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V. E. Zavlin, G. G. Pavlov and Yu. A. Shibanov: Model neutron star atmospheres with low magnetic fields 9

Fig. 5. Spectral fluxes of emergent radiation for hydrogen, helium and iron atmospheres with different values of log Teff (numbers
near the curves). Dotted curves show the corresponding blackbody fluxes πBν(Teff).

Fig. 6. Spectral fluxes emergent from helium atmospheres with
Teff = 105 K and different surface gravities g = g14 × 1014 cm
s−2: g14 = 0.5 (dashed curve), g14 = 2.43 (solid) and g14 = 4.5
(dot-dashed).

ous stages of ionization. Generally, they are closer to the
blackbody spectra, and their high-energy tails are, on av-
erage, softer than those emitted from light element atmo-
spheres; their low-energy tails lie only slightly below the
blackbody (Rayleigh-Jeans) spectra. The reason is that
the energy dependence of the iron opacities, in spite of
its complexity, is, on average, flatter than that for H and
He. This makes the emergent spectrum to be closer to the
grey atmosphere spectrum which, in turn, only slightly
differs from the blackbody spectrum. However, the local
deviations from the blackbody spectra are quite substan-
tial, especially in the regions of the photoionization edges,
and strongly dependent on the effective temperature.

Figure 6 demonstrates how the gravitational accelera-
tion affects the spectral flux emitted by the helium atmo-
sphere with log Teff = 5.0. The effect is seen most vividly
in the Lyman continuum of HeII (E > 54 eV): the Ly-
man discontinuity becomes progressively smoothed, and
the trough at E ∼ 0.1 keV becomes shallower, with in-
creasing g. This occurs because the density grows with
g and the pressure effects smooth out the photoioniza-
tion jump in the opacity spectra (Zavlin et al. 1994). The
gravity effect (pressure broadening) is also seen in the pro-
files of the absorption lines, particularly of the 20 eV line
of HeI. At higher temperatures, when the light element
atmospheres are strongly ionized and the spectra are con-
tinuous, the gravity effect becomes insignificant. In the
case of iron composition the effect of surface gravity can
be seen at higher temperatures.
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BMeV per accreted baryon there (Haensel & Zdunik 1990).
This heats the NS core on a 104È105 yr timescale, until it
reaches a steady state temperature B4 ] 107(SM0 T/10~11

yr~1)0.4 K (Bildsten & Brown 1997), where is theM
_

SM0 T
time-averaged accretion rate in the binary. A core this hot
makes the NS incandescent, at a luminosity L

q
\ 1

yr~1) ergs s~1,MeVSM0 T/m
p
B 6 ] 1032(SM0 T/10~11 M

_even after accretion halts (Brown et al. 1998). The NS is
then a thermal emitter in quiescence, much like a young NS.

For both hypotheses, the energy source for the quiescent
luminosities of the BHCs and NSs have di†erent physical
causes, making it meaningful to search for distinguishing
spectral signatures.

1.1. X-Ray Spectra of Quiescent Neutron Stars
The Ðrst NS transient detected in quiescence was

Cen X-4 (Van Paradijs et al. 1987). More recently, quiescent
X-ray spectral measurements have been made of Aql X-1
(Verbunt et al. 1994) and 4U 2129]47 (Garcia & Callanan
1999) with the ROSAT /PSPC; of EXO 0748[676 with the
Einstein IPC (Garcia & Callanan 1999) ; and of Cen X-4
and 4U 1608[522 with ASCA (Asai et al. 1996b). The
X-ray spectrum of Aql X-1 (0.4È2.4 keV) was consistent
with a blackbody (BB) spectrum, a bremsstrahlung spec-
trum, or a pure power-law spectrum (Verbunt et al. 1994).
For 4U 1608[522, the spectrum (0.5È10.0 keV) was consis-
tent with a BB keV), a thermal Raymond-(kTBB B 0.2È0.3
Smith model keV), or a very steep power(kT \ 0.32~0.5`0.18
law (photon index Similar observations of Cen X-46~2`1).
with ASCA found its X-ray spectrum consistent with these
same models, but with an additional power-law component
(photon index B2.0) above 5.0 keV (recent observations
with BeppoSAX of Aql X-1 in quiescence also revealed a
power-law tail ; Campana et al. 1998b). The origin of the
observed power-law spectral components in Cen X-4 and
Aql X-1 is not clear. While it has been suggested they may
be due to magnetospheric accretion (Campana et al. 1998a),
spectral models of metallic NS atmospheres (Rajagopal &
Romani 1996 ; Zavlin, Pavlov, & Shibanov 1996) also
predict hard tails. These warrant further observational
investigation. The observation of EXO 0748[676 shows it
to be more luminous (by ]10È50) than the other four NSs.

In four of these Ðve sources (the exception being
EXO 0748[676), BB Ðts implied an emission area of radius
B1 km, much smaller than a NS. This had little physical
meaning however, as the emitted spectrum from a quiescent
NS atmosphere with light elements at the photosphere is far
from a blackbody. For a weakly magnetic (B ¹ 1010 G)
pure hydrogen or helium6 atmosphere at e†ective tem-
peratures the opacity is dominated by free-kTeff [ 0.5 keV
free transitions (Rajagopal & Romani 1996 ; Zavlin et al.
1996). Because of the opacityÏs strong frequency dependence
(Pl~3), higher energy photons escape from deeper in the
photosphere, where (Pavlov & Shibanov 1978 ;T [ TeffRomani 1987 ; Zampieri et al. 1995). Spectral Ðts of the
Wien tail (which is the only part of the spectrum sampled
with current instruments) with a BB curve then overesti-

6 The strong surface gravity will quickly (within D10 s) stratify the
atmosphere (Alcock & Illarionov 1980 ; Romani 1987) ; for accretion rates

yr~1 (corresponding to an accretion luminosity[2 ] 10~13 M
_

[2
] 1033 ergs s~1), metals will settle out of the photosphere faster than the
accretion Ñow can supply them (Bildsten, Salpeter, & Wasserman 1992). As
a result, the photosphere should be nearly pure hydrogen.

FIG. 1.ÈComparison between the spectral parameters andr
e

kTeff,derived from spectral Ðts of the quiescent X-ray emission from Aql X-1,
Cen X-4, 4U 1608[522, and 4U 2129]47. The open circles are for the H
atmosphere spectrum, and the Ðlled circles are from a blackbody spectrum.
The two points connected for Aql X-1 correspond to the upper and lower
distance limits for that source. The two connected points for 4U 2129]47
are for the two di†erent estimates (see text). As expected fromdistance/NHcomparisons between the theoretical spectra, the H atmosphere Ðts
produce higher values of r

e
.

mate and underestimate the emitting area, by as muchTeffas orders of magnitude (Rajagopal & Romani 1996 ; Zavlin
et al. 1996).7

Rutledge et al. (1999) showed that Ðtting the spectra of
quiescent NS transients with these models yielded emitting
areas consistent with a 10 km radius NS. In Figure 1, we
compare the measured H atmosphere and blackbody spec-
tral parameters for the quiescent NSs. The data for
4U 2129]47 are analyzed here, while the other sources
were analyzed previously (Rutledge et al. 1999). The emis-
sion area radii are larger from the H atmosphere spectra by
a factor of a few to 10 and are consistent with the canonical
radius of a NS. There is thus both observational evidence
and theoretical motivation that thermal emission from a
pure hydrogen photosphere contributes toÈand perhaps
dominatesÈthe NS luminosity at photon energies at 0.1È1
keV. This makes possible the use of quiescent NS X-ray
spectra as an astrophysical tool.

1.2. Quiescent X-Ray Spectroscopy of NSs and BHCs
Distinguishing between a stellar-mass black hole and a

neutron star in an X-ray binary is a nontrivial observational
problem. Although there are X-ray phenomena unique to
NSs (for example, type I X-ray bursts and coherent
pulsations), as yet, no X-ray phenomenon predicted to

7 Application of H atmosphere models to the isolated neutron stars in
SNR PKS 1209[52 and Puppis A produced a source distance consistent
with that measured through other means (assuming a 10 km NS radius), a
lower surface temperature, and an X-ray measured column density that
was consistent with that measured from the extended SNR (while the
column density measured with an assumed BB spectrum was not consis-
tent with other measurements ; Zavlin et al. 1998, 1999).

Rutledge et al. ‘00
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illustration with a simple liquid-drop model (Mackie & Baym ’77, following 
Haensel & Zdunik ’90)

see poster by A. Deibel
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Heinke et al. 2007, following Yakovlev et al. 2004

Lq
=

Q⟨
Ṁ⟩

NS luminosity LNS < 1:1 ; 1031 ergs s!1. Choosing a NS radius
of 12 km, or a mass of 2.0M", varies this constraint by only 3%.
The rather tight distance limits of Galloway & Cumming (2006;
3:5 # 0:1 kpc) produce only a 6% uncertainty. Allowing the NH

to float freely permits a thermal 0.01Y10 keV NS luminosity
LNS < 1:0 ; 1032 ergs s!1 (for NH ¼ 1:7 ; 1021 cm!2).

4. RAMIFICATIONS

We have estimated the time-averaged mass transfer rates for
1808 and several other transient LMXBs (Aql X-1, Cen X-4, 4U
1608!52, KS 1731!260, RX 1709!2639, MXB 1659!29,
XTE 2123!058, SAX 1810.8!2609, and those in Terzan 5 and
NGC 6440) from the RXTE All-Sky Monitor (ASM) record
(1996 to November 2006), under the assumption that the time-
averaged mass accretion rate over the last 10 yr reflects the time-
averaged mass transfer rate (Table 2). We use PIMMS and a
power law of photon index 2 to convert the ASM count rates dur-
ing outbursts into 0.1Y20 keV fluxes.9 This is, of course, a rough
approximation, as the spectral shapes of LMXBs in outburst
vary substantially. Additional sources of potential error include
poor ASM time coverage of some outbursts, uncertainty in the
NS mass and radius (affecting the energy released per accreted
gram and thus the conversion from LX to mass accretion rate),
variability in themass transfer rate, and uncertain distances (which
will equally affect the quiescent luminosity). We plot an arbitrary
uncertainty of 50% in both mass transfer rate and quiescent lumi-
nosity for each point in Figure 2. For Cen X-4 we use the lowest
measured quiescent luminosity and the mass transfer rate limit
inferred if CenX-4 undergoes outbursts every 40 yrwith a fluence
similar to its 1969 outburst (Chen et al. 1997). The NS component
flux for Aquila X-1 is somewhat uncertain and possibly variable
(Rutledge et al. 2002; Campana & Stella 2003). We assume
that all outbursts fromNGC 6440 since 1971 have been detected.
For KS 1731!260, we assume that the average flux seen with
RXTE/ASM during outburst was the average flux during the

entire 12.5 yr outburst. For KS 1731!260 and the transient in
Terzan 1 (for which we take a 12 yr outburst), we take a mini-
mum recurrence time of 30 yr.
For 1808 we derive a time-averaged mass transfer rate of 1:0 ;

10!11 M" yr!1, an excellent match to the prediction of general
relativity of 0:95 ; 10!11(M2/0:05 M") M" yr!1 (Bildsten &
Chakrabarty 2001).We note that the truemass transfer rate cannot

TABLE 2

Luminosities and Mass Transfer Rates

Source

NH

(1022 cm!2)

kT

(eV)

D

(kpc) Outbursts Years

Ṁ

(M" yr!1)

LNS
(ergs s!1) References

Aql X-1 ............................... 4:2 ; 1021 %94 5 8 10.7 4 ; 10!10 5:3 ; 1033 1, 2, 3, 4

Cen X-4 .............................. 5:5 ; 1020 76 1.2 . . . . . . <3:3 ; 10!11 4:8 ; 1032 5, 3

4U 1608!522 ..................... 8 ; 1021 170 3.6 4 10.7 3:6 ; 10!10 5:3 ; 1033 6, 3, 4

KS 1731!260 ..................... 1:3 ; 1022 70 7 1 30 <1:5 ; 10!9 5 ; 1032 7, 4

MXB 1659!29 ................... 2:0 ; 1021 55 %10? 2 10.7 1:7 ; 10!10 2:0 ; 1032 7, 4

EXO 1747!214.................. 4 ; 1021 <63 <11 . . . . . . <3 ; 10!11 <7 ; 1031 8

Terzan 5 .............................. 1:2 ; 1022 <131 8.7 2 10.7 3 ; 10!10 <2:1 ; 1033 9, 10, 4

NGC 6440........................... 7 ; 1021 87 8.5 3 35 1:8 ; 10!10 3:4 ; 1032 11, 4

Terzan 1 .............................. 1:4 ; 1022 74 5.2 . . . . . . <1:5 ; 10!10 <1:1 ; 1033 12

XTE 2123!058 .................. 6 ; 1020 <66 8.5 1 10.7 <2:3 ; 10!11 <1:4 ; 1032 3, 4

SAX J1810.8!2609............ 3:3 ; 1021 <72 4.9 1 10.7 <1:5 ; 10!11 <2:0 ; 1032 13, 3, 4

RX J1709!2639 ................. 4:4 ; 1021 122 8.8 2 10.7 1:8 ; 10!10 2:2 ; 1033 14, 15, 4

1H 1905+000 ...................... 1:9 ; 1021 <50 10 . . . . . . <1:1 ; 10!10 <4:8 ; 1031 16, 15

SAX J1808.4!3658............ 1:3 ; 1021 <34 3.5 5 10.7 1:0 ; 10!11 <1:1 ; 1031 17, 4, 15

Notes.—Estimates of quiescent thermal luminosities from neutron star transients, and mass transfer rates (inferred from RXTE ASM observations for systems with
RXTE-era outbursts). Quiescent thermal luminosities are computed for the unabsorbedNS component in the 0.01Y10 keVrange.Outbursts and years columns give the number
of outbursts and the time baseline used to compute Ṁ , if this calculation was performed in this work (indicated by referring to reference 4).

References.— (1) Rutledge et al. 2001b; (2) Campana & Stella 2003; (3) Tomsick et al. 2004; (4) Mass transfer rate computed in this work; (5) Rutledge et al.
2001a; (6) Rutledge et al. 1999; (7) Cackett et al. 2006a; (8) Tomsick et al. 2005; (9) Wijnands et al. 2005; (10) Heinke et al. 2006b; (11) Cackett et al. 2005; (12) Cackett
et al. 2006b; (13) Jonker et al. 2004b; (14) Jonker et al. 2004a; (15) Quiescent bolometric luminosity computed in this work; (16) Jonker et al. 2006; (17) Galloway &
Cumming 2006.

Fig. 2.—Cooling curves for various NS interior neutrino emission scenarios,
compared with measurements (or 95% confidence upper limits) of the quiescent
0.01Y10 keV NS luminosity and time-averaged mass transfer rate for several NS
transients (see Table 2). The cooling curves are taken from Yakovlev & Pethick
(2004); the dotted curve represents a low-mass NS, while the lower curves rep-
resent high-mass NSs with kaon or pion condensates or direct Urca (Durca) pro-
cessesmediated by nucleons or hyperons. Limits on the quiescent NS luminosity of
SAX J1808.4!3658 are given for the 2001 and 2006 observations. The effect of a
distance error as large as a factor of 1.5 is also indicated (upper left).

9 We have verified that this conversion is correct to within 50% for outbursts
of the transients EXO 1745!245 and Aquila X-1.
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Heinke et al. 2007, following Yakovlev et al. 2004

Lq
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Q⟨
Ṁ⟩

NS luminosity LNS < 1:1 ; 1031 ergs s!1. Choosing a NS radius
of 12 km, or a mass of 2.0M", varies this constraint by only 3%.
The rather tight distance limits of Galloway & Cumming (2006;
3:5 # 0:1 kpc) produce only a 6% uncertainty. Allowing the NH

to float freely permits a thermal 0.01Y10 keV NS luminosity
LNS < 1:0 ; 1032 ergs s!1 (for NH ¼ 1:7 ; 1021 cm!2).

4. RAMIFICATIONS

We have estimated the time-averaged mass transfer rates for
1808 and several other transient LMXBs (Aql X-1, Cen X-4, 4U
1608!52, KS 1731!260, RX 1709!2639, MXB 1659!29,
XTE 2123!058, SAX 1810.8!2609, and those in Terzan 5 and
NGC 6440) from the RXTE All-Sky Monitor (ASM) record
(1996 to November 2006), under the assumption that the time-
averaged mass accretion rate over the last 10 yr reflects the time-
averaged mass transfer rate (Table 2). We use PIMMS and a
power law of photon index 2 to convert the ASM count rates dur-
ing outbursts into 0.1Y20 keV fluxes.9 This is, of course, a rough
approximation, as the spectral shapes of LMXBs in outburst
vary substantially. Additional sources of potential error include
poor ASM time coverage of some outbursts, uncertainty in the
NS mass and radius (affecting the energy released per accreted
gram and thus the conversion from LX to mass accretion rate),
variability in themass transfer rate, and uncertain distances (which
will equally affect the quiescent luminosity). We plot an arbitrary
uncertainty of 50% in both mass transfer rate and quiescent lumi-
nosity for each point in Figure 2. For Cen X-4 we use the lowest
measured quiescent luminosity and the mass transfer rate limit
inferred if CenX-4 undergoes outbursts every 40 yrwith a fluence
similar to its 1969 outburst (Chen et al. 1997). The NS component
flux for Aquila X-1 is somewhat uncertain and possibly variable
(Rutledge et al. 2002; Campana & Stella 2003). We assume
that all outbursts fromNGC 6440 since 1971 have been detected.
For KS 1731!260, we assume that the average flux seen with
RXTE/ASM during outburst was the average flux during the

entire 12.5 yr outburst. For KS 1731!260 and the transient in
Terzan 1 (for which we take a 12 yr outburst), we take a mini-
mum recurrence time of 30 yr.
For 1808 we derive a time-averaged mass transfer rate of 1:0 ;

10!11 M" yr!1, an excellent match to the prediction of general
relativity of 0:95 ; 10!11(M2/0:05 M") M" yr!1 (Bildsten &
Chakrabarty 2001).We note that the truemass transfer rate cannot
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Notes.—Estimates of quiescent thermal luminosities from neutron star transients, and mass transfer rates (inferred from RXTE ASM observations for systems with
RXTE-era outbursts). Quiescent thermal luminosities are computed for the unabsorbedNS component in the 0.01Y10 keVrange.Outbursts and years columns give the number
of outbursts and the time baseline used to compute Ṁ , if this calculation was performed in this work (indicated by referring to reference 4).

References.— (1) Rutledge et al. 2001b; (2) Campana & Stella 2003; (3) Tomsick et al. 2004; (4) Mass transfer rate computed in this work; (5) Rutledge et al.
2001a; (6) Rutledge et al. 1999; (7) Cackett et al. 2006a; (8) Tomsick et al. 2005; (9) Wijnands et al. 2005; (10) Heinke et al. 2006b; (11) Cackett et al. 2005; (12) Cackett
et al. 2006b; (13) Jonker et al. 2004b; (14) Jonker et al. 2004a; (15) Quiescent bolometric luminosity computed in this work; (16) Jonker et al. 2006; (17) Galloway &
Cumming 2006.

Fig. 2.—Cooling curves for various NS interior neutrino emission scenarios,
compared with measurements (or 95% confidence upper limits) of the quiescent
0.01Y10 keV NS luminosity and time-averaged mass transfer rate for several NS
transients (see Table 2). The cooling curves are taken from Yakovlev & Pethick
(2004); the dotted curve represents a low-mass NS, while the lower curves rep-
resent high-mass NSs with kaon or pion condensates or direct Urca (Durca) pro-
cessesmediated by nucleons or hyperons. Limits on the quiescent NS luminosity of
SAX J1808.4!3658 are given for the 2001 and 2006 observations. The effect of a
distance error as large as a factor of 1.5 is also indicated (upper left).

9 We have verified that this conversion is correct to within 50% for outbursts
of the transients EXO 1745!245 and Aquila X-1.
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Tcore ≈ 2×107 K
(

⟨Ṁ⟩

10−10 M⊙ yr−1

)1/6

Tcore ≈ 2 × 108 K

(

⟨Ṁ⟩

10−10 M⊙ yr−1

)1/8
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Fig. 17.— This figure shows the constraint on the dEoS imposed by the radius measurement obtained in this work: RNS = 9.1+1.3
−1.5 km

(90%-confidence). The dark and light shaded areas show the 90%-confidence and 99%-confidence constraints of the RNS measurement,
respectively. The mass measurement of PSR J1614-2230 is shown as the horizontal band (Demorest et al. 2010). “Normal matter” EoSs
are the colored solid lines. Other types of EoSs, such as the hybrid or quark-matter EoSs are included for comparison, with dashed lines.
As mentioned in Section 5, the present analysis only places constraints on the “normal matter” EoSs since they are the only family of EoSs
included in our assumptions. Among them, only the very soft dEoSs (such as WFF1, Wiringa et al. 1988) are consistent with the radius
obtained here. The EoS are obtained from Lattimer & Prakash (2001, 2007).

was analyzed to produce small values of RNS and MNS
with no plausible dEoS consistent with these values:
RNS ∼ 6 km and MNS ∼ 0.9M⊙ for d = 61 pc
(Pons et al. 2002). A recent distance estimation to the
source d = 123+11

−15 pc (Walter et al. 2010) led to revised
values: RNS = 11.5±1.2 km and MNS = 1.7±1.3M⊙
(Steiner et al. 2012). While this result is consistent with
the RNS measurement obtained in this paper and with
the other works reporting low-RNS values, it has to
be taken with care since the high-magnetic field of the
source is not accounted for in the spectral model used by
the original analysis.
Recently, it was shown that the dEoS can be empir-

ically determined from MNS–RNS measurements of NS,
using the thermal spectra of qLMXBs and the photo-
spheric radius expansion of X-ray bursts (Steiner et al.
2010). This method uses MCMC simulation and
Bayesian priors to determine the most probable dEoS
parameters, and equivalently, the corresponding most
probable MNS(RNS) for NS. In a recent paper, this
method was used with four X-ray bursting sources and
four GC qLMXBs. Considering all scenarios, the 2σ
lower and upper limits for RNS are 9.17 km and 13.92 km
(Steiner et al. 2012). The RNS distribution of the present
paper RNS = 9.1+1.3

−1.5 km (90%-confidence, from Run
#7) is consistent with several of the model variations of
Steiner et al. (2012), namely variation C (dEoS param-
eterized with uniform prior in the pressure at four en-
ergy density values), variation CII (same as previous, but
with low value of the color correction, 1 < fC < 1.35),
variation AII/AIII (dEoS parameterized as two piece-
wise continuous power-laws, with 1 < fC < 1.35), see
Steiner et al. (2012) for details about the variations of
the model. Variation E (dEoS for quark stars) is incom-

patible with our original assumption that RNS is quasi-
constant for a large range of MNS above 0.5M⊙.
Theoretical EoSs have been proposed for more than

two decades. A non-exhaustive list can be found in the
literature (Lattimer & Prakash 2001, 2007). When com-
paring the resulting RNS distribution to proposed theo-
retical “normal matter” dEoSs, one can note that most
of those are not consistent with the low-RNS result pre-
sented in this work. Indeed, most of the dEoSs describing
“normal matter” correspond to radii larger than 11.5 km
(see Figure 17). A spread in RNS ia observed in these dE-
oSs at large masses, in the part of the MNS–RNS diagram
where the compact object approaches collapse. However,
this breadth of the RNS variation for a given dEoS is well
within the uncertainties obtained in this work. Overall,
the radius measurementRNS = 9.1+1.3

−1.5 km constrains the
dEoS to those consistent with low-RNS, such as WFF1
(Wiringa et al. 1988). Note that this analysis cannot ad-
dress the veracity of more exotic types of EoSs (hybrid
and SQM) or any dEoS which does not predict a quasi-
constant RNS within the observable mass range.
It is known that RNS is related to fundamental nu-

clear physics parameters, such as the symmetry en-
ergy (Horowitz & Piekarewicz 2001b,a). We expect the
present constraints on RNS can be used to constrain this,
and other properties of dense nuclear matter. We leave
this for future work.
It has been pointed out (Lattimer & Prakash 2010)

that an argument regarding a maximally compact neu-
tron star (Koranda et al. 1997) results in a relationship
between the maximal neutron star radius (Rmax) and the
maximal neutron star mass (Mmax) for a given equation
of state:

Rmax

Mmax
= 2.824

G

c2
(4)



H vs He atmosphere 
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Figure 7. Probability contours for the acceptable range of mass and radius for the NGC 6397 qLMXB, using a hydrogen atmosphere.
This fit uses tbabs(nsatmos+pow), with assumed distance of 2.51 kpc and a powerlaw photon index of 1.5. The solid black region at upper
left identifies an excluded region (from causality constraints). The shaded region is the 1σ confidence region, while the outer contours
indicate the 90% and 99% confidence region. Right: Probability contours for the NGC 6397 qLMXB, using the same assumptions as the
left figure, except using assumed distances of 2.44 kpc (red, with ↗ shading and dotted lines) or 2.58 kpc (blue, with ↘ shading and
dashed lines).

Table 4. X-ray spectral fits to NGC 6397

Fit NH R M kTeff PL flux χ2/dof
×1021 cm−2 km M⊙ eV ergs/cm−2/s

wabs*nsatmos

Guillot+13, d=2.02 (0.96) 6.5+1.0

−1.5h
0.90+0.21

−0.40h
78+10

−10 - 216.2/202

Guillot+13, d=2.02 (0.96) 6.9+0.2
−0.3 (1.4) 87+2

−3
- 277.6/203

d=2.51,NH free 1.0+0.1
−0.1 7.4+1.1

−1.4 (1.4) 89+18
−8

- 219.9/202

phabs*nsatmos

d=2.51,angr 1.1+0.1
−0.1 7.0+1.9

−1.2 (1.4) 94+19
−14 - 220.3/202

tbabs*nsatmos

d=2.51,wilm 1.3+0.5
−0.5 7.3+0.7

−1.1 (1.4) 89+13
−6 - 226.9/202

tbabs(nsatmos+pegpwrlw)

Γ=1.5 1.2+0.1
−0.1 7.3+1.1

−1.4 (1.4) 88+19
−8

5+2
−2

× 10−15 211.8/201

Γ=2.0 1.2+0.1
−0.1 7.4+1.1

−1.5 (1.4) 88+21
−8 6+2

−2 × 10−15 211.4/201

Γ=1.5,M free 1.0+0.2
−0.2 7.1+1.4

−2.1h
@ 1.07+0.31

−1.07h
@ 82+43

−15 4+3
−3 × 10−15 208.5/200

tbabs(spHe)

1.1+0.2
−0.2 7.5+2.2

−2.3 (1.4) 86+39
−13

- 213.1/202

tbabs(spHe+pegpwrlw)

Γ=1.5 1.2+0.2
−0.2 9.0+2.9

−4h
(1.4) 77+55

−11
3+3
−2

× 10−15 209.1/201

Γ=1.5,M free 1.2+0.2
−0.2 8.8+2.9

−3.3@ 1.45+0.34
−0.44@ 78+32

−20 3+3
−2 × 10−15 209.0/200

Fits to the five Chandra/ACIS datasets on the NGC 6397 qLMXB. Parameters in parentheses are fixed, others show 90% confidence
errors on a single parameter. The first fit matches a similar fit in Guillot et al. (2013). See text for details of the assumptions in each
fit. h-parameter reached hard limit of model. @-for the errors on mass and radius reported in this fit, the other parameter (e.g. radius,

if mass was varied) was held fixed at its best-fit value.
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Figure 8. Fit to spectra of NGC 6397 NS, using tbabs(spHe+pegpwr) with index=1.5 and NS mass free, with data and model plotted
above, and residuals plotted below. Black and red: Chandra 2009 spectra; green: Chandra 2000 data; light and dark blue: Chandra 2002
data.

Figure 9. Probability contours for the acceptable range of mass and radius for the NGC 6397 qLMXB, using a helium atmosphere. This
fit uses tbabs(spHe+pow), with assumed distance of 2.51 kpc and a powerlaw photon index of 1.5. The black line at upper left identifies
the excluded region (from causality constraints). The shaded region is the 1σ confidence region, while the outer contours indicate the
90% and 99% confidence region. Right: Probability contours for the NGC 6397 qLMXB, using the same assumptions as the left figure,
except using assumed distances of 2.44 kpc (red, with ↗ shading and dotted lines) or 2.58 kpc (blue, with ↘ shading and dashed lines).

the direction of NGC 6397 (Harris 1996), as again predicted
by Lattimer & Steiner (2014).

We investigate the range of reasonable radii and masses
for this fit, tbabs(spHe+pegpwrlw), using a 2.51 kpc distance
and including the power-law with photon index of 1.5. We
plot the 1σ, 90%, and 99% confidence ranges in Figure 9
(left). Again, we do the same analysis for the extrema of our
distance range, 2.44 and 2.58 kpc, and plot the results in Fig-
ure 9 (right). The ranges of radii and masses calculated for

the helium atmosphere model are significantly larger than
those for the hydrogen atmosphere.

As for the ω Cen qLMXB above, we can test for varia-
tion in temperature or total flux among the three Chandra
epochs. Fixing the other parameters, and the 2009 best-fit
temperature, at their best-fit values, we allowed the temper-
ature of the NS in 2000 and 2002 to vary. The NS temper-
ature in 2000 was -0.2+1.2

−1.2% lower than in 2009, and that
in 2002 was 0.2+0.8

−0.9% higher than in 2009. Thus, we con-
clude that there is no evidence for variability among the ob-

c⃝ 0000 RAS, MNRAS 000, 000–000

H He
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How impure is the crust? Q < 10 
Shternin et al. 2007; Brown & Cumming 2009; see talk by D. Page
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L. Keek et al.: First superburst from a classical low-mass X-ray binary transient 3

response matrix thus obtained is merely a first order estimate,
but suffices for rough calculations.

We employ the Crab source to investigate the accuracy of
our response matrix. The average count rate over all ASM ob-
servations from this source in the full 1.5–12 keV band-pass
is 75.4cs�1. The X-ray spectrum can be described by an ab-
sorbed power law. Kirsch et al. (2005) performed simultane-
ous model fits to Crab spectra obtained with 22 X-ray instru-
ments. Using the results of these fits in the 2–10 keV range,
our response matrix1 predicts an ASM 1.5–12 keV count rate
of 70.5cs�1. Therefore, when performing spectral analyses us-
ing this matrix, the normalization of the models needs to be
corrected by a factor 1.07 to account for this discrepancy. Note
that in principle this factor can be different for each of the three
SSCs and can vary with time. However, we find that in a time
interval of 100 days centered at the start of the superburst the
difference in Crab count rate between any two SSCs never ex-
ceeds the 3⇥ level.

Apart from the accuracy in predicting the count rate of the
Crab, we also investigate how well our response matrix can
reproduce the typical model parameters that are found by fit-
ting an absorbed power law to the three-channel spectral data.
We extracted a spectrum from all the ASM data on the Crab
available at the time of writing. We fix the hydrogen absorp-
tion column density at the value of NH = 0.45 · 1022 cm�2, as
found by Kirsch et al. (2005) (in the 0.1–1000 keV energy
range). Following Kirsch et al., we use the abundances found
by Wilms et al. (2000) and cross sections from Verner et al.
(1996). Leaving free the power law index and the normaliza-
tion, we do not find an acceptable agreement with the data.
Only if we add in quadrature 10% of the flux to the uncer-
tainty of each data point are we able to obtain an acceptable
fit with �2

red ⇧ 1. Taking into account the correction factor de-
rived previously, we find the best fit with a photon index of
� = 2.01±0.12 and a normalization of Npowerlaw = 9±2 pho-
tons keV�1cm�2s�1, which is consistent with the results from
Kirsch et al. (2005). The uncertainty in Npowerlaw is large, be-
cause by definition Npowerlaw is the photon flux at 1 keV, which
is outside of the ASM energy range. The XSPEC power law
model ‘pegpwrlw’ uses a user-defined energy range for the nor-
malization. Employing the ASM bandpass gives an uncertainty
in the normalization of 6%.

3. History of accretion and X-ray burst activity

3.1. Long-term light curve

Figure 1 shows the 1.5-12 keV ASM light curve of 4U 1608-
522. Clearly visible are the three states identified by Wachter
et al. (2002; see Sect. 1). Four major outbursts with peak pho-
ton count rates in excess of 20 c s�1 are visible in the 11-year
time span of the observations (see Sect. 3.2 for a discussion on
the selection criterion). The first outburst was ongoing at the
start of the ASM observations and lasted until 60 days after-
ward, with fluxes in excess of 20 c s�1. The following outbursts
lasted with fluxes above 20 c s�1 for 44 d (MJD 50848-50892),

1 Kuulkers (2002) find the count rate is over-predicted. This is due
to a different choice of values for the spectral model parameters.

Figure 1. 1.5–12 keV RXTE-ASM light curve of 4U 1608-522 at a
2-week time resolution. Data points with errors in excess of 0.5 c s�1

were excluded from this plot. The connecting line is broken if data
points are more than 2 weeks apart. The vertical lines indicate 37
bursts detected with the WFC (upper row), 19 with the ASM (mid-
dle row, dashed lines indicate tentative bursts) and 31 with the PCA
(lower row). The long vertical line indicates the time of the superburst.
‘BSAX’ indicates the times of two BeppoSAX observations.

48 d (MJD 52475-52523), and 80 d (MJD 53438-53518), re-
spectively. There are also five minor outbursts, after the two
latter major outbursts. The low-intensity states are visible in
the first half of the mission. From comparing the first half and
the latter half of the light curve, it appears that either a low-
intensity state emerges after a major outburst, or a series of mi-
nor outbursts. This characteristic is only now apparent, after 11
years of observation (Wachter et al. 2002 only considered the
first 5 years of the data set). We determined the average flux
over the complete ASM data to be 2.466±0.006cs�1. This is
about 2% of the flux reached during the brightest bursts seen in
the ASM.

3.2. Accretion rate

When matter is accreted onto the neutron star surface, some
of the accretion energy and/or some of the material may leave
in a jet. If these losses are significant, the persistent flux is
not a good tracer of the mass accretion rate Ṁ. For black-
hole X-ray binaries, Fender et al. (2005) argue that jets are
not present during the high soft state. It is during the high
soft state of 4U 1608-522 that we are particularly interested
in the precise value of the accretion rate. Therefore, assuming
that the same holds true for neutron star binaries, in this paper
we will assume there are no losses through a jet and that the
persistent flux is a good measure for Ṁ. Expressed as a frac-
tion of the Eddington-limited mass accretion rate ṀEdd, which
is ṀEdd = 2 · 10�8M⌅yr�1 for a canonical hydrogen-accreting
neutron star with a mass of 1.4M⌅, it can simply be derived
as Ṁ/ṀEdd = F/FEdd, with F the bolometric flux and FEdd the
Eddington-limited flux. The former we will determine below.
The latter is exhibited during photospheric radius expansion
(PRE) bursts. RXTE PCA observed 12 such bursts (Galloway
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Strong neutrino cooling by cycles of electron capture
and b2 decay in neutron star crusts
H. Schatz1,2,3, S. Gupta4, P. Möller2,5, M. Beard2,6, E. F. Brown1,2,3, A. T. Deibel2,3, L. R. Gasques7, W. R. Hix8,9, L. Keek1,2,3,
R. Lau1,2,3, A. W. Steiner2,10 & M. Wiescher2,6

The temperature in the crust of an accreting neutron star, which
comprises its outermost kilometre, is set by heating from nuclear
reactions at large densities1–4, neutrino cooling5,6 and heat transport
from the interior7–11. The heated crust has been thought to affect
observable phenomena at shallower depths, such as thermonuclear
bursts in the accreted envelope10,11. Here we report that cycles of elec-
tron capture and its inverse, b2 decay, involving neutron-rich nuclei
at a typical depth of about 150 metres, cool the outer neutron star
crust by emitting neutrinos while also thermally decoupling the sur-
face layers from the deeper crust. This ‘Urca’ mechanism12 has been
studied in the context of white dwarfs13 and type Ia supernovae14,15,
but hitherto was not considered in neutron stars, because previous
models1,2 computed the crust reactions using a zero-temperature
approximation and assumed that only a single nuclear species was
present at any given depth. The thermal decoupling means that X-ray
bursts and other surface phenomena are largely independent of the
strength of deep crustal heating. The unexpectedly short recurrence
times, of the order of years, observed for very energetic thermo-
nuclear superbursts16 are therefore not an indicator of a hot crust, but
may point instead to an unknown local heating mechanism near the
neutron star surface.

Continual accretion onto a neutron star pushes the ashes of surface
thermonuclear burning, which is often observed as type I X-ray bursts17,18,
to greater pressures and densities, at which the nuclei form a rigid lattice19

known as the crust. With increasing depth, these ashes are transformed
by capture of degenerate electrons into increasingly neutron-rich nuclei1–4.
An electron-capture reaction—(Z, A) 1 e2 R (Z 2 1, A) 1 ne—involves
a parent nucleus (Z, A) with charge number Z and mass number A and
gives rise to a daughter nucleus (Z 2 1, A) with the emission of an
electron neutrino; this occurs at a well-defined depth, where the elec-
tron chemical potential me < jQECj1 Ex. Here QEC is the (negative)
electron-capture Q-value (the difference between the parent and daughter
ground-state masses and hence the energy needed for the reaction to
occur) and Ex is the excitation energy of the lowest state in the daughter
nucleus that can be populated by electron capture. In the commonly
used zero-temperature approximation, the reverse b2-decay reaction
Z{1,Að Þ? Z,Að Þze{z!ne is blocked because there is no phase space

available in which to re-emit the captured electron. At finite tempera-
ture and for Ex , kT, however, b2 decay via the re-emission of an elec-
tron with an energy close to jQECj is not completely blocked. As a result,
the boundary between a layer containing nuclei (Z, A) and a deeper
layer containing (Z 2 1, A) is a shell with mixed composition spanning
a range of electron chemical potential QECj j{kT=me= QECj jzkT
that corresponds to a thickness of a few metres within the neutron star
crust. Inside this shell, both electron capture and its inverse, b2 decay,
occur (see Fig. 1). If these reactions cycle back-and-forth rapidly, the

1National Superconducting Cyclotron Laboratory, Michigan State University, 640 South Shaw Lane, East Lansing, Michigan 48824, USA. 2Joint Institute for Nuclear Astrophysics, 225 Nieuwland Science
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of Technology Ropar, Nangal Road, Rupnagar (Ropar), Punjab 140 001, India. 5Theoretical Division, MS B214, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA. 6Department of
Physics, 225 Nieuwland Science Hall, University of Notre Dame, Notre Dame, Indiana 46556, USA. 7Departamento de Fı́sica Nuclear, Instituto de Fı́sica da Universidade de São Paulo, Caixa Postal 66318,
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401 Nielsen Physics Building, 1408 Circle Drive, Knoxville, Tennessee 37996-1200, USA. 10Institute for Nuclear Theory, University of Washington, Physics and Astronomy Building, Box 351550, Seattle,
Washington 98195-1550, USA.

Depth

Urca shell: both
(Z, A) and (Z – 1, A)

Composition: (Z, A)

Composition: (Z – 1, A)

E

b

c

En
er

gy

a

(Z – 1, A)

Ex

(Z, A)

kT

En
er

gy (Z – 1, A)

Ex

(Z, A)

(Z, A)

Pe

kT

En
er

gy (Z – 1, A)

Ex

(Z, A)

Pe

kT
EC

|QEC|

|QEC|

|QEC|

d

Pe

Figure 1 | Schematic nuclear energy-level diagrams for an electron-capture/
b2-decay pair. a, Illustration of compositional layers in the neutron star crust;
b–d, energy level diagrams. In the shallow region above the Urca shell, where
the nuclear composition has charge number Z and mass number A, (Z, A),
the electron chemical potential me is less than | QEC | , the energy threshold for
electron capture, and electron capture is energetically blocked (b). In the deeper
region below the Urca shell, me . | QEC | : electron capture has therefore
occurred, the composition consists of nuclei (Z 2 1, A), and the degenerate
electrons block the phase space for electron emission via b2 decay (d). In the
Urca shell between these regions, me < | QEC | . As a result, both electron capture
(EC) and b2 decay (b) are possible (c), and rapid cycling between the nuclei
(Z, A) and (Z 2 1, A) leads to a strong neutrino emissivity.
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crust reactions | deep heating 
Bisnovatyi-Kogan and Chechetkin ’74; Sato ’79; Haensel & Zdunk ’90; Gupta et al. ’07; Steiner ’12; Schatz et al. ‘13; Deibel et al. (in prep)

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

see poster by A. Deibel
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Urca pairs | which nuclei?
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1. low-lying transitions: Ex < kT 
2. no strong EC branch for 

daughter nucleus
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Urca shell | cold layer
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Urca shell | cold layer
cf. Gupta et al. ‘07
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conclusions
• Soft X-ray transients provide information on physics 

of interior 

• radii from surface thermal emission 

• thermal conductivity, specific heat of crust from 
cooling 

• electron captures/beta decays in outer crust set a 
limit on the crust temperature: need additional 
heating in outer crust to explain superbursts?


