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C
dT
dt

= − Lν − Lγ

The standard cooling scenario can successfully explain  
many isolated NS temperature observations.

P. S. Shternin+, [1012.0045].

Mon.Not.Roy.Astron.Soc. 363 (2005) 555-562

Ages of Neutron Stars  
estimated by spin-down age  or kinematics.τsd = P/(2 ·P)

Surface Temperature
A. Y. Potekhin+,2006.15004

Temperature evolution of isolated NS 
For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 

D.Page+, astro-ph/0508056,  1302.6626 γ
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C
dT
dt

= − Lν − Lγ

This talk

P. S. Shternin+, [1012.0045].

Surface Temperature

± Lnew physics

Age

③ NS heating by 
       Dark Matter

DM χ

T
 χχ → ff̄

① NS cooling by Axion
axion

② (side remark) Axion from Supernova
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Neutron Star
fig. from 1302.6626
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# cf. talk by Vedran Brdar yesterday



• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124]) 

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

Neutron Star
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• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124])  

• Radius：

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

R ∼ 10 km

10km

Neutron Star
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fig. from 1302.6626
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• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124])  

• Radius：  

• Density：   
cf. nuclear density 

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

R ∼ 10 km

ρ̄ = M
(4π/3)R3 ≃ 7 × 1014g/cm3

∼ 3 × 1014g/cm3

Neutron Star
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• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124])  

• Radius：  

• Density：   

• mostly composed of neutrons, + O(10%) protons, electrons, muons.

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

R ∼ 10 km

ρ̄ = M
(4π/3)R3 ≃ 7 × 1014g/cm3

Neutron Star
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• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124])  

• Radius：  

• Density：   

• mostly composed of neutrons, + O(10%) protons, electrons, muons. 
• Neutrons, protons, and electrons are all Fermi degenerate.

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

R ∼ 10 km

ρ̄ = M
(4π/3)R3 ≃ 7 × 1014g/cm3

0.2

0.4

0.6

0.8

1.0

T ⌧ pF
<latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit>

 pF,n
 pn

0.2

0.4

0.6

0.8

1.0

 pF,p
 pp

0.2

0.4

0.6

0.8

1.0

 pF,e
 pe

Fermi momentum

f(E)

Neutron Star

13

fig. from 1302.6626

# cf. talk by Vedran Brdar yesterday

https://arxiv.org/abs/2207.05124


https://commons.wikimedia.org/wiki/File:Chandra-crab.jpg 
Crab Pulsar Neutron Star

•  Most of NSs are found as pulsars. 
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•  Most of NSs are found as pulsars. 

> 3800 pulsars found so far. 
ATNF pulsar catalogue:

Neutron Star https://commons.wikimedia.org/wiki/File:Chandra-crab.jpg 
Crab Pulsar 

# cf. talk by Vedran Brdar yesterday

https://commons.wikimedia.org/wiki/File:Chandra-crab.jpg


•  Most of NSs are found as pulsars. 

•  Magnetic Dipole Model

  ⃗m

Rotational energy loss  magnetic dipole radiation 

      

By solving this, 

   

      spin down age / characteristic age

≃

·E = d
dt ( 1

2 IΩ2) = − sin2 α
6 R6Ω4B2

p

I = moment of inertia
Ω = 2π/P = angular velocity
P = rotation period
Bp = magnetic field at the pole

P(t) = P2
0 + (Pnow

·Pnow) t P0 = initial period

⟹ t ≃ Pnow
2 ·Pnow

≡ τsd

Neutron Star
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•  Most of NSs are found as pulsars. 

•  Magnetic Dipole Model

  ⃗m

Example: Crab Pulsar 
• actual age:  (from historical records of Supernova 1054.) 
• spin down age: 

τ = 970 yrs
P ≃ 0.033 sec, ·P ≃ 4.2 × 10−13 ⟹ τsd ≃ 1200 yrs

Rotational energy loss  magnetic dipole radiation 

      

By solving this, 

   

      spin down age / characteristic age

≃

·E = d
dt ( 1

2 IΩ2) = − sin2 α
6 R6Ω4B2

p

I = moment of inertia
Ω = 2π/P = angular velocity
P = rotation period
Bp = magnetic field at the pole

P(t) = P2
0 + (Pnow

·Pnow) t P0 = initial period

⟹ t ≃ Pnow
2 ·Pnow

≡ τsd

Neutron Star
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•  Most of NSs are found as pulsars. 

•  Magnetic Dipole Model

  ⃗m

 P − ·P diagram

<=> Age and magnetic field of pulsars.

Fig. thanks to N.Natsumi.

Neutron Star
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fig. from 1302.6626

• Mass：   
 heaviest one found so far: （pulsar PSR J0952-0607 [arXiv:2207.05124])  

• Radius：  

• Density：   

• mostly composed of neutrons, + O(10%) protons, electrons, muons. 
• Neutrons, protons, and electrons are all Fermi degenerate. 

•Most of NSs are found as pulsars.

M ∼ (1 − 2)M⊙ (M⊙ = solar mass)
M ≃ 2.35M⊙

R ∼ 10 km

ρ̄ = M
(4π/3)R3 ≃ 7 × 1014g/cm3

In this talk, we will focus on  
the temperatures of neutron stars  
to explore physics beyond the Standard Model.

0.2

0.4

0.6

0.8

1.0

T ⌧ pF
<latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit><latexit sha1_base64="jFg8a8ipEzHlUAUeDW46oUG6M5A="></latexit>

 pF,n
 pn

Neutron Star

19

# cf. talk by Vedran Brdar yesterday

https://arxiv.org/abs/2207.05124


In this talk, we will focus on  
the temperatures of neutron stars  
to explore physics beyond the Standard Model.

P. S. Shternin+, [1012.0045].

Surface Temperature

③ NS heating by 
       Dark Matter

DM χ

T
 χχ → ff̄

① NS cooling by Axion
axion

② (side remark) Axion from Supernova

SN
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axion
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Plan 
•Neutron Star 
•NS Standard Cooling Theory 
•BSM vs NS (and SN) 
① Cas A NS Cooling by axion 
② Side Remark: Supernova Axion 
③ NS Heating by DM

A quick break… Any questions?
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C
dT
dt

= − Lν − Lγ

※  assuming isothermal state  for simplicity (valid for ).T(r) ∝ e−Φ(r) t ≳ 100 sec

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

LHS = Temperature Evolution. 
 (heat capacity) C = dEthermal

dT
C = Cn + Cp + Ce + Cμ

RHS = Cooling 
Luminosity. 

 γ

 ν
Neutron  
Star
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C
dT
dt

= − Lν − Lγ

 γ

 ν

Photon emission 
  

dominant process for an old NS ( ).
Lγ = 4πR2σSBT4

s
τ ≳ 105 yrs

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutron  
Star
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• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.

Neutrino emission  
dominant for a young NS ( )τ ≲ 105 yrs

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626
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• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.
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※  Neutron, proton, electron 
are all Fermi degenerate.

𝛽 decay and its inverse:  
It does NOT work in typical NS because . 

Discarded in “minimal cooling” scenario.      
D.Page+, astro-ph/0403657,  

M.E.Gusakov+, astro-ph/0404002,  
D.Page+, 0906.1621

{n → p + e− + ν̄e
p + e− → n + νe

pp,F + pe,F < pn,F

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission  
dominant for a young NS ( )τ ≲ 105 yrs
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• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.

Modified Urca 
 

  dominant process for 
{n + N → p + e− + N + ν̄e

p + N + e− → n + N + νe
(N = p or n)

T > Tc

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission  
dominant for a young NS ( )τ ≲ 105 yrs
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• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.

 At  , Cooper pairing (p-p and n-n) occurs. 

Superfluidity 

neutron-singlet pair (1S0)  
 neutron-triplet pair (3P2) 
 proton-singlet pair (1S0) 

•Heat capacity  is suppressed. 
•  M.Urca luminosity  is suppressed. 
•  PBF occurs at  .

T < Tc

C
Lν,MU

T < Tc

T > Tc T < Tc

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission  
dominant for a young NS ( )τ ≲ 105 yrs
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• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.

Modified Urca 
 

  dominant process for 
{n + N → p + e− + N + ν̄e

p + N + e− → n + N + νe
(N = p or n)

T > Tc

PBF (Cooper-pair breaking and formation) 

 

Important for  .
{[ÑÑ] → Ñ + Ñ

Ñ + Ñ → [ÑÑ] + ν + ν̄
(Ñ : quasi-paticle, [ÑÑ] : Cooper-pair)

T < Tc

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission  
dominant for a young NS ( )τ ≲ 105 yrs
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C
dT
dt

= − Lν − Lγ

The minimal cooling scenario can successfully  
explain many NS temperature observations.  

D.Page+, astro-ph/0403657,  
M.E.Gusakov+, astro-ph/0404002,  

D.Page+, 0906.1621

P. S. Shternin+, [1012.0045].

Mon.Not.Roy.Astron.Soc. 363 (2005) 555-562

NS Standard Cooling Theory For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626
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A quick break again. 
Any questions?
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① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)

Axion 
•A hypothetical particle, introduced to solve the strong CP problem in QCD. 
•Nambu-Goldstone boson. 
•Very light:  . 
•Very weak interaction with Standard Model particles.

    interaction ,      

ma ≪ 1 eV

∝ 1
fa

fa ≳ 108 GeV . Why?

   

Experimental constraint (neutron EDM) 

    

ℒSM ∋ αs

8π
θ Ga

μν G̃ aμν − ∑
q

mqq̄ θq iγ5q

| θ̄ | ≲ 10−10 θ̄ = θ+∑
q

θq

            

                   

ℒint = αs

8π
a
fa

Gaμν G̃ a
μν

gluon

+ 1
4

Caγγ

fa
a Fμν F̃ μν

photon

+ ∑
f = quarks,

leptons

1
2

Cf

fa
f̄γμγ5 f∂μa .

Caγγ = α
2π ( E

N
− 2

3
4md + mu

mu + md ), {
Cq = 0 (KSVZ)
Cu,c,t = cos2 β/3, Cd,s,b = sin2 β/3 (DFSZ)
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What is Cas A NS? 
• neutron star (NS) at the centre of the Cassiopeia A supernova remnant. 
• ～ 340 yrs old. (A young NS.)

Cassiopeia A (Cas A) supernova remnant 
and the NS at the center (Cas A NS).

Chandra

Chandra found  
the NS in 1999.

① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)
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Why Cas A NS?

What is Cas A NS? 
• neutron star (NS) at the centre of the Cassiopeia A supernova remnant. 
• ～ 340 yrs old. (A young NS.)

It is the only isolated NS whose cooling has been observed in real time.

① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)

Fig. from 
W.C.G.Ho+, 1412.7759.

phase transition  
sudden, rapid cooling by 
PBF neutrino emission.

T = TC

•Temperature decreases by (3-4)% in 10 years. 
•This rapid cooling is difficult to explain with M.Urca. 
• It can be explained by the PBF process. 
•“Evidence of superfluidity in NS”. 

D. Page +, 1011.6142 [Phys.Rev.Lett.].  
P. S. Shternin +, 1012.0045 [MNRAS].  

       See also: Posselt+, 1311.0888, Posselt and G.G.Pavlov, 1808.00531, 2205.06552,  
                        W.C.G.Ho+. 1904.07505, Shternin+, 2211.02526. 
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−Lγ

 νnegligible for τ ∼ 300 yrs

Neutron  
Star

① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)
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(
Cp = �0.47(3)

Cn = �0.02(3)

DFSZ:

(
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CN : model−dependent parameter
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 a

strong int.

Bremsstrahlung 
axion emission strong int.

a
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axion emission
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Brems.: N. Iwamoto, Phys. Rev. Lett. 53, 1198 (1984);    N. Iwamoto,’89, ’01. 
PBF: A. Sedrakian, 1512.07828 [PRD];    J. Keller, A. Sedrakian,’12.
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 a

What we did: 
• followed NS cooling with axion emission (Brems. and PBF). 
 by modifying a public code NSCool. 

• APR EoS. 
•  NS mass  
•  gap models: 

 n-1S0 gap: SFB (doesn’t matter) 
 p-1S0 gap: CCDK (doesn’t matter as far as large enough)   
 n-3P2 gap: gap height Δ∝ Tc and width: free parameter.

M = 1.4M⊙

Neutron  
Star

① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)
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Results

Axion emission can be as strong as neutrino emission.

phase transition  
T = Tc

Neutrino

Axion

K. Hamaguchi,  
N. Nagata,  
K. Yanagi,  
J. Zheng,  
1806.07151

① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)
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Results : 
can fit the data. 
fa = 1 × 109 GeV

:  
difficult to fit the data even  
by adjusting gap parameters.

fa = 4 × 108 GeV

obtained a new bound: 
(for an envelope with a thin carbon layer)

cf. SN1987A bound: fa & 4⇥ 108 GeV
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K. Hamaguchi, N. Nagata, K. Yanagi,  
J. Zheng, 1806.07151 
See also: 
•  M. V. Beznogov+ [1806.07991].  
•  L. B. Leinson, [1909.03941] [2105.14745]. 
•  Buschmann+, [2111.09892 ]
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① Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  
KH, Nagata, Zheng [2502.18931] (update)

update

Axion Emission from Proton Cooper Pairs in Neutron Stars

Koichi Hamaguchia,b∗, Natsumi Nagataa†, and Jiaming Zheng‡

aDepartment of Physics, University of Tokyo, Bunkyo-ku, Tokyo 113–0033, Japan
bKavli IPMU (WPI), University of Tokyo, Kashiwa, Chiba 277–8583, Japan

Abstract
We investigate axion emission from singlet proton Cooper pairs in neutron stars,

a process that dominates axion emission in young neutron stars in the KSVZ model.
By re-deriving its emissivity, we confirm consistency with most existing literature,
except for a recent study that exhibits a di!erent dependence on the e!ective mass.
This discrepancy results in more than an order-of-magnitude deviation in emissivity,
significantly impacting constraints on the KSVZ axion from the cooling observations
of the Cassiopeia A neutron star. Furthermore, we examine uncertainties arising
from neutron-star equations of state and their role in the discrepancy, finding that
the large deviation persists regardless of the choice of equations of state.

∗E-mail address: hama@hep-th.phys.s.u-tokyo.ac.jp
†E-mail address: natsumi@hep-th.phys.s.u-tokyo.ac.jp
‡E-mail address: zhengjm3@gmail.com
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KH, Nagata, Zheng [2502.18931]

•Our results [1806.07151] :  (KSVZ) 

•Leinson [2105.14745] obtained a much weaker bound: 
 (KSVZ). 

• In this paper [2502.18931], we identified the source of 
this discrepancy as a different dependence on the 
effective nucleon mass, . 

•Our re-derived formula is consistent with the one used 
in our previous analysis, as well as with other literature, 
implying that our earlier result,  , 
remains largely unchanged. 

•A more detailed and systematic update will be given in 
future work.

fa ≳ 5 × 108 GeV

fa ≳ 3 × 107 GeV

m*

fa ≳ 5 × 108 GeV
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② Side Remark 

Chandra

• Cas A (supernova) 
• 340 years ago 
• 3.4 kpc 
• NS found in 1999.
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Chandra

• Cas A (supernova) 
• 340 years ago 
• 3.4 kpc 
• NS found in 1999.

• SN1987A 
• 38 years ago 
• 51 kpc 
• NS just found recently??  

• → More data on NS cooling (and axion?) in the next future?!

JWST

② Side Remark 
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Chandra

• Cas A (supernova) 
• 340 years ago 
• 3.4 kpc 
• NS found in 1999.

• SN1987A 
• 38 years ago 
• 51 kpc 
• neutrino burst 

http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/supernova-e.html
Kamiokande

• What if a nearby supernova occurs in near future?

② Side Remark 
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ν
nearby supernova

② Side Remark 
• What if a nearby supernova occurs in near future?
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nearby supernova

 ≈
ν •SN1987A 

neutrino burst within . 

•Future: various neutrino detectors

Δt ≃ 10 sec

http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/supernova-e.html

② Side Remark 
• What if a nearby supernova occurs in near future?
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nearby supernova

aν

If the axion exists,…
  NN′ → NN′ + a
(N, N′ = n, p)  

 

ℒaNN = ∑
N=n,p

CN

fa
N̄γμγ5N∂μa

{
Cp = − 0.47
Cn = − 0.02 (KSVZ)

{
Cp = − 0.182 − 0.435 sin2 β

Cn = − 0.160 + 0.414 sin2 β
(DFSZ)

② Side Remark: Supernova Axion
• What if a nearby supernova occurs in near future?
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nearby supernova

a ≈
ν

If the axion exists,…

② Side Remark: Supernova Axion
• What if a nearby supernova occurs in near future?
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SN

“-ray detector

X-ray optics

X-ray detector

Magnet coil

B

“

axion

nearby supernova

a ≈
 ℒaγγ = 1

4
Caγγ

fa
aFμν F̃ μν

ν

② Side Remark: Supernova Axion
• What if a nearby supernova occurs in near future?



PreSN neutrinos

時系列の絵

Time 
0 1s 2s 3s -10s -2.7h -11.6d 

10 44

10 46
10 48

10 50

10 52

Ne
ut
rin
o 
lum
ino
sit
y 
[e
rg
/s
] 

Nakazato (2012)Odrzywolek (2010)

PreSNν SNν

Figure from K.Ishidoshiro’s talk in 2019. 
https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/ 
For a review of pre-SN neutrinos, see, e.g., C.Kato, K.Ishidoshiro, T.Yoshida [2006.02519].

SN Axion

•How do we know the timing of the SN in advance? 
#Take the help of the pre-SN neutrinos.

≈

hours-days

② Side Remark: Supernova Axion
• What if a nearby supernova occurs in near future?

Core-collapse

54
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SN

“-ray detector

X-ray optics

X-ray detector

Magnet coilB

“

axion

We have shown that, if a nearby (< a few 100pc) supernova (SN), such as Betelgeuse, occurs,..

…by using a “axion Supernova scope”, 
with the help of pre-SN neutrino alert,…

10°2 10°1 100 101

10°11

10°10

10°9

10°8

10°7

SNscope @ IAXO+

Betelgeuse-100

Betelgeuse-1

Spica-100

Spica-1

CAST

BabyIAXO

IAXO+

KSV
Z

DFS
Z

Stellar

…SN axions may be detected!

② Side Remark: Supernova Axion
S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 
[arXiv:2008.03924]  JCAP 11 (2020) 059.

# More details on backup slides. 55
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Dark Matter 
•Multiple evidence. 
•Makes up ~26% of the universe's energy density. 
•Electrically neutral. 
•Various candidates: WIMPs, axions, PBHs, … 

Here, we focus on WIMP = Weakly Interacting Massive Particle 
•Unknown particle. 
•Stable. 
•Typical mass: O(100 GeV)–O(1 TeV). 
•Weakly interacts with Standard Model particles (quarks, leptons, ...).

58

Bullet Cluster. 
from astro-ph/0608407.

CMB anisotropy spectrum 
from Planck 2018

DM

DM

quark, 
lepton,..

quark, 
lepton,..

③ NS Heating by DM 



③ NS Heating by DM 
3.1. Idea

Neutron  
Star

DM χ

DM annihilation 
 χχ → ff̄
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R ∼ 10 km

暗黒物質

bmax ∼ 103R

vesc ∼ c

su
rfa

ce
 te
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re
 [K

]
age [years]

w/o DM
w/ DM

Kouvaris, 0708.2362 
Baryakhtar+, 1704.01577

Old and warm NS = DM signal ?!

C
dT
dt

= −Lν⏟
negligible

−Lγ + LDM heating

≃ 0



DM χ
vDM ∼ 10−3c

③ NS Heating by DM 
3.2. back-of-envelope estimates
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(1) DM velocity at the surface:    (up to GR correction)vesc ∼ 0.5c

vesc ∼ 0.5c

DM χ
vDM ∼ 10−3c

•From the energy conservation, 

     
up to O(1) GR correction. 

→ almost relativistic speed!

escape velocity vesc ∼ 2GMNS
RNS

∼ 0.5 c

③ NS Heating by DM 
3.2. back-of-envelope estimates

61



(1) DM velocity at the surface:    (up to GR correction) 
(2) Impact factor:   (up to GR correction)

vesc ∼ 0.5c

bmax ∼ vesc
vDM

RNS ∼ 103 RNS DM χ

bmax ∼ 103RNS
vesc ∼ 0.5 c

RNS

vDM ∼ 10−3c

•From the angular momentum conservation, 
     
      

up to O(1) GR correction. 

→  flux enhancement!

bmaxvDM ∼ RNSvesc

∴ bmax ∼ vesc
vDM

RNS ∼ 103 RNS

∼ 𝒪(106)

③ NS Heating by DM 
3.2. back-of-envelope estimates



(1) DM velocity at the surface:    (up to GR correction) 
(2) Impact factor:   (up to GR correction) 

(3) Threshold cross section: 

vesc ∼ 0.5c

bmax ∼ vesc
vDM

RNS ∼ 103 RNS

σχn > σth
χn ∼ 1

RNSnN
∼ 10−45 cm2 σth

χn ∼ 10−45cm2

DM χ

•Assuming DM-neutron scattering, the mean free path is
 where  is the neutron density,

and the scatterings occur if  .
L ∼ 1/(σχnnN) nN ∼ 4 × 1038/cm3

L ≲ RNS

It is weaker than the current direct detection 
sensitivities, but there are still some advantages 
and complementarity # more on this later.

LZ 2022+2024 
talk at TeVPA

③ NS Heating by DM 
3.2. back-of-envelope estimates
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(1) DM velocity at the surface:    (up to GR correction) 
(2) Impact factor:   (up to GR correction) 

(3) Threshold cross section:  

(4) Resultant surface temperature: 

vesc ∼ 0.5c

bmax ∼ vesc
vDM

RNS ∼ 103 RNS

σχn > σth
χn ∼ 1

RNSnN
∼ 10−45 cm2

T ∼ a few 1000 K

DM χ

T ∼ (a few) 1000 K

DM annihilation 
 χχ → ff̄

•The energy injection per time is estimated as 
          

… independent of the DM mass! 
For an old enough NS with ,  

    .

LDM heatng = ·EDM ∼ πb2
max ⋅ vDM ⋅ nDM ⋅ mDM

ρDM

∼ 1022erg/s

τ ≳ 106 yrs

LDM heating ∼ Lγ = 4πR2
NSσSBT4 ⟹ T ∼ a few 1000 K
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暗黒物質

bmax ∼ 103R

vesc ∼ c
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w/ DM

③ NS Heating by DM 
3.2. back-of-envelope estimates

C
dT
dt

= −Lν⏟
negligible

−Lγ + LDM heating

≃ 0
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(1) DM velocity at the surface:    (up to GR correction) 
(2) Impact factor:   (up to GR correction) 

(3) Threshold cross section:  

(4) Resultant surface temperature:  
(5) Typical mass range: .

vesc ∼ 0.5c

bmax ∼ vesc
vDM

RNS ∼ 103 RNS

σχn > σth
χn ∼ 1

RNSnN
∼ 10−45 cm2

T ∼ a few 1000 K
𝒪(0.1 GeV) − 𝒪(1000 TeV)

Fig. from Baryakhtar+, 1704.01577 
(See also: N. F. Bell+, 2004.14888.)

•For < 0.1 GeV, Pauli blocking suppresses scatterings. 
•For > 1000 TeV, a single scattering is not enough to catch DM.

③ NS Heating by DM 
3.2. back-of-envelope estimates
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inelastic  
scattering DM χ

NS

direct detection 
experiments

DM χ

NS is much more sensitive to inelastic scattering.

 inelastic scattering occurs  
for 

v ∼ 10−3c ⋯
ΔM < 𝒪(100) keV

 inelastic scattering occurs  
for 

v ∼ c ⋯
ΔM < 𝒪(100) MeV

DM χ χ′ ΔM

(1) Large Kinetic Energy ( ) 
# This is advantageous for, e.g., inelastic scattering.

v ∼ c

③ NS Heating by DM 
3.3. Advantages
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example: Electroweak multiplet DM 
e.g., Wino and Higgsino in SUSY 

dim-5 effective operators  
w/ cut-off parameter Λ

NS (inelastic)

Direct detection 
experiments  
(elastic)

cut-off parameter Λ [GeV]
Direct detection and NS heating 
can play complementary roles.Fujiwara, KH, Nagata, Zheng [2204.02238]

(1) Large Kinetic Energy ( ) 
# This is advantageous for, e.g., inelastic scattering.

v ∼ c
LZ 2022+2024 

③ NS Heating by DM 
3.3. Advantages
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example: DM coupled only to muon. 
KH, Nagata, Ramirez-Quezada [2204.02413] 

Models motivated by the (then-considered) muon g-2 anomaly. 
→ A large parameter space will remain 
     unexplored in the LHC and DM direct searches. 
NS temperature may be a promising way.

DM mass

DM mass

contribution  
to muon g-2

BNL/FNAL

DM-muon scattering 
cross section

threshold to be captured by NS

(1) Large Kinetic Energy ( ) 
# This is advantageous for, e.g., inelastic scattering. 

(2) Multiple Targets: 

v ∼ c

e, μ, p, n

③ NS Heating by DM 
3.3. Advantages
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Neither DM nor standard NS cooling 
can explain those old and warm NSs.

Fig. thanks to K.Yanagi.

Actually… some old and warmer ( ) NSs have been observed.T ≫ 2000K

w/o DM
w/ DM

③ NS Heating by DM 
3.4. challenges: internal heating
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Actually… some old and warmer ( ) NSs have been observed.T ≫ 2000K

Fig. thanks to K.Yanagi.

There are some internal NS heating mechanisms 
that can explain those NS temperatures, such as 

(1) Rotochemical heating 

(2) Vortex creep heating 

We revisited those mechanisms and investigated their 
implications for the DM heating of NS. 

③ NS Heating by DM 
3.4. challenges: internal heating
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(1) Rotochemical heating 

③ NS Heating by DM 
3.4. challenges: internal heating
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(1) Rotochemical heating 
• Modified Urca (dominant process at ) 

     

•  In the minimal cooling, β-equilibrium is assumed. 
       ,       . 

T > Tc

{n + N → p + e− + N + ν̄e
p + N + e− → n + N + νe

(N = p or n)

Γn→p+e = Γp+e→n μn = μp + μe

• However, β-equilibrium is NOT maintained in rotating pulsars! 
A.Reisenegger [astro-ph/9410035]

spin-down weakens the centrifugal force. 
→ pressure changes. 
→ chemical eq. condition changes 
→ at low T,  
     the modified Urca process (slow, ) 
     can no longer maintain the equilibrium.

∼ T8

time

③ NS Heating by DM 
3.4. challenges: internal heating

74
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(1) Rotochemical heating 
• Modified Urca (dominant process at ) 

     

•  In the minimal cooling, β-equilibrium is assumed. 
       ,       . 

T > Tc

{n + N → p + e− + N + ν̄e
p + N + e− → n + N + νe

(N = p or n)

Γn→p+e = Γp+e→n μn = μp + μe

• However, β-equilibrium is NOT maintained in rotating pulsars! 
A.Reisenegger [astro-ph/9410035]

 ,      Γn→p+e > Γp+e→n μn > μp + μe
  
• The deviation from β-equilibrium heats the NS. 

 “Rotochemical heating”Lrotochemical heating = ∫ dV (μn − μp − μe) (Γn→p+e − Γp+e→n) > 0.

③ NS Heating by DM 
3.4. challenges: internal heating
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(1) Rotochemical heating 

Ordinary pulsar 
(typically  )P ∼ 1s, ·P ∼ 10−14, B ∼ 1012G

K. Yanagi, N. Nagata, KH  
[arXiv:1904.04667]

It can explain the old and warm NSs.

Millisecond pulsar 
(typically  )P ∼ 1ms, ·P ∼ 10−20, B ∼ 108G

                               C
dT
dt

= − Lν − Lγ +Lrotochemical heating

③ NS Heating by DM 
3.4. challenges: internal heating
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(1)’  Rotochemical heating + DM heating 
                                C

dT
dt

= − Lν − Lγ +Lrotochemical heating +LDM heating

KH, N. Nagata, K. Yanagi, [1905.02991] 

∼ (2000 − 3000)K

P = 1s, ·P = 10−15

 : initial rotation period  

• For a short  , DM heating effect is invisible. 

•For a long , DM heating effect is visible.

P0

P0

P0

There is stil
l a chance  

to see DM s
ignal in this

 case.

③ NS Heating by DM 
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(2) Vortex Creep heating
Alpar+, 1984, Shibazaki+, 1989

③ NS Heating by DM 
3.4. challenges: internal heating
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• Cooper pairs (superfluidity)  
→ vortex lines are formed in a rotating NS.

outer crustinner crust
rotation axis

core

superfluid : ∇ × vs = 0C

S

vortex line : ∇ × vn ≠ 0

Fig. 1 in paper1• The slow-down of the outer crust component induces 
a Magnus force on vortex lines. 
→ vortex lines start to move outwards. (vortex creep)

δv
δv = vs − vVL

κ
fMag

⊙
fMag vortex line

κ

rotation axis

•The rotational energy stored in the superfluid component 
is dissipated as heat (vortex creep heating)

Figs. from  
Fujiwara, KH, N. Nagata,  
and Ramirez-Quezada 
 [2308.16066] 

Alpar+, 1984, Shibazaki+, 1989
(2) Vortex Creep heating

 
 : universal constant 
 : NS angular velocity

Lvortex creep heating = J | ·Ω |
J

Ω

③ NS Heating by DM 
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                               C
dT
dt

= − Lν − Lγ +Lvortex creep heating
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21. PSR J0108-1431
22. PSR J2144-3933

ln10J [erg s]

theory

obs.

(2) Vortex Creep heating

It can explain the old and warm NSs with a universal constant  .J ∼ 1043 − 1044 erg ⋅ s
Fujiwara, KH, N. Nagata, Ramirez-Quezada [2308.16066] 

③ NS Heating by DM 
3.4. challenges: internal heating

 ▼ = XDINSs: overestimate  because of heating by decays of magnetic fields.J 80
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                               C
dT
dt

= − Lν − Lγ +Lvortex creep heating

It can explain the old and warm NSs with a universal constant  .J ∼ 1043 − 1044 erg ⋅ s
Fujiwara, KH, N. Nagata, Ramirez-Quezada [2308.16066] 

(2)’  Vortex Creep heating + DM heating

                                C
dT
dt

= − Lν − Lγ +Lvortex creep heating +LDM heating

The DM heating is masked under the vortex creep 
heating unless .J ≲ 1038 erg ⋅ s

Fujiwara, KH, N. Nagata, Ramirez-Quezada [2309.02633]  

(2) Vortex Creep heating

This may be a serious challen
ge…

③ NS Heating by DM 
3.4. challenges: internal heating
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DM χ

T
 χχ → ff̄

 ν

 a

Summary 
•Neutron Star 
•NS Standard Cooling Theory 

① Cas A NS Cooling by axion 

② Side Remark: Supernova Axion 

③ NS Heating by DM

SN
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A new bound, fa > 𝒪(108) GeV

may be seen by a “Supernovascope”

examples 
challenges: internal heating
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Backup 
NS and Standard Cooling 
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• Direct Urca 
• Modified Urca 
    (& Bremsstrahlung) 

• PBF

strong int.

𝛽 decay and its inverse:  
It does NOT work in typical NS because  . 

Discarded in “minimal cooling” scenario.      
D.Page+, astro-ph/0403657,  

M.E.Gusakov+, astro-ph/0404002,  
D.Page+, 0906.1621

{n → p + e− + ν̄e
p + e− → n + νe

pp,F + pe,F < pn,F

•From chemical eq., , where  
•Then, from the energy-momentum conservation, 

 must be satisfied, because… 
• For , only neutron around  are available. 

• This requires, . 
• This requires  and . (  is Pauli-blocked.) 
• Thus, the three momentum, must satisfy  and  , 
which is possible only if .

μn = μp + μe μi = p2
i,F + m2

*i

| ⃗pn,F | < | ⃗pp,F | + | ⃗pe,F |
n → p + e ⃗pn ≃ ⃗pn,F

p2
p + m2

*p + p2
e + m2

e = En = μn = μp + μe = p2
p,F + m2

*p + p2
e,F + m2

e

| ⃗pp | ≃ | ⃗pp,F | | ⃗pe | ≃ | ⃗pe,F | | ⃗pp/e | < pp/e,F
| ⃗pi | ≃ | ⃗pi,F | ⃗pn = ⃗pp + ⃗pe

| ⃗pn,F | < | ⃗pp,F | + | ⃗pe,F |



C
dT
dt

= − Lν − Lγ

For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission 
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• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• PBF
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※  Neutron, proton, electron 
are all Fermi degenerate.

•  Dominant process (before the onset of Cooper pairing) 

 

  

{n + N → p + e− + N + ν̄e
p + N + e− → n + N + νe

(N = p or n)

LMU
ν ∼ T8

LMU
⌫ ⇠

Z
d3pn

| {z }
T

Z
d3pN

| {z }
T

·
Z
d3pp

| {z }
T

Z
d3pN

| {z }
T

Z
d3pe

| {z }
T

·
Z
d3p⌫�

4(pi � pf )E⌫

| {z }
T 3
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strong int.
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= − Lν − Lγ

For reviews, e.g., D.G.Yakovlev+, astro-ph/0402143, 
D.Page+, astro-ph/0508056,  1302.6626

Neutrino emission 
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• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• PBF
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※  Neutron, proton, electron 
are all Fermi degenerate.

•  similarly, LBrems.
ν ∼ T8

strong int. LBrems
⌫ ⇠ O(0.01)LMU

⌫
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Backup 
Cas A NS cooling by axion 



Cassiopeia A
•  What?   Supernova remnant (SNR) 
•  Where?    
 In the constellation Cassiopeia. 
 3.4 +0.3-0.1 kpc away [J.E.Reed et.al. ’95] , within the Milky Way.

image from Wikipedia

around here
Right ascension  
23h 23m 26s 
Declination  
+58° 48′



Cassiopeia A
•  What?   Supernova remnant (SNR) 
•  Where?    
 In the constellation Cassiopeia. 
 3.4 +0.3-0.1 kpc away [J.E.Reed et.al. ’95] , within the Milky Way. 

•  When? 
 Explosion (light reached Earth) about 340 years ago. 
 - Remnant expansion suggests explosion dates of 1681 ± 19. [R.A.Fesen, et.al., ’06] 
  - Cas A may be identical to the star  
   3 Cassiopeia, which was recorded  
   by J. Flamsteed on August 16, 1680 
   and has been missed since then. 
       [W. B. Ashworth, Jr. (1980); K. W. Kamper (1980); D. W. Hughes (1980).]

image from Wikipedia

3 Cassiopeia



Cas A Neutron Star

images from Chandra’s webpage

Chandra

• In 1999, Chandra found a point source at the center of Cas A.  
•X-ray spectrum is consistent with a thermal emission of 
Neutron Star with a carbon atmosphere, mass M = (1.4±0.3) 
Msun, and radius R = (11-13) km.  

[W.C.G.Ho, C.O.Heinke, ’09], [W.C.G.Ho, K.G.Elshamouty, C.O.Heinke, A.Y.Potekhin, ’14]. 

•and,…..



Cas A NS Cooling
•The Cooling is observed!  
Cas A NS is the only isolated NS whose cooling has been observed in real 
time.

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
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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

Temperature decreases by (3-4)% in 10 years.



Cas A NS Cooling

More Recent data: 
W.C.G.Ho, K.G.Elshamouty, C.O.Heinke, A.Y.Potekhin, 1412.7759 (Phys.Rev.C)

14 yrs

•The Cooling is observed!  
Cas A NS is the only isolated NS whose cooling has been observed in real 
time.

Temperature decreases by (3-4)% in 10 years.
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NS temperature evolution

• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• (PBF)
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NS temperature evolution

• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• (PBF)
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For Cas A NS observation,
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NS surface is insulated from 
the hot interior by its envelope.

⌘ = g214�M/M

�M : mass of light elements

g14 : surface gravity in units of 1014cm/s2
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NS temperature evolution

• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• (PBF)
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much smaller than the observation, ΔTs/Ts ～ (3-4)%.

For Cas A NS observation,
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NS temperature evolution

• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• PBF

• At T < Tc, Cooper pairing occurs. 

 neutron-singlet pair (1S0)  
 neutron-triplet pair (3P2) 
 proton-singlet pair (1S0) 

•  M.Urca and Brems. are suppressed then. 

•  On the other hand, a new process, 
 Cooper pair breaking and formation (PBF), 
 is enhanced.

T > Tc T < Tc

Figs. from Page et.al. 1302.6626
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NS temperature evolution

• Direct Urca 
• Modified Urca 
• Bremsstrahlung 
• PBF

 Cooper pair breaking and formation (PBF) 

⌫
<latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="CO1eM7PhrvOZMF1f8l0o5BGI22A="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="vfvxnjDimSHdaASVPS4SbTuRVXg="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="CO1eM7PhrvOZMF1f8l0o5BGI22A="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="vfvxnjDimSHdaASVPS4SbTuRVXg="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="CO1eM7PhrvOZMF1f8l0o5BGI22A="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="O1OcAQGlFw009spn8RC3Gm+phpQ="></latexit><latexit sha1_base64="vfvxnjDimSHdaASVPS4SbTuRVXg="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit><latexit sha1_base64="uZYI6d02aruNhzaPCZAJGrFVYfs="></latexit>

⌫̄
<latexit sha1_base64="rY1S4BfYD8ERPzACRfCx1qinbJU="></latexit><latexit sha1_base64="rY1S4BfYD8ERPzACRfCx1qinbJU="></latexit><latexit sha1_base64="rY1S4BfYD8ERPzACRfCx1qinbJU="></latexit><latexit sha1_base64="rY1S4BfYD8ERPzACRfCx1qinbJU="></latexit>

Effective only in a short period 

•  At T > Tc, no paring. 

•  At T << Tc, no pair breaking. 

It triggers a sudden cooling  
at around T = Tc.

Figs. from Page et.al. 1302.6626



W.C.G.Ho, K.G.Elshamouty, C.O.Heinke, A.Y.Potekhin, 1412.7759

Cas A NS Cooling (theory)
phase transition  

T = Tc sudden, rapid cooling 
by PBF process.

•  Neutron triplet (n-3P2) PBF is dominant. 

•  Large uncertainty in n-3P2 gap. 

-> Parameters  
(in particular, Tc)  
are adjusted 
to fit the data.



• The observed Cas A NS cooling can be explained  
within the standard NS Cooling theory. 
• Neutron superfluidity (and proton 
superconductivity) play key roles. 

D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].  
P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, D. J. Patnaude, 1012.0045 [MNRAS]. 

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.

PRL 106, 081101 (2011)
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• The observed Cas A NS cooling can be explained  
within the standard NS Cooling theory. 
• Neutron superfluidity (and proton 
superconductivity) play key roles. 

D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].  
P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, D. J. Patnaude, 1012.0045 [MNRAS]. 

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
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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

Cas A NS Cooling (theory)



Alternative scenario to explain Cas A cooling 
• longer thermal relaxation timescale in the crust or core 
• etc 
S.-H. Yang, C.-M. Pi, and X.-P. Zheng, arXiv:1103.1092;  
R. Negreiros, S. Schramm, and F. Weber, arXiv:1103.3870; 
D. Blaschke, H. Grigorian, D. N. Voskresensky, and F. Weber, arXiv:1108.4125;  
T. Noda, M.-A. Hashimoto, N. Yasutake, T. Maruyama, T. Tatsumi, and M. Fujimoto, arXiv:1109.1080;  
A. Sedrakian, arXiv:1303.5380;  
D. Blaschke, H. Grigorian, and D. N. Voskresensky, arXiv:1308.4093; 
A. Bonanno, M. Baldo, G. F. Burgio, and V. Urpin, arXiv:1311.2153;  
L. B. Leinson, arXiv:1411.6833;  
G. Taranto, G. F. Burgio, and H. J. Schulze, arXiv:1511.04243; 
T. Noda, N. Yasutake, M.-a. Hashimoto, T. Maruyama, T. Tatsumi, and M. Y. Fujimoto, 
arXiv:1512.05468; 
H. Grigorian, D. N. Voskresensky, and D. Blaschke, arXiv:1603.02634.



Cas A NS Cooling with axion
Remark: uncertainty from envelope

surface  
temperature  
(observed)

internal temperature
==> O(1) uncertainty in fa bound.



Backup 
SN-scope, SN axion



•  •  

※  only (more on this later)

d < 250 pc
d > 250 pc

M > 10M⊙

• 

Nearby SN progenitor candidates



Sun

“-ray detector X-ray optics X-ray detector

Magnet coil

B “axion

•Essentially the same as the Axion Helioscopes for the solar axion. 

solar axion

Fig. from IAXO homepage

on-going

next-gen.

Axion Helioscopes

Supernova-scope



SN

“-ray detectorX-ray optics

X-ray detector Magnet coil

B “axion

Sun

“-ray detector X-ray optics X-ray detector

Magnet coil

B “axion

 ≈

X-ray  
detector

-ray detector 
is necessary. 
γ

 Ea ∼ keV

 Ea ∼ 𝒪(10 − 100) MeV

※ X-ray focusing optics doesn’t work for -rays. 
※ X-ray detector cannot measure the -ray energy, and hence the background rejection is difficult (see backup slide).

γ
γ

solar axion

SN axion

•But the axion energy is different.

•Essentially the same as the Axion Helioscopes for the solar axion. 
Supernova-scope



Sun

“-ray detector X-ray optics X-ray detector

Magnet coil

B “axion X-ray  
detector

-ray detectorγ

S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 
[arXiv:2008.03924]  JCAP 11 (2020) 059.

Idea: install a -ray detector at the opposite end to the X-ray detector.γ
Supernova-scope

http://arxiv.org/abs/2008.03924


Sun

“-raydetector

X-ray
opticsX-ray

detector

Magnetcoil

B

“

axion

S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 
[arXiv:2008.03924]  JCAP 11 (2020) 059.

Idea: install a -ray detector at the opposite end to the X-ray detector.γ
Normal operation time: It works as an axion helioscope.

Supernova-scope

http://arxiv.org/abs/2008.03924


Sun

“-raydetector

X-rayopticsX-raydetector

Magnetcoil

B
“

axion

S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro, Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 
[arXiv:2008.03924]  JCAP 11 (2020) 059.

When a Supernova occurs,….

Idea: install a -ray detector at the opposite end to the X-ray detector.γ
Normal operation time: It works as an axion helioscope.

Supernova-scope

http://arxiv.org/abs/2008.03924


The SN-scope has to be pointed to the exploding SN. 
But SN-axions come within  (cf. neutrino burst) 

How do we know the timing of the SN in advance?

Δt ∼ 10 sec .

SN

“-ray detector

X-ray optics

X-ray detector

Magnet coil
B

“

axion

Pre-SN neutrino



PreSN neutrinos

時系列の絵

Time 
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Nakazato (2012)Odrzywolek (2010)

PreSNν SNν

Figure from K.Ishidoshiro’s talk in 2019. 
https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/ 

For a review of pre-SN neutrinos, see, e.g., C.Kato, K.Ishidoshiro, T.Yoshida [2006.02519].

Core-collapse

SN Axion

Take the help of the pre-SN neutrinos.
Pre-SN neutrino

≈

hours-days

https://www.lowbg.org/ugnd/workshop/sympo_all/201903_Sendai/


Super-K KamLAND

Hyper-K JUNO

+ DUNE, SNO+,… global network for an early SN alarm  
= Supernova Early Warning System (SNEWS)  

P. Antonioli et.al., [astro-ph/0406214]. 
SNEWS collaboration [2011.00035]

Pre-SN neutrino

The cumulative numbers of 
expected pre-SN  events  
for Fe-Core progenitor, 

.  
C. Kato et.al., [1506.02358].

ν

d = 200 pc

12M⊙

15M⊙



※ SN progenitors with  
 Pre-SN  flux is too small to be detected even for . 

C. Kato et.al., [1506.02358]. 
 We discard them.

M < 10M⊙
→ ν d < 200 pc

→

•The pre-SN neutrinos can be detected (warning alert triggered) 
O(hours)-O(days) prior to the SN explosion ( a few 100 pc).d <

  only.M > 10M⊙

Pre-SN neutrino



•It is in principle possible to estimate the location of the SN candidate 
on the sky. 

for Betelgeuse, .  
M.Mukhopadhyay et.al., [2004.02045]

t = − 1.0 hour

JUNO (68% C.L.)
JUNO + Li (68% C.L.)
ν̄e + p → e+ + n

Pre-SN neutrino
•The pre-SN neutrinos can be detected (warning alert triggered) 
O(hours)-O(days) prior to the SN explosion ( a few 100 pc).d <



Fig. from IAXO homepage

maximum elevation: 

 θmax = {25∘ (IAXO)
20∘ (TASTE)

−θmax ≤ θ ≤ + θmax

0 ≤ ϕ ≤ 360∘

Observation time fraction
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but if you are unlucky,…

Observation time fraction
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”det”SN

z (the Earth’s axis)

Detector
Progenitor

The altitude of the progenitors  seen from Hamburg (DESY).θSN(t)

 sin θSN(t) = cos δSN cos δdet cos Δα(t) + sin δSN sin δdet .

Earth’s rotation (24 hours)

±θmax = ± 25∘

Observational time fraction > 50% for all the progenitors except α Lupi.

Observation time fraction S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro,  
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 

[arXiv:2008.03924]  JCAP 11 (2020) 059.

θSN(t)

http://arxiv.org/abs/2008.03924


The time fraction can be increased by 
• increasing the maximum elevation  and/or 
• two SN-scopes at different observation points (e.g., Hamburg and Tokyo)

θmax

100% covered if  
•  
• Hamburg + Tokyo.

θmax = 50∘

Observation time fraction S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro,  
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 

[arXiv:2008.03924]  JCAP 11 (2020) 059.

http://arxiv.org/abs/2008.03924


SN

“-ray detectorX-ray optics

X-ray detector Magnet coil

B “axion

Nevent = NSN
a × A

4πd2 × Pa→γ

 Production 
 For the axion luminosity, we follow [P.Carenza et.al., 1906.11844],  
which includes various corrections to the one-pion exchange approximation. 
 At the post-bounce time 1sec, 

,   

 where . 
 We also include the temperature dependence, . 
 The axion energy is  

 Thus, the total number of axions from SN is 

La ≃ 2.42 × 1070 erg ⋅ s−1 × ( mN

fa )
2

C2
N,eff

C2
N,eff ≡ C2

n + 0.61C2
p + 0.53CnCp

∼ T5/2

⟨Ea⟩ ≃ 2.3T .

NSN
a = ·NaΔt = La

⟨Ea⟩
Δt ≃ 3 × 1057 ( 3 × 108 GeV

fa )
2

(
CN,eff
0.37 )

2

( Δt
10 s ) ( T

30 MeV )
5/2

 ≈

KSVZ

a
π, ⋯

N N′ 

 

  NN′ → NN′ + a
(N, N′ = n, p)

 

 

ℒaNN = ∑
N=n,p

CN

fa
N̄γμγ5N∂μa

{
Cp = − 0.47
Cn = − 0.02 (KSVZ)

{
Cp = − 0.182 − 0.435 sin2 β

Cn = − 0.160 + 0.414 sin2 β
(DFSZ)

2 3 4 5 6 7 8

0.10

0.15

0.20

0.25

0.30

0.35

Medium corrections

OPE

Uniform Realistic

Event number

cf. more recent studies,  
P.Carenza+, 2010.02943, 2108.13726]
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Nevent = NSN
a × A

4πd2 × Pa→γ
 ≈

d

 A
4πd2 = 8.5 × 10−39 ( A

2.3 m2 ) ( 150 pc
d )

2

Event number



SN
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X-ray detector Magnet coil

B “axion

Nevent = NSN
a × A

4πd2 × Pa→γ
 ≈

d

 Detection 
  

     

     where .

P = 1
4 (

Caγγ

fa
BL)

2

(
sin (qL/2)

qL/2 )
2

= 3.6 × 10−20 (
Caγγ

α/π )
2

( 3 × 108 GeV
fa )

2

( B
2.5 T )

2

( L
20 m )

2

(
sin (qL/2)

qL/2 )
2

q = m2
a /2Ea

 ℒaγγ = 1
4

Caγγ

fa
aFμν F̃ μν

suppression factor  

for . 

(  oscillation)

ma ≳ 2⟨Ea⟩
L

a ↔ γ

Event number
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     Nevent = NSN
a × A

4πd2 × Pa→γ
 ≈

d

After all,… 

 

            

                  

※ We expect roughly O(1)~10 uncertainty, especially from SN part.

Nevent ≃ 1.0 × ( 3 × 108 GeV
fa )

4

(
CN,eff
0.37 )

2

(
Caγγ

α/π )
2

axion model

× ( 150 pc
d )

2

( Δt
10 s ) ( T

30 MeV )
5/2

SN

× ( A
2.3 m2 ) ( B

2.5 T )
2

( L
20 m )

2

detector

× (
sin (qL/2)

qL/2 )
2

.

Event number
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IAXO
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Stellar

Event number
  

for Betelgeuse ( )  
and Spica ( )

Nevent = 1 ∼ 100
d ≃ 220 pc

d ≃ 77 pc
•Axion coupling: KSVZ model 
( ) 

•Axion mass: free parameter (ALPs-like)
CN,eff = 0.37 and Caγγ = α/π

•Better sensitivity than helioscopes 
for large mass,  
because of higher axion energy 
( ). 

•For small mass region, both solar 
axion and SN-axion may be 
discovered.

ESN
a ∼ 70 MeV ≫ Esun

a ∼ a few keV

 [G
eV

]
g a

γγ
=

C a
γγ

/f
a

 [eV]ma

S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro,  
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 

[arXiv:2008.03924]  JCAP 11 (2020) 059.
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http://arxiv.org/abs/2008.03924
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Event number vs. stellar constraints
 [G
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g a
γγ

=
C a

γγ
/f

a

 [GeV]CN,eff / fa

S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro,  
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 

[arXiv:2008.03924]  JCAP 11 (2020) 059.

•ma = 10−3 eV (fixed) stellar  
constraints
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SN
198

7A

 parametrizes the uncertainty. 

• SN1987A constraint:     (production  ) 

• SN-scope sensitivity:    (production  detection  )

Cerr =
·N true

a
·Ncalca

fa ∝ C1/2
err ∝ 1

f 2a

fa ∝ C1/4
err × ∝ 1

f4a

For ,  
•  events for Betelgeuse, 
•  events for Spica.

Cerr ≃ 0.1 − 0.3
𝒪(1)
𝒪(10)

        　　　　　　　  10−9        　　　　　　　  10−9    　　　　  10−10     　　　　  10−8

http://arxiv.org/abs/2008.03924
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•O(1000) muon events in 10 sec. 

•They can be rejected by energy deposit and # of hits.
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S.Ge, K.Hamaguchi, K.Ichimura, K.Ishidoshiro,  
Y.Kanazawa, Y.Kishimoto, N.Nagata, J.Zheng. 

[arXiv:2008.03924]  JCAP 11 (2020) 059.
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http://arxiv.org/abs/2008.03924


Backup 
NS and DM



•https://arxiv.org/abs/2403.07496

observational feasibility

http://www.apple.com/jp
https://arxiv.org/abs/2403.07496


observational feasibility

• O(1) old and cold NSs can be at . 

• Radiation from a DM-heated NS there 
results in a spectral flux density of O(1) 
nanoJansky ( ) at wavelength 

. 

• Maybe within the sensitivity of the 
upcoming telescopes such as the JWST, 
TMT, and E-ELT. 

d = 10pc

nJy
ν−1 = 𝒪(1) μm

M.Baryakhtar+, 1704.01577

•https://arxiv.org/abs/1704.01577


