines.

As  increases, Magnus force increases.δv

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

Vortex creep  decreasesδv Vortex lines pinned
Start over



Vortex creep
Vortex creep results in

<latexit sha1_base64="ejeUtJWaFQw7AlbLOwiL5H0jsGs="></latexit>

⌦SF � ⌦crust = const.

This difference is determined by the pinning force.

During this process, the rotational energy stored in the superfluid 
component is dissipated as frictional heat:

δv

Vortex creep heating
M. A. Alpar, et.al., Astrophys. J. 276, 325 (1984);

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



Vortex creep heating
Heating luminosity is given by

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

LH =

Z
dIcrust(⌦SF � ⌦crust)|⌦̇| ⌘ J |⌦̇|

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>

LH = L� = 4⇡R2�SBT
4

s

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

Jobs = 4⇡R2�SBT
4
s /|⌦̇| Can be determined by observation.

The vortex heating mechanism predicts Jobs 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.

Observations find similar values of J.

Theoretical calculations are in the same ballpark.
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1. PSR B1706-44
2. PSR J1740+1000
3. PSR B2334+61
4. PSR B0656+14
5. PSR J0633+1748
6. PSR J0538+2817
7. PSR B1055-52
8. RX J1605.3+3249
9. PSR J2043+2740
10. PSR J1741-2054
11. PSR J0357+3205
12. PSR B0950+08
13. RX J0420.0-5022
14. PSR J0437–4715
15. RX J1308.6+2127
16. RX J0720.4-3125
17. PSR J2124-3358
18. RX J1856.5-3754
19. RX J2143.0+0654
20. RX J0806.4-4123
21. PSR J0108-1431
22. PSR J2144-3933

ln10J [erg s]

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, JCAP 03, 051 (2024).



Vortex creep heating vs observations
Ordinary pulsars Millisecond pulsars

Temperature evolution deviates at .t ≳ 105 years

Even for very old NSs, .Ts ≳ 104 K

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, JCAP 03, 051 (2024).



Vortex creep heating vs DM heating

The DM heating is buried under the vortex creep heating unless
<latexit sha1_base64="QE1r7ivWpxl5vsSZF6Vnt9KnC9k="></latexit>

J . 1038 erg · s Much smaller than the values 

favored by obs. and theor.

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, Phys. Lett. B848, 138341 (2024).



Cas A NS axion limit



3 Cassiopeiae

19
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..
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3 Cassiopeiae

Atlas Coelestis (1729)

John Flamsteed
First Astronomer Royal

He recorded 3 Cassiopeiae on August 16, 1680.

Never been observed since then.



Cassiopeia A (Cas A)

Supernova remnant

Chandra (2011).

Explosion date estimated from the remnant expansion: 1681 ± 19.

Neutron star (NS) was found in the center.

d = 3.4+0.3
−0.1 kpc



Cas A NS cooling
The Astrophysical Journal Letters, 719:L167–L171, 2010 August 20 doi:10.1088/2041-8205/719/2/L167
C⃝ 2010. The American Astronomical Society. All rights reserved. Printed in the U.S.A.

DIRECT OBSERVATION OF THE COOLING OF THE CASSIOPEIA A NEUTRON STAR

Craig O. Heinke1 and Wynn C. G. Ho2
1 Department of Physics, University of Alberta, Room 238 CEB, Edmonton, AB T6G 2G7, Canada; heinke@ualberta.ca

2 School of Mathematics, University of Southampton, Southampton SO17 1BJ, UK; wynnho@slac.stanford.edu
Received 2010 April 14; accepted 2010 July 8; published 2010 August 2

ABSTRACT

The cooling rate of young neutron stars (NSs) gives direct insight into their internal makeup. Although the
temperatures of several young NSs have been measured, until now a young NS has never been observed to decrease
in temperature over time. We fit nine years of archival Chandra ACIS spectra of the likely NS in the ∼330 yr old
Cassiopeia A supernova remnant with our non-magnetic carbon atmosphere model. Our fits show a relative decline
in the surface temperature by 4% (5.4σ , from (2.12±0.01)×106 K in 2000 to (2.04±0.01)×106 K in 2009) and the
observed flux by 21%. Using a simple model for NS cooling, we show that this temperature decline could indicate
that the NS became isothermal sometime between 1965 and 1980, and constrains some combinations of neutrino
emission mechanisms and envelope compositions. However, the NS is likely to have become isothermal soon after
formation, in which case the temperature history suggests episodes of additional heating or more rapid cooling.
Observations over the next few years will allow us to test possible explanations for the temperature evolution.

Key words: dense matter – neutrinos – pulsars: general – stars: neutron – supernovae: individual (Cassiopeia A) –
X-rays: stars

Online-only material: color figures

1. INTRODUCTION

The internal composition and structure of neutron stars (NSs)
remain unclear (e.g., Lattimer & Prakash 2004). Areas of
uncertainty include whether exotic condensates occur in the
NS core, the symmetry energy and thus proton fraction in the
core, the behavior of superfluidity among neutrons and protons,
the conductivity of the NS crust, and the chemical composition
of the outer envelope. NSs are heated to billions of degrees
during supernovae and cooled via a combination of neutrino
and photon emission. Observing the cooling rates of young
NSs is a critical method to constrain the uncertainties (see
Tsuruta 1998; Yakovlev & Pethick 2004; Page et al. 2006 for
reviews).

To date, observations of young cooling NSs have been
restricted to measuring the temperature of individual NSs
at one point in time. As NSs may differ in their masses,
envelope compositions, etc., a measurement of the cooling rate
of a young NS is needed to determine its cooling trajectory.
Since neutrino radiation (rather than the observed photon
radiation) is the dominant source of cooling during the first
∼105 years, measurements of cooling rates during this time
require measuring a temperature decline over time. No young
NS has previously been observed to cool steadily over time.
Though the ∼106 year old NS RX J0720.4−3125 has shown
temperature variations of ∼10% over ≈ 7 years (de Vries et al.
2004; Hohle et al. 2009), this variation is ascribed to either a
glitch-like event or precession of surface hot spots (Haberl et al.
2006; van Kerkwijk et al. 2007; Hohle et al. 2009). Magnetars,
such as 4U 0142+61, have shown temperature variations, along
with changes in their pulsed fraction and pulse profile (Dib et al.
2007), but these are likely due to magnetic field reconfiguration
events.

The compact central object at the center of the Cassiopeia A
(Cas A) supernova remnant was discovered in Chandra’s first-
light observations (Tananbaum 1999) and quickly identified
as a likely NS, which we assume here. It is presently the
youngest-known NS, as the remnant’s estimated age is ≈ 330 yr

(Fesen et al. 2006). It is relatively close-by (d = 3.4+0.3
−0.1 kpc;

Reed et al. 1995) and the supernova remnant has been well
studied, with over a megasecond of Chandra ACIS observations
spread over 10 years (Hwang et al. 2004; DeLaney et al.
2004; Patnaude & Fesen 2007, 2009). However, its spectrum
(modeled as a blackbody or a magnetic or non-magnetic
hydrogen atmosphere) was inconsistent with emission from the
full surface of the NS (Pavlov et al. 2000; Chakrabarty et al.
2001; Pavlov & Luna 2009). Timing investigations using the
Chandra High Resolution Camera (HRC) and XMM-Newton
have failed to identify pulsations down to a pulsed fraction
level of <12% (Murray et al. 2002; Mereghetti et al. 2002;
Ransom 2002; Halpern & Gotthelf 2010), indicating that the
emission is probably from the entire surface. These apparently
contradictory observations are reconciled by the discovery that
an unmagnetized (B < 1011 G) carbon atmosphere provides a
good fit to the Chandra ACIS data, with the emission arising
from the entire surface of the Cas A NS (Ho & Heinke 2009).

Pavlov et al. (2004) examined two long ACIS observations
(50 ks each) of the Cas A NS from 2000 and 2002, along
with several short (2.5 ks) calibration observations, finding no
significant changes in flux. Upon re-examination of archival
Einstein and ROSAT data, the NS was only barely detected
and thus could not be used to search for variability (Pavlov
et al. 2000). Pavlov & Luna (2009) mention that the flux
measured in their 2006 observation is slightly lower than that
reported previously, but do not attempt to determine whether
the difference is real. Before Ho & Heinke (2009), it was not
expected that the emission arises from the entire surface of the
NS, so further serious searches for temperature variations were
not undertaken. Here, we utilize the full Chandra ACIS archive
of Cas A NS observations to measure the temperature changes
from 2000 to 2009.

2. X-RAY ANALYSIS

We analyzed all Chandra ACIS-S exposures without grat-
ings, longer than 5 ks of Cas A, listed in Table 1. We also

L167

Chandra

Cooling of Cas A NS is observed

directly.

3—4% decrease in ten years.



Cooling sources
Two cooling sources: 

γ

Dominant for t ≳ 105 years

t ≲ 105 yearsDominant for

Photon emission (from surface)

Neutrino emission (from core)

<latexit sha1_base64="GIFMOs37tIZlpF+K9YYjXXvkl5o="></latexit>

L� = 4⇡R2�SBT
4
s

ν Direct Urca process (DUrca)

Modified Urca process (MUrca)

Bremsstrahlung

PBF process



Pair-breaking and formation (PBF)
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Luminosity

• PBF emission suddenly increases when neutrons in the core 
form triplet Cooper pairs.


• Neutrino emissions are suppressed at low temperatures. ∝ e− ΔN
T



Explanation of Cas A NS cooling

CT  = 10  K
T  = 0CCT  = 5.5x10  K8

9

D. Page, M. Prakash, J. M. Lattimer, and A. W. Steiner, Phys .Rev. Lett. 106, 081101 (2011).

If the critical temperature of neutrino triplet pairing is

T(n)
C ∼ 5 × 108 K

Cas A NS cooling can be explained.



Direct evidence of superfluidity in NS

Rapid Cooling of the Neutron Star in Cassiopeia ATriggered
by Neutron Superfluidity in Dense Matter

Dany Page,1 Madappa Prakash,2 James M. Lattimer,3 and Andrew W. Steiner4

1Instituto de Astronomı́a, Universidad Nacional Autónoma de México, Mexico D.F. 04510, Mexico
2Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701-2979, USA

3Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-3800, USA
4Joint Institute for Nuclear Astrophysics, National Superconducting Cyclotron Laboratory and, Department of Physics

and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
(Received 29 November 2010; published 22 February 2011)

We propose that the observed cooling of the neutron star in Cassiopeia A is due to enhanced neutrino

emission from the recent onset of the breaking and formation of neutron Cooper pairs in the 3P2 channel.

We find that the critical temperature for this superfluid transition is ’ 0:5! 109 K. The observed rapidity

of the cooling implies that protons were already in a superconducting state with a larger critical

temperature. This is the first direct evidence that superfluidity and superconductivity occur at supranuclear

densities within neutron stars. Our prediction that this cooling will continue for several decades at the

present rate can be tested by continuous monitoring of this neutron star.

DOI: 10.1103/PhysRevLett.106.081101 PACS numbers: 97.60.Jd, 95.30.Cq, 26.60."c

The neutron star in Cassiopeia A (Cas A), discovered in
1999 in the Chandra first light observation [1] targeting the
supernova remnant, is the youngest known in the Milky
Way. An association with the historical supernova SN 1680
[2] gives Cas A an age of 330 yr, in agreement with its
kinematic age [3]. The distance to the remnant is estimated
to be 3:4þ0:3

"0:1 kpc [4]. The thermal soft x-ray spectrum of
Cas A is well fit by a nonmagnetized carbon atmosphere
model, with a surface temperature of 2! 106 K and
an emitting radius of 8–17 km [5]. These results raise
Cas A to the rank of the very few isolated neutron stars
with a well determined age and a reliable surface tempera-
ture, thus allowing for detailed modeling of its thermal
evolution and the determination of its interior proper-
ties [6].

Analyzing archival data from 2000–2009, Heinke and
Ho [7] recently reported that Cas A’s surface temperature
has rapidly decreased from 2:12! 106 to 2:04! 106 K
[8,9]. This rate of cooling is significantly larger than ex-
pected from the modified Urca (‘‘MU’’) process [10,11] or
a medium modified Urca [12]. It is also unlikely to be due
to any of the fast neutrino (!) emission processes (such as
direct Urca processes from nucleons or hyperons, or !
emission from Bose condensates or gapless quark matter)
since the visible effects of those become apparent over
the thermal relaxation time scale of the crust [13]; i.e.,
30–100 yr, much earlier than the age of Cas A, and exhibit
a slow evolution at later times. We interpret Cas A’s
cooling within the ‘‘minimal cooling’’ paradigm [14] and
suggest it is due to the recent triggering of enhanced
neutrino emission resulting from the neutron 3P2 pairing
in the star’s core. Our numerical calculations and analytical
analysis imply a critical temperature TC ’ 0:5! 109 K for
the triplet neutron superfluidity.

The essence of the minimal cooling paradigm is the
a priori exclusion of all fast !-emission mechanisms,
thus restricting ! emission to the ‘‘standard’’ MU process
and nucleon bremsstrahlung processes [11]. However, ef-
fects of pairing, i.e., neutron superfluidity and/or proton
superconductivity, are included. At temperatures just be-
low the critical temperature Tc of a pairing phase transi-
tion, the continuous breaking and formation of Cooper
pairs [15], referred to as the ‘‘PBF’’ process, results in
an enhanced neutrino emission. Calculations of Tc for
neutrons, Tcn, in the 3P2 channel relevant for neutron star
cores, are uncertain due to unsettled interactions [16] and
medium effects which can either strongly suppress or
increase the pairing [17]. Consequently, predictions range
from vanishingly small to almost 1011 K [14]. The pairing
gap is density (") dependent, and the resulting Tcnð"Þ
commonly exhibits a bell-shaped density profile.
Assuming the neutron star has an isothermal core at tem-
perature T, the phase transition will start when T reaches,
at some location in the star, the maximum value of Tcnð"Þ:
TC & maxTcnð"Þ. At that stage, neutrons in a thick shell go
through the phase transition and as T decreases, this shell
splits into two shells which slowly drift toward the lower
and higher density regions away from the maximum of the
bell-shaped profile. If the neutron 3P2 gap has the appro-
priate size, ! emission from the PBF process is an order of
magnitude more efficient than the MU process (see Fig. 20
of [14] or Fig. 2 of [18]).
Implications of the size of the neutron 3P2 pairing

gap were considered in [19] with the result that, for
TC < 109 K, a neutron star would go through the pairing
phase transition at ages ranging from hundreds to tens
of thousands of years, accompanied by a short phase of
rapid cooling. This phenomenon, illustrated in Fig. 6 of

PRL 106, 081101 (2011)
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of the cooling implies that protons were already in a superconducting state with a larger critical
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The neutron star in Cassiopeia A (Cas A), discovered in
1999 in the Chandra first light observation [1] targeting the
supernova remnant, is the youngest known in the Milky
Way. An association with the historical supernova SN 1680
[2] gives Cas A an age of 330 yr, in agreement with its
kinematic age [3]. The distance to the remnant is estimated
to be 3:4þ0:3

"0:1 kpc [4]. The thermal soft x-ray spectrum of
Cas A is well fit by a nonmagnetized carbon atmosphere
model, with a surface temperature of 2! 106 K and
an emitting radius of 8–17 km [5]. These results raise
Cas A to the rank of the very few isolated neutron stars
with a well determined age and a reliable surface tempera-
ture, thus allowing for detailed modeling of its thermal
evolution and the determination of its interior proper-
ties [6].

Analyzing archival data from 2000–2009, Heinke and
Ho [7] recently reported that Cas A’s surface temperature
has rapidly decreased from 2:12! 106 to 2:04! 106 K
[8,9]. This rate of cooling is significantly larger than ex-
pected from the modified Urca (‘‘MU’’) process [10,11] or
a medium modified Urca [12]. It is also unlikely to be due
to any of the fast neutrino (!) emission processes (such as
direct Urca processes from nucleons or hyperons, or !
emission from Bose condensates or gapless quark matter)
since the visible effects of those become apparent over
the thermal relaxation time scale of the crust [13]; i.e.,
30–100 yr, much earlier than the age of Cas A, and exhibit
a slow evolution at later times. We interpret Cas A’s
cooling within the ‘‘minimal cooling’’ paradigm [14] and
suggest it is due to the recent triggering of enhanced
neutrino emission resulting from the neutron 3P2 pairing
in the star’s core. Our numerical calculations and analytical
analysis imply a critical temperature TC ’ 0:5! 109 K for
the triplet neutron superfluidity.

The essence of the minimal cooling paradigm is the
a priori exclusion of all fast !-emission mechanisms,
thus restricting ! emission to the ‘‘standard’’ MU process
and nucleon bremsstrahlung processes [11]. However, ef-
fects of pairing, i.e., neutron superfluidity and/or proton
superconductivity, are included. At temperatures just be-
low the critical temperature Tc of a pairing phase transi-
tion, the continuous breaking and formation of Cooper
pairs [15], referred to as the ‘‘PBF’’ process, results in
an enhanced neutrino emission. Calculations of Tc for
neutrons, Tcn, in the 3P2 channel relevant for neutron star
cores, are uncertain due to unsettled interactions [16] and
medium effects which can either strongly suppress or
increase the pairing [17]. Consequently, predictions range
from vanishingly small to almost 1011 K [14]. The pairing
gap is density (") dependent, and the resulting Tcnð"Þ
commonly exhibits a bell-shaped density profile.
Assuming the neutron star has an isothermal core at tem-
perature T, the phase transition will start when T reaches,
at some location in the star, the maximum value of Tcnð"Þ:
TC & maxTcnð"Þ. At that stage, neutrons in a thick shell go
through the phase transition and as T decreases, this shell
splits into two shells which slowly drift toward the lower
and higher density regions away from the maximum of the
bell-shaped profile. If the neutron 3P2 gap has the appro-
priate size, ! emission from the PBF process is an order of
magnitude more efficient than the MU process (see Fig. 20
of [14] or Fig. 2 of [18]).
Implications of the size of the neutron 3P2 pairing

gap were considered in [19] with the result that, for
TC < 109 K, a neutron star would go through the pairing
phase transition at ages ranging from hundreds to tens
of thousands of years, accompanied by a short phase of
rapid cooling. This phenomenon, illustrated in Fig. 6 of

PRL 106, 081101 (2011)

Selected for a Viewpoint in Physics
PHY S I CA L R EV I EW LE T T E R S

week ending
25 FEBRUARY 2011

0031-9007=11=106(8)=081101(4) 081101-1 ! 2011 American Physical Society

Mon. Not. R. Astron. Soc. 412, L108–L112 (2011) doi:10.1111/j.1745-3933.2011.01015.x

Cooling neutron star in the Cassiopeia A supernova remnant: evidence
for superfluidity in the core

Peter S. Shternin,1,2⋆ Dmitry G. Yakovlev,1 Craig O. Heinke,3 Wynn C. G. Ho4⋆

and Daniel J. Patnaude5

1Ioffe Physical Technical Institute, Politekhnicheskaya 26, 194021 St Petersburg, Russia
2St Petersburg State Polytechnical University, Politechnicheskaya 29, 195251 St Petersburg, Russia
3Department of Physics, University of Alberta, Room 238 CEB, 11322-89 Avenue, Edmonton, AB T6G 2G7, Canada
4School of Mathematics, University of Southampton, Southampton SO17 1BJ
5Smithsonian Astrophysical Observatory, Cambridge, MA 02138, USA

Accepted 2011 January 12. Received 2011 January 12; in original form 2010 November 30

ABSTRACT
According to recent results of Ho & Heinke, the Cassiopeia A supernova remnant con-
tains a young (≈330-yr-old) neutron star (NS) which has carbon atmosphere and shows
notable decline of the effective surface temperature. We report a new (2010 November)
Chandra observation which confirms the previously reported decline rate. The decline is
naturally explained if neutrons have recently become superfluid (in triplet state) in the
NS core, producing a splash of neutrino emission due to Cooper pair formation (CPF) process
that currently accelerates the cooling. This scenario puts stringent constraints on poorly known
properties of NS cores: on density dependence of the temperature Tcn(ρ) for the onset of neu-
tron superfluidity [Tcn(ρ) should have a wide peak with maximum ≈ (7–9) × 108 K]; on the
reduction factor q of CPF process by collective effects in superfluid matter (q > 0.4) and on the
intensity of neutrino emission before the onset of neutron superfluidity (30–100 times weaker
than the standard modified Urca process). This is serious evidence for nucleon superfluidity
in NS cores that comes from observations of cooling NSs.

Key words: dense matter – equation of state – neutrinos – stars: neutron – supernovae:
individual: Cassiopeia A – X-rays: stars.

1 I N T RO D U C T I O N

It is well known that neutron star (NS) cores contain superdense mat-
ter whose properties are still uncertain (see e.g. Haensel, Potekhin
& Yakovlev 2007; Lattimer & Prakash 2007). One can explore these
properties by studying the cooling of isolated NSs (see e.g. Pethick
1992; Yakovlev & Pethick 2004; Page, Geppert & Weber 2006;
Page et al. 2009 for review).

We analyse observations of the NS in the supernova remnant Cas-
siopeia A (Cas A). The distance to the remnant is d = 3.4+0.3

−0.1 kpc
(Reed et al. 1995). The Cas A age is reliably estimated as t ≈
330 ± 20 yr from observations of the remnant expansion (Fesen
et al. 2006). The compact central source was identified in first light
Chandra X-ray observations (Tananbaum 1999) and studied by
Pavlov et al. (2000), Chakrabarty et al. (2001), and Pavlov & Luna
(2009), but its nature has been uncertain. The fits of the observed
X-ray spectrum with magnetized or non-magnetized hydrogen at-

⋆E-mail: pshternin@gmail.com (PSS); wynnho@slac.stanford.edu
(WCGH)

mosphere models or with blackbody spectrum revealed too small
size of the emission region (could be hotspots on NS surface al-
though no pulsations have been observed, e.g. Pavlov & Luna 2009).

Recently Ho & Heinke (2009) have shown that the observed spec-
trum is successfully fitted taking a carbon atmosphere model with
a low magnetic field (B ! 1011 G). The gravitational mass of the
object, as inferred from the fits, is M ≈ 1.3–2 M⊙, circumferential
radius R ≈ 8–15 km and the non-redshifted effective surface tem-
perature T s ∼ 2 × 106 K (Yakovlev et al. 2011). These parameters
indicate that the compact source is an NS with the carbon atmo-
sphere. It emits thermal radiation from the entire surface and has
the surface temperature typical for an isolated NS. It is the youngest
in the family of observed cooling NSs.

Yakovlev et al. (2011) compared these observations with the NS
cooling theory. The authors concluded that the Cas A NS has already
reached the stage of internal thermal relaxation. It cools via neutrino
emission from the stellar core; its neutrino luminosity is not very
different from that provided by the modified Urca process.

Following Ho & Heinke (2009), Heinke & Ho (2010) analysed
Chandra observations of the Cas A NS during 10 yr and found
a steady decline of Ts by about 4 per cent. They interpret it as
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Extra cooling source

Data
If there is a cooling source,

W/ Cooling source

Temperature
Cooling rate

decrease.

Minimal Cooling

Cas A NS cooling data cannot be explained.

Limit on the cooling source.

We consider axion as a cooling source.



Axion-nucleon couplings
<latexit sha1_base64="SYgLgIwxaRA3m7GwOhOtLonhv7w="></latexit>
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Cp = − 0.47(3), Cn = − 0.02(3)
Cn is very small

Cp = − 0.182(25) − 0.435 sin2 β

Cn = − 0.160(25) + 0.414 sin2 β
Both can be sizable.

KSVZ model: no direct coupling to quarks

DFSZ model: axion couples to quarks directly



Luminosity of axion emission (KSVZ)

Onset of neutron 

triplet pairing.

K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, Phys. Rev. D98, 103015 (2018).

• Axion emission can be as strong as neutrino emission.


• Axion emission is sizable even if .Cn ≃ 0



Cooling curves vs data

Our limit

fa ≳ 5 (7) × 108 GeV
KSVZ (DFSZ, tanβ = 10)

Cf.) SN1987A

fa ≳ 4 × 108 GeV (KSVZ)

K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, Phys. Rev. D98, 103015 (2018).



Later work
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L. B. Leinson, JCAP 09, 001 (2021).

fa > 4.5 × 108 GeV : DFSZ

fa > 3 × 107 GeV : KSVZ
Much weaker limit for KSVZ.
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It seems that the deviation originates from proton PBF.

Ours:

Leinson: his own calculation

J. Keller, A. Sedrakian, Nucl. Phys. A897, 62 (2013); 

A. Sedrakian, Phys. Rev. D93, 065044 (2016).



Axion PBF emission
We revisit the calculation of the axion emissivity from singlet proton 
Cooper pairs by using the method of Bogolyubov transformations.

J. Keller, A. Sedrakian, Nucl. Phys. A897, 62 (2013); A. Sedrakian, Phys. Rev. D93, 065044 (2016).

Previous calculation

Transport equation

Correlation functions of nucleon axial currents

Our result agrees with the previous calculation.
K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.



Source of discrepancy
Derivation of the axion emissivity was not given in Leinson’s paper.

Instead, semi-analytic formula was given.

As seen in the case of the neutrino PBF emission via the axial current [88], we expect
a certain amount of medium corrections to the axion-nucleon interactions through the
vertex and wave-function renormalization. In Ref. [33], this correction is estimated by a
correction factor

ω =
[
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1.68 fm↑1

)]↑1

. (25)

This can lead to an O(10)% reduction in the emissivity. Besides this factor and an overall
numerical factor of → 1.5, the semi-analytical expression shown in Ref. [33] is consistent
with Eq. (24).

On the other hand, Ref. [32] shows a semi-analytic formula for the singlet axion PBF
emissivity for proton7

QPBF
pa = 1.55 ↑ 1040g2

app

(
m→

p

mp

)2(
T

109 K

)5(
pF,p

mpc

)3 6
7F2

(
T

Tcp

)
erg

cm3 · s , (28)

where gapp = Cpmp/fa and

F2(T/Tc) = !2
N

T 2

∫ ↓

0
dx

z2

(exp z + 1)2 , (29)

with z =
√

x2 + !2
N/T 2; i.e., F2 = Fs. We observe that, apart from an overall factor, this

expression exhibits a di!erent dependence on the e!ective mass compared to Eq. (20);
the emissivity in Eq. (28) is proportional to (m→

p)2p3
F,p,8 whereas Eq. (20) is proportional

to p3
F,p/m→

p. We are unable to determine the origin of this discrepancy since the derivation
of the axion emissivity was not provided in Ref. [32]. Given that the e!ective mass in the
NS core can be significantly smaller than that in the vacuum, this di!erence could lead
to a substantial deviation in the emissivity.

To illustrate this, in Fig. 1, we show the ratio m→
N/mN as a function of the distance r

from the center of the NS, where the solid and dashed lines are for proton and neutron,
respectively. The black and red lines correspond to NSs with a mass of 1.4M↔, constructed
using the APR EOS [89] (adopted in Ref. [30]) and the BSK21 EOS [90, 92] (adopted in
Ref. [32]). We also present e!ective masses for more recent EOSs provided in Ref. [91].9

7This is taken from the journal version and arXiv v3 of Ref. [32]. Di!erent expressions are presented
in other arXiv versions; in v1,
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8The emissivities in arXiv v1 and v2 of [32] (Eq. (26) and Eq. (27), respectively) also exhibit di!erent
dependencies on the e!ective mass.

9For density above 106 g/cm3 corresponding to the core and the inner crust of a NS, we obtain the
BSK EOSs from the fitting programs provided in [93]. For lower densities in the outer crust, the EOSs
are read from [91, 92]. To build the NS profile, we modified and ran the Tolman-Oppenheimer-Volkov
equation solver and the main program in the NSCool [87] package.
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N/mN as a function of the distance r

from the center of the NS, where the solid and dashed lines are for proton and neutron,
respectively. The black and red lines correspond to NSs with a mass of 1.4M↔, constructed
using the APR EOS [89] (adopted in Ref. [30]) and the BSK21 EOS [90, 92] (adopted in
Ref. [32]). We also present e!ective masses for more recent EOSs provided in Ref. [91].9

7This is taken from the journal version and arXiv v3 of Ref. [32]. Di!erent expressions are presented
in other arXiv versions; in v1,
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)2(
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109 K

)5(
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mpc

)2[(
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p

mp

)2
+ 11

42

]
F2

(
T

Tcp

)
erg

cm3 · s , (26)

and in v2

QPBF
pa = 1.55 ↑ 1040g2

app
pF,p

m→
p

(
m→

p

mp

)2(
T

109 K

)5(
pF,p

mpc

)2 6
7F2

(
T

Tcp

)
erg

cm3 · s . (27)

8The emissivities in arXiv v1 and v2 of [32] (Eq. (26) and Eq. (27), respectively) also exhibit di!erent
dependencies on the e!ective mass.

9For density above 106 g/cm3 corresponding to the core and the inner crust of a NS, we obtain the
BSK EOSs from the fitting programs provided in [93]. For lower densities in the outer crust, the EOSs
are read from [91, 92]. To build the NS profile, we modified and ran the Tolman-Oppenheimer-Volkov
equation solver and the main program in the NSCool [87] package.

6

arXiv, v2

We find that these expressions show a different dependence 

on the effective mass compared to ours.

Ours:

Leinson:
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Axion emissivity

L. B. Leinson, JCAP 09, 001 (2021).

M. Buschmann, et.al., 

Phys. Rev. Lett. 128, 091102 (2022).

• Our result agrees well with M. Buschmann, et. al.


• Leinson’s result is significantly lower than the others.

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.



Observation update
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P. S. Shternin, MNRAS 518, 2775 (2022).

Updated Cas A NS limit on axion is coming (hopefully) soon.



Summary



Today’s topic
Search for new physics via temperature observations of

neutron stars (NSs).

•Heating

•Cooling

WIMPs, …

Axion, …

Vortex creep heating may conceal

the DM heating.

Limit from Cassiopeia A NS

Our limit

fa ≳ 5 (7) × 108 GeV
KSVZ (DFSZ, tanβ = 10)

Update results coming soon.



Backup



Vortex creep heating vs DM heating
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To see the DM heating effect, we want .Lvortex < LDM

Upper limit on J | ·Ω |

Limit on J  (log J [erg s])

Distribution of known pulsars

J must be much smaller than the values favored by obs. and theor.

For observationally favored value

of J, we need this size of | ·Ω |

M. Fujiwara, K. Hamaguchi, N. Nagata, M. E. Ramirez-Quezada, Phys. Lett. B848, 138341 (2024).



Nucleon Cooper pairs
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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Proton singlet pairing gap

D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner, arXiv:1302.6626.

1.4 2.01.8 1.0 1.4 2.01.8

SF

3bf

HGRR

NijI

CDB

AV182bf

AO T

C
ru

st

C
o
re NijII

a

b

c

a2

C
ru

st

C
o
re

1.0



Previous work
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• It was argued that the Cas A NS cooling data favors 
the presence of an extra cooling source.


• Axion-proton coupling was neglected.



Effective mass

Proton
Neutron

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.

The factor of  leads to almost an order-of-magnitude

difference in emissivity.

(m*p )3



Observation update
For a long time, the cooling trend was primarily observed in data

taken in the GRADED mode of the ACIS detectors. 

Instrumental effect?
B. Posselt, et.al., Astrophys. J. 779, 186 (2013).

More recently, observations in the FAINT mode have accumulated

sufficient temporal coverage to confirm the rapid cooling.

B. Posselt and G. G. Pavlov, Astrophys. J. 932, 83 (2022).

in ten years2.2 ± 0.3 %
P. S. Shternin, MNRAS 518, 2775 (2022).



Neutrino emission processes
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Modified Urca BremsstrahlungDirect Urca

n n n n

nn

Nuclear force Nuclear force

• These processes can occur without superfluidity.


• Direct Urca can occur only in heavy stars.



Fermio momenta

pF ≫ T, mn − mp



Direct Urca condition

For the APR equation of state, M ≳ 2M⊙

Direct Urca can occur only in the high density region 
in a heavy star.

Other processes become important if Direct Urca is 
forbidden.



Temperature distribution
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D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner [arXiv: 1302.6626].

Relaxation in the Core

completes in ~ 100 years.



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



Luminosity of axion emission (DFSZ)

Axion emission is stronger than the KSVZ case.

K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, Phys. Rev. D98, 103015 (2018).



Technical details

M = 1.4M⊙

Not so relevant.

Any gap models are fine as long as it is large enough.

Regard gap height (∝ TC) and width as free parameters.
(Highly uncertain)

APR equation of state

NS mass: 

Neutron 1S0 gap: SFB model

Proton 1S0 gap: CCDK model

Neutron 3P2 gap



EOS dependence: Fermi momentum

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.



EOS dependence: pairing gaps

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.



EOS dependence: axion emissivity

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.



EOS dependence: differences

K. Hamaguchi, N. Nagata, and J. Zheng, arXiv:2502.18931.

L. B. Leinson, JCAP 09, 001 (2021).
M. Buschmann, et.al., 

Phys. Rev. Lett. 128, 091102 (2022).



Spectral parameters

NH fix
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P. S. Shternin, MNRAS 518, 2775 (2022).



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)
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PnowṖnow
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P 2
0 + 2PnowṖnowt
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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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= 1.26⇥ 103 yrs


