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今日はWIMPが暗黒物質だと仮定します



暗黒物質

暗黒物質：宇宙のエネルギー密度の約25%を占める(おそらく)未知の素粒子

WIMP暗黒物質の直接検出実験 

• No Signal 
• WIMP - nucleus 断面積に強い制限 

• 直接検出で探りづらいWIMP模型が考え
られるように 

• そのようなWIMPを探る方法はあるか？

6 Advances in High Energy Physics
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Figure 4: Current status of direct dark matter searches results and sensitivity of future experiments (from [24]). Shaded bounded areas
represent claims for dark matter observations or regions of interest compatible with observation of a few events that could be attributed to
dark matter interactions. Continuous lines show the exclusion curves by past experiments. Dashed lines show the projected sensitivity of
future experiments based on various assumptions. The red dashed line shows the sensitivity of DarkSide-G2 for zero detected events in 18
tons-years.

the goal of 0.1 n/(unit × yr) and is completing R&D towards
its use in ultraradioclean feedthroughs.

6.2. Underground Argon Distillation. To extract low radioac-
tivity underground argon, a large vacuum-pressure swing
adsorption (VPSA) plant was installed in 2009 at Kinder
Morgan Doe Canyon CO2 facility in southwestern Colorado
[36]. This accepts feed CO2 gas with 600 ppm of Ar and
produces an output stream of 4%Ar in a He and N2 mixture.
To date theVPSAplant has extractedmore than 100 kg ofUAr
and it continues to extract it at a rate of about 0.5 kg/day.

The UAr collected in Colorado is shipped to Fermilab
for further purification, using a complex purification system
composed of many units, whose most important unit is a
cryogenic distillation column [37]. The final obtained UAr
has a contamination of 39Ar lower than 0.65% compared to
that in AAr [25]. At this level the DarkSide-G2 experiment
will be able to operate with a very limited (<5%) fraction of
events in pile-up.

The goal for DarkSide-G2 is to reach a production of
50 kg/day: to meet the goal the DarkSide Collaboration is

teaming with KinderMorgan and Air Products. Air Products
will make provisions to produce for the DarkSide-G2 col-
laboration a stream of N2/UAr, originating from the tail gas
of their He extraction plant, which can be treated with a
cryogenic distillation column to produce detector quality
UAr at the desired rate. Final separation of N2 from UAr will
be performed directly at the Kinder Morgan Doe Canyon
facility in Cortez by a new cryogenic distillation column
based on the successful design of the unit currently operating
at FNAL (the present distillation column at Fermilab has
demonstrated the ability to separate a 40–60 Ar-N mix at a
rate of 20 kg/day).

7. Sensitivity

In order to observe a signal rate of the order of 1 event
per ton per year (assuming a cross section of 10−47 cm2), an
exceptional background reduction is needed.

The sources of background are "/# giving an electron
recoil misidentified as a nuclear recoil and cosmogenic or
radiogenic neutrons that produce a nuclear recoil which can
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中性子星を使ったWIMP探索の提案

[Kouvaris, 0708.2362 ;Baryakhtar+, 1704.01577]

最近「WIMP暗黒物質を中性子星の温度観測によって探索しよう」という提案がされている

b

WIMP

NS

gravity

weak int.

annihilation

∼ 1 for σn ≳ 10−45 cm2∼ ρDMvDMπb2
max

(Energy flux)      x      (Capture probability)LWIMP =加熱率:

暗黒物質が中性子星に捕獲される → 散乱/対消滅 → 星の熱エネルギーへ



WIMP暗黒物質による予言
WIMPによる加熱で、年老いた熱い中性子星ができる

✴ 異なる線：異なる超流動ギャップモデル and/or envelopeモデル

t > 107 yr

Ts ∼ 3000 K

中性子星の表面温度 (理論)

WIMPなし

WIMPあり

�   で �  の星を見つければWIMPへの制限にもなるt > 107 yr Ts < 1000 K



中性子星を使う利点

•  理論上は Neutrino floor を超えて

探索可能
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• Inelastic scattering にも sensitive 

- 地上実験 (� ): �  

- 中性子星表面 (� ): �

v ∼ 10−3 ΔM ≲ 100 keV

v ∼ 0.1 ΔM ≲ 1 GeV

[Baryakhtar+, 1704.01577]
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本当に可能なのか？

暗黒物質以外の中性子星の加熱メカニズムを考慮する必要がある

観測からの示唆
• t > 10 Myr で Ts ~ 105 K もある中性子星がいくつか
見つかっている 

• WIMPによる加熱ではTs ~ 105 K は出せない 

• t ~ 100 Myr で Ts < 4×104 K という冷たい星も見つ
かっている (PSR2144-3933) 

• WIMP以外の加熱機構が必要、ただし星ごとに異な
る加熱率

PSR2144-3933

理論的に提案されている加熱機構
• Rotochemical heating 
• 超流動渦糸による加熱 
• 磁場の崩壊による加熱 WIMPの加熱効果は他の加熱機構に埋もれてしまわないか？



Outline

• 中性子星の冷却理論 

• 中性子星の加熱理論（Rotochemical Heating) 

• Rotochemical heating は観測と合うか？ 

• 暗黒物質による加熱効果は見えるか？



中性子星の冷却
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These processes occur near the Fermi surface.

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

significantly increased. 

pF ≫ T, mn−mp

π

理論：中性子星の冷却

C
dT
dt

= − Lν − Lγ

[e.g., Page+, astro-ph/0403657]

• � : 熱容量。フェルミ縮退した n, p, e, μ による寄与の和C

• � : ニュートリノ放出のルミノシティLν

• � : 表面からの光子の黒体輻射によるルミノシティLγ = 4πR2σBT4
s

- Modifeid Urca process 

     �  ,   �  �  

- PBF process: 核子のクーパー対形成に伴う放出 

- Direct Urca process �  は重い星でのみ重要

n + N → p + N + ℓ + ν̄ℓ p + N + ℓ → n + N + νℓ (N = n, p , ℓ = e, μ)

(n ↔ p + ℓ ± νℓ)

熱的発展の方程式 = エネルギー収支の式



核子の超流動性

T (N)
c ∼ 108−9 K

中性子星は非常に低温 �   → 核子は核力でクーパー対を形成T ≪ pF

フェルミ面にエネルギーギャップが生じる
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Figure 5: Comparison of quasi-particle spectra, ✏(k), for a normal and a super-
fluid Fermi liquid. The reorganization of particles at ✏ ⇠ ✏F into Cooper pairs
results in the development a gap 2� in the spectrum so that no particle can
have an energy between ✏F �� and ✏F +�.
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Figure 6: Temperature evolution of the state of a system parametrized by an
“order” parameter, �(T ).

is a continuous change of �(T ) with no critical temperature (see the right panel
of Fig. 6). (Examples: liquid $ gas above the critical point; atomic gas $

plasma.)

A simple example

A simple model can illustrate the di�culty in calculating pairing gaps. Con-
sider a dilute Fermi gas with a weak, attractive, interaction potential U . The
interaction is then entirely described by the corresponding scattering length5 , a,
which is negative for an attractive potential. In this case, the model has a single
dimensionless parameter, |a|kF , and the dilute gas corresponds to |a|kF ⌧ 1.
Assuming the pairing interaction is just the bare interaction U (which is called
the BCS approximation), the gap equation at T = 0 can be solved analytically,

5The scattering length a is related to U by a = (m/4⇡h̄2)U0 with Uk =
R
d3r exp(ik ·

r)U(r).
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• 陽子・中性子の比熱が suppress される 

• Modified Urca process のルミノシティが suppress される 

• クーパー対形成に伴うニュートリノ放出 (PBF process) が発動
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Figure 17: Left panel: Feynman diagram for ⌫⌫ emission from the formation
of a nn Cooper pair (pair breaking and formation, PBF, process). Right panel:
control functions RPBF for the PBF process.

Temperature dependence of the PBF neutrino emissivity

The temperature dependence of the PBF process (left panel of Fig. 17) can be
ascertained from Eq. (45) according to the following T -power counting:

✏
PBF

/ T
3
· T

3
· T · 1 ·

1

T
·R(�/T ) · T = T

7
R(�/T ) , (47)

where the two T
3 and the first T factors arise from the phase space integrations

of the neutrino pair and the first participating nucleon, respectively. The fac-
tor 1 results from the phase space integration of the second nucleon. As there
are only two degenerate fermions in this process (in contrast to the Urca and
bremsstrahlung processes that involve 3, 4, or 5 degenerate fermions), the mo-
menta of the neutrino pair and the first nucleon are chosen the momentum of
the second nucleon is fixed by the three-momentum conserving delta function.
Thus, this second nucleon does not introduce any T dependence. The T

�1 de-
pendence arises from the energy conserving delta function. The last T factor is
from the neutrino pair’s energy, whereas the T and � dependence of the matrix
element of the reaction are included in the function R(�/T ), which is shown in
the right panel of Fig. 17.

An alternative way of looking at the PBF process is simply as an interband
transition of a nucleon [117]. Considering the particle spectrum in a paired state
(the right panel of Fig. 5), the lower branch (with ✏ < ✏F ��) corresponds to
paired particles whereas the upper branch to excited ones, i.e., the “broken
pair” leaves a hole in the lower branch. A transition of a particle from the
upper branch to a hole in the lower branch corresponds to the formation of a
Cooper pair.

37

ϵN(p) ≃ μN + sign(p − pF,N) Δ2
N + v2

F,N(p − pF,N)2

✴ ギャップの大きさに核力からの不定性



Minimal cooling

• Direct Urca is not included 

• t < 10 - 100 yr: Equilibrium modified urca 

• 10 - 100 yr < t < 105 yr: PBF 

• t > 105 yr : Photon emission

n + N ↔ p + N + ℓ ± ν̄ℓ

[ÑÑ ] → ÑÑ ÑÑ → [ÑÑ ] + νν̄

Lγ = 4πR2σBT4
s

Minimal cooling paradigm explains many NSs surface temperatures
[Page et al., astro-ph/0403657; Gusakov et al., astro-ph/0404002; Page et al., 0906.1621]

Different lines = Different gap/envelope model



Minimal cooling

• Direct Urca is not included 

• t < 10 - 100 yr: Equilibrium modified urca 

• 10 - 100 yr < t < 105 yr: PBF 

• t > 105 yr : Photon emission

n + N ↔ p + N + ℓ ± ν̄ℓ

[ÑÑ ] → ÑÑ ÑÑ → [ÑÑ ] + νν̄

Lγ = 4πR2σBT4
s

Minimal cooling paradigm explains many NSs surface temperatures
[Page et al., astro-ph/0403657; Gusakov et al., astro-ph/0404002; Page et al., 0906.1621]

Different lines = Different gap/envelope model

Minimal cooling cannot explain these NSs



中性子星の加熱理論
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These processes occur near the Fermi surface.

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

significantly increased. 

pF ≫ T, mn−mp

π

“非平衡” Modified Urca process

よくある cooling 計算では n ⇆ p + e の平衡が仮定される（ベータ平衡）

Modified Urca process

(1) : n + N → p + N + ℓ + ν̄ℓ (2) : p + N + ℓ → n + N + νℓ

Γn→p+e = Γp+e→n
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“非平衡” Modified Urca process

よくある cooling 計算では n ⇆ p + e の平衡が仮定される（ベータ平衡）

Modified Urca process

(1) : n + N → p + N + ℓ + ν̄ℓ (2) : p + N + ℓ → n + N + νℓ

Γn→p+e = Γp+e→n

パルサーではベータ平衡の仮定は正しくない！
• パルサーの回転は徐々に遅くなる (Spin-down) 

• 遠心力の低下→ 時々刻々とn, p, e のベータ平衡における数密度が変化 

• (1)と(2)が平衡からずれ、エントロピー生成によって発熱 
重力、圧力、遠心力の釣り合い

LH = ∫ dV (μn − μp − μe)(Γn→p+e − Γp+e→n) > 0

[Reisenegger, astro-ph/9410035]
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“非平衡” Modified Urca process

よくある cooling 計算では n ⇆ p + e の平衡が仮定される（ベータ平衡）

Modified Urca process

(1) : n + N → p + N + ℓ + ν̄ℓ (2) : p + N + ℓ → n + N + νℓ

Γn→p+e = Γp+e→n

パルサーではベータ平衡の仮定は正しくない！
• パルサーの回転は徐々に遅くなる (Spin-down) 

• 遠心力の低下→ 時々刻々とn, p, e のベータ平衡における数密度が変化 

• (1)と(2)が平衡からずれ、エントロピー生成によって発熱 
重力、圧力、遠心力の釣り合い

LH = ∫ dV (μn − μp − μe)(Γn→p+e − Γp+e→n) > 0

[Reisenegger, astro-ph/9410035]

特にエキゾチックな物理を仮定せずに最小限の設定で起こる加熱現象である！



温度とηの時間発展

• �  が実現 

• Spin-down は磁気双極子放射で起こると仮定 → 加熱の開始時刻は磁場の大きさに依存
Ts ∼ 105 K

�  �  C
dT∞

dt
= − L∞

ν − L∞
γ +L∞

H

ηℓ = μn − μp − μℓ

T∞
s



超流動の影響

• Rotochemical heating begins at �ηℓ > Δth = min{3Δn + Δp, Δn + 3Δp}

• Larger Δ ~ larger η → hotter NS

[Petrovich & Reisenegger, 0912.2564]

最終温度はギャップの大きさに依存 

ギャップの大きさは核力で決まるため、核力からの不定性が生じる



観測との比較



Two categories of observed pulsars

·P ∼ 10−(15−13)
·P ∼ 10−20

Rotochemical heating 検証のため、温度観測がされている中性子星を二種類に大別した

Millisecond pulsarsOrdinary pulsars and XDINSs
P ∼ 1 − 10 s P ∼ 1 ms

B ∼ 108 GB ∼ 1012−13 G

�  で非平衡度が変わるため、�  と �  により分類 Ω(t) = 2π/ P2
0 + 2P ·Pt P ·P



• 温度が観測されているMSPは二つ。両方とも通常の冷却理論では全く説明できない 

• Rotochemical heatingの予言とはよく合う

Results: Millisecond pulsars

P = 5.8 ms
·P = 5.7 × 10−20

異なる線は異なる超流動ギャップのモデル (=理論の不定性)



• Rotochemical heating による加熱の大きさは初期の回転周期� に強く依存 

• �  はcoolingでもheatingでも説明可 

• �  の熱い星二つはrotochemical heatingで説明できる 

• �  の冷たい星 (PSR2144-3933) はheating が発動していないとすればconsistent 

• �  が大きければ暗黒物質による加熱が支配的になるのでは？

P0

t ≲ 105 yr

t ∼ 107−8 yr

t ∼ 108 yr

P0

Results: Ordinary pulsars and XDINSs

P = 1 s
·P = 1 × 10−15

Ω(t) =
2π

P2
0 + 2P ·Pt

PSR2144-3933



暗黒物質による加熱効果の観測可能性



DM heating vs. rotochemical heating

WIMP暗黒物質による加熱効果は �  が十分大きければ見えるP0

P = 1 s
·P = 10−15

P0 ≳ 7 ms : DM heating > rotochemical haeting

�  �  C
dT∞

dt
= − L∞

ν − L∞
γ +L∞

rotochemical + L ∞
DM



Uncertainty from superfluid gap models

• Critical P0 はギャップのモデルに依存 

• �  ならギャップモデルによらず (DM heating) >> (rotochemical heating) 

• 色々な先行研究により �  が示唆されている

P0 ≳ 100 ms

P0 = 𝒪(100) ms
[Popov & Turolla, 1204.0632; Noutsos et.al., 1301.1265; Igoshev & Popov, 1303.5258;  
Faucher-Giguere & Kaspi, astro-ph/0512585; Popov et al., 0910.2190;  
Gullo ń et al., 1406.6794, 1507.05452; Mu ̈ller et al., 1811.05483]

(neutron gap, proton gap)



まとめ

• 非平衡 Urca process を考慮した際に、中性子星を使ったWIMP探索が可能な条件を

明らかにした 
• 基本的には生まれた時の回転周期が短すぎなければ良い (P0 ~ 100 msならOK) 

• 様々な先行研究によると、これは無理のない設定のようである

まとめ

課題

• 非平衡 Urca 以外の加熱メカニズムでも同様に調べたい 

• 観測の feasibility : ~ 1000 K の表面温度を将来の望遠鏡で観測できるか？



Backup



Basics of NS

• NS core consists of n, p, e, μ 

• They are Fermi-degenerate 

• Birth temperature ~ 1011 K, and 

quickly cools to T < 1010 K 

• NS is cold system

pF,n ∼ O(100) MeV crust

core
~ 1 km

~ 10 km

n, p, e, μ

nucleus, e, n

pF,e,p,μ ∼ O(10) MeV



Nucleon superfluidity in NS
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Figure 4: Left panel: Possible spin-angular momentum combinations for
Cooper-pairs. Right panel: Phase shifts for N-N scattering as a function of
the laboratory energy (middle axis) or the neutron Fermi energy and density
for a neutron star interior (lower axis). Adapted from [21].

that permit the presence of Cooper pairs (and hence a gap �(T )), states with
energy ✏ � ✏F +� can be populated. However, in contrast to the smooth filling
of levels above ✏F in the case of a normal Fermi liquid, the presence of the
2�(T ) gap in the spectrum implies that the occupation probability is strongly
suppressed by a Boltzmann-like factor ⇠ exp[�2�(T )/kBT ]. As a result, both
the specific heat of paired particles and the neutrino emissivity of all processes
in which they participate are strongly reduced.

The phase transition

The transition to the superfluid/superconducting state through pairing à la
BCS is usually a second order phase transition and the gap �(T ) is its order
parameter (see central panel of Fig. 6). Explicitly, �(T ) = 0 when T > Tc,
the critical temperature, and, when T drops below Tc, �(T ) grows rapidly but
continuously, with a discontinuity in its slope at T = Tc. There is no latent heat
but a discontinuity in specific heat. (Examples: superfluid $ normal fluid; fer-
romagnetic $ paramagnetic.) In the BCS theory, which remains approximately
valid for nucleons, the relationship between the zero temperature gap and Tc is

�(T = 0) ' 1.75 kBTc . (17)

In a first order phase transition there is a discontinuous change of �(T ) at Tc

and the transition occurs entirely at Tc (see left panel of Fig. 6). There is a latent
heat due to the entropy di↵erence between the two states. (Examples: solid $

liquid; liquid $ gas below the critical point.) In a smooth state transition there
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Cooper pairing occurs due to the attractive nuclear force

Superfluid in NS core 

• Proton singlet pairing (1S0) 

• Neutron triplet pairing (3P2)
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for a neutron star interior (lower axis). Adapted from [21].
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of levels above ✏F in the case of a normal Fermi liquid, the presence of the
2�(T ) gap in the spectrum implies that the occupation probability is strongly
suppressed by a Boltzmann-like factor ⇠ exp[�2�(T )/kBT ]. As a result, both
the specific heat of paired particles and the neutrino emissivity of all processes
in which they participate are strongly reduced.

The phase transition

The transition to the superfluid/superconducting state through pairing à la
BCS is usually a second order phase transition and the gap �(T ) is its order
parameter (see central panel of Fig. 6). Explicitly, �(T ) = 0 when T > Tc,
the critical temperature, and, when T drops below Tc, �(T ) grows rapidly but
continuously, with a discontinuity in its slope at T = Tc. There is no latent heat
but a discontinuity in specific heat. (Examples: superfluid $ normal fluid; fer-
romagnetic $ paramagnetic.) In the BCS theory, which remains approximately
valid for nucleons, the relationship between the zero temperature gap and Tc is

�(T = 0) ' 1.75 kBTc . (17)

In a first order phase transition there is a discontinuous change of �(T ) at Tc

and the transition occurs entirely at Tc (see left panel of Fig. 6). There is a latent
heat due to the entropy di↵erence between the two states. (Examples: solid $

liquid; liquid $ gas below the critical point.) In a smooth state transition there
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Superfluid in NS crust (not important for thermal evolution) 

• Neutron singlet pairing (1S0) [Figures from Page et al. (2013)]
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Pairing gap models

The effects of superfluidity depends on momentum dependence of gap
ΔN = ΔN(kF, T = 0)
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Figure 11: Some theoretical predictions of Tc and �, vs proton kF , for the
proton 1S0 gap in �-equilibrium uniform neutron-proton matter. The value of
kF corresponding to the transition from the crust to the core is indicated: values
on the right of this line correspond to the neutron star core but values on the
left are not realized since protons in the crust are confined within nuclei which
are finite size systems while this figure presents results for infinite matter. On
the top margin are marked the values of the proton kF at the center of a 1.0,
1.4, 1.8, and 2.0 M� star built with the APR EOS [16]. See text for description.

BCS for the proton 1S0 gap. Among the latter, we show results from [46]:
these authors used either only two body forces in the interaction kernel, curve
“BS2BF”, or two body forces supplemented by the inclusion of three body forces,
curve “BS2BF+3BF” which shows that three body forces are repulsive in the 1S0
channel. These “BS” results also include e↵ects of medium polarization. Recall
that for the 1S0 pairing of neutrons in pure neutron matter, polarization has a
screening e↵ect and quenches the gap. However, in neutron star matter, where
the medium consists mostly of neutrons, the strong np-correlations result in
medium polarization inducing anti-screening [47] for the 1S0 pairing of protons.

The anisotropic
3
P-F2 neutron (and proton) gap

The 1S0 neutron gap vanishes at densities close to the crust-core transition
and the dominant pairing for neutrons in the core occurs in the mixed 3P-F2

channel. Uncertainties in the actual size and the range of density in which
this gap persists are, however, considerable. As previously mentioned, a major
source of uncertainty is the fact that even the best models of the N-N interaction
in vacuum fail to reproduce the measured phase shift in the 3P2 channel [48].
Also significant are the e↵ects of the medium on the kernel and 3BF, even at
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the level of the BCS approximation. It was found in [49] that 3BF at the Fermi
surface are strongly attractive in the 3P-F2 channel in spite of being repulsive in
the bulk. Moreover, due to medium polarization a long-wavelength tensor force
appears that is not present in the interaction in vacuum and results in a strong
suppression of the gap [50].
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Figure 12: Left panel: some theoretical predictions of Tc for the neutron 3P-F2

gap in uniform pure neutron and �-equilibrium matter. See text for description.
Right panel: some phenomenological models of Tc for the neutron 3P-F2 gap
used in neutron star cooling simulations. Models “a”, “b”, and “c” are from
[51] and [52], model “a2” from [53]. On the top margin are marked the values
of kFn at the center of a 1.0, 1.4, 1.8, and 2.0 M� star built with the APR EOS
[16].

Figure 12 shows examples of theoretical predictions of Tc for the neutron
3P-F2 gap. The three dotted lines show some of the first published models:
“HGRR” from [54], “T” from [55] and “AO” from [29]. The four continuous
lines show results of models from [48] calculated using the Nijmegen II (“NijII”),
Nijmegen I (“NijI”), CD-Bonn (“CDB”), and Argonne V18 (“AV18”) potentials
(displayed values are taken from the middle panel of Figure 4 of [48]). The
results of these four models start to diverge at kFn above 1.8 fm�1 and illustrate
the failure of all four N-N interactions models to fit the 3P2 laboratory phase-
shifts above Elab ' 300 MeV. All of these calculations were performed for pure
neutron matter using the BCS approximation.

In the case of the 1S0 gap, medium polarization is known to result in screen-
ing and to reduce the size of the gap. In the case of a 3P2 gap, polarization
with central forces is expected to result in anti-screening and to increase the
size of the gap. However, Schwenk & Friman [50] showed that spin-dependent
non-central forces do the opposite and strongly screen the coupling in the 3P2

channel, resulting in a Tc lower than 107 K: this “SF” value is indicated in the
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Proton 1S0 pairing models Neutron 3P2 pairing models

[Figures from Page et al. (2013)]
T (p)

c = O(1) × 109 K T (n)
c ∼ 108 − 109 K

ΔN(kF, T = 0) ≃ 1.764 kBT (N)
c

ΔN(kF, cos θ = 0,T = 0) ≃ 1.188 kBT (N)
c
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These processes occur near the Fermi surface.

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

significantly increased. 

pF ≫ T, mn−mp

Direct Urca process

n → p + ℓ + ν̄ℓ p + ℓ → n + νℓ ℓ = e, μ

Neutrino emission from beta decay and its inverse on Fermi surface

• Nucleons and leptons are strongly degenerate; 

• Momentum conservation requires 

• Since             , direct Urca requires high p, e, μ density

pν ∼ T ≪ pF,n,p,ℓ

pF,p + pF,ℓ > pF,n
p3

F ∝ n

Direct Urca does not operate unless the NS is very heavy

(                  for APR EOS)M ≳ 2 M⊙
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⃗p F,p⃗p F,ℓ
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LDU
ν ∝ T6



• Before Cooper pairing: Luminosity = LMU
ν ∝ T8

Modified Urca process

n + N → p + N + ℓ + ν̄ℓ

p + N + ℓ → n + N + νℓ
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These processes occur near the Fermi surface.

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

significantly increased. 

pF ≫ T, mn−mp

π

Threshold of direct Urca is relaxed by spectator nucleon

N = n or p

• After Cooper pairing: modified Urca is highly suppressed
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Figure 5: Comparison of quasi-particle spectra, ✏(k), for a normal and a super-
fluid Fermi liquid. The reorganization of particles at ✏ ⇠ ✏F into Cooper pairs
results in the development a gap 2� in the spectrum so that no particle can
have an energy between ✏F �� and ✏F +�.
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Figure 6: Temperature evolution of the state of a system parametrized by an
“order” parameter, �(T ).

is a continuous change of �(T ) with no critical temperature (see the right panel
of Fig. 6). (Examples: liquid $ gas above the critical point; atomic gas $

plasma.)

A simple example

A simple model can illustrate the di�culty in calculating pairing gaps. Con-
sider a dilute Fermi gas with a weak, attractive, interaction potential U . The
interaction is then entirely described by the corresponding scattering length5 , a,
which is negative for an attractive potential. In this case, the model has a single
dimensionless parameter, |a|kF , and the dilute gas corresponds to |a|kF ⌧ 1.
Assuming the pairing interaction is just the bare interaction U (which is called
the BCS approximation), the gap equation at T = 0 can be solved analytically,

5The scattering length a is related to U by a = (m/4⇡h̄2)U0 with Uk =
R
d3r exp(ik ·

r)U(r).
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μn = μp + μℓ• Beta equilibrium is usually assumed:

local temperature in general depends on the position, especially for a very young NS. It is however
known [1–3] that the typical timescale of thermal relaxation in a NS is ⇠ 102�3 yr, and thus a
NS with the age t & 104 yr can safely be regarded as isothermal. Since our main focus is on old
NSs, in this work, we assume that NSs have already reached an isothermal state. In this case, the
red-shifted internal temperature defined by T

1
⌘ T(r)e

�(r) is constant throughout the NS core, with
e

2�(r) = �gtt(r) the time component of the metric. The evolution of this red-shifted temperature is
then governed by

C
dT

1

dt
= �L

1

⌫ � L
1

� + L
1

H
, (1)

where L
1
⌫ and L

1
� are the red-shifted luminosities of neutrino and photon emissions, respectively,

C denotes the total heat capacity of the NS, and L
1

H
is the source of heating if exists. In Sec. 2.1, we

review the minimal cooling theory, assuming chemical equilibrium among nucleons and leptons.
In this case, NSs just cool down due to the first two terms in the right-handed side of Eq. (1), with
L
1

H
= 0. We then discuss in Sec. 2.2 the internal heating e�ect caused by the non-equilibrium beta

processes in rotating pulsars, which yields a non-zero L
1

H
. In Sec. 2.3, we summarize the pairing

gap models for nucleon superfluidity used in this work, which a�ect the evaluation of L
1
⌫ and L

1

H

significantly.

2.1 Minimal cooling
The minimal cooling [4, 5] is a successful paradigm that can explain many NS surface temperatures.
In this scenario, the energy loss of a NS for t . 105 yr is caused by the neutrino emission from
the core, whose dominant processes are the modified Urca and PBF: L

1
⌫ ' L

1

⌫,M + L
1

⌫,PBF. The fast
neutrino emission processes such as the direct Urca process are not included. At later times, the
surface photon emission becomes the dominant source for the NS cooling. In this subsection, we
give a brief review on these processes.

The modified Urca process consists of the reactions

n + N1 ! p + N2 + ` + ⌫̄` , (2)
p + N2 + ` ! n + N1 + ⌫` , (3)

where N1 = N2 = n (neutron branch) or N1 = N2 = p (proton branch) and ` = e, µ. The emissivity,
the energy loss rate per unit time and volume, of this process is given by

QM,N` =

π  4÷
j=1

d
3
pj

(2⇡)3

�
d

3
p`

(2⇡)3
d

3
p⌫

(2⇡)3
(2⇡)4�4(Pf � Pi) · ✏⌫ ·

1
2

’
spin

|MM,N` |
2

⇥ [ f1 f2(1 � f3)(1 � f4)(1 � f`) + (1 � f1)(1 � f2) f3 f4 f`] , (4)

where j = 1, 2, 3, 4 denote the nucleons n, N1, p, N2, respectively, �4(Pf �Pi) the energy-momentum
conserving delta function, 1/2⇥

Õ
spin |MM,N` |

2 the matrix element summed over all the particles’
spins with the symmetry factor, and f ’s the Fermi-Dirac distribution functions. In the NS core,
nucleons and charged leptons are highly degenerate, and thus only those in a thermal shell near

4

for



Cooper pair-breaking and formation (PBF)

The Cooper pairing triggers rapid neutrino emission (called PBF)
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Figure 17: Left panel: Feynman diagram for ⌫⌫ emission from the formation
of a nn Cooper pair (pair breaking and formation, PBF, process). Right panel:
control functions RPBF for the PBF process.

Temperature dependence of the PBF neutrino emissivity

The temperature dependence of the PBF process (left panel of Fig. 17) can be
ascertained from Eq. (45) according to the following T -power counting:

✏
PBF

/ T
3
· T

3
· T · 1 ·

1

T
·R(�/T ) · T = T

7
R(�/T ) , (47)

where the two T
3 and the first T factors arise from the phase space integrations

of the neutrino pair and the first participating nucleon, respectively. The fac-
tor 1 results from the phase space integration of the second nucleon. As there
are only two degenerate fermions in this process (in contrast to the Urca and
bremsstrahlung processes that involve 3, 4, or 5 degenerate fermions), the mo-
menta of the neutrino pair and the first nucleon are chosen the momentum of
the second nucleon is fixed by the three-momentum conserving delta function.
Thus, this second nucleon does not introduce any T dependence. The T

�1 de-
pendence arises from the energy conserving delta function. The last T factor is
from the neutrino pair’s energy, whereas the T and � dependence of the matrix
element of the reaction are included in the function R(�/T ), which is shown in
the right panel of Fig. 17.

An alternative way of looking at the PBF process is simply as an interband
transition of a nucleon [117]. Considering the particle spectrum in a paired state
(the right panel of Fig. 5), the lower branch (with ✏ < ✏F ��) corresponds to
paired particles whereas the upper branch to excited ones, i.e., the “broken
pair” leaves a hole in the lower branch. A transition of a particle from the
upper branch to a hole in the lower branch corresponds to the formation of a
Cooper pair.
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results in the development a gap 2� in the spectrum so that no particle can
have an energy between ✏F �� and ✏F +�.
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is a continuous change of �(T ) with no critical temperature (see the right panel
of Fig. 6). (Examples: liquid $ gas above the critical point; atomic gas $

plasma.)

A simple example

A simple model can illustrate the di�culty in calculating pairing gaps. Con-
sider a dilute Fermi gas with a weak, attractive, interaction potential U . The
interaction is then entirely described by the corresponding scattering length5 , a,
which is negative for an attractive potential. In this case, the model has a single
dimensionless parameter, |a|kF , and the dilute gas corresponds to |a|kF ⌧ 1.
Assuming the pairing interaction is just the bare interaction U (which is called
the BCS approximation), the gap equation at T = 0 can be solved analytically,

5The scattering length a is related to U by a = (m/4⇡h̄2)U0 with Uk =
R
d3r exp(ik ·

r)U(r).
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Pair breaking occurs by thermal disturbance 
           efficient while T ~ Δ

PBF dominates      for Lν T < Tc

[Flowers et al. (1976)]

ν
ν̄



Pulsar spin-down

• Spin-down is caused by the magnetic dipole radiation

P ∼ 10−3 − 1 s ·P ∼ 10−20 − 10−13
Spin-down: pulsar is rotating, and its rotation is gradually slowing down

dΩ
dt

= − kΩ3

• Centrifugal force is continuously decreasing 

→ NS tries to change local pressure 

→ Number density of each particle has to be rearranged 

→ (Hydrostatic) Equilibrium density is time-dependent

Ω(t) =
2π

P2
0 + 2P ·Pt

B ∼ 3.2 × 1019(P ·P/s)1/2 G
k ∝ B2 ∝ P ·P

neq
i = neq

i (t)
i = n, p, e, μ

Pressure Centrifugal force

Gravity

P(r)



Hydrostatic equilibrium is not guaranteed

ni = neq
i + δni

δni ≠ 0

neq
i

ni

t

modified Urca

spin-down

n + N ↔ p + N + ℓ ± ν̄ℓ

Each particle goes to new equilibrium           by modified Urca process  
If (modified) Urca is too slow, it cannot catch up with change of

neq
i (t)

(Schematic picture)

neq
i (t)



Rotochemical heating

�  � , C
dT∞

dt
= − L∞

ν − L∞
γ +L∞

H

�
dη∞

e

dt
= − ∑

N=n,p
∫ dV (ZnpeΔΓM,Ne + ZnpΔΓM,Nμ) eΦ(r) + 2WnpeΩ

·Ω

L∞
H = ∑

ℓ=e,μ
∑

N=n,p
∫ dV ηℓ ⋅ ΔΓM,Nℓ e2Φ(r)

�
dη∞

μ

dt
= − ∑

N=n,p
∫ dV (ZnpΔΓM,Ne + ZnpμΔΓM,Nμ) eΦ(r) + 2WnpμΩ ·Ω

• 温度の時間発展

• ベータ平衡からのずれ �  の時間発展ηℓ = μn − μp − μℓ

ΔΓM,Nℓ = Γ(n + N → p + N + ℓ + ν̄ℓ) − Γ(p + N + ℓ → n + N + νℓ)

• 回転エネルギーの減少は磁気双極子放射によって起こる
·Ω(t) = − kΩ(t)3 , k ∝ B Ω(t) =

2π

P2
0 + 2P ·Pt

ZとWは状態方程式で決まる定数

P ·P = const .

Modified Urcaによるequilibration Spin-downによる平衡からずらす効果



Gap models we use

The profile of pairing gap is one major source of uncertainty

• Large gap delays the beginning of rotochemical heating 
• Heating power is stronger for larger gap

Δth = min{3Δn + Δp, Δn + 3Δp}



DM heating rate

bR

WIMP

NS

weak int.

annihilation

Rate of DM hitting the NS
·N ≃ πb2

maxvDM(ρDM/mDM)

bmax = R(vesc /vDM)e−Φ(R) ≫ R

vesc = 2GM/R ∼ O(0.1) ≫ vDM

vDM

vesc

L∞
H = e2Φ(R) ·NmDM[χ + (γ − 1)]

Heating luminosity

1

1 − v2
escfraction of ann. energy into heat

= 1 for all annihilation into heat 
= 0 for no annihilation or all DM ann. into (e.g.) neutrinos

gravitational redshift factor

{

DM accretion



Threshold of heating

Superfluidity makes threshold for rotochemical heating

For simplicity, consider direct Urca: n → p + e + ν̄e p + e → n + νe

Δth = min{3Δn + Δp, Δn + 3Δp}

ηe < Δn + Δp

μn − Δn

μp + μe + Δp

ηe > Δn + Δp

μn − Δn μp + μe + Δp

For modified Urca



Neutron star envelope

Envelope: composed of light elements (H, He, C,…) and heavy elements (Fe)

Large temperature gradient exists

T
109 K

∼ 0.1288 × ( (Ts /106 K)4

g14 )
0.455

for a given Tb if they are present in sufficient amounts. The
larger the amount of light elements present, the higher the
temperature at which their effect will be felt due to the tem-
perature dependence of the location of the sensitivity strip. But
at very high temperatures, the light elements have practically
no effect because they cannot penetrate deep enough. The
resulting T1

e -Tb relationships for various amounts of light
elements are shown in Figure 14.

The presence of a magnetic field can also affect the structure
of the envelope (Greenstein & Hartke 1983). The effect is to
enhance heat transport along the field and inhibit transport
along directions perpendicular to the field. This results in a
nonuniform surface temperature distribution, with a very cold
region in which the field is almost tangential to the surface as,
e.g., around the magnetic equator for a dipolar field, and a
corresponding modification of the T1

e -Tb relationship (Page
1995). However, the overall effect is not very large but is
somewhat sensitive to the presence of strongly nondipolar
surface fields (Page & Sarmiento 1996). For a field of the order
of 1011–1012 G, one obtains a slight reduction of T1

e compared
to the field-free case, whereas for a higher field T1

e begins
to be enhanced. The enhancement of T1

e is, however, much
smaller than what is obtained by the presence of light elements
(Potekhin et al. 2003). Moreover, there are possible insta-
bilities due to the nonuniformity of the temperature (Urpin
2004) that have not yet been taken into account in magnetized
envelope calculations and may somewhat affect these results,
but we do not expect significant changes. Hence, the important
case for our purpose would be the maximal reduction of T1

e
obtained for a pure heavy element envelope at B ¼ 1011 G,
which is illustrated in Figure 14.

One must finally mention that our calculations are based on
the assumption of spherical symmetry in the interior and that
the only asymmetries considered, due to the presence of a
magnetic field, are within the envelope and hence included
into this outer boundary condition. However, this assumption
is questionable in some magnetic field configurations where
the field is confined to the stellar crust. As shown by Geppert

et al. (2004), the crust is highly nonisothermal in such cases
and this can affect the thermal evolution because the resulting
photon luminosity is lowered compared to the isothermal crust
case.

5. A GENERAL STUDY OF NEUTRON STAR COOLING
WITHIN THE ‘‘MINIMAL SCENARIO’’

In this section, we will consider the individual effects of
the chief physical ingredients that enter into the modeling of
the cooling of an isolated neutron star. Our purpose here is
twofold:

1. to determine the sensitivity of results to uncertainties in
input physics in order to obtain a broad range of predictions
that, we hope, encompasses all possible variations within the
minimal cooling scenario;
2. to provide us with the means to identify the types of

models that will result in the coldest possible neutron stars
within this paradigm.

Theoretical refutations of the critical physical ingredients
needed for these coldest models could allow us to raise the
temperature predictions and possibly provide more, or stron-
ger, evidence for ‘‘enhanced cooling.’’ The task of identifying
the minimally cooling coldest star will be taken up in x 6. An
object colder than such a star could be considered as evidence
for the presence of physics beyond the minimal paradigm.
All results in this section use stars built using the APR EOS,

except for x 5.8, where the effects of the EOS are studied for a
star of 1.4 M", and for x 5.7, where effects of the stellar mass
are studied.

5.1. Neutrino vversus Photon Coolingg Eras
and the Effect of the Envvelope

The basic features of the thermal evolution of a neutron star
can be easily understood by considering the global thermal en-
ergy balance of the star

dEth

dt
# CV

dT

dt
¼ $L!$ L" ; ð35Þ

where Eth is the total thermal energy content of the star and
CV its total specific heat. This equation is accurate when the
star is isothermal, which is the case for ages larger than a few
decades. Since the dominant neutrino processes all have a T 8

temperature dependence, the neutrino luminosity can be ex-
pressed as

L! ¼ NT8: ð36Þ

Furthermore, most of the specific heat comes from the de-
generate fermions in the core for which

CV ¼ CT ð37Þ

in the absence of pairing interactions. The photon luminosity
can be written as

L" # 4#R2$SBT
4
e ¼ ST 2þ 4% ; ð38Þ

where Te, the effective temperature, is converted into the in-
ternal temperature T through an envelope model with a power-
law dependence: Te / T 0:5þ % with %T1 (see eq. [34] and

Fig. 14.—Relationship between the effective temperature T1
e and the in-

terior temperature Tb at the bottom of the envelope assuming various amounts
of light elements parametrized by & # g2

s14!ML=M (!ML is the mass in light
elements in the envelope, gs14 the surface gravity in units of 1014 cm s$1, and
M is the star’s mass), in the absence of a magnetic field (Potekhin et al. 1997).
Also shown are the T1

e -Tb relationships for an envelope of heavy elements
with and without the presence of a dipolar field of strength of 1011 G following
Potekhin & Yakovlev (2001).
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[Gudmundsson et al. (1983)]

More accurate relation is available [Potekhin et al. (1997)]

[Figure from Page et al. (2004)]
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