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FIG. 13. Neutron star mass (in solar mass units,
MO =1.99X 10' g) as a function of central mass density c, for
AV14 plus UVII (solid line), UV14 plus VVII (dash-dotted line),
and UV14 plus TNI (dashed line). Also shown are the TI model
(short-dashed line) and Pandharipande hyperon PA (long-
dashed line). The solid line at 1.55 Mo represents the lower
mass limit from x-ray pulsar 4U0900-40.

The gravitational mass as a function of stellar radius
MG{R) is shown in Fig. 14. Constraints on the mass-
radius relation have been obtained from the study of x-
ray burst sources. These are neutron stars in binary sys-
tems with weak magnetic fields that accrete matter from
their companions. The accreted matter can burn in a
thermonuclear flash, producing a burst of x rays.
Theoretical models of the process reproduce observed

processes fairly well, and give a Inass-radius relation for
the star. In the case of the source MXB 1636-536, a
second mass-radius relation is obtained by observing a
gravitational and transverse Doppler red-shifted spectral
feature, leading to a unique solution for the mass and ra-
dius: 1.45 M& and 10.3 km with errors of +10%. The
error box for this value is shown in Fig. 14. The three
models studied here all pass through the box, but some
very stiff and some very soft EOS pass outside and are po-
tentially ruled out.
Another source of information on neutron star struc-

ture is the observation of red-shifted pair annihilation
lines in gamma-ray bursts. " Some 39 gamma-ray burst
events with emission features have been recorded, with
most clustered in the redshift range z=0.25-0.35. As-
suming the sources are neutron stars in the mass range
indicated for x-ray pulsars, we get the box shown in Fig.
15, where MG{z) is plotted. Again, the present models
pass through the box, while very stiff and very soft EOS
are potentially ruled out.
One feature of young radio pulsars, such as the Crab

and Vela pulsars, is the occurrence of glitches {sudden in-
creases in the rotation rate) followed by a comparatively
long relaxation process. A detailed theory based on the
superfluid properties of nucleons in the star has been con-
structed to fit these observations. This vortex creep
theory describes the motion of pinned vortex lines in the
crustal superfluid and fits to the observational data pro-
vide constraints on the proportion of the star that is
crust. The data argue for a relatively large crust and cor-
respondingly stiff EOS, probably stiffer than the models
studied here. The identification of a 35-d periodicity in
the x-ray source Her X-1 as a large amplitude free preces-
sion of the magnetic dipole axis of the neutron star has
also been used as an argument for a relatively large crust
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FIG. 14. Neutron star mass as a function of star radius for
AV14 plus UVII (solid line), AV14 plus UVII (dash-dotted line),
and UV14 plus TNI (dashed line). Also shown are the TI model
(short-dashed line) and PA model (long-dashed line). The box
brackets a determination of the mass and radius for the x-ray
source MXB 1636-536.

FIG. 15. Neutron star mass as a function of redshift for
AV14 plus UVII (solid line), UV14 plus UVII (dash-dotted line),
and UV14 plus TNI (dashed line). Also shown are the TI model
(short-dashed line) and PA model (long-dashed line). The box
brackets observed mass limits from x-ray pulsars and redshift
limits from gamma-ray burst sources.
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TABLE V. Proton fraction and energy in MeV/nucleon of beta-stable matter (neutrons, protons,
electrons, and muons) for three Hamiltonians.

p (fm )

AV14 plus VVII
x(p) E(p,x)

UV14 plus UVII
x(p) E(p, x)

UV14 plus TNI
x(p) E(p,x)

0.07
0.08
0.10
0.125
0.15
0.175
0.20
0.25
0.30
0.35
0.40
0.50
0.60
0.70
0.80
1.00
1.25
1.50

0.017
0.019
0.023
0.027
0.031
0.036
0.044
0.051
0.051
0.052
0.055
0.060
0.077
0.099
0.101
0.094
0.066
0.014

7.35
7.94
8.97
10.18
11.43
12.74
14.12
16.96
20.48
24.98
30.44
45.15
66.4
93.6
132.1
233.0
410.0
635.0

0.019
0.021
0.025
0.030
0.035
0.042
0.052
0.069
0.079
0.087
0.097
0.116
0.132
0.155
0.172
0.177
0.122
0.026

8.13
8.66
9.70
11.06
12.59
14.18
15.92
20.25
25.78
32.60
40.72
61.95
90.2
126.2
170.5
291.1
501.0
753.0

0.026
0.029
0.033
0.037
0.042
0.047
0.051
0.057
0.059
0.060
0.060
0.051
0.039
0.023
0.005
0.0009
0
0

5.95
6.06
6.40
7.17
8.27
9.70
11.55
16.29
22.19
28.94
36.60
56.00
79.2
106.1
135.5
200.9
294.0
393.0

phenomenon is due primarily to the greater short-range
repulsion in isospin singlet nucleon pairs compared to
isospin triplet pairs. At high density this short-range
repulsion must dominate and pure neutron matter is
favored. At intermediate densities the strong isospin
singlet tensor potential and correlations serve to keep the
isospin singlet pairs, and thus symmetric nuclear matter,
more attractive than pure neutron rnatter. The presence
of V;k increases the tensor correlations and the attrac-
tion of the tensor forces, and thus delays the onset of the
pure isospin triplet regime.

VII. NEUTRON STARS

e(p)=p[E(p)+mc ],
p( ) 2 Ep (7.2)

Bp

The equation of state P(e) is obtained by eliminating p

(7.1)

Neutron star structure is calculated here using the
equation of state P(e) for beta-stable matter for p) 0.08
fm . The mass density e(p) and pressure P(p) are ob-
tained from the E(p, x ) of Table V:
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FIG. 11. Proton fraction x (p) is shown for beta-stable matter
with electrons and muons (upper curves) and electrons only
(lower curves) for AV14 plus UVII (solid lines), UV14 plus
UVII (dash-dotted lines), and UV14 plus TNI (dashed lines).

FIG. 12. Beta-stable matter (n,p, e,p) mass density c(p), pres-
sure P(p), and sound velocity s(p) (in units of c, right-hand
scale) are shown for AV14 plus UVII (solid lines), UV14 plus
UVII (dash-dotted lines), and UV14 plus TNI (dashed lines).

The structure of neutron stars 
depends on the EOS. 

Example here from Wiringa, 
Fiks, & Fabrocini (1988)

pressure

sound speed

protron fraction



Neutron stars allow us to observe dense 
matter in the wild | masses

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

Demorest et al. ‘10



Neutron stars allow us to observe dense 
matter in the wild | radii

Nättilä et al. ‘16

Mass and radius constraints from spectroscopy 
of surface explosions: Özel, Suleimanov, Güver, 
Guillot, Steiner, Rutledge, … 

More observations coming (NICER, LIGO)



We have less direct information about transport in 
dense matter: namely,  

• Specific heat 

• Thermal conductivity 

• Neutrino emissivity



Cooling isolated neutron stars

COOLING OF NEUTRON STARS 9

Cooling without PBF vector channel suppression Cooling with PBF vector chanel suppression
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Fig. 9.— Comparison of predictions of the minimal cooling scenario with data; all models are for 1.4 M⊙ stars built using the EOS of
APR (Akmal, Pandharipande & Ravenhall 1998). In the right panels the suppression of the vector channel in the Cooper-pair neutrino
emission is fully taken into account whereas, for comparison, in the left panels the supression has been omitted. In each row, the two panels
have the same neutron 3P2 gap, from a vanishing gap in the upper row to our model gaps ”a” and ”b” (following the notations of Figure
10 in Paper I) in the next two rows. In each panel two sets of cooling trajectories, either with light or with heavy element envelopes, are
shown which include 25 curves corresponding to 5 choices of the neutron 1S0 and of the proton 1S0 gaps covering the range of predictions
about the sizes of these gaps.

equation 13), as in our models “b” and “c”. In the extreme case that the neutron 3P2 gap is vanishingly small and also
that all observed young cooling neutron stars have light element envelopes, then nearly all of them, with the possible
exception of PSR B0538+2817, are observed to be too cold to be compatible with minimal cooling predictions. In
the less extreme possibility of a heterogeneity in chemical composition and a vanishingly small neutron 3P2 gap, we
still find that more than half (seven out of twelve) of the observed young cooling neutron stars are too cold to be
compatible with minimal cooling. (Notice that among the remaining five, out of twelve stars, the compact objects in
Cas A and the Crab still have only upper limits.) If these conditions on the Tc curve are not satisfied for a particular
model of superfluidity in dense matter, then that model also requires enhanced cooling beyond the minimal cooling
paradigm. These results highlight the importance of the n 3P2 gap in more precise terms than discussed in Paper I.

Our conclusion regarding the need for heterogenity in the chemical composition of the atmosphere is consistent with
the results of Kaminker, et al. (2006), who had to employ both light and heavy element atmospheres in their cooling
models to match the data of most stars.

That it is apparently possible to explain the majority of thermally-emitting neutron stars with the minimal cooling

Page, Lattimer, Prakash, & Steiner 2009
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nuclear pasta
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envelope

electron
captures

Many neutron stars accrete from 
a companion star

A. Piro, Carnegie Obs.

These neutron stars have a 
km-thick crust composed 
of nuclei, electrons, and 
free neutrons. 

Accretion pushes matter 
through this crust and 
induces nuclear reactions.  

Observing the response of 
the star to these reactions 
allows us to infer the 
properties of matter in the 
deep crust and core.

flow



crust reactions release ≈1–2 Mev per accreted nucleon 
Sato ’79; Haensel & Zdunk ’90; Gupta et al. ’07; Steiner ’12; Schatz et al. ‘13; Lau et al.

illustration with a simple liquid-drop model (Mackie & Baym ’77, following 
Haensel & Zdunik ’90)

pycnonuclear 
reactions

neutron drip
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Crust reactions can be studied at the Facility for 
Rare Isotope Beams at Michigan State University
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JINA/JINA-CEE experiments across the 
crust nuclear landscape

search for gs-gs pairs 

charge exchange for transition 
strength 

proposed NSCL 61V β– decay study

fusion reactions towards n-rich nuclei 
ANL fusion measurements

mass measurements 
completed NSCL TOF



Many accreting neutron stars are 
transients: for example, KS1731-260
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Many accreting neutron stars are 
transients: for example, KS1731-260
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Many accreting neutron stars are 
transients

fig. from Cackett et al. ‘062001: quasi-persistent 
transients discovered 
(Wijnands, using the Rossi X-
ray Timing Explorer) 

2002: Rutledge et al. suggest 
looking for crust thermal 
relaxation 

2002–: cooling detected! 
(many: Wijnands, Cackett, 
Degenaar, Fridriksson, 
Homan)



Inferring crust properties from cooling 
Ushomirsky & Rutledge, Shternin et al., Brown & Cumming, Page & Reddy, Turlione et al., 
Deibel et al.

●

●

●

●

●
● ●

●

●

●

●
●
●
●

●

●

t (d)

kT
1 e↵

(
eV

)

10

2

10

3

50

60

70

80

90

100

110

120

MXB 1659-29 obs.

KS 1731-260 obs.

MXB 1659-29 model

KS 1731-260 model

data from Cackett et al. 2008 
fits from Brown & Cumming 2009



basic physics of the lightcurve
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The cooling timescale 
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Many quasi-persistent transients are 
now monitored

10 Homan et al.

TABLE 7
FITS TO COOLING CURVES WITH AN EXPONENTIAL DECAY TO A CONSTANTa

Source τ (days) A (eV) B (eV) Data References
MAXI J0556–332 161±5 151±2 184.5±1.5 this work (model I)

197±10 137±2 174±2 this work (model II)
IGR J17480–2446 157±62 21.6±4 84.3±1.4 Degenaar et al. (2013)
EXO 0748–676 172±52 18±3 114.4±1.2 Degenaar et al. (2014)
XTE J1701–462 230±46 35.8±1.4 121.9±1.5 Fridriksson et al. (2011)
KS 1731–260 418±70 39.8±2.3 67.7±1.3 Cackett et al. (2010a)
MXB 1659–29 465±25 73±2 54±2 Cackett et al. (2008)

a kT∞eff(t) = A×e−t/τ +B, where t is time since the end of the outburst in days.

below our estimated distance range (e.g., 20 kpc) we find
temperatures (134–218 eV for model I and 131–195 eV for
model II) that are substantially higher than those observed in
XTE J1701–462 during its first∼500 days (125–163 eV). The
short cooling timescale observed inMAXI J0556–332 implies
a high thermal conductivity of the crust, similar to the other
cooling neutron stars that have been studied.
Given the similarities between the outbursts of MAXI

J0556–332 and XTE J1701–462, it is interesting to compare
these two systems in more detail, as it may help us under-
stand what causes the neutron-star crust in MAXI J0556–332
to be so hot. MAXI J0556–332 was in outburst for ∼480
days with a time-averaged luminosity of ∼1.7×1038(d45)2
erg s−1, while XTE J1701–462 was in outburst for∼585 days
with a time-averaged luminosity ∼2.0×1038(d8.8)2 erg s−1
(Fridriksson et al. 2010). The total radiated energies of the
MAXI J0556–332 and XTE J1701–462 outbursts are there-
fore 7.1×1045(d45)2 erg and 1.0×1046(d8.8)2 erg, respec-
tively. Despite the fact that the radiated energies and time-
averaged luminosities of the two systems are comparable, the
initial luminosity of the thermal component (which reflects
the temperature at shallow depths in the crust at the end of the
outburst) is an order of magnitude higher in MAXI J0556–
332 than in XTE J1701–462. This suggests the presence of
additional shallow heat sources in the crust of MAXI J0556–
332 and/or that the shallow heat sources in MAXI J0556–332
were more efficient per accreted nucleon.
The high observed temperatures are difficult to explain with

current crustal heating models. Bringing the initial tempera-
tures down to those seen in XTE J1701–462 requires a dis-
tance of ∼10–15 kpc (depending on the assumed model).
Such distances are problematic for several reasons. First it
implies that Z source behavior in MAXI J0556–332 is ob-
served at much lower luminosities (by factors of 9 or more)
than in other Z sources. Second, fits to the quiescent spec-
tra with such a small distance are of poor quality. Finally, a
smaller distance does not solve the fact that crustal heating ap-
pears to have been much more efficient per accreted nucleon
than in other sources. A reduction in distance by a factor of 3
results in a reduction in luminosity and presumably then, by
extension, the total mass accreted onto the neutron star and
total heat injected into the crust by a factor of 9. Given that
we inferred ∼30% less mass accreted onto the neutron star in
MAXI J0556–332 during its outburst than in XTE J1701–462
for our preferred distance of ∼45 kpc, this would mean ∼13
times less mass accreted onto MAXI J0556–332 than XTE
J1701–462 yet similar initial temperatures.
The nsamodel that we used to fit the thermal emission from

the neutron star in MAXI J0556–332 did not allow us to ex-
plore values of the neutron-star parameters other than Mns =
1.4M⊙ and Rns = 10 km, as these parameters are advised to
remain fixed at those values (Zavlin et al. 1996). While other
neutron-star atmosphere models allow for changes inMns and
Rns, none of the available models are able to handle the high
temperatures observed during the first ∼200 days of quies-
cence. It is, of course, possible that the properties of the
neutron star in MAXI J0556–332 are significantly different
from those in the other cooling neutron-star transients that
have been studied. Lower temperatures would be measured
if one assumed a lower Mns and/or a larger Rns. To estimate
the effects of changes in neutron-star parameters we used the
nsatmosmodel to fit the spectrum of observation 11, initially
assuming Mns = 1.4M⊙ and Rns =10 km. While keeping the
distance from this fit fixed, and changing Mns to 1.2M⊙ and
Rns to 13 km (values that are still reasonable), the measured
temperature was reduced by only ∼10%. Such changes are
not large enough to reconcile the temperatures measured in
MAXI J0556–332 with those of the other sources.
An alternative explanation for the high inferred tempera-

tures could be that part of the quiescent thermal emission is
caused by low-level accretion. Indications for low-level ac-

FIG. 5.— Evolution of the effective temperature of the quiescent neutron
star in MAXI J0556–332, based on fits with model II (purple stars). Temper-
ature data for five other sources are shown as well. The solid lines represent
the best fits to the data with an exponential decay to a constant. See Table 7
for fit parameters and data references.

from Homan et al. (2014)



For KS1731, E ≈ 6 ×1043 ergs deposited 
into the core

Cumming et al. ‘17

heating at top of crust



This could change Tcore significantly
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Suppose core cools completely between 
outbursts and neutrino cooling is off
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The specific heat 

must be larger than 
this!



At the other limit, suppose the core temperature 
saturates because of neutrino emission:
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The general case

mUrca

Tc for KS1731–260
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Putting everything together: a “phase 
diagram” for KS1731–260





In summary,

> � ˜

Cooling neutron star transients probe the transport properties 
of matter and near-saturation density. 

Transients with long outbursts deposit enough heat in the core 
to potentially raise the core temperature. Observations 
following crust relaxation measure this temperature.  

  
Its neutrino luminosity is < 10-3 that of direct Urca. 

Further monitoring of variations in the core temperature, or  
constraints on the recurrence duration, will improve constraints. 


