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Fig. 2. Mass-radius trajectories for typical EOSs (see [6] for notation) are shown as black curves. Green curves (SQM1, SQM3) are self-bound quark

stars. Orange lines are contours of radiation radius, R∞ =R/

√
1 − 2GM/Rc2. The dark blue region is excluded by the GR constraint R > 2GM/c2,

the light blue region is excluded by the finite pressure constraint R > (9/4)GM/c2, and the green region is excluded by causality, R > 2.9GM/c2.
The light green region shows the region R > Rmax excluded by the 716 Hz pulsar J1748-2446ad [22] using Eq. (12). The upper red dashed curve is
the corresponding rotational limit for the 1122 Hz X-ray source XTE J1739-285 [23]; the lower blue dashed curve is the rogorous causal limit using
the coefficient 0.74 ms in Eq. (12).

3. Recent mass measurements and their implications

Several recent observations of neutron stars have direct bearing on the determination of the maximum mass. The
most accurately measured masses are from timing observations of the radio binary pulsars. As shown in Fig. 3, which is
compilation of the measured neutron star masses as of November 2006, observations include pulsars orbiting another
neutron star, a white dwarf or a main-sequence star. The compact nature of several binary pulsars permits detection of
relativistic effects, such as Shapiro delay or orbit shrinkage due to gravitational radiation reaction, which constrains
the inclination angle and allows the measurement of each mass in the binary. A sufficiently well-observed system can
have masses determined to impressive accuracy. The textbook case is the binary pulsar PSR 1913 + 16, in which the
masses are 1.3867 ± 0.0002 and 1.4414 ± 0.0002 M#, respectively [40].

One significant development concerns mass determinations in binaries with white dwarf companions, which show
a broader range of neutron star masses than binary neutron star pulsars. Perhaps a rather narrow set of evolutionary
circumstances conspire to form double neutron star binaries, leading to a restricted range of neutron star masses [53].
This restriction is likely relaxed for other neutron star binaries. Evidence is accumulating that a few of the white dwarf
binaries may contain neutron stars larger than the canonical 1.4 M# value, including the intriguing case [45] of PSR
J0751 + 1807 in which the estimated mass with 1! error bars is 2.1 ± 0.2 M#. In addition, to 95% confidence, one of
the two pulsars Ter 5 I and J has a reported mass larger than 1.68 M# [43].

Whereas the observed simple mean mass of neutron stars with white dwarf companions exceeds those with neutron
star companions by 0.25 M#, the weighted means of the two groups are virtually the same. The 2.1 M# neutron star,
PSR J0751 + 1807, is about 4! from the canonical value of 1.4 M#. It is furthermore the case that the 2! errors of
all but two systems extend into the range below 1.45 M#, so caution should be exercised before concluding that firm
evidence of large neutron star masses exists. Continued observations, which will reduce the observational errors, are
necessary to clarify this situation.

Masses can also be estimated for another handful of binaries which contain an accreting neutron star emitting X-rays,
as shown in Fig. 3. Some of these systems are characterized by relatively large masses, but the estimated errors are also
large. The system of Vela X-1 is noteworthy because its lower mass limit (1.6–1.7 M#) is at least mildly constrained
by geometry [26].

Raising the limit for the neutron star maximum mass could eliminate entire families of EOSs, especially those in
which substantial softening begins around 2 to 3ns . This could be extremely significant, since exotica (hyperons, Bose
condensates, or quarks) generally reduce the maximum mass appreciably.

Motivation: constraining the EOS	
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A possible constraint 
from burst measurements	
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•  For the vast 
majority of bursts 
the X-ray spectra 
throughout are 
consistent with a 
Planck (blackbody) 
spectrum	

•  Such spectra are 
characterised by the 
temperature and the 
apparent radius of 
the emitting object	

NS parameters from burst spectra	

•  Once the burning has spread to the entire NS 
surface, we can use the blackbody radius Rbb 
to infer the NS radius	
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Issues for measuring R	
•  Neutron-star radius depends on the blackbody 
normalisation Rbb & the distance d:	

	assuming that the spectrum is indeed a 
blackbody, and emission covers the entire 
surface	

•  Several additional factors must be 
considered:	
–  redshift (M & R)	
–  spectral correction factor fc:	
–  the anisotropy of the burst emission ξ	

•  Not easy to disentangle all these effects	
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R = Rbbd(1 + z)−1f2
c ξ

1/2



A promising approach…	
•  Özel (2006) used 
three independent 
measurements 
(including Rbb & the 
Eddington flux) to 
infer M, R in EXO 
0748-676 (Özel 2006, Nature, 
441, 1115)	

•  since  presented 
results on four 
additional sources: 4U 
1608-52, EXO 1745-248, 3A 1820-30, 
and KS 1731-26	

•  Although see also 
Steiner et al. 2010, ApJ 722, 33	
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Figure 5. Plot of 1σ and 2σ contours for the mass and radius of the neutron
star in EXO 1745−248, for a hydrogen mass fraction of X = 0, based on
the spectroscopic data during thermonuclear bursts combined with a distance
measurement to the globular cluster. Neutron star radii larger than ∼ 13 km are
inconsistent with the data. The descriptions of the various equations of state and
the corresponding labels can be found in Lattimer & Prakash (2001).
(A color version of this figure is available in the online journal.)

The measurement of the mass and the radius of a neutron
star can significantly constrain the range of possibilities for
the equation of state of ultradense matter, as discussed above.
However, it cannot uniquely pinpoint to a single equation
of state because of both the measurement errors and the
uncertainties in the fundamental parameters that enter the
nuclear physics calculations, such as the symmetry energy
of nucleonic matter or the bag constant for strange stars.
Further, even tighter constraints on the equation of state can
be obtained by combining observations of neutron stars with
different masses that will distinguish between the slopes of the
predicted mass–radius relations, which are determined entirely
by the physics of the neutron star interior.

A number of other constraints on neutron star radii have been
obtained to date using various methods. Özel (2006) used spec-
troscopic measurements of the Eddington limit and apparent
surface area during thermonuclear bursts, in conjunction with
the detection of a redshifted atomic line from the source EXO
0748–676, to determine a mass of M ! 2.10 ± 0.28 M# and a
radius R ! 13.8±1.8km. This radius measurement is consistent
with the one presented in the current paper to within 2σ , and,
therefore, several nucleonic equations of state are consistent
with both measurements.

Radii have also been measured from globular cluster neutron
stars in binaries emitting thermally during quiescence, such as
X7 in 47 Tuc and others in ω Cen, M 13, and NGC 2808 (Heinke

et al. 2006; Webb & Barret 2007; note that we do not consider
here isolated neutron stars such as RX J1856–3754 because
of the unquantified systematic uncertainties arising from the
apparent temperature anisotropies on the neutron star surfaces
and their probable magnetic nature; see Walter & Lattimer
2002; Braje & Romani 2002; Tiengo & Mereghetti 2007). These
measurements have carved out large allowed bands in the mass–
radius plane, all of which are also consistent with equations of
state that predict neutron stars with radii R ∼ 11 km. Future
tight constraints on the masses and the radii of additional neutron
stars with these and other methods (see e.g., Lattimer & Prakash
2007) will resolve this long-standing question of high-energy
astrophysics.

We thank Rodger Thompson for his help with understand-
ing the NICMOS calibrations, Duncan Galloway for his help
with burst analyses, Adrienne Juett for bringing the source to
our attention, and Martin Elvis for useful conversations on con-
straining the neutron star equation of state. We also thank an
anonymous referee for useful suggestions. F.Ö. acknowledges
support from NSF grant AST 07-08640. D.P. is supported by
the NSF CAREER award NSF 0746549.
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… but beware the systematics	

•  Substantial known 
systematic issues for 
measurements of 
blackbody radii	

•  BB normalisations tend 
NOT to be constant 
throughout the burst 
tail (Bhattacharyya et al. 2010, 
MNRAS 401, 2)	

•  Furthermore, radius 
values from burst to 
burst can vary (true 
also for EXO 1745-248)	
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Figure 1. RXTE PCA data of two thermonuclear X-ray bursts from the neutron star LMXB 4U 1636-536 (upper panel: burst #8;
lower panel: burst #166; Galloway et al. 2008). The histograms show the bolometric flux profiles and the diamonds exhibit the spectral
blackbody radius-squared profiles. The dotted lines correspond to the best-fit radius-squared slopes (see § 2). A one standard deviation
error bar is attached to each data point. The distance of the source is d10kpc in units of 10 kpc. The radius-squared slope (see § 2 for
definition) is 1.52 for the upper panel, and −0.45 for the lower panel. This figure shows that the fitted blackbody radius-squared typically
increases during the burst decay for short bursts, and decreases for long bursts (see Fig. 2 to find this behaviour for more bursts).



How good a blackbody really?	
•  Largely unexamined 
issue	

•  A study of a very 
large (>60,000) 
sample of burst 
spectra indicate that 
they are not (en 
masse) consistent 
with blackbodies	

•  One contributing 
factor likely the 
variation in the 
persistent flux (e.g. 
Worpel et al. 2013, submitted)	
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RXTE 1995–2012	



Variation in fc during bursts	
•  NS atmosphere 
expected to slightly 
modify emitted 
spectrum	

•  Usually parametrised 
as a spectral 
correction factor fc	

•  Lack of consensus in 
the community over 
what value to use, 
whether it varies	
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•  We now have good evidence that fc may not be 
constant during bursts Galloway & Lampe 2012, ApJ 747, #75	



This is not unexpected	

•  Models of Suleimanov 
&c do predict 
variation in fc as a 
function of burst 
flux	

•  BUT the observed 
variation in Rbb does 
not match these 
predictions	

The Astrophysical Journal, 749:69 (10pp), 2012 April 10 Zamfir, Cumming, & Galloway

Figure 4. Left panel: the solar metallicity fit (log10 g = 14.3, linked blue diamonds) that reproduces the first part of the cooling track for the trecur = 5.74 hr bursts
(blue crosses, delimited from the data excluded from the fit by a dotted vertical blue line) is plotted together with the data for the trecur = 4.07 hr bursts (red crosses)
and the low-metallicity Z = 0.01 Z! model (linked red triangles) at the same A and FEdd as the solar metallicity model. Right panel: a pure He spectral model (linked
blue “×” symbols) fit to the 5.74 hr bursts (blue crosses) and a low-metallicity solar H/He composition model (linked red triangles) at the same A and FEdd adjusted
for the different hydrogen fraction. In both panels, the respective symbols show the points where the atmospheric models were calculated.
(A color version of this figure is available in the online journal.)

where A8 = A/108 and FEdd,−8 = FEdd/(10−8 erg cm−2 s−1).
It also provides a limit on R∞ = R(1 + z). To see this, note that
the neutron star radius is

R∞ = R(1 + z) = αγ (18)

= 12.0 km α

(
A8

1.2

)−4 (
FEdd,−8

4.0

)−1 (
1 + X

1.7

)−1

. (19)

where the definition of γ from Equation (13) was used and
(1 − u)1/2 was substituted with (1 + z)−1. An upper limit on R∞
is obtained by setting α = 1/8 in Equation (19).

The upper limits on ξ
1/2
b d and R∞ are given in Table 1. To

calculate them we use Equations (16) and (19) with 95% lower
limits on the quantities A2FEdd and A4FEdd derived from our fits.
A slightly different procedure is used for the cases where the
fits yielded multiple χ2 minima. To derive the most conservative
upper limits on ξ

1/2
b d and R∞, we consider only the χ2 local

minimum located at the lowest value of FEdd and A, manifested
as a distinct, Gaussian-like peak in the respective distributions
for the quantities A2FEdd and A4FEdd. Considering only the part
of the Gaussian-like distribution lying below the peak value,
we find the 90% lower limits for A2FEdd and A4FEdd. This is
equivalent to taking the 95% lower limit of the whole peak, but
has the advantage of allowing us to isolate the χ2 minimum of
interest from the rest of the distribution. As a check, we applied
this procedure to model fits showing a single χ2 minimum,
and found very small differences (<1%) in the derived upper
limits when compared with those found by considering the entire
distributions.

An upper limit on R∞ implies an upper limit on the neutron
star mass Mmax = c2R∞/33/2G (at that mass the radius is
R∞/

√
3), also given in Table 1. Note that the upper limits on

R∞ and d are correlated. Since ξ
1/2
b dlim = γA2/8 (compare

Equations (13) and (16)), we can rewrite Equation (19) as

R∞ < 12.0 km

(
ξ

1/2
b dlim

5.6 kpc

) (
A8

1.2

)−2

, (20)

a larger distance limit allows larger radii.

For solar abundance of hydrogen at the photosphere, we find
ξ 1/2d ! 4.0–5.6 km and R∞ < 9.0–13.2 km. This represents
quite stringent limits on the neutron star mass and radius.
For this range of R∞, the maximum neutron star mass is in
the range 1.2–1.7 M!. If we consider a lower mass limit of
1 M!, the neutron star radius must be smaller than R(1 M!) =
6.8–11.3 km (the individual values for each model are given in
Table 1).

5.3. Variation of K with Accretion Rate

Figure 2 shows that the bursts with recurrence times of
4.07 hr have significantly smaller values of K than the 5.74 hr
bursts, by ≈20% (see Galloway & Lampe 2012 for a detailed
discussion of the variation of K in the sample of bursts from
GS 1826−24). Variations in K between bursts have been seen in
other sources. For example, Damen et al. (1989) found that the
blackbody temperature (evaluated at a fixed flux level) depended
on burst duration. They suggested that variations in chemical
composition at the photosphere and the resulting changes
in color correction might explain the changing blackbody
temperature (and therefore normalization).

We investigate two possible composition variations: changing
metallicity with solar H/He abundance, and changing the
hydrogen fraction. First, we consider solar H/He abundance
and changing metallicity. Suleimanov et al. (2011b) show that
fc drops with increasing metallicity. Therefore, we fit the solar
metallicity model to the 5.74 hr bursts to determine values of
A and FEdd (as given in Table 1). These values are then used
to compare a low-metallicity model to the 4.07 hr data. This
comparison is shown in the left panel of Figure 4. The low-
metallicity model lies below the 4.07 hr data, showing that the
difference in K cannot be explained by a decrease in metallicity
from solar to a fraction of solar.

Second, we consider a change in hydrogen fraction at the
photosphere. The right panel of Figure 4 shows the pure He
atmosphere fit for the 5.74 hr bursts (see Table 1), and a low-
metallicity solar H/He abundance model for the 4.07 hr bursts
in which we use the same value of A determined by the pure
He atmosphere fit, but decrease the derived FEdd by a factor of
1 +X = 1.7 to account for the difference in Eddington flux with
composition. This plot shows that the change in fc in going from
pure He to solar H composition is enough to account for the

7
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blue = solar metallicity	
red = low metallicity	

Zamfir &c 2012, ApJ 749, #69	

•  More work is required to reconcile the 
observations with the model predictions	

•  These should include comprehensive 
comparisons of the model spectra with data	



Another avenue for constraints	
•  Consistent, regular bursts 
for which the fuel 
composition and accretion 
rate can be inferred, may 
be compared with burning 
models Heger et al. (2007), ApJ 671, 141L	

•  An alternative avenue for 
distance+anisotropy 
constraints (as well as a 
nuclear reaction probe)	

•  For GS 1826-24 gives a 
redshift range 1+z = 1.25–
1.34 (for fc = 1.4–1.5)	
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variation in K observed. However, the solar composition model
does not match the 4.07 hr data in terms of location on the
F/FEdd axis. Another way to say it is that if we fit the 4.07 hr
data with a solar composition model, the required FEdd would
be larger than for the 5.74 hr data, instead of being a factor 1+X
times smaller, as is required for simultaneous fits. Furthermore,
we see in the lower panel of Figure 4 that reducing the derived
FEdd by a factor of 1+X = 1.7 for the 4.07 hr bursts implies that
the peak flux for those bursts exceeds the Eddington limit, which
is known not to be the case. Therefore, a consistent explanation
of the variation in K in terms of changing H fraction at the
photosphere is not possible.

6. SUMMARY AND DISCUSSION

We have compared light curve and spectral models with
observations of type I X-ray bursts from GS 1826−24. Here
we summarize the main conclusions and discuss our results
further.

A general point is that anisotropy in the burst emission
enters as an additional uncertainty in any derived quantity that
depends on distance. Since it changes the relation between the
source luminosity and observed flux, the anisotropy parameter
ξb (defined in Section 3) always enters in combination with
distance as ξ

1/2
b d. Even in cases where the distance to a source

can be accurately determined, the anisotropy introduces an
effective uncertainty of up to a factor of 20%–30%. Anisotropy
could be a smaller effect for PRE bursts if the inner disk is
disrupted during the burst and intercepts a smaller amount of
radiation than a disk extending all the way to the stellar surface.
Nonetheless, it remains a source of systematic error on derived
neutron star radii that needs to be investigated further. For GS
1826−24, the limit i < 70◦ from Homer et al. (1998) gives
ξ

−1/2
b = 0.9–1.2. Given this uncertainty and the fact that the

distance to GS 1826−24 is not well constrained, we focused on
deriving limits on M and R that are independent of distance and
anisotropy.

The first of these constraints comes from using the model light
curve from Heger et al. (2007) to fix the overall luminosity scale
of the observed bursts. We showed that this leads to a distance-
and anisotropy-independent relation between the redshift 1 + z
and color-correction factor fc (Equation (5)) that depends weakly
on the measured normalization K and the ratio of observed and
model peak fluxes. For a color correction between 1.4 and 1.5,
which spans the range of values in Figure 6 of Suleimanov et al.
(2011a), for example, the inferred redshift is between z = 0.19
and 0.28.

The second constraint comes from comparing the spectral
evolution during the cooling tail with the spectral models of
Suleimanov et al. (2011b), which determines the Eddington flux
FEdd and the quantity A = K−1/4/fc. As noted by Suleimanov
et al. (2011b), for a given set of measured FEdd, A parameters,
there is an upper limit to the distance of the source beyond which
there is no solution for M and R. We point out here that measuring
A and FEdd also places an upper limit on R∞ = R(1 + z) (and
therefore upper limits on M and R for a given source). This
limit is independent of distance and anisotropy and depends
only on the measured values of A and FEdd and the surface
hydrogen fraction. For GS 1826−24, atmospheric models with
solar hydrogen fractions give R∞ < 9.0–13.2 km (Table 1),
which implies a neutron star mass M < 1.2–1.7 M$ and
R < 6.8–11.3 km assuming a lower mass limit of 1 M$. The
corresponding distance limits are d < 4.0–5.6 kpc ξ

−1/2
b .

Figure 5. Summary of distance-independent constraints in the neutron star
mass–radius plane. The dashed curves are lines of constant surface gravity
log10(g) = 14.0, 14.3, 14.6 (bottom to top), values at which the spectral
models were evaluated. In green, we show the redshift from Equation (5) for
fc = 1.4–1.5 and an assumed 10% uncertainty in Fobs/Fmodel. The squares (dark
blue), diamonds (light blue), and triangles (purple) represent the upper limits
on R∞ computed from fits to the solar H/He abundance models with 0.01 Z$,
0.1 Z$, and Z$ metallicities, respectively, each at a specific surface gravity. The
upper limit on R∞ for the pure helium atmosphere model (log = 14.3) is also
shown as a black asterisk. Two constant R∞ curves are plotted as dotted lines
for the highest and lowest values found within solar H/He abundance models.
The region hashed in black represents what is allowed by the combination of
the constraints derived from the fit to the burst light curve and spectral fits to
solar H/He abundance models. These constraints are independent of the source
distance and anisotropy parameters ξb, ξp . The region in red represents the
mass–radius relation derived by Steiner et al. (2010; based on the rph % R
assumption), with the 1σ and 2σ regions delimited by solid and dot-dashed
lines, respectively.
(A color version of this figure is available in the online journal.)

Uncertainties associated with absolute flux calibration do
not affect our results; they are equivalent to an incorrect
measurement of the distance to the source, which our constraints
are independent of.

The constraints on M and R are summarized in Figure 5.
We show the upper limits on R∞ from Table 1 for all the so-
lar hydrogen composition models each plotted at the respective
surface gravity and the pure helium model with log g = 14.3,
and the redshift range 1+z = 1.16–1.31 from Equation (5) with
fc = 1.4–1.5 and a 10% uncertainty in the ratio Fobs/Fmodel.
The limits on radii for the solar hydrogen composition are
comparable to but a little lower than current theoretical ex-
pectations based on dense matter calculations that have radii of
10–13 km for neutron star equations of state that reach a max-
imum mass >2 M$ (Hebeler et al. 2010; Gandolfi et al. 2011).
The mass–radius relation found in Steiner et al. (2010), derived
from a set of PRE X-ray bursts and hydrogen atmosphere fits
for transiently accreting neutron stars in quiescence, also lies at
slightly larger radii than our R∞ limits for solar composition. It
should be noted that Suleimanov et al. (2011a) call into question
the results of Steiner et al. (2010) by suggesting that “short” PRE
bursts should be excluded from analysis as they show smaller
blackbody normalizations in the burst tail and also do not follow
the theoretically expected spectral evolution. The implication is
that the mass–radius relation derived in Steiner et al. (2010)
would shift to higher radii as a result of using the more reli-
able “long” PRE bursts, and thus farther away from our derived
upper limits.
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Summary and future work	
•  The thermonuclear burst spectroscopy field 
is extremely dynamic at the moment	

•  We are making significant progress, with	
–  Better understanding the burst behaviour through 
both data and modelling studies (or ideally, 
integrating these two)	

–  Improving on our ability to extract meaningful 
information from the burst spectra and behaviour	

•  We need to acknowledge, and ultimately 
address, the many serious systematic issues 
which remain	

•  There is much yet to be done, and still 
(relatively) unexplored areas (i.e. tests of 
GR)… stay tuned!	
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