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THERMAL EVOLUTION OF NEUTRON STARS

Tsuruta Sachiko (Montana State University)

1. Introduction

Since the first detection of thermal radiation directly from the surface of four neutron
stars (NSs) by ROSAT, the number of NSs with detected thermal radiation, as well as
the upper limits, has increased significantly, through recent observatories such as Chandra
and XMM-Newton. We will first compare the observed temperature/luminosity of isolated
NSs with thermal evolution theories. Then our comparison with theories will be extended
to recently obtained data of SXTs in LMXB.

2. Isolated Neutron Stars

2.1 General Introduction

In our earlier studies on NS thermal evolution theories and comparison with observed
temperature of isolated NSs (e.g., [1][2][3]), we concluded that some kind of fast cooling
(which we refer to as 'nonstandard’ cooling, for convenience), together with superfluid
suppression of its neutrino luminosity (plus additional heating for some of hottest NSs)
may be required. When these earlier studies were carried out, only the upper limit to
temperature was available for Cas A NS. However, recently the detection (not just an
upper limit) for the temperature of this NS, which showed that it is relatively hot, was
reported. Moreover, possible fast flux decrease, over the last 10 years, was pointed out[4]-
[6]. Any relevant thermal evolution theories must be consistent with this new constraint
on Cas A NS, as well as the data of all other isolated NSs.

Therefore, recently we reexamined the whole NS thermal evolution theories in the light
of this and other serious new developments|7]. Another important related new develop-
ment is a convincing observational evidence that NS mass can be as high as ~ 2M[8].
That means any acceptable equation of state (EOS) must have the maximum mass at
least as large as ~ 2M,. Hence we constructed, most recently, an EOS, referred to as
ITN7, to satisfy this new requirement on the EOS. Using this EOS we expanded our
earlier work by reexamining the whole NS thermal evolution theories, up-dating some in-
put, and comparing the theoretical results with the observational temperature data of all
isolated NSs, including the new Cas A NS detection data. Cas A is among the youngest
supernova remnants, ~ 330 years old at the distance of ~ 3.4 kpc[9]. The NS in Cas A
was first discovered in 1999 [10]. The latest data of Cas A NS [4]-[6] present the following
properties: stellar mass of 1.5 - 2.4Ma, radius of 8 - 17 km, effective surface temperature
of ~ 1.5 x 10% K, carbon atmosphere, and weak magnetic fields of 10! Gauss.

2.2 Physical Model

We solved the standard basic general relativistic stellar structure-evolution equations
(e.g., see [11]), adopting the ‘exact’ evolutionary method (i.e., without making isother-
mal approximations). The various ingredients of major microphysical input are: neutrino
emissivity, both standard (e.g., modified Urca, neutrino bremsstrahling, plasmon neu-
trino, etc.) and nonstandard (fast cooling involving direct Urca processes with hyperons,
nucleons, pion and kaon condensates, etc.), superfluidity of constituent particles, etc. To
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be consistent with the data of moderately cool (not cold) stars, e.g., Vela pulsar and
PSR 1706-44, the nonstandard cooling has to be significantly suppressed. We applied
possible suppression due to superfluidity of constituent particles. For nucleons the super-
fluid models adopted are OPEG-B [12] for neutrons and CCY (see, e.g., [11]) for protons.
For nucleons we included additional neutrino emission due to Cooper pairing (e.g., see
[13][14]), which can significantly enhance cooling, especially for neutron matter. In order
to treat superfluidity of pion condensates we adopted the recent new work by Tamagaki &
Takatsuka (2006) [15]. For heating, the vortex creep heating (e.g., [16][17]) is used. The
new EOS adopted in our current work, I'TN7, is based on the recent studies of nuclear
theories and observational data. Specifically, this EOS was constructed by modifying the
relatively stiff EOS I'TN3 [3][12] by including additional Universal Three-Body Repulsion
(UTBR) factors proposed by Takatsuka et al. (2008)[18]. This additional repulsive factor
makes the model stiffer, less dense and larger in size. Consequently its maximum mass
becomes 2.1 M. We constructed this stiff EOS, so that it is consistent with the recent ob-
servation of a NS with ~ 2M;[8]. Moreover, the model is based on most recent theoretical
argument as to the importance of the effects of UTBR, and in this sense it is theoreti-
cally acceptable as well. Other microphysical input, such as opacity /conductivity, specific
heats, etc., are similar to those in [2][3]. Further details are found in [2][3][7][11][15][17].
In our most recent work [7] we were to test a scenario where a larger NS with a stiff
EOS can be consistent with the newest Cas A NS data when it goes through nonstandard
cooling with significant superfluid suppression. As an example of such a nonstandard
scenario we adopted cooling of a NS with its stellar core consisting of pion condensates,
hereafter conveniently referred to, as ‘pion cooling’ [3][7][11]. In our current model NS
matter transforms to pion condensates at density 3py(where pyis the nuclear density)[7].

2.3 Results and Discussion

Figure 1 shows thermal evolution curves, where the surface photon luminosity to be
observed at infinity (which corresponds to corresponding surface temperatures) is shown
as a functon of the stellar age. These curves are compared with the recently up-dated
observational data on temperature/luminosity of NSs. These data are shown as bars and
crosses for detections and downward arrows for the upper limits, respectively. The sources
are: (A) CXO J232327.8 (Cas A), (B) RX J0822-4247 (in Puppis A), (C) 1E 1207.45-
5209, (D) RX J000246246, (E) PSR 0833-45 (Vela pulsar), (F) PSR 1706-44, (G) PSR
053842817, (H) PSR 0656+14, (I) PSR 0630+1748 (Geminga), (J) RX J1856.5-3754, (K)
PSR 1055-52, (L)RX J0720.4-3125, (1)PSR 0531421 (Crab pulsar), (2) PSR J0205+6449
(in 3C 58), (3) PSR 1124-5916 (in G292.0+1.8), (4) PSR 1509-58 (in MSH-15-52), (5) RX
J0007.0+7302 (in CTA 1), (6) PSR 1046-58 (Vela twin), (7) PSR 1823-13 (Vela-like), (8)
PSR B2334+61, (9) PSR B1951+32 (CTB 80), (10) PSRJ0154+4-61, (11) PSR 2224+61,
(12) PSR 204342740, (13) PSR 0628-28, (14) PSR 1929+10, and (15) PSR B0823+26.
(See [2][3][7] for the details.)

In order for the model to be consistent with hotter pulsars such as Source B in Figure 1,
frictional heating, with the heating parameter K = 10%" ergs m=/2 572 (see, e.g., [11][17]),
is adopted for the green dot-dashed curve which corresponds to hottest stars with 1.4M,.
On the other hand, the next hot curve (black short dashed) is for the same mass star,
with 1.4M, but without heating. In these stars their central density is less than the
transition density to pion condensates so that they are NSs cooling with the standard
scenario. The cooler two curves (dashed and dot-dashed black) refer to stars with 1.5M
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Figure 1: Thermal evolution of NSs with the TNI7 Model.

and 1.751 M, respectively, in the descending order. These stars go through pion cooling.
Note that the neutrino luminosity of the 1.5M star is suppressed significantly due to
superfluidity. For all these stars, except the stars corresponding to the red thick solid
curve, we adopt regular Fe atmospheres and the crustal heavy element composition which
becomes increasingly neutron-rich with increasing densities inward from the surface (see
[3][11]). In order to test our NS model for the new Cas A NS data we calculated an
additional model shown as the red thick solid curve in Figure 1, which is consistent with
the observed Cas A NS data, marked A in Figure 1 [4]-[6]. It is a 1.72M, star, with
carbon atmosphere, the outer crust being moderately contaminated by carbon, stellar
radius of 13.58km, and central density of 1.14 x 10 gm cm™3. This star goes through
superfluid-suppressed pion cooling with no heating in operation.

We see that all the data, including the latest Cas A NS detection data with fast cooling,
agree very well with our current theoretical model. In this model the rapid cooling of Cas A
NS is due to the thermal relaxation (which naturally causes rapid cooling of relatively hot
stars) at around 330 years, the age of this star. Some authors (e.g., [4][19]) considered that
thermal relaxation takes place too early (10 - 100 years), and offered other explanations.
However, we note that all EOS these authors adopted have radii of less than ~ 12km.
With our model, on the other hand, the Cas A NS has larger radius, 13.58 km, which
explains why our relaxation time is somewhat longer. The main reason is that due to
the repulsive nature of extra three-body forces (UTBR), our ITN7 EOS becomes stiffer
- which results in larger, less dense stars (than e.g., ITN6u used earlier, in [2][3]), and
hence thicker crusts (see, e.g., [7]).

Most recently it was pointed out by some observers who analyzed the same data, that
the Cas A NS does not cool as rapidly as reported by by Shternin et al. (2011)[4] (see
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Noda’s contribution in this proceedings). As of now this issue is yet to be settled. So
currently we calculated our model assuming the fast cooling. However, if the Cas A NS
does not cool so fast, our qualitative picture will be still valid, with the modification that
the EOS does not have to be as stiff as the model used here. Note that the new relatively
hot temperature detection for Cas A NS itself is still universally accepted.

In our current work, as an example of relevant nonstandard cooling we chose pion
cooling. This is because, first of all, the recently up-dated pion cooling scenario is still
sound [3][7][15]. Secondly, some other options have potential problems (see, e.g., [1][3]).
For instance, for the direct Urca with nucleons only (which is possible for higher proton
concentration) and for kaon condensates the superfluid suppression is too weak [3][20].
The model presented above can apply to ‘hyperon cooling’ (cooling of a NS with a hyperon-
mixed core) if superfluid suppression is effective [2], but that may not be the case due
to the Nagara effect [21](i.e., the superfluid gap for A hyperons may be too weak), while
the ¥ hyperon gap is too large [12]. But this issue is not yet settled (e.g., R. Tamagaki,
private communication). A possibility of quark cooling is reported by Noda et al. in this
volume.

3 Soft X-ray Transients in Low-Mass X-Ray Binaries

Soft X-ray transients (SXT) are transient X-ray sources in low mass X-ray binaries
(LMXB), where NSs go through transient short outburst activities caused by accreting
gas from the surrounding disk, with long quiescent periods. Soft thermal X-rays emitted
during the quiescent periods are thought to be from the stellar surface which is kept warm
by crust heating caused by nuclear reactions of accreting matter sinking into the stellar
crusts (e.g., see [25]). The quiescent X-ray flux in the steady equilibrium state is related
to the average mass accretion rates (e.g. [26]). This relation depends on NS cooling
mechanisms. By comparing this relation from theories with the observed data, we can
significantly constrain NS cooling theories. The observed data, until recently, have been
rather scarce. However, recently better data (e.g., see [27][28][29]) became available. We
are currently in the process of comparing our NS thermal evolution models with these
improved data [27].

From isolated NS thermal evolution studies we have noted that the existence of exotic
particles may be required (see Section 2). However, this conclusion is based on the data
of only a few sources (Vela pulsar and possibly PSR 1706-44 too), and hence it may
be still tentative. The strength of the SXT project is that it offers additional useful
constraints on this issue, in the following sense. There are several more SXT sources, e.g.,
NGC 6440 , MXB 1659-29, etc., the intermediate temperature stars, which lie between
the hot and cold sources ([27]; see also Figure 2 of [28]). These sources do require a
nonstandard scenario with substantial superfluid suppression. They can not be explained
either by low mass ordinary NSs undergoing standard cooling, nor by high mass stars
with fast nonstandard cooling without significant suppression. However, we have already
emphasized that the direct Urca involving both kaon condensates and nucleons can not
be suppressed effectively (see, e.g., [2][3][20]). Then, for these sources we do definitely
require nonstandard cooling with exotic particles where suppression can take place (e.g.,
pion cooling).

The conclusion is that the presence of ’exotic’ particles, such as pion condensates, is
indeed required.

We are grateful to our collaborators and colleagues for their contributions and useful
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discussions. Special thanks are due to Drs. Takatsuka and Tatsumi, and the organizers
and participants of this conference which we found very stimulating, exciting and useful.
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JE131.56 — 1.75 x 10° K &, EIREDOEWH TR THLHZ LN -72[1], F7-, Cas A OEIT 10 HOBLHIE
RO RSN A, HRENZIIC TRHEL TOAZ LRSI, BN IC L - TRER T Tunian
EVIOHELHD[2-4], ABFFETIL, O -FH W -RENE D, LWVIEROLEZET D,

Vela > 3C58 L\ o7= BUM A - BIE, 2 7o+ 2 LU THBIL TV D, Vela IEEA R 2 A L LIRTCh D
D, AHNREDMEL, 2D ETFRBHSITWSETHD, 3C58 1E 1181 FFDOMHFTRICL > TAEMSINIZEB 2 BN T
B, FROENZM X TWDLETHA[5,6], M EHEBITIRIHTHLN, A RICB W TEERRIETHS,
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Exotic Z2MRHEA & 22U ER I R EERBLAIRE Rb oV | NANIARGRED =" —Y )L 3 KSR/ — 7D~
IV AR %A B BT HZET, 2Me DB %3 2 Hivd Exotic 7R BE A DIRBE L3 E 2 HIL T A[10],
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