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Nötron Yıldızları
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• r ~ 10 km, M ~ 3x1030 kg

• ⍴ > 1014 gm/cm3
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Figure 10. Mass-radius relations for a selection of neutron star equations of state.
Each color-shaded region corresponds to a di↵erent calculation and represents a range
of model parameters investigated in the corresponding study. APR is the nucleonic
equations of state of Akmal et al. (1998) with the expansion in terms of 2- and 3- body
interactions. MS is a field theoretic calculation with meson exchange interactions
(Müller & Serot 1996). GS represents field theoretic calculations that incorporate a
condensate of kaons (Glendenning & Scha↵ner-Bielich 1999). ABPR is based on the
APR equation of state but incorporates a transition to quark matter at densities larger
than ⇠ 2� 3⇢s (Alford et al. 2005). The equations of state that include strange quark
matter are shown as the shaded region labeled SQM (Prakash et al. 1995).

and for guiding calculations of the microphysics.

4.1. Neutron Star Structure and Equation of State

A number of di↵erent approaches have been followed in the calculations of the equation
of state of neutron star matter. One approach relies on determining the two-body

potentials in the vicinity of ⇢s using nucleon-nucleon scattering data below 350 MeV

and the properties of light nuclei and incorporating the contributions from the three-

body potentials (Akmal, Pandharipande, & Ravenhall 1998; Morales, Pandharipande,

Ravenhall 2002; Gandolfi, Carlson, & Reddy 2011). The expansion in terms of many

body interactions, however, breaks down at densities larger than ⇢s. Moreover, these
equations of state do not allow non-nucleonic degrees of freedom to appear at high

densities. A second approach is based on field-theoretic calculations of constituents

interacting via meson exchange, where the constituents may include neutrons and

protons (Müller & Serot 1996) as well as hyperons (Glendenning & Moszkowski 1991)

or kaon condensates (Glendenning & Scha↵ner-Bielich 1999). A third approach allows

quark degrees of freedom to appear at high densities in neutron star cores (e.g., Alford

Özel 2013
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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

(

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 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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Gözlemler2 Galloway et al.

Fig. 1.— Example lightcurves of bursts observed by RXTE. The
top panel shows a long burst from GS 1826−24 on 1998 June 8
04:11:45 UT. The lower left panel shows a burst observed from
4U 1728−34 on 1999 June 30 19:50:14 UT, while the burst at
lower right was observed from 4U 2129+12 in the globular cluster
M15 on 2000 September 22 13:47:41 UT. The persistent (pre-burst)
level has been subtracted (dotted line). Note the diversity of burst
profiles, which arises in part from variations in the fuel composi-
tion; bursts with a slow rise and decay are characteristic of mixed
H/He fuel, while bursts with much faster rises likely burn primar-
ily He. Both bursts in the lower panels exhibited photospheric
radius-expansion.

et al. 1981; Ayasli & Joss 1982; Fushiki & Lamb 1987;
Fujimoto et al. 1987; Bildsten 1998; Cumming & Bild-
sten 2000; Narayan & Heyl 2003; Woosley et al. 2004).
The frequency, strength, and time scales of thermonu-
clear bursts depend on the composition of the burning
material, as well as the metallicity (here referring to the
CNO mass fraction, ZCNO) of the matter accreted onto
the neutron star, the amount of hydrogen burned be-
tween bursts, and the amount of fuel left-over from the
previous burst. Variations from source to source are also
expected because of differences in the core temperatures
of the neutron stars and the average accretion rate onto
the surface (Ayasli & Joss 1982; Fushiki & Lamb 1987;
Narayan & Heyl 2003). Theoretical ignition models such
as that described by Fujimoto et al. (1981) predict how
burst properties in an individual system change as the
accretion rate onto the neutron star varies. They iden-
tify three principal regimes of bursting, depending on
the accretion rate (Ṁ) usually expressed as a fraction
of the Eddington rate ṀEdd ( ≡ 1.3 × 10−8 M⊙ yr−1 or
8.8× 104 g cm−2 s−1 locally, averaged over the surface of
a 10 km NS). At the lowest accretion rates (< 0.01ṀEdd,
referred to as Case 3 by Fujimoto et al. 1981), the tem-
perature in the burning layer is too low for stable hy-
drogen burning; the hydrogen ignites unstably, in turn
triggering helium burning, which produces a type I X-
ray burst in a hydrogen-rich environment. At higher
accretion rates (0.01 <ṀEdd < 0.1, Case 2), hydrogen
instead burns stably into helium, leading to a growing
pure helium layer at the base of the accreted material.
The fuel layer heats steadily until ignition of the helium
occurs via the triple-α process. At these temperatures

and pressures, helium burning is also extremely unsta-
ble, and a rapid and intense helium burst follows. At the
highest accretion rates (0.1 <ṀEdd< 1, Case 1), material
is accreted faster than it can be consumed by steady hy-
drogen burning (which is limited by the rate of β-decays
in the CNO cycle), so that the helium ignites unstably
in a H-rich environment (see Bildsten 1998 for depen-
dences of these critical accretion rates on the metallici-
ties). Above this range (>ṀEdd), stable helium burning
becomes viable on the surface of the neutron star, which
depletes the primary fuel reserves and causes bursts to
occur less frequently, or not at all.

Hanawa & Fujimoto (1982) pointed out that the lumi-
nosities of neutron star LMXBs that have been observed
to burst imply accretion rates from ∼ 0.01 − 0.1 ṀEdd,
so that an individual source that varies in luminosity
should exhibit changes in its bursting behavior between
Case 2 and Case 1. This has proved difficult to test. The
accretion rate varies on time scales of weeks to months
(e.g. Muno et al. 2002c), much longer than the average
observation. The majority of sources either exhibit few
bursts, or several bursts are seen in a single luminos-
ity state (Lewin et al. 1993). Only a few sources have
been observed to burst over a range of luminosities, and
these have produced some perplexing results. As the ac-
cretion rate increases, the column of material above the
burning layer builds more quickly, and thus the time re-
quired to reach the critical temperature for ignition is
expected to decrease. This is best seen in the burst rate
increase observed in GS 1826−24 as the persistent flux
increased by a factor of ≈ 2 (Galloway et al. 2004b).
On the other hand, increases in persistent flux over a
wider range often result in a decrease in burst rate, as
in 4U 1820−30 (Clark et al. 1977). This contrary result
may be attributed to steady helium burning at the high-
est accretion rates, which reduces the amount of fuel for
X-ray bursts. This causes bursts to occur less often, as
also seen in EXO 0748−676 (Gottwald et al. 1986) and
4U 1705−44 (Langmeier et al. 1987), or to cease alto-
gether, as observed in GX 3+1 (Makishima et al. 1983).
However, no correlation was found between persistent
flux and burst recurrence times in Ser X-1 (Sztajno et al.
1983), 4U 1735−44 (Lewin et al. 1980; van Paradijs et al.
1988b), and 4U 1636−536 (Lewin et al. 1987). This sug-
gests either that an additional mechanism contributes to
the frequency of bursts, or that the persistent flux is not
a good measure of the accretion rate in these sources.

The change in the composition of the burning layer
as Ṁ increases also affects the properties of the bursts.
Helium burning occurs via the triple-α process, which is
moderated by the strong nuclear force and proceeds very
quickly at the temperatures and densities of the burning
layer. Hydrogen burning proceeds more slowly, because
it is limited by a β-decay that is moderated by the weak
force. Therefore, faster, more intense bursts character-
istic of a helium-rich burning layer should occur at rela-
tively low accretion rates (Case 2), while hydrogen-rich
bursts with slower rise and decay times should occur at
higher rates (Case 1). Surprisingly, most sources behave
in the opposite manner. The decay time scales of bursts
from 4U 1608−52 (Murakami et al. 1980b), 4U 1636−536
(Lewin et al. 1987), and 4U 1705−44 (Langmeier et al.
1987) have all been reported to decrease as the appar-
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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 χ = (xi−xm)/σi,
where xi and σi 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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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

(

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 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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X-ışın Patlama Verileri

RXTE uydusu tarafından 1996 - 2008 yılları arasında yapılan 
gözlemler.

Toplam 48 farklı düşük kütleli X-ışın çiftinden patlama gözlemleri 
yapıldı.

Toplam 1750 X-ışın patlaması gözlendi.

Galloway ve diğ. 2008
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Table 1: X-RAY BURSTERS
Name RA DEC Number of NH NH

Bursts (1022 cm−2) Methoda

4U 0513−40 05 14 06.60 −40 02 37.0 6 0.0141 GCb

4U 1608−52 16 12 43.00 −52 25 23.0 26 1.08±0.162 X-ray edgesc

4U 1636−53 16 40 55.50 −53 45 05.0 162 0.443 X-ray edgesc

4U 1702−429 17 06 15.31 −43 02 08.7 46 1.95 X-ray continuumd

4U 1705−44 17 08 54.47 −44 06 07.4 44 2.44±0.094 X-ray edgesc

4U 1724−307 17 27 33.20 −30 48 07.0 3 1.081 GCb

4U 1728−34 17 31 57.40 −33 50 05.0 90 2.49 ±0.144 X-ray edgesc

KS 1731−260 17 34 12.70 −26 05 48.5 24 2.98 X-ray continuumd

4U 1735−44 17 38 58.30 −44 27 00.0 6 0.283 X-ray edgesc

EXO 1745−248 17 48 56.00 −24 53 42.0 22 1.4±0.455 X-ray continuumd

4U 1746−37 17 50 12.7 −37 03 08.0 7 0.366 GCb

SAX J1748.9−2021 17 48 52.16 −20 21 32.4 4 0.796 GCb

SAX J1750.8−2900 17 50 24.00 −29 02 18.0 4 4.97 X-ray continuumd

4U 1820−30 18 23 40.45 −30 21 40.1 5 0.25 ±0.037 X-ray edgesc

AQL X−1 19 11 16.05 +00 35 05.8 51 0.34±0.078 Counterparte

aReferences : (1) Harris 1996; (2) Güver et al. 2010a (3) Juett et al. (2004, 2006); (4) Wroblewski et al. 2008;

(5) Wijnands et al. 2005; (6) Valenti et al. 2007; (7) Güver et al. 2010b; (8) Chevalier et al. 1999
bOptical/IR observations of the globular cluster
cHigh resolution spectroscopy of X-ray absorption edges
dAverage of continuum X-ray spectroscopy
eOptical spectroscopy of the counterpart

in each system using a combination of spectroscopic phenomena (as in, e.g., Özel et al. 2009).

(ii) We excluded dippers, ADC sources, or known high-inclination sources. This list includes

EXO 0748−676, MXB 1659−298, 4U 1916−05, GRS 1747−312, 4U 1254−69, and 4U 1710−281,

for which it was shown that geometric effects related to obscuration or reflection significantly affect

the flux from the stellar surface that is measured by a distant observer (Galloway, Özel, & Psaltis

2008b).

(iii) We did not consider the known millisecond pulsars SAX J1808.4−3658 and HETE J1900.1−2455

because the presence of pulsations in their persistent emission implies that their magnetic fields are

dynamically important and, therefore, may affect the properties of X-ray bursts.

(iv) We excluded the sources GRS 1741.9−2853 and 2E 1742.9−2929 as well as a small number of

bursts from Aql X-1, 4U 1728−34, and 4U 1746−37, for which there is substantial evidence that

their emission is affected by source confusion (Galloway et al. 2008a; Keek et al. 2010).

Toplam 446 X-ışın patlamasından 13095 spektrum
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Fig. 7.— Plots for sources 4U 1728−34 and 4U 1731−26.
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Fig. 2.— (Left) The flux-temperature diagram for all the spectra in the cooling tails of bursts

from (top) KS 1731−260, (middle) 4U 1728−34, and (bottom) 4U 1636−536 that have statistically

acceptable values of χ2/d.o.f. (Right) The distribution of measured normalization values of the

blackbody spectra in three of the flux intervals we chose. The normalization values for the vast

majority of spectra fall within a narrowly peaked distribution, with only a number of outliers

towards lower (for 4U 1728−34) or higher values (for 4U 1636−536) of the normalization. This

justifies the assumption that the entire neutron star surface is emitting during the cooling tail of a

burst with marginal temperature variations in latitude or longitude.
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Fig. 4.— The dependence of the parameters of the intrinsic distribution of blackbody normalizations

on X-ray flux during the cooling tails of thermonuclear X-ray bursts in KS 1731−260, 4U 1728−34,

and 4U 1636−536, when the outliers have been removed. Each dot represents the most likely

centroid of the intrinsic distribution, while each error bar represents its most likely width, as

calculated using the procedure outlined in §4.2 and depicted in Figure 3. In each panel, the solid

and dashed horizontal lines show the best-fit normalization and its systematic uncertainty inferred

using the flux bins that do not correspond to near-Eddington fluxes and are denoted by filled circles

on the error bars.
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faktöründeki 

%7‘lik bir 
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Renk düzeltmesi faktörünün evrimi üzerine güzel 
bir örnek, 4U 1702-429

The Astrophysical Journal, 747:76 (16pp), 2012 March 1 Güver, Psaltis, & Özel

Figure 2. Dependence of the color correction factor fc ≡ Teff/Tc on the color
temperature of the X-ray spectrum for two sequences of models by Madej et al.
(2004), Majczyna et al. (2005), and Suleimanov et al. (2011) with different
metal abundances and surface gravities. Between 1 keV and 2.5 keV, the color
correction factor depends weakly on the color temperature.
(A color version of this figure is available in the online journal.)

per keV. In contrast, solar metallicity models show a steady in-
crease with color temperature in the ∼1.5–3 keV range.4

We infer the apparent surface area 4πR2
app of a neutron star

by measuring the X-ray flux Fcool and the color temperature Tc
at different intervals during the burst, so that

4πR2
app = 4πD2Fcool

σSB(Tc/fc)4
. (3)

Here, σSB is the Stefan–Boltzmann constant, D is the distance
to the source, and fc = Tc/Teff is the color correction factor.
The value of the color correction factor is dictated by the pre-
dominant source of absorption and emission in the neutron-star
atmosphere. It, therefore, depends on the effective temperature,
which determines primarily the ionization levels, and on the
effective gravitational acceleration, which determines the den-
sity profiles of the atmospheric layers. Both these quantities
decrease as the cooling flux decreases. If we were to assume a
constant value for the color correction factor, as is customary,
we would obtain a systematic change in the inferred apparent
surface area as the cooling flux of the burst decreases with time.
Such variations have been discussed in Damen et al. (1989) and
Bhattacharyya et al. (2010). Note that this systematic effect can
be corrected, in principle, if the data are fit directly with de-
tailed models of neutron-star atmospheres (see, e.g., Majczyna
& Madej 2005).

A potentially important source of uncertainty in the measure-
ments is introduced by the errors in the absolute flux calibration
of the RXTE/PCA detector. The current calibration of the PCA
and the cross-calibration between X-ray satellites have been
carried out using the Crab Nebula as a standard candle (Jahoda
et al. 2006; see also Toor & Seward 1974; Kirsch et al. 2005;
Weisskopf et al. 2010). The uncertainties in the flux calibration
can be due to a potential overall offset between the inferred and
the true flux of the Crab Nebula, which may be as large as 10%

4 The color correction factor shows a turnover at different Eddington ratios
and correspondingly at different color temperatures depending on
composition, surface gravity, and gravitational redshift. The rapid evolution
presented in Suleimanov et al. (2011) preferentially occurs at low Eddington
ratios and color temperatures smaller than 1 keV (which we cannot explore
observationally in the RXTE burst data) and for very small surface gravities
(log g = 14.0), which correspond only to neutron stars with radii !15 km.

(Kirsch et al. 2005; Weisskopf et al. 2010). This can only change
the mean value of the inferred apparent area in each source and
does not alter the observed dispersion. We will explore this is-
sue as well as uncertainties related to the variability of the Crab
Nebula itself (Wilson-Hodge et al. 2011) in more detail in Paper
III of this series.

4.1. Flux–Temperature Diagrams

Figure 3 (left panels) shows the dependence of the emerging
flux on color temperature for all the spectra in the cooling
tails of KS 1731−260, 4U 1728−34, and 4U 1636−536 that
we consider to be statistically acceptable (see Section 3). We
chose these three sources to use as detailed examples because
of the high number spectra obtained for each and the fact
that they span the range of behavior in cooling tracks that we
will discuss below. If the whole neutron star is emitting as a
single-temperature blackbody and the color correction factor is
independent of color temperature, then Fcool should scale as T 4

c .
Our aim here is to investigate the systematic uncertainties on
the measurement of the apparent surface area in each source
at different flux levels. We, therefore, divided the data into
a number of flux bins and plotted in the same figure (right
panels) the distribution of the blackbody normalization values
for some representative bins. The blackbody normalization for
each spectrum is defined formally as A ≡ Fcool/σSBT 4

c , although
in practice this is one of the two measured parameters and
the flux is derived from the above definition. According to
Equation (3), the blackbody normalization is equal to A =
f −4

c R2
app/D

2, and we report it in units of (km/10 kpc)2. If we
do not correct for the dependence of the color correction factor
on the flux, we expect the normalization A to show a dependence
on color temperature that is the mirror symmetric of that shown
in Figure 2.

The flux–temperature diagrams of KS 1731−260,
4U 1728−34, and 4U 1636−536 share a number of similari-
ties but are also distinguished by a number of differences. In all
three cases, the vast majority of data points lie along a very well
defined correlation. This reproducibility of the cooling curves
of tens of X-ray bursts per source, combined with the lack of
large-amplitude flux oscillations during cooling tails of bursts,
provides the strongest argument that the thermal emission en-
gulfs the entire neutron-star surface with very small temperature
variations at different latitudes and longitudes.

In 4U 1728−34, a deviation of the data points from the
Fcool ∼ T 4

c correlation is evident at high fluxes and color
temperatures (Tc ! 2.5 keV), which may be due to the evolution
of the color correction factor at high Eddington fluxes (see the
discussion in Section 4 and Figure 2). The same deviation is not
evident in KS 1731−260 or 4U 1636−536, for which the highest
temperatures encountered in the cooling tails were "2.5 keV.

Finally, in all three sources, a number of outliers exist at
the lowest flux levels, with normalizations that deviate from
the above correlation. In KS 1731−260 and 4U 1636−536, the
outliers correspond to higher normalization values, whereas in
4U 1728−34 they correspond to lower normalization values
with respect to the majority of the data points.

Any combination of the effects discussed earlier in this and
in the previous section may be responsible for the outliers. Non-
uniform cooling of the neutron-star surface will lead to a reduced
inferred value for the apparent surface area. Reflection of the
surface X-ray emission off a geometrically thin accretion disk
will cause an increase in the inferred value for the apparent
surface area. Finally, Comptonization of the surface emission
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Fig. 5.— (Left) The distribution of the X2/dof values obtained from fitting the spectra during

the tails of thermonuclear X-ray bursts observed from the sources 4U 1702−429, 4U 1705−44, and

4U 1724−307 together with the theoretically expected distribution; the vertical dashed line marks

the maximum value of X2/dof beyond which we consider the blackbody model to be inconsistent

with the data. (Middle) The flux-temperature diagrams of the cooling tails of bursts from the

same sources; the solid and dashed line correspond to the most probable values of the blackbody

normalizations throughout the bursts and their systematic uncertainties. (Right) The dependence

of the parameters of the intrinsic blackbody normalization on X-ray flux; the solid and dashed lines

correspond to the most probable values of the normalizations and their systematic uncertainties

for the flux bins that are marked by a filled circle. Error bars without filled circles appear at

near-Eddington fluxes where the color correction factor increases, causing the apparent decline in

the normalization.
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Fig. 3.— 1 and 2−σ confidence contours of the normalization and blackbody temperature obtained

from fitting the X-ray spectra from the touchdown moments of each PRE burst observed from

sources SAX J1808.4−3658, 4U 1820−30, and AQL X−1, from upper left to lower right. The

legends in the plots show the burst IDs for each source as defined by G08.

4U 1820-30‘dan 
gözlenen tüm 

X-ışın 
patlamaları
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Fig. 7.— Left Panels : 68% and 95% confidence contours of the blackbody normalization and temperature obtained from fitting the X-ray
spectra at the touchdown moments of each PRE burst observed from 4U 1636−536 and 4U 1728−34. The labels of the confidence contours
show the burst IDs adopted from G08. Right Panels: 68% and 95% confidence contour of the parameter of an assumed underlying Gaussian
distribution of touchdown fluxes. The width of the underlying distribution reflects the systematic uncertainty in the measurements.

TABLE 2 — Continued

Touchdown Normalization
Source Name BIDa MJDa Fluxb Ratio

28 52324.99055 10.69±0.15 5.37
29 52347.18234 5.88±0.16 1.94

a Burst IDs and burst start times are adopted from Galloway et al. (2008a).
b Values are given in units of 10−8 ergs cm−2 s−1 and are calculated using the equation 3 of Galloway et al. (2008a).

TABLE 3
Eddington limit values and the measurement uncertainties.

Source Name Touchdown Fluxa
σSys

a
σF ormal

a

4U 0513−401 1.15 0.15 0.06
4U 1636−536 6.32 0.55 0.15
4U 1724−307 4.93 0.64 0.15
4U 1728−34 7.87 0.36 0.16
KS 1731−260 4.36 0.02 0.12
4U 1735−44 2.95 0.01 0.1
SAX J1750.8−2900 5.27 0.01 0.16
SAX J1748.9−2021 3.76 0.40 0.12
AQL X−1 9.20 1.82 0.182

4U 1636-536‘dan gözlenen 47 X-ışın patlaması
Güver ve diğ., 2012, ApJ, 747, 77
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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

(

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 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)

Güver ve diğ., 2012, ApJ, 747, 77



Ölçümler ve Güncellemeler
Önceki hesaplarda nötron yıldızları yarıçap ve ışınım gücü 

hesaplarında için Schwarzschild Metriği kullanılmıştır. 

Bu hesaplar Hartle-Thorne yaklaşımına dayanan yeni 
hesaplamalar ile geliştirildi (Bauböck ve diğ. 2013, 2014). 

Eddington Limitindeki elektron saçılma opasitesi terimi 
sıcaklıktan bağımsız olarak alınmıştı.

Bunun yerine Paczynski (1983) tarafından kullanılan bir ifade 
ile opasitenin sıcaklığa bağlılığı hesaplara katıldı.



Ölçümler ve Güncellemeler
Daha önceki hesaplamalar tek tek kaynakların kullanılması ve 
bunlara ait yapılan ölçümlerin istatistik hatalarının kullanılması 

ile yapılmıştı.

Bu hesaplar, sistemlerin tümünden itibaren elde edilen 
sistematik hataları da içerecek şekilde güncellendi.

RXTE/PCA ‘in mutlak akı kalibrasyonu incelendi (Güver ve diğ. 
2015) ve yeni ölçümlerde bu kalibrasyon çalışmasının 

sonuçlarıda dikkate alındı.
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Özel, Güver ve diğ., 2015
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SAX J1748.9-2021

Özel, Güver ve diğ., 2015
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Küresel Kümelerdeki Kaynaklar

Guillot ve diğ. 2013, 2014

The Astrophysical Journal, 772:7 (29pp), 2013 July 20 Guillot et al.
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Figure 17. Figure showing 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).
(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
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Sonuçlar
Nötron yıldızlarının kütle ve yarıçap ölçümleri hem astronomi 

hem de fizik için son derece önemli bilgiler içermekte.

X-ışın patlamaları kütle ve yarıçap ölçümleri için önemli bir 
fırsat sunmaktalar. 

Yaptığımız çalışmalar ile sadece bazı nötron yıldızlarının kütle 
ve yarıçaplarını ölçmek ile kalmadık aynı zamanda bu 

ölçümlerdeki sistematik hatalarıda belirledik.



Gelecek

Gelecek nesil X-ışın uydusu ve alıcılar için hazırlıklar : 
ASTROSAT, NICER, LOFT

Daha fazla bağımsız uzaklık ölçümleri GEREKLİ : 
VISTA, UKIDSS,

GAIA, 
radyo paralaks ölçümleri


