
Entr'acte

Neutron stars are a unique probe of matter at super-
saturation density

Masses and radii provide information about the EOS 
(pressure-density relation) of nuclear matter

Cooling tests the behavior of nuclear matter at high 
density; rapid cooling indicates presence of exotic 
particles or a high proton fraction (large symmetry 
energy)

Neutron stars accreting from a companion provide 
other probes of dense matter.
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This lecture

Follow a !uid element from its deposition into the 
atmosphere to its assimilation into the core

thermally unstable light-element reactions: X-ray 
bursts and superbursts

deep crustal heating: electron captures and 
neutron emissions

Implications for studying dense matter
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Thought question

Suppose you could send a probe to the surface of a 
neutron star.  What is a likely value for the density?
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unstable ignition of H/He
Hansen & van Horn; Fujimoto et al.; Narayan & Heyl; Cooper & Narayan

(P ¼ yg; T )-space shown in the figure. In all the calculations
shown, we include sedimentation. As with Figures 2 and 3, the
curves terminate where the envelope becomes unstable to a thin-
shell instability (estimated from a one-zone calculation). The locus
of these ignition points is indicated by the curves labeled ‘‘He
ignition’’ (for ṁ " 2 ; 103 g cm#2 s#1) and ‘‘H ignition.’’ Our
conditions for unstable He ignition agree [in the absence of sedi-
mentation and using an emergent flux from the crust F ¼
0:15 MeVð Þ(ṁ/mu)] roughly with those obtained by Cumming
& Bildsten (2000). At ṁ ¼ 0:1ṁEdd, our ignition column is 30%
larger, but our temperature and hydrogen and helium mass frac-
tions agree to within 7%. This difference is likely caused by the
H-burning rate being slower than the HCNO limit used by
Cumming & Bildsten (2000) at T8 < 1:7. At these tempera-
tures, the reaction 13N( p; !) 14O does not entirely dominate over
the "-decay branch, so the rate is not entirely set by the decays
of 14O and 15O. The longer "-decay time of 13N (10 minute half-
life) decreases the total rate of H burning from the HCNO limit.

As noted by Fujimoto et al. (1981) there are three regimes
of burning parameterized by ṁ (see Bildsten 1998 and refer-
ences therein): (1) ṁ < ṁc2, for which hydrogen burns unstably;
(2) ṁc2 < ṁ< ṁc1, for which hydrogen burns stably and is com-
pletely consumed prior to unstable He ignition; and (3) ṁ > ṁc1,
for which hydrogen burns stably and is only partially consumed
prior to unstable He ignition. In the absence of sedimentation, we
find ṁc2 & 103 g cm#2 s#1 and ṁc1 & 2 ; 103 g cm#2 s#1 (see
Table 1 and Fig. 5).

When sedimentation is included, ṁc2 is unchanged, but the
abundance of H at the base of the accreted envelope is depressed
for ṁ < ṁc2 (see Fig. 5).Moreover, for accretion rates ṁP ṁc1 ¼
5 ; 103 g cm#2 s#1, helium ignites in the absence of hydrogen.
We emphasize, however, that the temperature at ignition and the
total mass of H in the envelope is only slightly affected by sedi-
mentation. The characteristics of the burst will depend on the
interplay between the thermal instability and the growth of the
convective zone (Woosley et al. 2004; Weinberg et al. 2006);
such a study is beyond the scope of this paper but is clearly a
crucial future step for understanding the burst physics. It is tan-
talizing that the accretion rate ṁc1 at which mixed H/He igni-
tion occurs is increased by a factor of 2 when sedimentation is
taken into account, and we speculate that this might alleviate the
discrepancy between the predicted transition in burst duration
(Fujimoto et al. 1981) and recent observations (see, e.g., den
Hartog et al. 2003).

4.2. Bursts at Low Accretion Rates

4.2.1. Observations

As discussed in x 1, X-ray bursts with extremely low persis-
tent luminosities ('1036 ergs s#1) have been discovered recently
(see Cocchi et al. 1999, 2001; Kaptein et al. 2000; Cornelisse
et al. 2002b; Arefiev&Aleksandrovich 2004). In Table 2, we list
the burst duration and persistent luminosity of all such known
burst sources. Several of these did not have persistent fluxes de-
tectable with the BeppoSAX WFC and are known as ‘‘burst-only
sources.’’ Follow-up observations with Chandra X-Ray Obser-
vatory revealed that the sources’ persistent luminosities are
1032Y1033 ergs s#1 (Cornelisse et al. 2002a), which is consistent
with these sources being X-ray transients. These bursts are very
rare: on average, there is only one burst detected for every 106 s

TABLE 1

Critical Mass Accretion Rates

Reference
ṁc2

(g cm#2 s#1)
ṁc1

(g cm#2 s#1)

This work (no sedimentation) .......... 103 2 ; 103

Hanawa & Fujimoto (1982) ............. 3.2 ; 102 3 ; 103

Bildsten (1998) ................................. 1.3 ; 103 8.6 ; 103

Narayan & Heyl (2003).................... 3 ; 102 3 ; 103

This work (with sedimentation) ....... 103 5 ; 103

Notes.—This comparison is forM ¼ 1:4 M(, R ¼ 10 km, X ¼ 0:7, and Z ¼
0:02. The result of Narayan & Heyl (2003) is taken from the case of core temper-
ature 108 K and R ¼ 10:4 km. For Narayan & Heyl (2003) we interpret ṁc2 as
being the critical mass accretion rate required for prompt hydrogen bursts.

Fig. 4.—Temperature evolution of the base of the accreted layer as it is ad-
vected to deeper column. The tracks (solid lines) correspond to different local
mass accretion rates and are in units of grams per square centimeter per second.
The ignition curves of H and He when sedimentation is (dashed lines) and is not
(dot-dashed lines) taken into account are shown as well.

Fig. 5.—Mass fraction of hydrogen at the column where either H (open sym-
bols and solid lines) or He ( filled symbols and dotted lines) unstably ignites, as a
function of mass accretion rates. We show results for which sedimentation is
ignored (circles) and for which it is included (squares).

SEDIMENTATION AND X-RAY BURSTS 1027No. 2, 2007

He ignition

Peng et al. 2007

H ignition
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MINBAR catalog (Galloway 
et al.): A sample of >1200 
X-ray bursts from ≈50 
sources
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Eddington limit: balance radiative force, gravitation
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Some bursts show strong expansion of the photosphere

Thermonuclear bursts observed by RXTE 19

Fig. 10.— Top panel Distribution of (normalized) peak burst
flux Fpk/FEdd for radius-expansion (dark gray) and non-radius ex-
pansion (light gray) bursts. The distribution of peak fluxes of the
radius-expansion bursts is broad, with standard deviation 0.14.
The radius-expansion burst with the lowest peak flux ! 0.3FEdd is
from 4U 1636−536 (see also §A.8). The black histogram shows the
combined distribution. Bottom panel Distribution of normalized
fluence Ub = Eb/FEdd for both types of bursts. There is signif-
icant overlap between the two distributions, suggesting that the
amount of accreted fuel is relatively unimportant in determining
whether bright bursts exhibit radius expansion or not. Not shown
are 18 extremely energetic bursts with Ub > 20 s, all exhibiting
radius-expansion, from 4U 0513−40, 4U 1608−52, 4U 1636−536,
4U 1724−307, GRS 1741.9−2853 (2), GRS 1747−312, GX 17+2
(8), XB 1832−330, HETE J1900.1−2455 and 4U 2129+12.

ergetic PRE bursts from the same source. For example,
the brightest burst from GRS 1741.9−2853, on 1996 July,
reached a peak flux 25% higher than the next brightest
PRE burst. The 1996 July burst had Ub = 65, com-
pared to the next highest value of 23. Similarly, the first
burst observed by RXTE from the millisecond accretion-
powered pulsar HETE J1900.1−2455 had a peak flux
20% greater than the second, again with a much higher
Ub = 55 compared to 15.

While these two factors played a significant role in
the overall variation of PRE burst peak fluxes, smaller
variations were observed from other sources without no-
tably under- or over-luminous PRE bursts. For exam-
ple, the peak PRE burst fluxes from 4U 1728−34 were
normally distributed with a fractional standard devia-
tion of 10%. In that case quasi-periodic variations on
a timescale of ≈ 40 d were observed in both the peak
PRE burst flux, and the persistent intensity (measured
by the RXTE/ASM; Galloway et al. 2003). The residual
variation of Fpk,PRE for subsets of bursts observed close
together in time (once the ≈ 40 d trend was subtracted)
was consistent with the measurement uncertainties, in-
dicating that the intrinsic variation of the peak PRE
burst luminosity is actually ! 1%. A correlation between
the PRE burst fluence and the peak flux was attributed
to reprocessing of the burst flux in the accretion disk.
The fraction of reprocessed flux may vary from burst to

Fig. 11.— An example of an extremely strong photospheric
radius-expansion burst observed from 4U 1724−307 in the globu-
lar cluster Terzan 2 by RXTE. Top panel Burst luminosity (in units
of 1038 erg s−1; middle panel blackbody (color) temperature kTbb;
and bottom panel blackbody radius Rbb. LX and Rbb are calcu-
lated assuming a distance to the host globular cluster Terzan 2 of
9.5 kpc (Kuulkers et al. 2003). The time at which the flux reaches
its maximum value is indicated by the open circle. Note the gap in
the first 10 s of this burst, preceded by an abrupt increase in the ap-
parent blackbody radius to very large values. This gap was caused
not by an interruption in the data but because the radius-expansion
was sufficiently extreme to drive the peak of the spectrum below
the PCA’s energy range. In such cases we expect the luminosity
is maintained at approximately the Eddington limit, although it is
no longer observable by RXTE.

burst as a result of varying projected area of the disk,
through precession of the disk possibly accompanied by
radiation-induced warping. That the persistent flux from
4U 1728−34 varies quasi-periodically on a similar time
scale to Fpk,PRE is qualitatively consistent with such a
cause. It is plausible that comparable variations due to
similar mechanisms may be present in other sources.

Even assuming that the mean peak flux of PRE bursts
approaches the characteristic FEdd value for each source,
it is to be expected that the Eddington luminosities for
different sources are not precisely the same. Inconsisten-
cies are perhaps most likely to arise from variations in the
composition of the photosphere (the hydrogen fraction,
X , in equation 7); the neutron star masses, as well as
variations in the typical maximum radius reached dur-
ing the PRE episodes (which affects the gravitational
redshift, and hence the observed LEdd) may also con-
tribute. We can be most confident regarding the pho-
tospheric composition in the ultracompact sources like
3A 1820−303 (§A.39), where the lack of hydrogen in
the mass donor rules out any significant abundance in
the photosphere. However, for the majority of burst-
ing sources the uncertainty in X is the dominant uncer-
tainty in (for example) distance determination via PRE
bursts. One clue as to the composition is provided by the
PRE bursts from 4U 1636−536, which reach peak fluxes
that are bimodally distributed (Galloway et al. 2006).
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An Empirical Dense Matter Equation of State

From X-ray bursts with photospheric 
radius expansion (van Paradijs, Özel 
et al., Steiner et al., Suleimanov et 
al.)

Steiner et al.; data from Guver et al. ’10
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An Empirical Dense Matter Equation of State
Transients

From observations of quiescent 
neutron stars with pure hydrogen 
atmospheres one gets emitting area 
(with redshift correction; Marshall 
’82)

Plot from Webb & Barrett ’07
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FIG. 2: Comparison of the EOS based on Fig. 1 to a represen-
tative set of EOS used in the literature [16]. The blue band
corresponds to the band in Fig. 1 and the lighter region covers
the range of polytropes allowed (see text for discussion).

the masses and radii of neutron stars with lower central
densities. We observe from the transition density points
ρ12 in Fig. 3 that the range of Γ1 dominates the uncer-
tainty of the general extension to high densities. Smaller
values of Γ1 are excluded because the associated EOS is
not able to support a 1.65M! star. The larger allowed
values of the polytropic indices lead to very low central
densities ρ ∼ (2.0− 2.5)ρ0.

We find that the pressure at nuclear densities and be-
low sets the scale for the M -R results. The blue region
in Fig. 3 ends almost at the central value of the radius
results. For a 1.4M! star, the radius is constrained to
R = 9.3 − 13.5 km, as indicated by the vertical band.
While going from neutron matter to beta equilibrium
can reduce individual results for an 1.4M! star by up to
0.4 km, the overall result is very similar for pure neutron
matter with R = 9.3− 13.3 km. Furthermore, if a 2.0M!

star were to be observed, this would reduce the allowed
range to R = 10.5 − 13.3 km. As for the EOS in Fig. 2,
the presented radius constraint significantly reduces the
spread of viable neutron star models, e.g., it is difficult
to see how one can obtain R ≈ 15 km as is the case for
the Shen EOS [20]. Finally, our results are more rigorous
than an estimate based on the empirical PR−4 correla-
tion [16], which for the values of the pressure we find,
P (ρ0) = 1.4− 2.1MeV fm−3, implies R = 9.4− 11.9 km.

When chiral 3N forces are neglected, the neutron star
radius is significantly smaller, with RNN = 8.8− 11.0 km
as shown in Fig. 4 based on low-momentum NN interac-
tions only. This demonstrates that the theoretical error
for the radius of a 1.4M! star is due, in about equal
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FIG. 3: Neutron star M -R results for the EOS based on
Fig. 1. The thick (thin) lines, corresponding to the left (right)
branch, start from the low pressure limit c1 = −0.7GeV−1,
c3 = −2.2GeV−1 (high pressure limit c1 = −1.4GeV−1,
c3 = −4.8GeV−1). The blue region corresponds to the band
below nuclear densities in Figs. 1 and 2. The different piece-
wise polytropes can be identified from the colors/lines indi-
cating Γ1/Γ2 and from the points denoting ρ12. The vertical
band gives the radius constraint for a 1.4M" star.

amounts, to the uncertainties in 3N forces and to the
extension to higher densities dominated by Γ1.

Effect of the crust.– In our calculations, the difference
between the neutron and proton masses was neglected
and the phases were assumed to be spatially uniform.
In this approximation, matter at low density consists
only of neutrons. The impact of using a more realis-
tic EOS at low densities can be investigated by observ-
ing that the surface gravity of the star is approximately
constant in the outer layers. By integrating the equa-
tion of hydrostatic equilibrium from the surface of the
star up to a crust density ρc, one finds that the mass
between the density ρc and the surface is proportional
to the pressure at ρc [21]. Thus the stellar mass is to a
good approximation unaffected by changes in the EOS
at ρ < ρc. To determine how changes in the low-density
EOS affect the radius, we note that the thickness of the
crust (ρ < ρc) is ∆R = [µ(ρc) − µs]/[mg(1 + z)], where
g = GM(1 + z)/R2 is the surface gravity, with surface
redshift 1+z = [1−2GM/(Rc2)]−1/2 [22]. Here µs is the
(neutron) chemical potential at the surface of the star,
where the pressure is zero. For the calculations in this
paper, µs = mc2, while for realistic EOS of cold catal-
ysed matter it includes the binding energy per particle
of solid iron, ≈ 8MeV. Thus use of a more realistic
EOS at low densities will increase the radius of the star
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FIG. 1: Pressure of neutron star matter based on chiral low-momentum interactions for densities ρ < ρ1 (corresponding
to a neutron density ρ1,n = 1.1ρ0). The band estimates the theoretical uncertainties from many-body forces and from an
incomplete many-body calculation. At low densities, the results are compared to a standard crust EOS [17], where the right
panel demonstrates the importance of 3N forces. The extension to higher densities using piecewise polytropes (as explained in
the text) is illustrated schematically in the left panel.

with binding energy aV = 16MeV and incompressibility
K = 230MeV (which are within theoretical uncertainties
of the nuclear matter calculations of Ref. [10]). To in-
clude the symmetry energy in Eq. (1), we use the Ansatz
S2(ρ) = S2(ρ/ρ0)γ and fit S2 ≡ S2(ρ0) and γ to our neu-
tron matter results. The fit has a relative uncertainty of
< 5% for densities ρ0/8 < ρ < ρ1 = 3.0 × 1014 g cm−3

(ρ1 corresponds to a neutron density ρ1,n = 1.1ρ0). We
obtain the following symmetry energy parameters and
proton fractions:

c1 [GeV−1] c3 [GeV−1] S2 [MeV] γ x(ρ0)

−0.7 −2.2 30.1 0.5 4.8%
−1.4 −4.8 34.4 0.6 7.2%

NN-only EM 26.5 0.4 3.3%
NN-only EGM 25.6 0.4 2.9%

The resulting pressure of neutron star matter is shown
in Fig. 1 for densities ρ < ρ1, where the band is domi-
nated by the uncertainty in c3. The comparison of these
parameter-free calculations to a standard crust EOS [17]
shows good agreement to low densities ρ ! ρ0/10 within
the theoretical uncertainties. In addition, the right panel
of Fig. 1 demonstrates the importance of 3N forces. The
pressure obtained from low-momentum NN interactions
only, based on the RG-evolved N3LO potentials of Entem
and Machleidt (EM) [12] or Epelbaum et al. (EGM) [13],
differ significantly from the crust EOS at ρ0/2.
Neutron stars.– The structure of non-rotating neutron

stars without magnetic fields is determined by solving
the Tolman-Oppenheimer-Volkov (TOV) equations. Be-
cause the central densities reach values higher than ρ1,
we need to extend the uncertainty band for the pressure
of neutron star matter beyond ρ1. To this end, we intro-
duce a transition density ρ12 that separates two higher-
density regions, and describe the pressure by piecewise
polytropes, P (ρ) = κ1ρΓ1 for ρ1 < ρ < ρ12, and

P (ρ) = κ2ρΓ2 for ρ > ρ12, where κ1,2 are determined by
continuity of the pressure. Ref. [18] has shown that such
an EOS with 1.5 < Γ1,2 < 4.0 and transition densities
ρ12 ≈ (2.0− 3.5)ρ0 can mimic a large set of neutron star
matter EOS. We therefore extend the pressure of neu-
tron star matter based on chiral EFT in this way, with
1.5 < Γ1,2 < 4.5 and 1.5 < ρ12/ρ0 < 4.5, as illustrated
in Fig. 1. The possibility of a phase transition at higher
densities is implicitly taken into account if one regards
the Γ1,2 values as averages over some density range.
We solve the TOV equations for the limits of the pres-

sure band below nuclear densities continued to higher
densities by the piecewise polytropes. The range of Γ1,2

and ρ12 can be constrained further, first, by causal-
ity, which limits the sound speed to the speed of light
and, second, by the requirement that the EOS support
a 1.65M" star [19]. The resulting allowed range of poly-
tropes is shown by the light blue band at higher density
in Fig. 2 [27]. The comparison with a representative set
of EOS used in the literature [16] demonstrates that the
pressure based on chiral EFT interactions (the darker
blue band) sets the scale for the allowed higher-density
extensions and is therefore extremely important. It also
significantly reduces the spread of the pressure at nu-
clear densities from a factor 6 at ρ1 in current neutron
star modeling to a factor 1.5.
Results.– In Fig. 3 we show the neutron star M -R

curves obtained from the allowed EOS range. The blue
region corresponds to the blue band for the pressure in
Figs. 1 and 2. At the limits of this region, the pressure
of neutron star matter is continued as piecewise poly-
tropes, and all curves end when causality is violated.
Should causality be violated before the maximum mass
(at dM/dR = 0) is reached, one could continue the M -
R curves by enforcing causality. This would lead to a
somewhat larger maximum mass, but would not affect

consistent with Hebeler et al. (2010, PRL)
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−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).
(A color version of this figure is available in the online journal.)

(Heinke et al. 2006), supporting stiff dEoSs, such as MS0/2
(Müller & Serot 1996). Nonetheless, the range of radii allowed
by the published MNS–RNS contours for X7 is consistent with the
radius measurement presented in the present work. Moreover,
the X7 MNS–RNS contours are compatible with the dEoS WFF1
(Wiringa et al. 1988). Another work used the long photospheric
radius expansion X-ray bursts from 4U 1724-307 to conclude
that stiff dEoSs are describing the dense matter inside NSs
(Suleimanov et al. 2011a). Specifically, it was found that
RNS > 13.5 km for MNS < 2.3 M", and for a range for
NS atmospheric composition. Lower RNS values, in the range
10.5–17 km, are allowed for MNS > 2.3 M", for pure H or
solar metallicity composition. This radius measurement is only
marginally consistent with the present work for large masses,
MNS > 2.3 M", which implies a dEoS capable of reaching
MNS ∼ 2.3 M" for RNS ∼ 10–11 km. Finally, another radius
measurement, obtained by modeling the thermal pulses of the
millisecond pulsar PSR J0437−4715 (Bogdanov 2013), led to
values, RNS > 11 km (3σ ), is inconsistent with the measurement
presented in our work.

6. SUMMARY

In this paper, we measured RNS using the assumption that
the radius is quasi-constant for a wide range of MNS larger than
MNS > 0.5 M", i.e., constant within the measurement precision.
This is justified by recent observations favoring “normal matter”
dEoSs which are described by this characteristic. For this
analysis, the spectra from five GCs qLMXBs observed with
the Chandra X-Ray Observatory and XMM-Newton were used
in a simultaneous analysis, constraining RNS to be the same for
all targets.

For this, we used an MCMC approach to spectral fitting,
which offers several advantages over the Levenberg–Marquardt
χ2-minimization technique generally used for spectral fits. For
example, the MCMC framework allows imposing Bayesian
priors to parameters, namely the distance to the host GCs.

By doing do, the distance uncertainties are included into the pos-
terior RNS distribution. In addition, one can marginalize the pos-
terior distributions over any parameters and very easily obtain
MNS–RNS distributions, while the grid-search method in XSPEC
can be problematic in the case of spectral fits with many free
parameters and complicated χ2-space. The algorithm chosen in
this work is an affine-invariant ensemble sampler, commonly
called “Stretch-Move” algorithm, which is particularly appro-
priate (i.e., converging efficiently) for elongated and curved
distributions.

The principal result of the simulations performed in this anal-
ysis is that NSs are characterized by small physical radii. Specif-
ically, when the distances and Galactic absorption parameters
are fixed, RNS = 7.1+0.5

−0.6 km (from Run 1). A more general pos-
terior distribution for RNS, i.e., less prone to systematic biases,
is obtained by applying Gaussian Bayesian priors for the five
GC distance, by freeing the NH parameters, and by adding a
PL component to the model to account for a possible spectral
component at high photon energies. Such a spectral component
could be the largest possible source of uncertainty, and could be
skewing RNS downward, but it is accounted for in the last and
most relaxed MCMC run. In fact, such a spectral component
was discovered herein for NGC 6397.

The progressive relaxation of assumptions led us to a good
understanding of the spectral fit in Run 7, minimizing sys-
tematic uncertainties. Therefore, with the H-atmosphere model
nsatmos, the measured NS radius is RNS = 9.1+1.3

−1.5 km (from
Run 7). These results are compatible with other low-RNS mea-
surements from GC qLMXBs or type-I X-ray bursts, but not
consistent with some published RNS measurement leading to
values RNS > 11 km. We recommend these RNS constraints,
from Run 7, be those relied upon for constraints on the dEoS
and other nuclear physics model parameters, as this run has the
fewest associated assumptions behind it.

Among the dEoS listed in previous works (Lattimer &
Prakash 2001, 2007), the RNS measurement presented here is
only compatible with “normal matter” dEoSs consistent with

27

But not everything is settled…

!tting a common R for 5 di"erent 
neutron star transients: R = 9.1+1.3-1.5 km.
Guillot et al. (2013)
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neutron drip
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56Ar

88Ti
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This is about 10-3 of saturation density
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illustration with a simple liquid-drop model (Mackie & Baym ’77, following 
Haensel & Zdunik ’90)

pycnonuclear 
reactions

neutron drip
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Many of these reactions are within reach of FRIB
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Time-of-flight mass measurements for nuclear processes in neutron star crusts
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The location of electron capture heat sources in the crust of accreting neutron stars depends on
the masses of extremely neutron-rich nuclei. We present first results from a new implementation of
the time-of-flight technique to measure nuclear masses of rare isotopes at the National Supercon-
ducting Cyclotron Laboratory. The masses of 16 neutron-rich nuclei in the scandium – nickel range
were determined simultaneously, improving the accuracy compared to previous data in 12 cases.
The masses of 61V, 63Cr, 66Mn, and 74Ni were measured for the first time with mass excesses of
−30.510(890) MeV, −35.280(650) MeV, −36.900(790) MeV, and −49.210(990) MeV, respectively.
With the measurement of the 66Mn mass, the locations of the two dominant electron capture heat
sources in the outer crust of accreting neutron stars that exhibit superbursts are now experimen-
tally constrained. We find that the location of the 66Fe→66Mn electron capture transition occurs
significantly closer to the surface than previously assumed because our new experimental Q-value
is 2.1 MeV (2.6σ) smaller than predicted by the FRDM mass model.

Neutron stars that accrete matter from an orbiting
low-mass companion star are observed as galactic X-ray
binaries [1]. A fluid element accreted onto the neutron
star surface is buried by the continuous accretion of more
matter, and undergoes a sequence of compositional trans-
formations driven by nuclear reactions under rising pres-
sure. Near the surface, at typical depths of a few meters,
thermonuclear explosions, which are observed as X-ray
bursts, burn hydrogen and helium into heavier elements
in the nickel – cadmium range [2]. In somewhat deeper
layers explosive carbon burning is thought to produce
the occasionally observed superbursts [3], converting the
ashes of the regular bursts into nuclei in the iron – nickel
range. Still deeper in the neutron star crust the mat-
ter undergoes a sequence of electron captures, accom-
panied at even greater depth by neutron emissions, and
pycnonuclear fusion reactions [4–6]. These nuclear pro-
cesses, which involve extremely neutron-rich nuclei, heat
the crust creating a characteristic temperature profile.

In this letter we report results from an experiment
at the National Superconducting Cyclotron Laboratory
(NSCL), where we have produced and measured the
masses of neutron-rich nuclei using a new implementa-
tion of the time-of-flight (TOF) technique. We measured
the mass of sixteen neutron-rich isotopes in the region
around N = 40, four of which were measured for the
first time. The results allow us to locate the dominant
electron capture heat sources in the crust of accreting

neutron stars and better constrain their strength. The
masses also provide new information on the onset of de-
formation near the N = 40 region in neutron-rich nuclei.

An understanding of crustal heating nuclear processes
in accreting neutron stars is needed to interpret a number
of observables. Neutron stars in transiently accreting X-
ray binaries offer the unique opportunity to directly ob-
serve the temperature profile of the crust. Some systems
accrete for many years, sufficiently long to reach ther-
mal equilibrium. Then accretion stops for many years,
enabling the observation of the thermally relaxing crust
over time (for example Ref. [7]). The time dependence
of the cooling curve contains information on crust prop-
erties such as composition, thermal conductivity, heat
capacity, neutron superfluidity, and the efficiency of neu-
trino cooling [8, 9]. Interpretation of these observations
requires reliable nuclear physics to predict the location
and strength of the nuclear heat sources during the accre-
tion phase. Crustal heating predictions are also needed
to understand the recurrence time of superbursts [3], and
the generation of gravitational waves due to the deforma-
tions induced by electron capture reactions in the crust
of the rapidly spinning neutron star, which might be ob-
servable with future gravitational wave detectors [10].

Which electron captures occur in the outer crust of an
accreting neutron star depends on the composition syn-
thesized by thermonuclear burning processes at the neu-
tron star surface. Model calculations show that for sys-
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FIG. 1. Integral of the heat deposited in the neutron star
crust by electron captures as a function of depth (indicated
through µe). Shown are results for masses from FRDM [12]
only (red, dot-dashed), for implementing previously published
experimental masses (green, solid), and for implementing in
addition our new mass results (dashed, black).

tems exhibiting superbursts, resulting ashes are mainly
nuclei in the A = 54 – 66 mass range [11]. These ashes
serve as the initial composition for the electron capture
processes. Crust model calculations [4] show that for such
composition, heat release in the outer crust is dominated
by two transitions: two-step electron captures on 66Ni →
66Co → 66Fe, and subsequently on 66Fe → 66Mn → 66Cr
(corresponding to steep increases in depth-integrated
heat in Fig. 1). The location of these transitions is set by
their electron capture threshold QEC. Because the elec-
tron chemical potential µe slowly rises with depth and
the temperature is rather low (kT ! 40 keV" µe) the
transition occurs essentially at a depth where µe ≈ QEC.
QEC = ∆(Z,N)−∆(Z − 1, N + 1)−Ex depends on the
mass excess ∆ of parent and daughter nuclei, and the ex-
citation energy of the lowest lying state Ex into which the
capture can occur. Because of nuclear pairing there is a
strong odd-even staggering of QEC and the threshold for
the two-step transition is effectively set by the first step,
the electron capture on 66Ni and 66Fe. In both casesEx is
predicted to be negligible (of the order of 0.1 MeV), and
therefore it is the nuclear masses of 66Ni, 66Co, 66Fe, and
66Mn that determine where the heat is deposited. With
our first mass measurement of 66Mn, all these masses are
now known experimentally.
TOF mass measurements have been successfully ap-

plied with different technical approaches at several facil-
ities for the study of short-lived isotopes [13, 14]. We
report here a first implementation of the TOF technique
at the NSCL. Details of the setup and the analysis will
be presented in an upcoming publication. Neutron-rich
isotopes were produced by fragmentation of a 86Kr pri-
mary beam at 100 MeV/u in a Be target. The frag-
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FIG. 2. Black diamonds show fit residuals for the reference
isotopes as a function of their mass-to-charge ratio (51Sc, 52Sc,
54Ti, 55Ti, 56Ti, 56V, 57V, 58V, 59V, 60Cr, 61Cr, 62Cr, 61Mn,
63Mn, 64Mn, 64Fe, 66Fe, 71Ni, 72Ni, 73Ni, 73Cu, 74Cu, 75Cu,
75Zn, 76Zn, and 79Zn). Blue circles are the isotopes for which
we present an improved mass value (see Table I).

ments were collected by the A1900 fragment separator
and transmitted to the S800 spectrometer [15] through
a beamline. Two production targets, with thicknesses of
51 mg/cm2 and 94 mg/cm2, were alternated, keeping the
magnetic rigidity of the A1900, the beamline, and the
S800 unchanged, to increase the transmission of parti-
cles with different mass-to-charge ratios. Thus we obtain
a sufficient number of calibration nuclei with well-known
masses. The TOF was measured with newly developed
fast timing scintillators located at the focal planes of the
A1900 and S800 resulting in a flight path of 58.7 m. The
momentum acceptance of the system was 0.5 %, requiring
a precise relative magnetic rigidity (Bρ) measurement of
each beam particle. This was accomplished with a posi-
tion sensitive micro-channel plate detector located at a
dispersive focus of the S800. Detectors at the S800 fo-
cal plane provided energy loss measurements for particle
identification and beam tracking information.
From the simultaneous measurement of magnetic rigid-

ity, TOF, and atomic charge number (from energy loss)
for each fully-stripped beam ion, the mass can be deter-
mined. The measured TOF of each isotope was corrected
for its dependence on the measured Bρ using an empir-
ical relationship. The resulting relative mass resolution
was 1.8× 10−4 for the typical case.
The relation between TOF and m/q of each ion was

obtained by fitting a 6 parameter calibration function of
second order in TOF and third order in Z to the mea-
sured TOFs of 26 reference isotopes of known mass [16–
19]. The reference masses included two isotopes with
known low-lying isomers (64Mn and 75Cu [20]). We have
confirmed that the unknown population of these isomers
does not affect the final results, by performing different

2011, PRL
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quasi-persistent transients
Rutledge et al. 2002, Shternin et al.2007, Brown & Cumming 2009
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quasi-persistent transients
Rutledge et al. 2002, Shternin et al.2007, Brown & Cumming 2009
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Summary

A number of observational probes of the nuclear EOS are available

three examples

pulsar masses

masses and radii from X-ray bursts

cooling of isolated neutron stars, thermal relaxation of accreting 
transients

this is not inclusive: there are others

No single observation is ideal and there are substantial systematic 
uncertainties—it’s astrophysics
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Superbursts!

superbursts are 
≈1000 times more...

energetic,
longer-lasting, and
infrequent...

than regular X-ray 
bursts

35

KS 1731–260; Kuulkers 2002
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Why weren’t these predicted?

36

They were! Sort of...
Taam & Picklum 1978, Brown & Bildsten 1998
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TABLE 2
CORE NEUTRINO EMISSION

Label Typea Prefactorb Comment

(erg cm−3 s−1)

a fast 1026 fast cooling

b slow 3× 1021 enhanced

c slow 1020 mURCA

d slow 1019 nn Bremsstrahlung

e slow 1017 suppressed

aFast and slow cooling laws are of the form Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 respectively.
bEither Qs or Qf for slow or fast cooling, respectively.

FIG. 11.— The effect of core neutrino emissivity on superburst ignition
conditions at ṁ = 0.3 ṁEdd. We assume a disordered lattice in the crust,
and do not include Cooper pairing. The accreted composition is 20% 12C

(XC = 0.2) and 80% 56Fe by mass. From top to bottom, the temperature
profiles are for increasing core neutrino emissivity; the letters refer to Table
2. The long-dashed line shows the carbon ignition curve for XC = 0.2, and the
vertical dotted line indicates a column depth of 1012 g cm−2.

and a larger maximum temperature, but the results are simi-
lar and so we do not show them here. Cooper pair emission
was not considered by Brown (2004) and Cooper & Narayan
(2005); however we show here that it has a dramatic effect on
the crust temperature profile.
For the core neutrino emissivity, we consider the “fast”

and “slow” cooling laws Qν = Qf (Tc/109 K)6 and Qν =

Qs(Tc/109 K)8 (e.g. Yakovlev & Haensel 2003; Yakovlev &
Pethick 2004, Page et al. 2005). The “standard” slow cool-
ing by modified URCA processes has Qs ∼ 1020 erg cm−3 s−1.
However, if either the core protons or neutrons are super-
fluid, with very high values of Tc (" 109 K), then this pro-
cess is totally suppressed, leading to cooling by nucleon-
nucleon Bremsstrahlung (involving the non-superfluid com-
ponent). This process is roughly a factor of ten slower than
modified URCA, and so we take Qs ∼ 1019 erg cm−3 s−1 in
this case. If both protons and neutrons are strongly super-
fluid in the core, the neutrino emission will be supressed
further. To model this case, we assume that the core neu-
trino emission is suppressed by a further factor of 100, giving
Qs ∼ 1017 erg cm−3 s−1. However, in the more reasonable case

FIG. 12.— The effect of crust composition and conductivity on superburst
ignition conditions. Temperature profiles for superburst ignition models at
ṁ = 0.3 ṁEdd. We show two cases of core neutrino emissivity: slow cooling
with Qs = 10

19 erg cm−3 s−1 and fast cooling with Qf = 10
26 erg cm−3 s−1.

Solid lines are for a composition of 56Fe and a disordered lattice. Short-
dashed lines have a heavier composition (A = 106,Z = 46), and dot-dashed
lines are for a larger thermal conductivity (Q = 100). The long-dashed line
shows the carbon ignition curve for XC = 0.2, and the vertical dotted line
indicates a column depth of 1012 g cm−2.

that the neutron and/or proton Tc in the core are of the order
of 109 K there is intense neutrino emission from the Cooper
pair formation, resulting in an enhanced slow cooling rate
which we model by considering Qs ∼ 3× 1021 erg cm−3 s−1

(see, e.g., Figures 20 and 21 in Page et al. 2004). Finally, we
also consider a fast cooling rate with Qf ∼ 1026 erg cm−3 s−1

corresponding, e.g., to the direct Urca process. These mod-
els are summarized in Table 2. The core temperature Tc
can be estimated in each case. For slow cooling, we find

Tc ≈ 4.9× 108 K ( f
1/8
in /Q1/8s,20)

(

ṁ/ṁEdd
)1/8

and fast cooling

Tc ≈ 5.0× 107 K ( f
1/6
in /Q1/6f ,26)

(

ṁ/ṁEdd
)1/6

where fin is the

fraction of heat released in the crust that is conducted into the
core.
For the composition of the crust, we use the composition

calculated by either Haensel & Zdunik (1990) or Haensel &
Zdunik (2003). The difference between these two calcula-
tions is the nucleus assumed to be present at low densities, ei-
ther 56Fe (Haensel & Zdunik 1990), or a heavy nucleus 106Pd
(Z = 46) (Haensel & Zdunik 2003), as would be appropriate
if rp-process hydrogen burning is able to run to its endpoint
(Schatz et al. 2001). We calculate results for these two cases
to illustrate the variation expected from changes in composi-
tion. For the conductivity, we consider two cases. The first
is a “disordered” crust, for which we take the conductivity
to be that of a liquid phase, in the second case, we calculate
the contributions from phonons (Baiko & Yakovlev 1996) and
electron-impurity scattering (Itoh & Kohyama 1993), taking
the impurity parameterQ =100 (see Itoh &Kohyama 1993 for
a definition of the impurity parameter, written as 〈(∆Z)2〉 in
their notation). Note that a crust with Q = 100 is very impure.
However, we do not consider smaller values of the impurity
parameter because as we will show they would not agree with
observed X-ray burst properties.

superbursts like it hot—perhaps too hot?
Brown 2004, Cooper & Narayan 2005, Cumming et al. 2006

Plot from
 Cum

m
ing et al. 2006
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Therm
al Instability

superbursts ignite 
at this depth

factor of ≈30 in 
ignition mass

cooling transients 
favor these 
temperatures
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Going beyond 1-d
Could there be crust 
“mountains”?
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LIGO. Hanford, WA site: will it observe neutron stars?
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Summary
A number of observational probes of the nuclear EOS are available

three examples

pulsar masses

masses and radii from X-ray bursts

cooling of isolated neutron stars, thermal relaxation of accreting 
transients

this is not inclusive: there are several others

No single observation is ideal and there are substantial systematic 
uncertainties—it’s astrophysics; but

These observations, taken together, o#er interesting constraints 
and complement theoretical and experimental e#orts in nuclear 
physics

Stay tuned! There are lots of opportunities to make advances in the 
next few years.
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