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X-ray Spectra of Bursts

– 11 –

10
0

10
00

50
20

0
50

0
20

00

C
ou

nt
 ra

te
 (c

t s
−1

 ke
V−

1 )

105 20

−2
0

2

!

Energy (keV)

Fig. 1.— An example count rate spectrum of EXO 1745!248 together with the best-fit
blackbody model. The lower panel shows the residuals of the fit, defined as ! = (xi!xm)/"i,
where xi and "i are the observed counts and uncertainty, respectively, in the i-th spectral

bin, and xm is the model prediction. This example corresponds to the touchdown point of
the burst shown in the left panel of Figure 3.
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Types of X-ray Bursts

the same phenomenon that gives rise to the double-peaked
bursts.

4. DISCUSSION

We have studied the peak fluxes of radius-expansion bursts
from 4U 1636!536 and found the largest range yet seen in any
LMXB. While the fractional variation of peak fluxes exceeded
the expected range of the Eddington limit between atmospheres
with H at cosmic abundances (LEdd,H , with X ’ 0:7) and with
pure He (LEdd,He , X " 0; e.g., Kuulkers et al. 2003), the distri-
bution of peak fluxeswas nearly bimodal, with themean peak flux
for the majority of the PRE bursts being a factor of 1:69 # 0:13
higher than the peak fluxes for the faint PRE bursts.

In a previous investigation of X-ray bursts from 4U 1636!536
with Tenma, Sugimoto et al. (1984) observed a gap in the dis-
tribution of peak fluxes of bursts and identified the lower and
upper boundaries of this gap as the Eddington limits for H-rich
LEdd,H and pure He fuel LEdd,He, respectively. According to
their interpretation, the increase in radius that was observed

during the PRE bursts from 4U 1636!536 was accompanied by
ejection of an outer, H-rich layer, exposing the underlying pure-
He layer below. Bursts that never reached LEdd,H did not exhibit
PRE, while the characteristic flux limit for bursts that did ex-
ceed LEdd,H switched to LEdd,He, which is a factor of 1.7 higher.
In this paper, we have reported the observation of two PRE

bursts that were apparently limited by LEdd,H instead of LEdd,He.
This appears to confirm the hypothesis of Sugimoto et al. (1984).
For those bursts, the effective Eddington limit could have re-
mained atLEdd,H if the burst energywas insufficient to drive off the
outer H-rich layer. However, we also found a significant overlap
between the peak flux distributions for the PRE and non-PRE
bursts, without the gap found in earlier samples. Bursts with peak
fluxes within the range $3:5 6 ; 10!8 ergs cm!2 s!1 were,
however, relatively infrequent. This strongly suggests that the
previously observed gap was merely a consequence of small
burst samples, specifically 12 for the study of Sugimoto et al.
(1984) and 27 for that of Lewin et al. (1987), with only 3 radius-
expansion bursts in each sample.

Fig. 2.—Thermonuclear bursts from 4U 1636!536 showing radius expansion over a wide range of peak fluxes. From left to right, we show a PRE burst with strong
radius expansion, observed on 1998 August 20 03:40:09 UT; a non-PRE burst observed on 2000 January 22 01:46:23 UT; and a faint PRE burst observed on 1999
September 25 20:40:49 UT. From top to bottom, the panels show for each burst the time evolution of the bolometric flux Fbol (in units of 10

!9 ergs cm!2 s!1), the fitted
blackbody temperature Tbb , the blackbody radius Rbb (assuming a source distance of 6.0 kpc), and finally the path traced by the burst in Tbb-Fbol space. The circles in the
bottom two panels in each column indicate the time of maximal radius expansion, where present. The three dashed lines in each of the bottom panels represent the
expected curves for blackbody emission from a neutron star with apparent radius 8, 10, and 15 km (left to right). Error bars represent the 1 ! uncertainties.
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A tool to measure the mass and radius of the 
neutron stars
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3. Determination of the Neutron Star Mass and Radius

In an approach similar to Özel (2006), we use the spectroscopic measurements of the
touchdown flux FTD and the ratio A during the cooling tails of the bursts, together with the

measurement of the distance D to the source in order to determine the neutron star mass
M and radius R. The observed spectroscopic quantities depend on the stellar parameters

according to the relations

FTD =
GMc

kesD2

!
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2GM

Rc2

"1/2
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R2

D2f 4
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2GM
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where G is the gravitational constant, c is the speed of light, kes is the opacity to electron
scattering, and fc is the color correction factor.

In the absence of errors in the determination of the observable quantities, the last two
equations can be solved for the mass and radius of the neutron star. However, because of the

particular dependences of FTD and A on the neutron star mass and radius (see also Fig. 1
in Özel 2006), the loci of mass-radius points that correspond to each observable intersect, in

general, at two distinct positions. Moreover, the diverse nature of uncertainties associated
to each of the observables requires a formal assessment of the propagation of errors, which
we present here.

We assign a probability distribution function to each of the observable quantities and

denote them by P (D)dD, P (FTD)dFTD, and P (A)dA. Because the various measurements
that lead to the determination of the three observables are independent of each other, the
total probability density is simply given by the product

P (D, FTD, A)dDdFTDdA =

P (D)P (FTD)P (A)dDdFTDdA . (3)

Our goal is to convert this probability density into one over the neutron-star mass, M ,

and radius, R. We will achieve this by making a change of variables from the pair (FTD, A)
to (M, R) and then by marginalizing over distance. Formally, this implies that

P (D, M, R)dDdMdR =
1

2
P (D)P [FTD(M, R, D)]

P [A(M, R, D)]J

!

FTD, A

M, R

"

dDdMdR , (4)
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Touchdown Fluxes

๏ 4U 1820-30 Güver et al. 2010b
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Touchdown Flux Measurements

Güver, Özel, & Psaltis 2010, in prep.
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Cooling Tails of X-ray Bursts (e.g. 4U 1728-34)

Güver, Özel, & Psaltis 2010, in prep.
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Cooling Tails of X-ray Bursts (e.g. 4U 1728-34)
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2 Özel

in principle, can tighten these constraints is the amount of rotational broadening in the

redshifted lines. This leads to a direct measurement of the radius of the star,7 with an

uncertainty arising from the angle i that the observer makes with the rotational axis of

the star (Fig. 1).

The only model parameters that are required in this solution are the color correction

factor f! and the electron scattering opacity !es. The color correction factor f!, for an

observer at infinity, relates the color temperature to the e!ective temperature of the star

by f! ! Tc/Te! and can be obtained by theoretical modeling of bursting neutron-star

spectra. We use here a fitting function we devised that describes to an accuracy of 4%

the results of recent model atmosphere calculations8 for solar-abundance composition

f! = 1.34 + 0.25
!

1 + X

1.7

"2.2
#

T 4
e!/107K

g/1013cm/s2

$2.2

. (1)

Note that f! in Tables 1 and 2 corresponds to the color correction factor at the cooling

tails of the X-ray bursts when the emerging flux is substantially sub-Eddington. At this

limit, models of bursting atmospheres8 show that f! asymptotes to a value of " 1.34,

practically independent of composition, temperature, and stellar gravity, significantly

reducing the model dependence of our results. For the electron scattering opacity we

use !es = 0.2(1 + X) cm2 g"1, where 0 < X < 1 is the hydrogen mass fraction. This

is appropriate for the fully ionized neutron star atmosphere during the radius-expansion

episode. In this calculation, we allow for the entire range of values for X.

The main systematic uncertainty in our results arises from the assumption that the

thermonuclear flash engulfs the entire star during the radius expansion and cooling phases

of the bursts. There are a number of theoretical and observational arguments that support

this assumption. First, numerical models9 of the spreading of thermonuclear bursts on

the surface of rotating neutron stars show deflagration times that are << 1 s, which is

shorter by orders of magnitude than the duration of the bursts. Second, the constraints10

on the magnetic field strength of EXO0748#676, imposed by the lack of Zeeman splitting

of the atomic lines, show that the magnetic field is dynamically unimportant and thus

cannot inhibit the spreading of the thermonuclear flash over the entire surface.

On the observational side, further evidence for uniform emission from the entire surface

as well as the constancy of the Eddington flux during the bursts is obtained from the

study11 of the peak luminosity of a large number (" 70) of bursts from 4U1728#34, which

shows that the peak flux is constant to within 1% in bursts separated by months. Indeed, a
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Distance Measurement

๏ Distances to Globular Clusters

๏ Measuring distances using some standard candles
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Extinction (Reddening) vs. Distance
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Bringing Everything Together
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5. Measurement of the Mass and Radius

The distance measurement to 4U1608!52, the touchdown flux, and the blackbody
normalization obtained by time resolved X-ray spectroscopy of the bursts provide the three

observables that are needed to independently measure the mass and the radius of the neutron
star in this binary. The observed spectral parameters depend on the stellar mass and radius

according to the equations (Özel et al. 2008)

FTD =
GMc

!esD2

!

1 !
2GM

Rc2

"1/2

(10)

and

A =
R2

D2f 4
c

!

1 !
2GM

Rc2

"!1

, (11)

where G is the gravitational constant, c is the speed of light, !es is the opacity to electron

scattering, and fc is the color correction factor. Following Özel et al. (2008) and the model
calculations by Madej, Joss & Róźańska (2004), we adopt a color correction factor fc =

1.4 that is appropriate for the hot atmospheres of accreting, bursting neutron stars (See
Appendix for details). We also use the electron scattering opacity !es = 0.20(1+X) cm2

g!1, which depends on the hydrogen mass fraction X.

We follow the method presented in Özel et al. (2008) and assign independent probability

distribution functions to the distance P (D)dD, the touchdown flux P (FTD)dFTD and the
normalization P (A)dA measurements as well as to the possible range of the hydrogen mass

fraction P (X)dX. We then find the total probability density over the neutron star mass M
and radius R by integrating the equation

P (D, X, M, R)dDdXdMdR =
1

2
P (D)P (X)P [FTD(M, R, D, X)]

P [A(M, R, D)]J(
FTD, A

M, R
)dDdXdMdR , (12)

over the distance and the hydrogen mass fraction. Here, J(FTD, A|M, R) is the Jacobian of
the transformation from the variables (FTD, A) to (M, R).

In the absence of any observable constraints on the hydrogen mass fraction, we assign
a box-car probability distribution, allowing it to cover the range from 0.0 to 0.7, i,e.,
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Figure 3. Spectral evolution during the first 15 s of the two Eddington limited thermonuclear bursts observed from EXO 1745!248 by RXTE. The panels show the
evolution of the flux, the blackbody temperature, and the apparent radius as observed at infinity, together with their 1! statistical errors.

Figure 4. Plot of 1! and 2! confidence contours of the normalization
and blackbody temperature obtained from fitting the two PRE bursts during
touchdown. The dashed lines show contours of constant bolometric flux.
(A color version of this figure is available in the online journal.)

Such a phenomenon can introduce systematic uncertainties
in the apparent surface areas measured during the cooling
tails of bursts. Because the systematic errors dominate over
the statistical errors in this particular case, we will assume a
boxcar probability distribution over this quantity in the range
A = 116 ± 13 km2 kpc!2.

3. DETERMINATION OF THE NEUTRON STAR MASS
AND RADIUS

In an approach similar to that of Özel (2006), we use the
spectroscopic measurements of the touchdown flux FTD and
the ratio A during the cooling tails of the bursts, together
with the measurement of the distance D to the source in
order to determine the neutron star mass M and radius R.
The observed spectroscopic quantities depend on the stellar
parameters according to the relations

FTD = GMc

kesD2

!
1 ! 2GM

Rc2

"1/2

(1)

and

A = R2

D2f 4
c

!
1 ! 2GM

Rc2

"!1

, (2)

where G is the gravitational constant, c is the speed of light, kes
is the opacity to electron scattering, and fc is the color correction
factor.

In the absence of errors in the determination of the
observable quantities, the last two equations can be solved for
the mass and the radius of the neutron star. However, because
of the particular dependences of FTD and A on the neutron star
mass and radius (see also Figure 1 in Özel 2006), the loci of
mass–radius points that correspond to each observable inter-
sect, in general, at two distinct positions. Moreover, the diverse
nature of uncertainties associated with each of the observables
requires a formal assessment of the propagation of errors, which
we present here.
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All together
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Pressure vs. baryon density at three points :

3

! 
! 

! ! 

FIG. 2: The pressure of cold matter at (top) 7.4 and 3.7 !ns
and (bottom) 1.85 and 3.7 !ns.

for all three sources. We supplement this procedure with
the requirement of causality, rejecting combinations of
pressures with sound speed is larger than the speed of
light [18]. Figure 2 shows the confidence contours of dif-
ferent pairs of pressures (integrated over the third pres-
sure).

The pressure at 1.85!ns ! !1 is only weakly con-
strained because such low densities are important only
in determining the macroscopic properties of neutron
stars with masses smaller than those in our measured
sample [18]. In contrast, the pressures at 3.7!ns ! !2
and 7.4!ns ! !3 are constrained to within a factor of
100.2 " 100.4.

In detail, we describe these data with a phenomenolog-
ical equation of state that is a piecewise polytrope above
a density !0 = 2#1014 g cm!3. Between densities !0 and
!4 we fit the energy density in the interval !i!1 < ! $ !i
as " = #i! + $i!!i , from which we derive the pressure,
P = !2%("/!)/%! = (!i " 1)$i!!i . Since the TOV equa-
tion relates " and P to the mass and radius of the star,
one only can determine the baryon density ! from " and
P data to within a scale factor; to determine the scale we
connect our fit to the tabulated low density SLy equation
of state [25]. For !i!1 < ! $ !i, the e"ective polytropic

TABLE I:

Measured pressures at three supranuclear densities in
MeV fm!3, together with P0 taken from the low density

equation of state SLy [25].

log P0(0.74!ns) log P1(1.85!ns) log P2(3.7!ns) log P3(7.4!ns)
0 [0.3–1.3] 1.6+0.3

!0.1 2.7+0.1
!0.1

FIG. 3: Pressure vs. baryon density at the three points, P1,
P2, and P3, together with the fitted equation of state (3). The
shaded region shows the uncertainties in the determination.

index is !i ! log(Pi/Pi!1)/ log(!i/!i!1), the pressure is

P = Pi

!

!

!i

"!i

, (3)

and in the expression for the energy density

#i =
"i!1

!i!1

"
Pi

(!i " 1)!i!1

!

!i!1

!i

"!i

. (4)

The fitting parameters are shown in Table 1. For ! > !3,
we extrapolate the last polytropic relation.
The data present a clear challenge to microscopic nu-

clear calculations. Figures 2 and 3 compare the best
fit values of the pressures at the three fiducial densities
with those predicted by a representative sample of equa-
tions of state based on a wide range of input physics
and computational methods, from nucleonic: variational
chain summation with the AV18 potential, UIX three-
body potential plus relativistic boost corrections AP4
[8]; Dirac-Brueckner-Hartree-Fock MPA1 [15]; and rel-
ativistic mean fields MS1 [14], plus kaons GS1 [13]; to
u,d,s quark matter SQM1 [15]. Our measurements are
clearly able to discriminate between di"erent predictions,
and indicate that the equations of state based on nucle-
ons alone, APR, MP1 and MS1, are too sti" at higher
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Future
๏ We need more observations,

๏ Distance measurement is essential

๏ Optical and Near-IR observations

๏ Magellan & CTIO Telescopes

๏ GAIA & SIM

๏ Long Term X-ray monitoring, 

๏ High time resolution high quality X-ray spectra

๏ You can obtain our resulting probability distributions for 
the masses and radii of neutron stars from :

http://ice.as.arizona.edu/~ns/
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