
Sec$on 11. 
中性子星

11.1 中性子星
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図の大きさは天体の大きさと一致していません
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中性子星
星の「崩壊」 
（< 1秒）

超新星爆発！



NASA/HST

超新星爆発：重い星の最期



h"p://astronomyonline.org/Stars/HighMassEvolu9on.asp

「かにパルサー」　周期33ミリ秒

33 msec



1967年の発見

“LGM-1” 
周期1.337秒

想像図

宇宙から周期的にやってくる電波

Li=le Green Man



1974年ノーベル賞

“Li=le Green Man”の正体

Jocelyn Bell Burnell Antony Hewish

想像図回転する中性子星！



中性子星ってどんな星？



(C) NASA/JPL-Caltech

超新星爆発



中性子星

(C) NASA/JPL-Caltech



中性子星？

密度 (1cm3の重さ) 

約1,000,000,000,000 kg 
 (1兆 kg = 1012 kg)

(C) NASA/JPL-Caltech

半径 
10 km 

(104 m)

質量 
太陽の1.5倍 
(3 x 1030 kg)



中性子星から1cm3を 
取り出した重さ 

1 兆 kg
地球上の人間の総体重　 

 0.4 兆 kg 
（80億人  x 50 kg）

＞



「相対論的ビーミング」
静止

相対論 
電磁気学



「相対論的ビーミング」
光の速度に近いスピードで運動している場合

相対論 
電磁気学
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Figure 7
(a) A large sample of proposed EoSs calculated under different physical assumptions and using a range of computational approaches.
See the text for the descriptions of the EoSs, the acronyms, and the references. (b) The mass-radius curves corresponding to the EoSs
shown in panel a.

4.2. Constraints on the Equation of State from Low-Energy Experiments
For symmetric matter (i.e., nuclei containing roughly equal numbers of neutrons and protons)
near the nuclear saturation density, there are a range of experimental constraints. Most robustly,
two-body potentials can be inferred from nucleon–nucleon scattering data below 350 MeV and
the properties of light nuclei (Akmal et al. 1998, Morales et al. 2002).

The other significant constraints that arise from these experiments and are relevant for the NS
EoSs are often expressed in terms of the symmetry energy parameters: Sv and L (see Equations 18
and 19 in the previous section as well as the discussion in Lattimer 2012). The experiments
that yield the most accurate data and the least model-dependent results involve fitting nuclear
masses and charge radii (Klüpfel et al. 2009, Kortelainen et al. 2010). Nevertheless, the symmetry
parameters that can be extracted from such data are highly correlated, as shown in Figure 8.

Neutron-rich matter can also be probed by measuring the neutron skin thickness of heavy
nuclei. Studies within both the mean-field theory and the liquid droplet model frameworks have
shown that the neutron skin thickness, defined as the difference of their neutron and proton
root-mean-squared radii

!rnp = 〈r2
n 〉1/2 − 〈r2

p 〉1/2, (20)

is a sensitive function of Sv and L and, thus, serves as a good probe of the symmetry energy
(Centelles et al. 2009, Chen et al. 2010, Roca-Maza et al. 2011). The neutron skin thickness was
measured by a variety of experiments for ≈20 neutron-rich Sn isotopes with ∼30–50% uncertain-
ties. Chen et al. (2010) used these measurements to place additional constraints on the symmetry
energy parameters (see Figure 8). In addition, the neutron skin thickness has been determined by
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状態方程式 => 中性子星の質量と半径の関係
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Figure 2
The most recent measurements of neutron-star masses. Double neutron stars (magenta), recycled pulsars
( gold ), bursters ( purple), and slow pulsars (cyan) are included.
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~ 2 Msun! 
(Antoniadis+13)
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Figure 4
The combined constraints at the 68% C.L. over the neutron-star mass and radius obtained from (a) all neutron stars in low-mass X-ray
binaries during quiescence and (b) all neutron stars with thermonuclear bursts. The light gray lines show mass relations corresponding to
a few representative EoSs (see Section 4.1 and Figure 7 for detailed descriptions and the naming conventions for all equations of state).

modeling quiescent spectra. There is one source among the six that have been analyzed in detail,
for which there is evidence to the contrary. There is only an upper limit on the Hα emission from
the qLMXB in NGC 6397 using Hubble Space Telescope observations (Heinke et al. 2014). Because
of this, this source has been modeled with a helium atmosphere and the corresponding results are
displayed in Figure 4.

3.1.1.2. Nonthermal component. Assuming different spectral indices in modeling the nonthermal
spectral component also has a small effect on the inferred radii (Heinke et al. 2014). The low counts
in the spectra do not allow an accurate measurement of this parameter; however, a range of values
have been explored in fitting the data.

3.1.1.3. Interstellar extinction. Because of the low temperature of the surface emission from
qLMXBs, the uncertainty in the interstellar extinction has a nonnegligible effect on the spec-
tral analyses. Different amounts of interstellar extinction have been assumed in different studies
(Guillot et al. 2013, Lattimer & Steiner 2014). A recent study explored different models for the
interstellar extinction in the analysis of the qLMXBs in ω Cen and NGC 6397 and found statis-
tically consistent results with small differences in the central values but larger differences in the
uncertainties (Heinke et al. 2014). The relevant uncertainties have been incorporated into the
results shown in Figure 4.

3.1.2. Thermonuclear bursts. NSs in LMXBs show a phenomenon called thermonuclear
(Type-I) X-ray bursts, in which the accreted material undergoes a helium flash that consumes
the fuel that is spread over the NS surface. The observed X-ray luminosity rises rapidly, in a
timescale of ≈1 s, which corresponds to the diffusion timescale from the burning layer to the
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中性子星の半径
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X線バースト (中性子星の増光現象)からの制限
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FIG. 3. Marginalized posterior for the mass m and areal radius R of each binary component using EOS-insensitive relations (left panel)
and a parametrized EOS where we impose a lower limit on the maximum mass of 1.97M� (right panel). The top blue (bottom orange)
posterior corresponds to the heavier (lighter) NS. Example mass-radius curves for selected EOSs are overplotted in grey. The lines in
the top left denote the Schwarzschild BH (R = 2m) and Buchdahl (R = 9m/4) limits. In the one-dimensional plots, solid lines are
used for the posteriors, while dashed lines are used for the corresponding parameter priors. Dotted vertical lines are used for the bounds
of the 90% credible intervals.

ence [63] arrives at a similar conclusion using our ⇤̃ < 800
constraint [5] (though see [52] for an amended ⇤̃ bound)
and the observation that ⇤̃ is almost insensitive to the bi-
nary mass ratio [99]. Our improved estimate of ⇤1.4 =
190+390

�120
, and R1 = 10.8+2.0

�1.7 km and R2 = 10.7+2.1
�1.5 km

for the EOS-insensitive-relation analysis is roughly consis-
tent with these estimates (see for example Fig. 1 of [62]
and [58]). If we additionally enforce the heaviest ob-
served pulsar to be supported by placing direct constraints
on the EOS parameter space, we get further improvement
in the radius measurement, with R1 = 11.9+1.4

�1.4 km and
R2 = 11.9+1.4

�1.4 km.

A recent analysis of the GW170817 data was performed
in De et al. [53] using the TaylorF2 model, imposing that
the two NSs have the same radii which, under the addi-
tional assumption that ⇤ / C�6 (an alternative to the ⇤–
C relation used here [104]), directly relates the two tidal
deformabilities as ⇤1 = q6⇤2. De et al. constrain the
common NS radius to a 90% credible interval 8.7 km <
R̂ < 14.1 km, corresponding to a width of 5.4 km, which
is wider than the uncertainties on radii presented in this pa-
per by a factor of about two. There are differences in sev-
eral details of the set-up of the two analyses (most notably,
frequency range, data calibration, the noise PSD estima-
tion, waveform model, parameter priors, assumed relations
between radii and ⇤s and treatment of corresponding un-
certainties), each of which may be responsible for part of

the observed discrepancies. The analysis of De et al. re-
produces the initial tidal deformability results of Abbott
et al. [5], but improvements detailed in [52] and used in this
work improved our tidal constraints by ⇠ 10-20%. Here,
in contrast to De et al, we found that enforcing a common
EOS additionally restricts the recovered tidal parameters,
as shown in Fig 1. We note, however, that while our re-
sulting posteriors for the two NS radii are similar to each
other, a fraction of the posterior samples gives pairs with
significantly different NS radii, up to |R1 � R2| ⇠ 2 km.
Therefore, the De et al. analysis makes considerably dif-
ferent assumptions when enforcing a common EOS than
us.

Our results, and specifically the lower radius limit,
do not constitute observational proof of tidal effects in
GW170817, as our analysis has explicitly assumed that the
coalescing bodies were NSs both in terms of their spins
and tidal deformabilities. In particular, the spins are re-
stricted to small values typical for galactic NSs in binaries,
and the tidal deformabilites are calculated consistently as-
suming a common typical NS EoS. Moreover, the ⇤–C
map diverges as ⇤ approaches zero (BH), and therefore
the lower bounds obtained for the radii do not imply lower
bounds on the tidal deformabilities. Meanwhile, the analy-
sis of [52] assumes independent tidal parameters and finds
a lower bound on ⇤̃ only under the small-spin assumption
but not if spins larger than 0.05 are allowed.

The detection of GW170817 has opened new avenues in

arXiv:1805.11581

重力波からの制限



Demorest et al. 2010

クォークやストレンジ核？

Figure 3: Neutron star (NS) mass-radius diagram. The plot shows non-
rotating mass versus physical radius for several typical NS equations of state
(EOS)[25]. The horizontal bands show the observational constraint from our
J1614−2230 mass measurement of 1.97±0.04 M!, similar measurements for
two other millsecond pulsars[3, 26], and the range of observed masses for
double NS binaries[2]. Any EOS line that does not intersect the J1614−2230
band is ruled out by this measurement. In particular, most EOS curves in-
volving exotic matter, such as kaon condensates or hyperons, tend to predict
maximum NS masses well below 2.0 M!, and are therefore ruled out.

10

クォーク星

ストレンジ核



まとめ：中性子星

• 超新星爆発の後に残される極限天体  
「巨大な原子核」=> 原子核物理学の実験場

• 高速回転する「パルサー」として観測される
• 回転してもちぎれない => 高密度天体

• 角運動量保存 => 小さく潰れると速く回る

• 質量と半径 => 内部構造への制限


