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最近の研究から中性子星の温度観測と標準模型を超える物理の探索
永田夏海 〈 東京大学大学院理学系研究科 natsumi@hep-th.phys.s.u-tokyo.ac.jp〉濱口幸一 〈 東京大学大学院理学系研究科 hama@hep-th.phys.s.u-tokyo.ac.jp〉藤原素子 〈 ミュンヘン工科大学物理学科 motoko.fujiwara@tum.de〉

—用語解説—

標準模型：物質の基本的な構成要素とその間にはたらく相互作用を記述する素粒子物理学の理論．クォーク，レプトン，ゲージボゾン，ヒッグスボゾンからなり，場の量子論で記述されている．
パルサー：パルス状の電磁波を発する天体．その正体は強い磁場を持ち回転する中性子星であると考えられている．
アクシオン：素粒子標準模型には strong
CP 問題という未解決の問題があり，これを解決する有力な理論においてアクシオンという新粒子の存在が予言されている．これまで多くの実験や観測を通じて探索が行われているが，発見には至っていない．
暗黒物質：宇宙の全エネルギーの約
27%を占める未知の物質．さまざまな宇宙観測によってその重力源としての存在は確認されているが，正体は分かっておらず，標準模型を超える新理論・新粒子が必要とされている．これまで多くの実験や観測を通じて探索が行われているが，発見には至っていない．

過冷却 加熱

アクシオン 暗黒物質

中性子星中性子星

新物理による中性子星の過冷却や加熱の概念図．

2012年のヒッグス粒子発見により，素粒
子の標準模型は確立されつつある．しかし
素粒子物理には多くの未解決問題が残され
ており，それらの謎を解くための様々な新
しい理論（標準模型を超える物理）が提唱
されている．近年，こうした標準模型を超
える物理を探索する手段の一つとして，中
性子星の温度観測が注目を集めている．
中性子星は太陽と同程度の質量を持ちな
がら半径がわずか 10 kmほどしかない超
高密度 (コンパクト)天体だ．1968年にパ
ルサーとして発見されて以来，これまでに
3000個を超える天体が見つかっている．
外部から孤立した中性子星の温度は，ニ
ュートリノ放射および電磁放射によって時
間と共に冷えていく．その基本的な過程は
中性子星の標準冷却理論として確立してお
り，中性子星の表面温度の時間発展の観測
とも概ね合致している．
中性子星の標準冷却理論は素粒子の標準
模型に基づいている．しかし，標準模型を
超える物理が存在すると，その影響によっ
て中性子星の冷却過程が修正を受けうる．
したがって，修正された理論予言と温度観
測とを照らし合わせることで，標準模型を
超える物理の兆候を得たり，新物理模型を
制限したりできる可能性がある．
新物理が中性子星冷却に与える効果は，
大きく分けて過冷却効果と加熱効果の２
つに分類することができる（右概念図）．
過冷却を引き起こす新物理の代表例がアク
シオンである．アクシオンは非常に軽く中
性子や陽子と微弱な相互作用を持つため，
ニュートリノと同様に中性子星の内部から
放出され，中性子星の冷却に寄与する．近
年こうしたアクシオンによる中性子星の過
冷却の研究が複数行われており，例えばカ
シオペア A中性子星の表面温度の観測と

理論の比較から，アクシオンの結合定数 fa

（相互作用の強さの逆数に比例する量）に
対して fa > (5 − 7) × 108 GeVという制
限が与えられることが分かった．これは現
在知られているアクシオンへの制限として
最も強いものの一つとなっている．
一方，新物理による中性子星の加熱の例
としては，暗黒物質の捕獲がある．暗黒物
質が中性子星に衝突・散乱すると，運動エネ
ルギーを失って中性子星の重力ポテンシャ
ルに捕らえられる．この際の衝突エネル
ギーや，その後の中性子星内部での暗黒物
質どうしの対消滅は，中性子星の新たな加
熱源としてはたらく．特に年齢 106年以上
の古い中性子星においては，電磁放射によ
る冷却と暗黒物質捕獲による加熱がバラン
スし，温度が 2000–3000 Kで平衡状態に
達する．この温度観測による暗黒物質探索
は，直接検出実験や加速器実験による探索
と相補的な役割を果たす有力な手法になり
得ることが分かってきた．
中性子星の温度観測による新物理探索の
研究は現在も進展を続けている．例えば，
暗黒物質による中性子星の温度上昇の検証
可能性に関して，中性子星自身に内在する
加熱源の影響を加味した新たな解析も行わ
れている．今後も，中性子星の理論計算の
進展，および観測データの蓄積による更な
る検証が必要である．また，アクシオンや
暗黒物質以外の新物理に関しても，中性子
星の温度観測を利用した研究が進むと期待
される．
今後は，地球近傍の中性子星の発見の可
能性も含め，中性子星の温度観測の例が増
えていくと考えられる．中性子星の温度観
測による新物理探索のさらなる発展に期待
したい．

1 日本物理学会誌 Vol. 1, No. 1, 2024

review article in 日本物理学会誌 (JPS, 2024)

! 2024 AAPPS- 
JPS Award

! 2025 JPS Young 
Scientist Award
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C
dT
dt

= − Lν − Lγ  γ

 ν
Neutron  

Star
Temperature Evolution. 

 (heat capacity) C = dEthermal
dT

C = Cn + Cp + Ce + Cμ

Photon emission 
dominant process for an old NS ( ).

  
τ ≳ 105 yrs

Lγ = 4πR2σSBT4
s{

<latexit sha1_base64="BqEm1N2vTSQVaBmEX+0TK+OWmAA="></latexit><latexit sha1_base64="BqEm1N2vTSQVaBmEX+0TK+OWmAA="></latexit><latexit sha1_base64="BqEm1N2vTSQVaBmEX+0TK+OWmAA="></latexit><latexit sha1_base64="BqEm1N2vTSQVaBmEX+0TK+OWmAA="></latexit>

• Direct Urca 

• Modified Urca 
    (& Bremsstrahlung) 

• PBF
strong int.

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

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

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

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

= − Lν − Lγ

The standard cooling scenario can successfully  
explain many isolated 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

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

spires-open-journal://
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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, ...).

8

① NS heating by DM

Bullet Cluster. 
from astro-ph/0608407.

CMB anisotropy spectrum 
from Planck 2018

DM

DM

quark, 
lepton,..

quark, 
lepton,..
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Neutron  
Star

DM χ

DM annihilation 
 χχ → qq̄, ℓℓ̄, ⋯
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R ∼ 10 km

暗黒物質

bmax ∼ 103R

vesc ∼ c

su
rfa

ce
 te
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er
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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 ?!

① NS heating by DM 
Basic Idea 

  C
dT
dt

= − Lν − Lγ +LDM
heating
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Kouvaris, 0708.2362 
Baryakhtar+, 1704.01577

① NS heating by DM 
Basic Idea 

DM χ

bmax ∼ 103RNS

vesc ∼ 0.5 c
RNS

capture rate   
for 

≃ 1
σχN ≳ 10−45cm2

scattering + 
annihilation

  C
dT
dt

= − Lν − Lγ +LDM
heating

The energy injection per time: 
          

… independent of the DM mass!

LDM
heatng = ·EDM ∼ πb2

max ⋅ vDM ⋅ nDM ⋅ mDM

ρDM

∼ 1022erg/s
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Kouvaris, 0708.2362 
Baryakhtar+, 1704.01577

① NS heating by DM 
Basic Idea 

  C
dT
dt

= − Lν − Lγ +LDM
heating

The energy injection per time: 
          

… independent of the DM mass!

LDM
heatng = ·EDM ∼ πb2

max ⋅ vDM ⋅ nDM ⋅ mDM

ρDM

∼ 1022erg/s

  Photon emission 
 Lγ = 4πR2σSBT4

s

negligible for 
τ ≫ 106 years
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暗黒物質

bmax ∼ 103R

vesc ∼ c
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 [K
]

age [years]
w/o DM

w/ DMAt late time, 
→  

Lγ ≃ LDM
heating

T ∼ (a few) 1000 K
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① NS heating by DM
Example

LZ 2022+2024 

NS capture  
(via inelastic scattering)

Future DM direct 
detection experiments 
(via elastic scattering)

Direct detection and NS heating can play complementary roles.

• Electroweak multiplet DM
(A class of typical WIMP) 

e.g., Wino and Higgsino in SUSY 

cut-off parameter

Fujiwara, KH, Nagata, Zheng 
[2204.02238]
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① NS heating by DM 
Challenge: Internal Heating

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



14

① NS heating by DM 
Challenge: Internal Heating

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. 
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① NS heating by DM 
Challenge: Internal Heating
(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

http://arxiv.org/abs/astro-ph/9410035
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① NS heating by DM 
Challenge: Internal Heating
(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.

http://arxiv.org/abs/astro-ph/9410035
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① NS heating by DM 
Challenge: Internal Heating
(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

http://arxiv.org/abs/1904.04667
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① NS heating by DM 
Challenge: Internal Heating
(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 still a chance  

to see DM signal in this case.

http://arxiv.org/abs/1905.02991


19

① NS heating by DM 
Challenge: Internal Heating

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

• 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] 

 
 : universal constant 
 : NS angular velocity

Lvortex creep heating = J | ·Ω |
J

Ω

https://arxiv.org/abs/2308.16066
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① NS heating by DM 
Challenge: Internal Heating
(2) Vortex Creep heating

                               C
dT
dt

= − Lν − Lγ +Lvortex creep heating

| || ||
| || ||

▲

▲

▲

●

●
●

●

●
●

●
●

●
●

✶

✶✶

▼

▼

▼
▼

▼
▼

▼

40 42 44 46 48

Semi-classical Mesoscopic
Quantum Mesoscopic

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]

theory

obs.

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] 

https://arxiv.org/abs/2308.16066
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① NS heating by DM 
Challenge: Internal Heating

                               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 challenge…

https://arxiv.org/abs/2308.16066
https://arxiv.org/abs/2309.02633
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① NS heating by DM 
Challenge: Internal Heating

(1) Rotochemical heating vs DM heating 
KH, N. Nagata, K. Yanagi 
 [1904.04667] +[1905.02991] 

(2) Vortex Creep heating vs DM heating 
M. Fujiwara, KH, N. Nagata, M. Ramirez-Quezada 
 [2308.16066] + [2309.02633]  

DM signal may be masked depending 
on the scenario and parameters. 
→ Further studies of NSs, both 
theoretical and observational, are 
crucial for verification.

C
dT
dt

≃ − Lγ + LDM heating + Linternal heating

http://arxiv.org/abs/1904.04667
http://arxiv.org/abs/1905.02991
https://arxiv.org/abs/2308.16066
https://arxiv.org/abs/2309.02633
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② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

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)

https://arxiv.org/abs/1806.07151
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② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

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. 

Cas A NS 
• At the centre of the Cassiopeia A
 supernova remnant. 

• ～ 340 yrs old. (A young NS.) 
• The only isolated NS whose cooling has been observed in real time.

image from Wikipedia

https://arxiv.org/abs/1806.07151
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−Lγ

 νnegligible for τ ∼ 300 yrs

Neutron  
Star

② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

https://arxiv.org/abs/1806.07151
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② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

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⊙

https://arxiv.org/abs/1806.07151
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 aNeutron  
Star

② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

(for an envelope with a thin carbon layer) 
cf. SN1987A bound: fa ≳ 4 × 108 GeV

A new bound (KSVZ axion): 
fa ≳ 5 × 108 GeV

NS cooling gives one of 
the strongest constraint 
on the axion models.

https://arxiv.org/abs/1806.07151
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② NS cooling by axion 
KH, Nagata, Yanagi, Zheng, [1806.07151]

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 ] 

+ K. Hamaguchi, N. Nagata, J. Zheng,  
    work in progress

https://arxiv.org/abs/1806.07151


P. S. Shternin+, [1012.0045].

① NS heating by 
       Dark Matter

30

C
dT
dt

= − Lν − Lγ

Surface Temperature

± Lnew physics

② NS cooling 
       by Axion

 Summary

Age

 ν

 aNeutron  
Star

DM χ

DM annihilation 
 χχ → ff̄

NS temperature observation may probe New Physics!
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•https://arxiv.org/abs/2403.07496

observational feasibility

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


observational feasibility

• See e.g., the discussion in M.Baryakhtar+, 
1704.01577. 

• 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 = ⟹(1) μm M.Baryakhtar+, 1704.01577
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① NS heating by DM 
Back-of-envelope estimates

DM χ
vDM ∼ 10−3c
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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

① NS heating by DM 
Back-of-envelope estimates
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① NS heating by DM 
Back-of-envelope estimates
(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

∼ ⟹(106)



(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

① NS heating by DM 
Back-of-envelope estimates
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① NS heating by DM 
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:  

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

① NS heating by DM 
Back-of-envelope estimates
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① NS heating by DM
Example
• Electroweak multiplet DM 

e.g., Wino and Higgsino in SUSY 
The masses of the DM  and its partner  are 
degenerate, . 

→ Inelastic scattering is important.

χ χ∴ 

′M ≪ Mχ

inelastic  
scattering DM χ

NS

direct detection 
experiments

DM χ

NS is much more sensitive to inelastic scattering.

 is necessary 
for inelastic scattering.

v ∼ 10−3c ⋯ ′M < ⟹(100) keV

 is necessary 
for inelastic scattering.

v ∼ c ⋯ ′M < ⟹(100) MeV

Fujiwara, KH, Nagata, Zheng [2204.02238]
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Motivation: Axion

Why?   

Experimental constraint (neutron EDM):    

ℒSM ∋ αs

8π
θ Ga

μν G̃ aμν − ∑
q

mqq̄ θq iγ5q

| θ̄ | ≲ 10−10 θ̄ = θ+∑
q

θq

Strong CP problem

The most serious fine-tuning problem  
in the Standard Model of particle physics. 

(It cannot be explained even by the anthropic discussion.)

3. Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  

https://arxiv.org/abs/1806.07151


Motivation: Axion

Why?   

Experimental constraint (neutron EDM):    

ℒSM ∋ αs

8π
θ Ga

μν G̃ aμν − ∑
q

mqq̄ θq iγ5q

| θ̄ | ≲ 10−10 θ̄ = θ+∑
q

θq

…..can be solved by the “Peccei-Quinn mechanism”, [Peccei, Quinn,’77]  
predicting a very light particle, Axion. [Weinberg,’78, Wilczek,’78] 

              ℒaxion ∋ αs

8π
a
fa

Ga
μν G̃ aμν

axion potential

a
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・Axion’s coupling is determined by the decay constant  . 

             

                   

fa

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)

Strong CP problem

3. Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  

https://arxiv.org/abs/1806.07151


[Particle Data Group 2018]

stellar CoolingsCosmology + DM abundance

direct detection
Stellar cooling 

hints?

Constraints on axion

We obtained a new bound on the axion decay constant, 
, by studying the Cas A NS Cooling with axion.fa > ⟹(108) GeV

Motivation: Axion
3. Cas A NS Cooling by axion KH, Nagata, Yanagi, Zheng, [1806.07151]  

https://arxiv.org/abs/1806.07151


• 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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Cas A NS Cooling (theory)



• 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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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.



Minimal Cooling vs Cas A NS

D. Page, M. Prakash, J. M. Lattimer, A. W. Steiner, 1011.6142 [Phys.Rev.Lett.].  



Cas A NS Cooling with axion
Remark: uncertainty from envelope

surface  
temperature  
(observed)

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


