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3 Cassiopeiae

3 Cassiopeiae

天球図譜 (1729)

John Flamsteed
初代王室天文官

1680年8月16日に 3 Cassiopeiae を記録した。

しかしながら，それ以後同じ場所に

星が観測されることはなかった。



Cassiopeia A (Cas A)

超新星残骸

Chandra (2011).

超新星残骸の運動から，爆発年は 1681 ± 19 年と推定された。

中心部に中性子星が発見された。

d = 3.4+0.3
−0.1 kpc



Cas A NS Cooling

中性子星の表面温度の減少が

直接観測された。

Chandra

The Astrophysical Journal Letters, 719:L167–L171, 2010 August 20 doi:10.1088/2041-8205/719/2/L167
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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
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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
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Today’s topic

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

See also, P. S. Shternin, D. G. Yakovlev, C. O. Heinke, W. C. G. Ho, and D. J. Patnaude, MNRS 412, L108 (2011).

Cas A 中性子星の冷却曲線は，標準冷却理論
によって記述しうる。

アクシオン放出などの冷却源が加わると，理論
予言が観測と合わなくなる。

中性子の超流動相転移が重要な役割を担う。

そのような冷却源に対し制限を与える。



中性子星標準冷却理論とCas A



Size of neutron star vs Kyoto

半径およそ10 km
1—2 太陽質量

原子核密度くらいの

超高密度！

中性子，陽子，電子は全てフェルミ縮退。
中性子，陽子は超流動・超伝導状態にある。



Standard Cooling
温度発展の方程式

光子放出

およそ十万歳以降に支配的。

ニュートリノ放出

Direct Urca process
Modified Urca process

制動放射

C(T )
dT
dt

= − Lν − Lγ − Lcool

C(T): 中性子星の熱容量
Lν: ニュートリノ放出ルミノシティ
Lγ: 光子放出ルミノシティ
Lcool: 他の冷却源のルミノシティ

PBF過程。

十万歳以前に支配的。

（逆）β崩壊。重い星でのみ起こる。
支配的。

核子のクーパー対が生じた直後に起き，

ニュートリノ放出を増大させる。



Pairing effects on neutron star cooling

エネルギー・ギャップのため。ニュートリノの放射を抑制する。

クーパー対が壊れて再形成する (PBF) 際にニュートリノを
放射する。

中性子星内の核子はクーパー対を形成する。

中性子一重項 1S0

陽子一重項 1S0

中性子三重項 3P2

地殻でのみ生じる。

クーパー対の影響

内部（核）で生じるので重要となる。
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∆相転移温度よりわずかに低い温度

でのみ生じ，ニュートリノ放出を

その間増大させる。



Surface temperature
観測されるのは中性子星の表面温度なので，これを内部温度と

関連付けなければならない。

g14: 表面重力[1014 cm s-2].

軽元素量を表すパラメーター

η ≡ g2
14ΔM/M ΔM: 軽元素の質量

軽元素量が増えると表面温度は高くなる。
軽元素の熱伝導性が高いため。

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

この関係式は，表面層に含まれる

軽元素量に強く依存する。



Slow neutrino emission
熱発展方程式

C(T )
dT
dt

= − Lν

熱容量

C(T ) = C9T9, C9 ∼ 1039 erg ⋅ K−1

modified Urca + 制動放射
T9 = T/(109 K)

Lν = L9T8
9 , L9 ∼ 1040 erg ⋅ s−1

T9 = (C9 ⋅ 109 K
6L9 t )

1
6

∼ (1 year
t )

1
6

内部温度の時間依存性は T ∝ t− 1
6

T9 ≃ 0.1288 × (T4
s6

g14 )
0.455

表面温度と内部温度の関係式

E. H. Gudmundsson, C. J. Pethick, and R. I. Epstein (1983).

Ts6 = Ts/(106 K)



Slow neutrino emission and Cas A NS
表面温度の時間依存性は Ts ∝ t−0.09

10年で 0.3% しか減少しない。

Cas A 中性子星の温度減少を説明することはできない。

解決策

PBF によってニュートリノ放射を増幅させる。

この過程は臨界温度近傍でしか働かないので，超流動

相転移温度がCas A 中性子星の内部温度よりも少しだけ

高い場合にのみこのシナリオは実現可能。



Fit with minimal cooling

中性子三重項超流動の臨界温度

を　　　　　　　 にとった。 T(n)

C ≳ 5 × 108 K

PBFはつい最近始まった。

Cas A 中性子星の冷却

曲線は説明可能。

K. G. Elshamouty, C. O. Heinke, W. C. Ho, A. Y. Potekhin, Phys .Rev. C91, 015806 (2015).

標準冷却理論によるCas A 中性子星表面温度のフィットが

行われた。



Cooling source and Cas A NS
もしも他に冷却源があったならば，中性子星の温度は

標準冷却の場合よりも低くなる。

冷却源の効果が強すぎると，Cas A中性子星観測時の

温度よりも低い温度が予言されることになる。

このような冷却源に対し観測結果は制限を与える！

以下では，冷却源としてアクシオン放出を考察する。



アクシオン放出による冷却



Axion
アクシオン: Peccei-Quinn 対称性に伴うNGボソン。

R. D Peccei and H. R. Quinn (1977);

S. Weinberg (1978); F. Wilczek (1978).有効ラグランジアン

<latexit sha1_base64="dPIlnGvnrLIuW4SF2Inf5h7aGu8="></latexit>

アクシオン・核子有効結合定数

<latexit sha1_base64="Y4Ukod2n5rA9K8UkBnflNajG/84="></latexit>

<latexit sha1_base64="65iMCFR+fwu96Re61KtW1W3rfnU="></latexit>

核子行列要素

<latexit sha1_base64="m065z8YYiM0+7m9kbyWbYlSEpMg="></latexit>

<latexit sha1_base64="9kKRb+LQpUQ1eXDLhNLKkwcqjj4="></latexit>

fa: アクシオン崩壊定数



Axion-nucleon couplings
KSVZ axion model

Cq = 0 Cp = − 0.47(3), Cn = − 0.02(3)

誤差の範囲内で Cn はゼロになりうる。

DFSZ axion model

J. E. Kim (1970); M. A. Shifman, A. I. Vainshtein, V. I. Zakharov (1980).

A. R. Zhitnitsky (1980); M. Dine, W. Fischler, M. Srednicki (1981).

Cu,c,t =
1
3

cos2 β, Cd,s,b =
1
3

sin2 β

Cp = − 0.182(25) − 0.435 sin2 β

Cn = − 0.160(25) + 0.414 sin2 β

一般にどちらも同程度の値。



Axion emission processes

もろもろの詳細

APR 状態方程式
中性子星質量: M = 1.4M⊙

中性子 1S0 ギャップ: SFB model あまり結果に影響しない。

アクシオンの放出過程

PBF
制動放射

NSCoolなるpublic codeにこれらの過程を組み込んだ。

陽子 1S0 ギャップ: CCDK model
十分大きなギャップさえあれば何を選んでもだいたい一緒。
中性子 3P2 ギャップ
ギャップの高さ（∝ TC）・幅をフリー・パラメーターとした。



Luminosity of axion emission

中性子三重項超流動

が起き始める。

中性子PBF過程

アクシオン放出がニュートリノ放出と同程度に強くなりうる。

でもアクシオンは十分な強度で放出される。Cn ≃ 0

K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, [arXiv: 1806.07151].



Core temperature of Cas A NS
Cas A 中性子のコア温度 (2000年1月30日)

η = 5 × 10−13

幅: t = 300—338 年（誤差）

中性子三重項超流動なし

のとき，コア温度は低くなりすぎる。fa ≲ a few × 108 GeV

表面層に含まれる軽元素の量により大きな不定性が生じる。
K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, [arXiv: 1806.07151].



Cooling curves vs data

既存の制限と同程度に強い制限が得られた。

得られた制限

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

Cf.) SN1987A

fa ≳ 4 × 108 GeV (KSVZ)

K. Hamaguchi, N. Nagata, K. Yanagi, and J. Zheng, [arXiv: 1806.07151].



まとめ



Conclusion

Cas A 中性子星の冷却曲線は，標準冷却理論
によって記述しうる。

冷却源が加わると理論予言が観測と合わなくな
るため，これに対し制限が課される。

アクシオンに対し既存の制限と同じくらい強い
制限が得られるとわかった。



Backup



Spectral fit of Cas A NS

磁場なしの炭素大気模型によってCas A 中性子星のX線
スペクトルをうまくフィットできる。

K. G. Elshamouty, C. O. Heinke, W. C. Ho, A. Y. Potekhin, Phys .Rev. C91, 015806 (2015).

C. O. Heinke, W. C. Ho, Nature 462, 71 (2009).

重力赤方偏移の効果を用いて中性子星の質量を見積もれる。

M ≃ (1.4 ± 0.3)M⊙



Neutrino emission
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これらの過程はフェルミ面近傍で起こる。

Direct Urca が起こると，ニュートリノ放出ルミノシティは

非常に強くなる。

pF ≫ T, mn − mp



Direct Urca process

ニュートリノの化学ポテンシャルはゼロ

上の近似が成り立つ限りにおいて，陽子・電子のフェルミ

運動量は高々 O(10) MeV.

したがって，Direct Urca が生じるのは，上の近似が成り立たない

ほどの高密度領域でのみ。

ニュートリノの運動量は無視できる。

化学平衡

電荷ゼロ

運動量保存



Direct Urca condition
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高密度領域でのみ生じる。
重い星（               ）でのみ生じる。

Cas A 中性子星ではDirect Urca は生じないと考えられる。

APR状態方程式の場合

M ≃ (1.4 ± 0.3)M⊙

≳ 1.97M⊙



Cooling curves
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Direct Urca が起こると中性子星は急激に冷える。



他のニュートリノ放出過程は，他の粒子との運動量交換を伴う。

Neutrino emission
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Cas A NS cooling
2

havior and test whether this theoretical behavior matches
the observed behavior. To do this fully consistently, a
complete NS model requires a self-consistent calculation
of the EOS and superfluid and superconducting gap en-
ergies. However, this has not been done up to the present
time. Therefore we assume that the EOS and gap models
are decoupled, as in [13, 14]. We also assume standard
(i.e., minimal) cooling [13, 15], since cooling by fast neu-
trino emission processes, such as direct Urca, produces
temperatures that are far too low at the current age of
the Cas A NS (∼ 330 yr; [16]). With these assumptions,
we perform for the first time consistent fitting of both the
Cas A NS spectra and temperature evolution for the NS
mass and radius. We find that the mass and radius can
be determined very accurately for a given EOS and gap
energies. However there are sufficient observational and
theoretical uncertainties that we cannot claim to rule out
specific EOS and gap energy models. One of the main
purposes of this work is to motivate nuclear physicists
to not only calculate the EOS, but also superfluid and
superconducting gap energies, and to provide them in a
useful way to the astrophysicists.
In Sec. II, we discuss our new observations of the Cas A

NS. In Sec. III, we briefly describe our NS model, includ-
ing the EOS and superfluid and superconducting gaps. In
Sec. IV, we present our results. Finally, we summarize
and discuss our conclusions in Sec. V.

II. CAS A TEMPERATURE DATA, INCLUDING
NEW CHANDRA OBSERVATIONS

The two new data points are from 49-ks and 50-ks
ACIS-S Graded observations taken on 2013 May 20 (Ob-
sID 14480) and 2014 May 12 (ObsID 14481), respectively.
We use the Chandra Interactive Analysis of Observations
(CIAO) 4.5 software and Chandra Calibration Database
(CALDB) 4.5.5.1 to analyze all the ACIS-S Graded ob-
servations. For each observation, we calculate ancillary
response functions, including corrections for the fraction
of the point-spread function enclosed in an extraction re-
gion. We fit all the spectra simultaneously to measure NS
surface temperatures using the non-magnetic partially
ionized carbon atmosphere models of [5], adopting the
same fitting parameters as in [4, 11], and holding the NS
mass and radius, distance, and hydrogen column density
fixed between observations. Further details are described
in [4] (see also [17]). The results are shown in Table I.
Note that in the present work, we consider the rapid cool-
ing rate derived from only these ACIS-S Graded data;
future work will consider the lower cooling rates found
by [4, 17].
Since the Cas A NS belongs to a class of NSs known

as central compact objects (CCOs) and three members
of this class have surface magnetic fields ∼ 1010− 1011 G
(the interior field may be much higher; see [18, 19]), we
also attempt to fit the relatively low magnetic field hydro-
gen atmosphere model spectra described in [19]; note that

TABLE I. Chandra ACIS-S Graded mode temperatures.

ObsID Year Teff
a

114 2000.08 2.145+0.009
−0.008

1952 2002.10 2.142+0.009
−0.008

5196 2004.11 2.118+0.011
−0.007

(9117,9773)b 2007.93 2.095+0.007
−0.010

(10935,12020)b 2009.84 2.080+0.009
−0.008

(10936,13177)b 2010.83 2.070+0.009
−0.009

14229 2012.37 2.050+0.009
−0.008

14480 2013.38 2.075+0.009
−0.009

14481 2014.36 2.045+0.009
−0.009

a Errors are 1σ.
b The two ObsIDs, which were taken close together in time with
the same instrument setup, are merged prior to spectral
analysis.

the model spectra currently available at field strengths
(1, 4, 7, 10)×1010 G are computed for only surface gravity
= 2.4 × 1014 cm s−2. At the high temperatures present
at early NS ages, nuclear burning rapidly removes surface
hydrogen and helium [20, 21]. However, non-hydrogen at-
mosphere models for the relevant magnetic fields do not
currently exist. Also, even though the hydrogen model
spectra we use are for a fully ionized atmosphere, the fit-
ted temperatures are high (Teff > 106 K), such that spec-
tral features due to any trace amounts of bound species
do not significantly affect the spectra [22]. The resulting
fits can be good (with χ2

ν ≈ 1 for 337 degrees of free-
dom) but have unrealistically small NS mass and radius
(< 0.4MSun and ∼ 5 km), and thus we do not consider
these models further.

III. NEUTRON STAR MODEL

A. Equation of state

To construct non-rotating equilibrium NSs, we solve
the Tolman-Oppenheimer-Volkoff relativistic equations
of stellar structure (see, e.g., [23]), supplemented by the
EOS. We consider three nuclear EOSs: The first is APR,
specifically A18+δv+UIX∗ [24], with the neutron and
proton effective masses given by the analytic formula in
[13], and is the same EOS that is used in [12–14]. The
other two are BSk20 and BSk21 [25], which are calculated
using the analytic functions in [26], with the nucleon ef-
fective masses given by the analytic formula in [27] and
parameters in [28]. BSk20 and BSk21 use generalized
Skyrme forces and are constructed to satisfy various ex-
perimental constraints (see [26] and references therein)
and to be similar to APR of [24] and V18 of [29], respec-
tively. In addition, the crust composition predicted by
BSk21 is compatible with the recent nuclear mass mea-
surement of [30]. All three EOSs produce a NS with
maximum mass > 2MSun, as needed to match the (high-

Cas A NS 温度データ

10年で 3—4% 減少

K. G. Elshamouty, C. O. Heinke, W. C. Ho, A. Y. Potekhin, Phys .Rev. C91, 015806 (2015).

[×106 K]



1S0 neutron gap
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D. Page, J. M. Lattimer, M. Prakash, A. W. Steiner [arXiv: 1302.6626].



1S0 proton gap
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するため，ギャップの大きい CCDK model を用いた。



3P2 neutron gap 理論の不定性は大きい

波数 kF に関するガウス分布でモデル。
高さ，幅，位置をフリー・パラメーターとした。
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Luminosity of axion emission
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Neutron star structure
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Temperature distribution
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コアはおよそ百年程度で

熱平衡に達する。



Cas A NS Cooling

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