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ABSTRACT

Thermal emission during X-ray bursts is a powerful tool téedmine neutron star masses and radii, if the
Eddington flux and the apparent radius in the cooling tail lsarmeasured accurately, and distances to the
sources are known. We propose here an improved method afrdeieg the basic stellar parameters using
the data from the cooling phase of photospheric radius estpaibursts covering a large range of luminosities.
Because at that phase the blackbody apparent radius depelydsn the spectral hardening factor (color-
correction), we suggest to fit the theoretical dependenfabeaolor-correction versus flux in Eddington units
to the observed variations of the inverse square root of pipar@nt blackbody radius with the flux. For that
we use a large set of atmosphere models for burst luminssiéieying by three orders of magnitude and for
various chemical compositions and surface gravities. Vdgvghat spectral variations observed during a long
photospheric radius expansion burst from 4U 1724—-307 direBrconsistent with the theoretical expectations
for the passively cooling neutron star atmospheres. Ounaodedllows us to determine both the Eddington flux
(which is found to be smaller than the touchdown flux by 15%) thre ratio of the stellar apparent radius to the
distance much more reliably. We then find a lower limit on teetnon star radius of 14 km for masses below
2.2M,, independently of the chemical composition. These resulggest that the matter inside neutron stars
is characterized by a stiff equation of state. We also findewes in favour of hydrogen rich accreting matter
and obtain an upper limit to the distance of 7 kpc. We finallgvgthat the apparent blackbody emitting area in
the cooling tails of the short bursts from 4U 1724-307 is tiwees smaller than that for the long burst and their
evolution does not follow the theory. This makes their usageletermination of the neutron star parameters
questionable and casts serious doubts on the results abpsaworks that used for the analysis similar bursts
from other sources.

Subject headinggadiative transfer — stars: neutron — X-rays: bursts — Xsragdividual (4U 1724-307) —
X-rays: stars

1. INTRODUCTION dius of the NS at late stages of the burst. This method also has
Studies of the thermal emission from neutron stars SyStematic uncertainties related to the color-corredaator

(NSs) have been used extensively to determine their/c = Tc/Ten (the ratio of the color temperature to the effec-
masses and radii (e.g. Damen et al. 1990: van Paradijs et aftive temperature of the star), which is a function of the burs

1990; Lewin et al[_1993: Rutledge ef al. 2002; Heinke &t al. [Uminosity.

2006: [Webb & Barret_20070zel etal. 2009/ Guver etal. 10 minimize the theoretical uncertainties in modeling the
20104), which can provide constraints on the properties of PUrst atmospheres at nearly Eddington luminosities, we pro

the matter at supranuclear densitiés (Haensel et al.| 2007P0sed!(Suleimanov etial. 2011) to use the whole cooling track

Lattimer & Prakash 2007). Thermonuclear X-ray bursts at @Nd check that the evolution of the blackbody normalization
NS surfaces and, particularly, the photospheric radiusexp  With flux is consistent with the theoretically predicted kw0
sion (PRE) bursts exceeding the Eddington limit at high-flux 10N for a passively cooling neutron star.

phases|(Kuulkers etidl. 2003) are excellent laboratories fo _ '€ unique determination of mass and radius requires one
such detailed studies. The observed Eddington flux gives™O'e constraint. Knowing the distance to a burster breaks th

a constraint on the NS mass-radius relation. This method,d€generacy, and therefore bursters located in globulatest:

however, suffers from the uncertainty in determination of Would be of interest. For the analysis in the present paper

the exact moment when the luminosity reaches the Edding-Ve choose 4U 1724-307 which resides in the globular clus-

ton limit at the NS surface, which is often assumed to coin- (€F Térzan 2. We analyze three PRE bursts from that source
cide with the moment of “touchdown”, when the measured and show that they follow different cooling tracks. We also
color temperature is highest and the apparent radius id-smal SPeculate on the reasons for such a discrepancy. We demon-
est (Damen et al. 1990). This interpretation is uncertasn, a SUate that the apparent blackbody radius for the long PRE
the touchdown flux typically coincides with the maximum PUrst evolves according to the predictions for the pasgivel
flux (Galloway et al. 2008b), while the latter is expectedéo b  €00ling neutron star with a constant apparent surface add us
larger than the surface Eddington flux by the redshift factor theS€ data to determine the NS parameters.
1+ z (Lewin et al: 1993).

The second constraint can be obtained from the apparent ra-
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Figurel. Spectra of the persistent emission before the long burstn(op £

squares) and one of the short bursts (filled circles).

2. DATA E [keV]

2.1. X-ray bursts from 4U 1724-307 Figure 2. Evolution of the long burst spectra at early decline burstsgls

For our analysis we have used the data from the PCA with th_e co_rrespo_nding best-fit blackbody models (_solid/es). The corre-
spectrometer oRossi X-ray Timing Explorer (RXTEpe- sponding time points are shown by arrows in the middle pahEigl4.
cause it provides us the maximum possible number of pho-
tons within the small time intervals, during which the spec-
trum of the X-ray burst does not vary mudRXTEPCA data
were analyzed with the help ¢fEASOFT package (version
6.6.1). Response matrices were generated usingPtasksp
(v.10.1) of this package. The background of PCA detectors
was estimated with the help @M bri ght _VLE model.

In order to account for the uncertainties reflecting the -qual

ity of the RXTEPCA response matrix, a 1% systematic error

(Jahoda et al. 2006) was added in quadrature to the statistic
error in each PCA energy channel. The spectral fitting was
performed using th&sPec 11 package (Arnaud 1996).

RXTE observed three PRE bursts from 4U1724-307
(Galloway et al. 2008a). A long>150 s) PRE burst was
recorded on November 8, 1996 (Molkov etlal. 2000). Two
short PRE bursts were observed on Feb 23 and May 22, 2004.
The quiescent emission around these three bursts was-signif
icantly different. The long burst happened when the source E [keV]
was in the so called hard/low state with a luminosity of a few
percent of the Eddington luminosity and the X-ray emission
was formed in an optically thin medium. The short bursts
were observed during the high/soft state, with the X-raysemi ues for all spectra at the cooling tails of the analyzed X-ray
sion characterized by the optically thick accretion dist thre bursts, while simple blackbody analytical model allowsas t
boundary/spreading layer from the neutron star surface. Th correctly represent the general shape of the spectrum i@ 3—-2
quiescent spectra of 4U 1724-307 are presented iflFig. 1. AllkeV energy band. Therefore in our subsequent analysis we
spectra presented here and below were fitted assuming an aluse simple blackbody models for approximating the spectral
sorption column density aVy; = 10?2 cm~2 corresponding  shapes and compare the obtained parameters with those, ob-
to the best-fit value for the persistent spectrum. But fitting tained by fitting the spectra produced by the full theorética
using Ny as a free parameter was also performed. NS atmosphere model in the same energy band.

X-ray bursts often have thermally looking spectra which  The best-fit parameters of the employed blackbody model
can be approximated by a blackbody (Galloway €&t al. 2008a).are the color temperatuf®,;, and the normalization constant
The fits of the burst spectra with an absorbed blackbody K = (Ry;,[km]/D1g)? (the blackbody radius is measured in
model give, however, rather high reduceddd.o.f~2-3. This km and the distanc® to the source in units of 10 kpc). These
is not very surprising because the photon statistics is highcan be combined to estimate the observed bolometricilux
with the errors being dominated by the systematics. Theo- The evolution of the fitted parameters during the bursts are
retical models of the NS atmosphere during X-ray bursts doshown in Figl#. The time is normalized to the individual
not predict exactly blackbody spectral shapes, but thelvesi flux decay timescales and shifted to allow an easy compar-
uals in the 3-20 ke\RXTEenergy band are expected at the ison between the bursts. The time point, when the flux and
level of 4-5% (see Fig. 8 in_Suleimanov etlal. 2011). The the color temperatur&y,, reach their maximum values and
residuals between the blackbody model and the data of X-raythe normalizationX has a minimum, is usually named the
bursts of 4U 1724-307 have similar amplitudes (see Eligs. 2“touchdown” point (shown by the arrow in the upper and mid-
and[3). Adopting the systematic uncertainty of the model dle panels of Fid.l4 for the long burst). The maximal fluxes of
at the level of 3-5% allows us to obtain acceptajpteval- the short bursts are appreciably smaller than that for thg lo
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Figure 3. Same as Fid.]2, but for a short burst.
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3. METHOD

3.1. Basic relations
Figure4. Evolution of the observed blackbody fluxes, color tempeestu i ;
and normalizationdk = R2, /D3, for three bursts from 4U 1724-307 in Here we briefly present some well known relations between

November 8, 1996 (black Gircles). February 23, 2004 (blaendinds) and ~ Observed and real physical NS parameters, which arise due
May 22, 2004 (red triangles). The time variable is normalize the char- to the gravitational redshift and the light bending, togeth
?Cterisgic decay time- Wlhich is %qulal to b18-5, %54 and 3.52 s focrj these with some other important equations. The observed luminos-
three bursts, respectively. For the long burst, the zere tiorresponds to ; ; ;

the touchdown point (marked by an arrow in the upper and raigdhels), Ity Lo, effective t.emperatu[@m ".’md apparentNS radius,,
while for the short burst the light curves were shifted sa tha cooling tails are connected with the luminosity at the NS surfacéhe ef-
coincide. The arrows show the times when the spectra showig[2 and fective temperature measured at the surfigg and the NS

t/t

Bwere collected. circumferential radius? and mass\/ by the following rela-
burst, and their normalizations do not show a significart ris tions (Lewin et al. 1993)

at the early stages of the bursts indicating that the NS photo 7, _ L = Tew R =R(1+2), (1)
sphere has not substantially expanded. (1+2)% 142’ ’

The most serious difference between the short and the longwith the redshift factor
bursts is the normalization value at the flux decay phase, the 14 s— (1 _ 2GM/RCQ)—1/2 . o)
apparent area in the long burst in approximately two times
larger (Fig[h). The natural explanation for that is the pree The gravityg on the NS surface is larger in comparison with
of the optically thick accretion disk which in the soft state the Newtonian case due to the general relativity effects

blocks a significant part of the NS apparent surface, whie th GM

hot, optically thin, transparent accretion flow in the haeates 9= W(l +2), (3)
does not affect much the NS apparent area. In addition to thatherefore, the Eddington luminosity is larger too:

effect, there could be additional differences in the phglsic ArGMc ) A
conditions of the NS atmosphere (and thus in spectral harden Lpaa = ——— (1+2) =4rR%0spTRqq- 4)

ing factors), as the boundary/spreading layer in the safest
forces the NS atmosphere to rotate close to Keplerian wgloci
(Inogamov & Sunyaev 1999; Suleimanov & Poutahen 2006).
We note that similar differences between short and longsurs
were also found in another X-ray bursting NS (Galloway et al.

Here Tgqq is the maximum possible effective temperature
on the NS surfaces. = 0.2(1 + X) cm? g~! is the elec-
tron (Thomson) scattering opacity, atid is hydrogen mass
fraction. The observed Eddington luminosity is smaller for

20084/ Zhang et 41, 2010). higherz L MTGMe 1 -
Edd,00 Ke 142
2.2. Distance to 4U 1724-307 This is related to the observed Eddington flux
4U 1724-307 resides in the globular cluster Terzan 2. Fraq = Lidd, - GMc 1 (6)
The distance to thatD=7.5+0.7 kpc was measured by 4w D? keD? 1+ z

Kuchinski etal. [(1995), whilé_Ortolani etlall (1997) give and the Eddington temperature
D=5.3+0.6 kpc, if Ry = Ay /E(B — V) = 3.6 (more suit- 1/4 1/4 —1/2
able for red stars, see Grebel & Roberts 1995), or-0.6 ( gc ) 1 _(FEdd) (R_oo)

i DL TEdd.co = =
kpcif Ry = 3.1. To cover all possibilities, we assume further Ead, OSBKe 1+=2 OSB D
a flat distribution from 5.3 to 7.7 kpc with Gaussian tails of @)
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which is the effective temperature corresponding to the Ed- = 1.8 ' a
dington flux at the NS surface corrected for the gravita- =
tional redshift. We note here that the electron scattering = I i
opacity decreases with temperature (e.g. Paczynskil 1983; 'ﬂ L7- ]
Pozdniakov et al. 1983) and at the typical temperature ®f - I T
keV in the upper layers of the luminous NS atmospheres is 1.6 -
reduced by about 7%. This affects the luminosity where the _5 - E
Eddington limit actually is reached. ‘g 1.5 -
3.2. Atmosphere models and color correction 8 1.4 n
Numerous computations of X-ray bursting NS at- S L -
mospheres | (London etlal. 1984, 1986; Ebisuzaki 1987; 8 1.3k i
Madej 11991; | Pavliovetal.l 1991; Zavlinetal. 1996; I R T R R
Suleimanov & Poutanen| 2006] _Suleimanov etal. 2011) 00 02 04 06 08 1.0

show that their emergent spectra at high luminosities are
close to diluted blackbody spectra due to strong energy
exchange between high energy photons and relatively cold
electrons at NS surface layers (Compton down-scattering)

F‘E;z wBE(TC:fCTeff)a (8)

wheref, is the color correction (or hardness) factor ands
the dilution factor, which at high luminosities is very cto®
1/f4 (Suleimanov et al. 2011).

Spectra observed from the X-ray bursting NSs are close to
thermal and usually they are fitted by a blackbody with two
parameters: the observed color temperafyieand the nor-
malizationK = (Ry,(km)/D1o)?. Itis easy to find the rela-
tions between various temperatures

L /Legq = F/Feqq

Figure6. Color-correction factor as a function of the NS luminosity
(Suleimanov et al. 2011). The curves correspond to atmospha differ-
ent chemical composition: pure hydrogen (red), pure hel{pink); the
blue curves are for models with solar H/He composition ploisrsabun-
dance of metalsZ = Z; (dotted blue) and subsolar metdls = 0.3Z¢
(solid blue). The surface gravity is taken to pe= 1040 cm s~2. The
dashed curve shows the results for a hydrogen atmosphenget gravity of
logg = 14.3.

We considered various chemical compositions (pure hydro-
gen, pure helium, solar mixture of hydrogen and helium with
various metal abundances) and three surface graligs—

Togt T, 14, 14.3, and 14.6. The (redshifted) radiation spectrum from
Too=feToo=fe 7o =155 (9 the NS atmosphere was then fitted with a diluted Planck func-
The observed blackbody flux is then tion in the 3—20 keV energy band (i.e. the range observed by
RXTH to determine the color-correction fact@g (see Fig.
PR Ry, T4 R3, (10) ). The behaviour off. at relatively highl depends mainly
T I8BIbb o T I8Bleo on the hydrogen abundancg and very little on the surface

and we can find the relation between the normalization andgravity and metal abundance.
the NS radius ) ) ) )
1 1

Ry, _ B (1+2) _hx1 (11)

D2 D2 fi D? f4
These formulae can be transformed to the relation between,
color correction and normalization_(Penninx etal. 1989
van Paradijs et al. 1990):

K-V =fA, A= (Roolkm|/Dy)" "2 (12)

A combination ofA and Fgqq gives the Eddington tempera-
ture:

Thad,ce = 114 x 10° AFh K

3.3. DeterminingM and R using the touchdown method

In an ideal situation if the observed X-ray emission comes
~'Indeed from the passively cooling fully visible NS and the-di
' tance to the source is known, we can determine NS méss
and radiusk from two observables: the Eddington flux given
by Equation[(b) and the NS apparent blackbody size in the
cooling tail, or quantityd = K—1/4/f, (see e.d. Lewin et al.
1993). The latter is related to the apparent size of the NS
through the color correction®., = f2Ryy, and f. is as-
— 9081 AFY* _keVv sumed to be known in the burst tail from the theoretical con-
’ Edd,-7 (13’) siderations. While this method was proposed long time ago,
only recently strong claims appeared in the literature that
actually can be used for determining accurately paramefers
three bursting NSddzel et all 2009; Guver etlal. 2010a,b).
Using the approach advertised in the aforementioned pa-
pers, one has to determine the Eddington flux from observa-
tions. For PRE bursts it was assumed that it is reached at the
"“touchdown” point (Damen et al. 1990), when the color tem-
perature is highest and the apparent blackbody area lowest.

whereFgqq,—7 = Fraa/107 7 ergcnm? s71,

A detailed comparison of the theoretical models with the
data requires the knowledge of the run of the color cor-
rection with flux. Previous models covered the range of
luminosities very sparsely. Using our recently developed
code (Suleimanov & Poutanen 2006; Suleimanov et al.|2006
Suleimanov & Werner 2007), we have computed a very de-
tailed set of models with the luminosity varying by three or-

ders of magnitude (Suleimanov etlal. 2011).

An atmosphere model is fully defined by the surface gravity

g, chemical composition, and the ratio of the luminosity t® th
Eddington luminosity = L/Lgqq. The last parameter also
relates the effective temperature to the Eddington tentpera

at the NS surface:

Togp = 1M *Tiaa. (14)

The color correction factoy, at the late cooling phases of
the PRE bursts was taken to be close to [O24] et all 2009;
Guver et al| 20104,b) based of the models| by Madejet al.
(2004) and_Majczyna et all (2005) (see discussion below).
The observables can be then transferred to the constraints o
M and R (see Fig[l7). We will further call this approach the
“touchdown method”.

From the Eddington flux estimate we have (see dotted
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6 ————— — As we mentioned above, this method of determination of
- 8 M and R works in an ideal situation. There are a few prob-
5+ GR &@”/ . lems with this approach. First, the relation of the Eddingto
S flux to the touchdown flux is not clear. The reduction of the
o 4T T electron scattering opacity at high temperatures inceetise
= I : true Eddington limit by about 7% above that given by Equa-
= 3r tions [8) and[(b). Also if we believe that the X-ray burst lami
= I nosity is equal to the Eddington luminosity during the expan
2r sion phase of the PRE burst, the observed luminosity has to
| I decrease when the photospheric radius decreases according
i to Equation[(b)/(Lewin et al. 1993). In reality the observed
o L& luminosity in 4U 1724-307 increases when the photospheric
0 radius decreases (see FIg. 4). This implies that the ratio of

e the luminosity to the Eddington limit at the photosphere has
R [km] to increase with decreasing photospheric radius (i.e eassr
Figure 7. Constraints on\/ and R from various observed values. The solid Ing I’_edshlftz). A c_omblnatlon qf this dePendence with the
curve gives the relation obtained from the Eddington temipee given by ngJ\V't&_\tlona' redshift eﬁeC_t predicts then that the Obed_"u' )
Equation [(I8), thick dotted curve is for the Eddington fluxegi by Equa- minosity reaches the maximum when the photospheric radius
tion (8), thick dashed curve is fol=const. If the assumed distance is too is |arger thank and that maximum is |arger than expected for
large, there are no solutions (the corresponding curve$for=const and the Eddington Iuminosity at the surface

A=const shown by thin lines do not cross). . ; . .
Second, the assumption ¢f ~ 1.4 in the cooling tail

curves in Figr) is very uncertain. This assumption is based on X-ray burst
) atmosphere models of Majczyna et al. (2005), who claimed
po 26D Fpaa (1= )12 a rather constanf. at low effective temperatures (see also
c3 2 _1 _1 Fig. 6 inlGuver et gl. 2010a), as well as the fact that most of
=14.138km (1 + X) Dy Fraa—7u~' (1 =u)""35)  the short PRE bursts have a constant normalization at late
and the mass is found using phases. We note here that the factgirsn IMajczyna et al.
R (2005) correspond to the ratio of the energy where the peak

(16) of the model fluxF is reached to the peak energy of the

L ——
Mo 2.95km blackbody spectrum at effective temperature. Moreover, th

where the compactness = Rs/R = 1 — (1 + z)~2 and low-luminosity models were calculated for high surfacevgra
Rs = 2GM /¢ is the Schwarzschild radius of the NS. A mea- ity instead of low effective temperatures, which leads to in
surement ofd gives another constraint: correct results (SEee Suleimanov et al. 2011, for detallbp T
color-corrections obtained in this way, however, shoulda®o
R=RooV1—u=f2DVK = Dig A= /T —ukm. compared to the data at all, because the color temperatiires o

. . . . (17) the time-resolved spectra from X-ray bursts are computed by
Combining with the parametric expressidnl(16) for the mass, fitting the actual data in a specific energy interval (e.g. 3—20
we get the second relation betwegh and R shown by the  keV for RXTEPCA) with the diluted blackbody function with
dashed curves in Figl 7. _ _ ~ arbitrary normalization. The values ¢f shown in Fig[6 on

The Eddington temperature given by Equatibnl (13) is in- the other hand are produced using the procedure similar to
dependent of the uncertain distance to the source and can bghat applied to the data, i.e. by fitting the model spectraién t
used to express the NS radius through the observableg:and 3-20 keV range. As was shown by Suleimanov et al. (2011)

3 the color-correction has a flat part lat~ 0.2—0.5 for most
R= C—4 u (1 — u)3/2’ (18) of the chemical compositions, but the actual valuefofie-
26e03BTR4q 00 pends on the hydrogen fraction, and, for example Xo& 1

it is closer to 1.5 than to 1.4 (see FIg. 6). At lower luminosi-
ties f. can first drop because of iron edges and then increase
to rather high values. Thus, there is no unique valueffor

in the cooling tail. The expected significant variationsfpf
with flux also imply that constancy of the apparent blackbody
area in the cooling tail contradicts the burst atmospheré-mo

and the mass is then found via Equatiod (16). The correspond
ing relation betweed/ andR is shown by the solid curve in
Fig.[4.

All three curves cross in one or two points (see Hig. 7) if the
quadratic equation

u(l—u) = 2fie D Fpad = 14.138 (14+X) D1 Fraa,_7 A%, els and therefore the bursts showing such behaviour oldyious
VK f2¢3 ’ demonstrate influence of some physics not included in these
(19) simplest models of NS atmospheres, and thus cannot be used

which follows from Equationd (15) and ([17), has a real so- for determination of NS masses and radii with the help of the
lution for u (see e.gl Steiner etlal. 2010). This happens if aforementioned models.

u(1 — u) < 1/4 and the distance then should satisfy the fol-  Third, different PRE bursts from the same source show dif-

lowing inequality ferent cooling tracks, for example, the long burst and thoetsh
T2 bursts of 4U 1724-307 (see Hig. 4) have normalizations dif-
p<p... - VEfe _ 0.177 kpc ferent by a factor of two. This makes the determination of the
T 8 Fraake (14 X) A2 Fraa—7 apparent area from a single burst not unique.
(20) And finally, the most serious problem with this approach
In the opposite case, there is no physical solutionMband is that out of the whole amount of information on the cool-

R for given observables. ing tail of the burst, one uses ontiywo numbers and it is not
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Figure8. lllustration of the suggested new cooling tail method. Thpeh- F [10" erg s"cm™]
dencek ~!/4—F as observed during the cooling track of the long burst from  Figure9, Comparison of the X-ray burst data for 4U 1724-307 to the the-
4U 1724-307 on November 8, 1996 (circles). The theoreticall/ Liaa oretical models of NS atmosphere. The crosses present seevelol depen-
dependence is shown by the dashed curve (right and uppey axdsthe dence ofK—1/4 vs. F for the long burst, while diamonds represent two
best-fit relation (solid curve). short bursts for the blackbody model with constant absompliy; = 1022

.. . cm—2. The solid curves correspond to the three best-fit thealetimdels
checked whether these quantities are actually consistiéimt W  of various chemical compositions (see Hiy. 6). The besefiemeterssqg

each other. For example, the theory also predicts that flhe co and 4, defined by Equation§¥6) arid{12), are given in Table 1.
correctionf, changes fromx1.7 to~1.4 when the luminos-
ity drops from the Eddington to about 1/3 of the peak value.
This also implies that the blackbody normalization between 4. RESULTS
the touchdown point and the decay phase must increase at

least by a factor of two. It is really true for the long bursrfr 4.1. The long burst from 4U 1724-307

4U 1724-307, while the short bursts have nearly congtant 4.1.1. Determining NS parameters using the cooling tail method

which is two times smaller than that in the long burst, imply- | et ys apply the method described in Secfion 3.4 for deter-
ing probably a partial eclipse of the NS by the optically lic  ining NS mass and radius from the data on the long burst
accretion disk and/or the influence of the boundary layer onom 4U 1724-307. We fit the dependence of the normaliza-
the structure of the NS atmosphere as discussed in S&cllon 2. tjon constant on the observed fluf for the long burst by

We also note here that all bursts analyze@zgl et al.[(2009)  ihe theoretical curvef, — L/ Lgqq computed for three chem-

and Guver et all (2010a,b) are short, they do not show enoughca| compositions. They give a good description of the data a
variations of K in their cooling tracks, and therefore the re-

. ; intermediate fluxes for the data points to the right of theiver
sults obtained from these bursts are not reliable (seeB&ct. 5| dashed line (Fid19), but below the touchdown, which we
for more details). ’ ’

use for fitting. Close to the touchdown, significant deviasio
On the base of all these arguments we offer a new approachyye probably caused by deviations from the plane-paratel a

to the NS mass and radius estimations using the |nformatlonmosphere and effects of the wind (thus the models are not re-
from the whole cooling track. liable). Strong deviations are also visible at low fluxes mhe

- . . . the burst spectrum is probably modified by accretion. As-
3.4. DeterminingM and R using the cooling tail method suming thatFiqq is actually reached at the touchdown con-

If the radiating surface area does not change during thetradicts the following evolution of the parameters durihg t
burst decay phase, the evolution of the normalization iy ful cooling phase. The fits are better for the hydrogen-rich atmo
determined by the color correction variations (see Equa-spheres. The results of the fitting for all considered chamic
tions [11) and[{(112)). We thus suggest to fit the observed re-compositions of the NS atmosphere are presented in Thble 1.
lation K —'/4—F at the cooling phase of the burst by the the- The uncertainties inl andFizq4 are obtained with a bootstrap
oretical relationsf. — L/Lgqq (Sshown in Fig. [6, see also method.

Suleimanov et al. 2011) with free parameters beinand the Taking the distance in the range 5.3-7.7 kpc (see Section
Eddington flux Fgqq (see Fig.B for illustration). The be- [2.2), we convert a distribution dfzqq and A using Monte-
haviour of f. depends rather weakly on the NS gravity and Carlo simulations to the distribution éff and R (Fig.[10 and
chemical composition, which substantially reduces theehod Table1). The resulting contours are elongated, becauseof t
dependence of the fitting procedure. Using the obtained bestuncertainty in distance, along the curves of constant Egdin

fit parameters, we can then apply the method identical to thatton temperature. The pure helium model atmospheres give a

further analysis only those bursts that follow the theory.

described in Sectidn 3.3. mass which is too small from the stellar evolution point of
The main advantages of the proposed cooling tail methodview. Itis also below the mass-shedding limit if the staris r
is that there is no freedom in choosirfigin the cooling tail, tating faster than at about 500 Hz. Pure hydrogen atmosphere

the determination of the Eddington flux becomes decoupledmodels are consistent with the data only fo< 6 kpc, while
from the uncertainties related to the touchdown flux as thefor the atmosphere of solar composition the upper limit is
whole cooling tail is used, and finally, one can immediately 7 kpc. The hydrogen rich atmosphere models give a lower
check whether the burst spectral evolution is consistetiit wi limit on the stellar radius of 14 km independently of the rheta
theoretical models and whether the employed model includesabundance (see Taljle 1) for NS masses less thad2.and

the majority of the relevant physics for the descriptionteft  smaller radii are allowed only for high NS masses. For the
considered phenomenon. This check can help to choose fohelium atmosphere, the solution shifts towards higher asss
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Table 1
Best Fit Parameters
Atmosphere model Fgaq A Trad,co  X2d.0.f. M R
(10-7ergstcm2) (km/10kpcy /2 (107 K) (Mg) (km)

Hydrogen 0.525-0.025 0.176:0.001 1.64-0.02 5.0/5 1.90.4/2.450.15 14.40.8/11.%1.3

1.4 (fixed) 14.2:0.4
Solar H/He,Z = 0.3Z¢ 0.521+0.020 0.1720.002 1.66-0.02 5.8/5 1.85%0.6/2.740.15 15.5:1.5/13.6:t1.0

1.4 (fixed) 15.2:0.4
Helium 0.50:0.02 0.178:0.002  1.7#0.02  11.3/5 1.050%° 18.0752

1.4 (fixed) 20.20.5

Note. — Results of the fits to thé< —'/*—F dependence with the NS atmosphere models for various chentmpositions andlbg g = 14.0. For hydrogen
and solar composition atmospheres there are two solut@ni/fand R (see Fig[[ID). Neutron star mass and radius are computedAramd Fqq assuming a flat
distribution of the distance between 5.3 and 7.7 kpc withgSan tails of #=0.6 kpc. Errors correspond to the 90% confidence level.
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while the Eddington flux estimates remain the same within
1%. In this case, the estimated NS radii grow by 20% relative
to those shown in Fig,10.

In addition, there is a systematic uncertainty of about
10% in the absolute values of fluxes measured byRK&E
(Kirsch et all 2005; Weisskopf etlal. 2010). It acts simyad
an additional 5% uncertainty on the distance and does not af-
fect the value offgqq,00. With the current uncertainty on the
distance to 4U 1724-307, this additional inaccuracy do&s no
substantially increase the error barsiahand R in Table[1.

The determined Eddington flux is smaller than the touch-
down flux by about 15%. The main part of this differ-
ence can be easily explained by the temperature depen-
dence of the electron scattering opacity (Paczynski 11983;
Pozdniakov et al. 1983; Lewin etlal. 1993). In our model cal-
culations|(Suleimanov et al. 2011), we used the Kompaneets
equation to describe the electron scattering and this assum
the Thomson opacity. As the upper atmosphere layers can be

Figure 10. Constraints on the mass and radius of the NS in 4U 1724-307 as hot as 3-3.5 keV, the electron scattering opacity there is

from the long burst spectra (fitted with the blackbody model aonstant
absorption). The dotted curves correspond to the bestdfinpeter A for
the distance to the source of 5.3 kpc. For a flat distributibthe distance
between 5.3 and 7.7 kpc with Gaussian tails @£0.6 kpc, the constraints
are shown by contours (90% confidence level). They are etedgalong
the (dashed) curves corresponding to the Eddington terpesdl qq4. oo
given by Equation[{113) (which do not depend on the distan@é)ese cor-
respond to the three chemical compositions: green for pydeogen, blue
for the solar ratio of H/He and subsolar metal abundafice- 0.3Z, ap-
propriate for Terzan Z_(Ortolani etlal. 1997), and red forephelium. The
mass-radius relations for several equations of state dforewand strange
stars matter are shown by solid pink curves. The upper-gfion is ex-
cluded by constraints from the causality requirements fidekeet al[ 2007;
Lattimer & Prakash 2007). The brown solid curves in the lovight region
correspond to the mass-shedding limit and delineate the farbidden for
4U 1724-307, if it had a rotational frequency of 500 or 619 the, highest
detected for the X-ray burstefs (Strohmayer & Bildsten 2006

and larger radii exceeding the mass-shedding limit (e.gafo
1.5 solar mass star the radius is about 20 km). If we take th
canonical neutron star mass of 44, the NS radius is then

strongly constrained ak = 15.2 &+ 0.4 km assuming solar
H/He composition withZ = 0.3Z and 14.2£0.4 km for hy-

drogen. The obtained constraints (see Table 1) imply a stiff

equation of state of the NS matter.
The choice of the highest-flux point at tf&é—'/4-F plot

used in the fitting procedure affects the results slightlg- N
glecting even the second point after the touchdown, reduce

the estimatedzqq by 3%, while A (defined by the horizon-

smaller than the Thomson one by about 6—8% and the actual
Eddington limit is reached at correspondently higher lursin

ity than Leqq given by Equatior(5). Because we fit the data at
luminosities much below the Eddington (where correction to
the Thomson opacity are small), we determiigq as given

by Equation[(B), which is used for determination\dfand .

We also note here that the opacity effect is not includeden th
touchdown method, which assumes the touchdown flux being
equal to the Eddington flux at Thomson opacity.

The remaining~8% difference between the “true” Edding-
ton flux and the touchdown flux can be understood, if we take
into account that the maximum luminosity for PRE bursts can
exceed the Eddington luminosity on the surface due to the
dependence of the observed Eddington luminosity on the red-
shift z (see Equatioi(5) and Lewin et/al, 1993). This would
imply that the photospheric radius corresponding to thetiou

€down exceeds the NS radius by25%. The corresponding

color correction then has to bel5% larger than for our mod-
els with! = 0.98, which is consistent with that expected at
L ~ Lgqq (Pavlov et all 1991). The sharp maximumiip,
(and minimum inK’) can arise from a joint influence of the
increasing color correction and decreasing effective tnap
ture during the photospheric radius expansion phases.

The lower limit on the NS radius of 13.5-14 km as ob-

Yained by us is consistent with the measurements for the ther

mally emitting quiescent NS X7 in the globular cluster 47 Tuc

tal part of the cooling track) remains unchanged. This Ieads%ZLSﬂg km: Heinke et al. 2006). However, the radii of other

to a 2% increase in radius and 4% decrease in the NS mas
estimates. The fits to th& —!/*—F dependence, which is ob-

tained with blackbody fits with fre®/y, in the same flux inter-
vals as for constanvy give values ofd about 10% smaller,

ermally emitting quiescent NSs are significantly smgBer
13 km; | Webb & Barret 2007; Guillot et Bl. 2011). We note
that these results depend on the model of the NS hydrogen at-
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Figure11. Comparison of the solutions (thick curves) obtained forltimey 0 by '
burst using the cooling tail method (solid curves) and theholown method long burst L, '
(dashed curves), and for the short bursts using the touahdoethod only 3k Y=07374 e RS N .
(dotted curves). The curves corresponding to the obtaliegd - andA (at | : 7 N
D10 = 0.47) are also shown. All solutions are derived f&§=0.7374. The O \
dash-dotted curve corresponds to the short burst Witk 115, Fpqq,—7 = 2 2r \\ T
0.55 and fo = 1.78 (i.e. Tgdd,0o = 1.45 keV). g Frag 2= 0575 \
\
mosphere, which were also computed for the passively cool- 1r " Dum 083 4
ing NSs (Heinke et al. 2006). In case a quasi-spherical ac- - \ D, =047 T
cretion occurs at a low rate during the quiescence, the addi- 0 [ s
tional heat dissipated in the upper atmosphere would iserea 0 15 20 25
the temperature there, and, therefoyfe,(see e.g. Zane etlal. R [km]

2000). In this case, the NS radius can be underestimated. We

also need to note that if the NS in 4U 1724-307 has a spinFigure12. Expected uncertainties for the/ and R solutions obtained for

of 500 Hz, the radius of the non-rotating star would be about the ong burst using the touchdown method.

1 km smaller than estimated above. Our constraints on the

NS radii are in good agreement with the NS radii (13-16 km) 10 to 13 km andM from 1.5 to 2V/,. We note thatf. is
evaluated by Suleimanov & Poutahén (2006) from the spectraactually closer to 1.5 for the hydrogen-rich atmospheres (s
of low-mass X-ray binaries using the spreading layer model. Fig.[G). Less significant errors appear due to uncertaiimies
Rather large NS radii are allowed by the modern equationsthe observed Eddington flux on the NS surface (bottom panel
of state [(Hebeler et al. 2010), which predict the upper lohit  of Fig.[12). A larger flux corresponds to smallef and R.

13.5km fora 1.4/, NS.
4.2. Short bursts

4.1.2. Touchdown method The cooling tracks for the short PRE bursts shown in Fig.
We apply now the touchdown method described in Sec-[@ are very different from that of the long burst and are com-
tion[3.3 to the same data on the long burst. This approach ispletely inconsistent with the theoretical dependencess ish
used for illustrative purpose only and we do not considegher a strong argument that these cooling tracks are affected by
any statistical errors. Let us take the Eddington flux equal t some additional physics and cannot be used for determmatio
the touchdown fluxFqq,—7=0.605, the normalization in the of NS mass and radius. Ignoring that fact, let us still apply
cooling tail =230, f.=1.4 andX =0.7374. From these quan- the touchdown method to the short bursts. Taking from the
tities we obtainlgaq,.c = 1.84 x 107 K and an upper limit observed data (see Figl #kqq,—7 ~ 0.55 and K ~ 115
on the distancé® ;o max = 0.5. The curves relevant to the de- and assuming. = 1.4, we find that the curves on the-R
rived Trq4,00 and the distanc®;, = 0.47 (correspondingto  plane corresponding separately to constraints ffggy and
1o deviation from the minimal distance of 5.3 kpc) are shown K do not cross for hydrogen-rich atmospher&s¥ 0.7374)
in Fig.[11 by dashed lines. Using this approach we can esti-at any distance larger than 3.8 kpc, while for= 4.7 kpc
mateM ~ (1.6 + 0.2)My andR ~ 10.0 + 1.5 km. We see  they cross only forX < 0.45 (see Figd. 11 and 9). The situ-
that the touchdown method gives a substantially smaller NSation that the two observables are consistent with each othe
radius compared to the cooling tail method. in a very restricted range oX and distances is not unique
The uncertainties inV/ and R are actually much larger, to 4U1724-307, but typical for many bursters, particularly
because of the uncertainties in chemical composition,reolo those analyzed b§zel et al. |((2009) and Guver et al. (2010a)
correction and distance (see Figl 12). The most significantas was shown by Steiner el al. (2010), see SeLfidn 5.2 for de-
errors arise due to unknown distance and the hydrogen mastails. For pure He atmospheres, there are consistent @aduti
fraction in the NS atmosphere (see top panel of[Eif. 12, whereat M ~ 1.5Mg and R ~ 10 km at the distance- 6 kpc.
we considered two limiting cases for the distancdif, = However, we note again that the results from these shorturs
0.47 and 0.83 corresponding tarldeviations on both ends are not reliable, because their cooling tracks contradiiet t
of the distance distribution and for the hydrogen mass frac-theory the analysis is based on (which predijtts~ 1.4 in
tion X = 1 and 0). Uncertainties irf, are also affecting the cooling tail and much higher at luminosities close to the
the results (middle panel of Flg.112), for example, changing Eddington).
fo from 1.35 to 1.45 increases the maximum possiblieom The measured ~ 115 from the horizontal part of Figl4
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bottom panel is two times smaller than corresponding valuesentirely consistent with that observed in the long burst by
for the long burstK’ =~ 230. This can result from two ef- RXTHPCA.
fects simultaneously. The long X-ray burst occurred in the Observations byGingaLAC of a long PRE burst from
hard state, when the accretion flow in the NS vicinity had a 4U 2129+11 during its island (hard) state at a low persis-
small optical depth which only marginally affects the NS pho tent flux level of~ 0.5 x 10~ erg cnT2 s~! are presented
tosphere and it cannot eclipse the neutron star. On the otheby [van Paradijs et &l (1990). The behaviourTef, F~'/*
hand, the short bursts happened in the soft state, whenthe peat fluxes above 30% of the peak (touchdown) flux shown in
sistent emission originated in the optically thick acaretilisk their Fig. 10 is very similar to that for the long burst from
and the boundary layer. Therefore, the accretion disk cstn ju 4U 1724-307 shown in our Fi§] 9. For both objects the data
block part of the star in the decay phase of the burst reducingat high fluxes are well described by the theory. We note that in
K by factor of up to two for the case of large inclination. Even both cases the position of the touchdown point in&fe'/4—
if the inclination is small, the apparent NS area decreages b F' diagram is not consistent with extrapolation of the data
a factor ofx = 1 — u? (whereu = Rs/R). These limiting from intermediate fluxes, implying that the Eddington flux is
cases can be united in a simple approximate formula for thesmaller than the touchdown flux.
reduction factor

1 . 5.2. Short PRE bursts from EXO 1745-248, 4U 1820-30 and

An additional effect can be related to the optically thick  Recently strong claims appeared in the literature that both
boundary layer. If the spreading layer model describes thethe NS mass and radius can be determined with an accu-
boundary layers correctly (Inogamov & Sunylaev 1999), a sig- racy of better than 10% from the PRE bursts from three NSs:
nificant part of the emergent radiation can arise in the fgpid EXO 1745-248}/ = 1.74+0.1M, R = 9+1 km,[Ozel et al.
rotating spreading layer above the hot NS surface, which ha$2009), 4U 1608-52X/ = 1.74 + 0.14My,R = 9.3 £ 1.0
a reduced effective gravity due to the centrifugal force, re km, [Giiver et all 2010a), and 4U 1820-30 (= 1.58 +
sulting in a flux through the atmosphere close to the local 0.06/, R = 9.1+0.4 km,[Glver et al. 2010b). The authors
Eddington limit and a high color correctioft ~ 1.6-1.8  of these papers used only short PRE bursts, which, as we have
(see | Suleimanov & Poutanen 2006) and therefore sidall  seen above, are suspicious, because their spectral evoisiti
Using K—'/* ~ 0.305 as measured in the short bursts and not consistent with the theory the method is based on, with
A =~ 0.172 as determined from the long burst, we can estimate the main reasons being probably partial blocking of the NS
then the color-correction at the cooling tails of the sharsks by the accretion disk and the effects of the spreading layer o
fo & 1.77 k/*, which accounts for both effects (see Fig. 11). the NS atmosphere. A high declared accuracy cannot be un-
The importance of the spreading layer can vary with the ac-derstood in the light of all the uncertainties, especiatiytioe
cretion rate and potentially the normalization values ftim  distance and the chemical composition (seelFig. 12). Wetry t
for the long burst tai’/2 can be found (see elg. Zhang et al. find below the answers by the critical consideration of the in
2010). put numbers and the assumptions made in the aforementioned
It is also possible that the chemical composition of the NS papers.
atmosphere during short and long bursts is different. Fer ex
ample, pure helium atmospheres gikeby 20-25% larger 5.2.1. EXO 1745-248 in Terzan 5
than pure hydrogen atmospheres becafiséor helium at- . . .
mosp?leres ?; 5—96 % smallgr (see quif@ (11) andFig. 6). Ozel et al. I(2009) have determined the following param-
However, the maximum temperature at the touchdown point€t€rs rom two PRE bursts from EXO 174524844, 7
must be~ 20% larger for helium atmospheres (3.2 kev, - 0-625:0.02 and & = 116£13. These correspond to
see Equatiofi{13)), while the maximum temperatures in the [Edd,cc = 2.2 x 10° K and the maximum possible distance
long and the short bursts are very close to each ota@,7 (€€ EQUAtiorL(20)D1g,max = 0.5978 at f.=1.4 (which was

— 2.8 keV, which argues against a difference in the chemicaifix€d). For the chemical composition, the authors also as-
composition. g 9 sumed pure heliumX = 0. The distance was taken, =

0.63+0.0315 (box-car distribution) with the strict lower limit
5. COMPARISON TO OTHER X-RAY BURSTERS of 0.5985 being very close (within 0.1%) to the maximum
possible distance for the observables. As a result the surve
5.1. Long PRE bursts corresponding td@xq4... and K only touch each other (see
Penninx et &l. (1989) analyzed two long-duratioriQ0 s) Fig.[13). We note that the assumption of the box-car distribu
PRE bursts observed lBXOSATME in 1984 and 1986 from  tion for the distance (as well as féf) only allows distances
4U 1608-52 in its hard state at a rather low persistent flux of within 10% above the used strict lower limit. ThGzel et al.
(1-2)x10~% erg cnm2 s~ in the 2-20 keV band. The evo- (2009) de facto assumed nearly the delta-function digidhu
lution of Ty, F~1/4 (which is proportional ta —1/4) with F of the distance at6 kpc. Fixing alsof, andX they thus com-
shown in their Fig. 7 is almost identical to the models pre- pletely removed all uncertainties connected with thesamar
sented in Fig. 6 of Suleimanov et al. (2011). eters. The declared errors M and R thus reflect the statis-
Kuulkers et al.l(2003) reported observationSRTHPCA tical errors inFgqq,—7 and K only, which are of course small
of the long PRE bursts from 4U 1724-307 (analyzed here),because of brightness of the considered events. We also note
the atoll source 4U2129+11 in globular cluster M15, and that Ortolani et al{(2007) evaluated the distance to Tebaain
H1825-331 in globular cluster NGC 6652. Spectral evo- 5.5£0.9 kpc and Valenti et al. (2007) givés = 5.9 kpc. Re-
lution after the touchdown in all sources is very similar. laxing the assumption of the box-car distribution for the-di
Kuulkers et al. [(2003) also reported observations Bgp- tance (e.g. by using a Gaussian distribution) will ineVigab
poSAXWFC of 24 long PRE bursts from 4U 1724-307. Spec- move the solutions towards smaller distances and therefore
tral evolution during the cooling phases of these bursts issmaller masses and radii.
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Figure 13. Curves corresponding to constafityq, o, and K (for the strict
lower limit on the distance) af.=1.4 andX = 0 for EXO 1745-248 (thick
solid curves), 4U 1820-30 (thick dashed curves), and 4U-48D&hick dot-
ted curves). The contours for constéifqq oo at fc=1.5 andX = 0.7374
for double normalizatior2 K are also presented (thin curves).

5.2.2. 4U 1820-30 in NGC 6624

Using the RXTE data for five short PRE bursts from
4U 1820-30,|_Guver et al| (2010b) determiné@qq, 7 =
0.539+0.012 andK = 9242. These correspond @dd 0o
2.25 x 107 K and the maximum possible distanBg max
0.617 at f. = 1.4 and X = 0. These authors fixed the chem-
ical composition atX = 0 and variedf. between 1.3 and
1.4 with the strict limits (box-car distribution). Usingtes
mates by Kuulkers et al. (2003) and Valenti etlal. (2007)y the
took the distance to the sourde, = 0.82+-0.14, but again
assumed strict limits (box-car distribution).

Formally, there is no solution possible for these observ-
ables as the curves correspondingli@q - and K do not
cross (see Fif.13). The solutions for the larger distantes i
the Gaussian tails of the dlstrlbuuonsﬁﬁdd _7and K are
still possible with the probability of aboud—* (Steiner et al.
2010). Again the obtained errorsid andR reflect the statis-
tical errors inFrqq,—7 and K only, but the solution is highly
unlikely.

As in the case of EXO 1745-248, relaxing the distance con-

straints to allow smaller distances moves the solution tde/a
smaller distances and smallef andR. Similarly to the case
of the short bursts from 4U 1724-307, the spectral evolution

of the considered bursts is not consistent with theory. The

value of K—1/4 drops by only 12% after touchdown, while
the theory predicts 20% variations.

5.2.3. 4U 1608-52

Suleimanov et al.

on the distance of 3.9 kpc. As in the previous two cases, re-
laxing the distance constraints to allow for smaller distzn
will move the solution towards smaller distances and smalle
M andR.

We also note here that bursts selected| by Guver et al.
(2010a) occurred at a high accretion rate in the soft stdte. T
normalizationK is nearly constant during the cooling tails,
which strongly contradicts the theory. On the other hanel, th
PRE bursts happening at a low accretion rate follow spectral
evolution predicted by the theory, have normalizatibabout
60% larger, and, of course, the NS mass and radius deter-
mined from these data are also different (Poutanen et al., in
preparation).

5.2.4. Summary

We conclude that small uncertaintiesi and R obtained
for the three bursters are the direct consequence of fixiag th
color correctionf., hydrogen mass fractioX, and most im-
portantly of the assumed strict lower limit in the distanée d
tribution, which allows only solutions at its lower edge.€Th
lower limits on the distance assumed by the authors in two
cases turned out to be very close to the maximum possible dis-
tance allowed by the observables. This completely removed
all the uncertainties in the distance. Assuming a Gaussian
distribution in distance allows solutions with much smille
(probably unphysical)/ and R for all three sources.

The results of the spectral fitting for the short PRE bursts
for these three NSs are very close to the results obtained for
the short bursts of 4U 1724-307. We suggest that during short
bursts roughly half of the NS is visible most probably due to
the eclipse by the accretion disk. Taking the apparent area
twice the observed one, the determined NS radii move to the
values consistent with those determined from the long burst
from 4U 1724-307 (see Fig. 113). Additional corrections are
also possibly needed because of the influence of the bound-
ary layer on the dynamics and the spectral properties of the
bursting atmosphere, resulting in a higher color correctio
fe~1.6-1.8.

Recently Steiner et al. (2010) suggested that the absence of
the solutions for short bursts mentioned above can be fixed
by relaxing the assumption that the Eddington flux is reached
at the moment of touchdown (or rather that the photosphere
at touchdown is not at the NS surface). This, however, does
not solve the problem because the determined blackbody nor-
malization in the cooling tail and the Eddington flux are not
reliable in these short PRE bursts and the assumed distance
constraints were too strict. As the spectral evolution ryri
the cooling tails of the short PRE bursts (at high persidtent
minosity) strongly contradicts the theory, the resultsagisd

Using the data from four PRE bursts and one non-PRE burstfrom these data are questionable. For the determinatidreof t

from 4U 1608-52, Guver et al. (2010a) found the following
observables:Frqq,—7 = 1.5410.065 andK = 324.6+2.4.
These correspond tBrdd 0o = 2.13 x 107 K and the maxi-
mum possible dlstancBw max = 0.405 at f.=1.4 andX=0.
The chemical composition was allowed to vary frdfn= 0

to 0.7, andf. within the interval between 1.3 and 1.4 with the
strict I|m|ts The distance was taken by these author®as
=0.5807 15, With the strict lower limit equal to 3.9 kpc. This
lower limit in this case is smaller than the maximum possible
distance and the solutions exist (the curves corresporiding
Trdd,.o and K do cross, see Fig.113). Formally, the authors
allow variation ofX in a wide range, but in reality only solu-
tions with X < 0.04 are possible. At largeY the maximum
possible distance becomes smaller than the strict lowet lim

NS masses and radii we suggest to use only those data that do
follow the theory.

6. CONCLUSIONS

We applied a recently computed detailed set of NS at-
mosphere models covering a large range of luminosities
(Suleimanov et al. 2011) to the data of the PRE bursts of
4U 1724-307. We showed that the variation of the apparent
blackbody radius during the cooling stage of the 150 s long
PRE X-ray bursts in 4U 1724-307 is entirely consistent with
the theoretical color-correction—flux dependence at imeer
diate fluxes. We thus obtained the Eddington flux and the ap-
parent NS radius (divided by the distance to the source). We
find that the Eddington flux (for Thomson opacity) is reached
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not at the so called “touchdown”, but later at a 15% lower Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Datsalysis
luminosity. We constrained mass and radius of the NS using Software and Systems V, ed. G. H. Jacoby & J. Barnes (Sanicanc
the estimated distance to the source. We find a lower “mitDASP)’é7M or £ Lewin W. H. G.. Tan. 1. Penminx. &\

on the stellar radius of14 km for M < 2.3M at 90% aF?;fgéijs"J i%g'gr’A&'A ‘23"3\"7n’10'3 +on 18N, S, Fennin, San
confidence independently of chemical composition. (If the gpisuzaki, T. 1987, PASJ, 39, 287

NS in 4U1724-307 has a spin of 500 Hz, the radius of the Galloway, D. K., Muno, M. P., Hartman, J. M., Psaltis, D., &&&nabarty,
non-rotating star would be about 1 km smaller.) Smalleriradi _ D. 2008a, ApJS, 179, 360

are possible only for more massive NS. These results supporgfé'ggaé’ i' Kgf%eblérfé' %Vpia'fj'g,? jgggb'l'\é'g'zgg' 387, 268
a stiff equation of state of the NS matter. We showed that g ot s Rutledge, R. E., & Brown, E. F. 2011, ApJ, 732, 88

hydrogen rich accreting matter is preferred and obtained ancuver, T.,Ozel, F., Cabrera-Lavers, A., & Wroblewski, P. 2010a, A{LR,7
upper limit on the distance to 4U 1724-307 of about 7 kpc. 964

We have also demonstrated that the cooling tracks of theGuver, T., Wroblewski, P., Camarota, L.,@zel, F. 2010b, ApJ, 719, 1807
short PRE bursts from 4U 1724-307 that occurred during theHaensel, P, Potekhin, A. Y., & Yakovlev, D. G. 2007, Astrggits and

; : Space Science Library, Vol. 326, Neutron Stars 1: Equatf@tate and
high/soft state do not follow the evolution expected from-th structure (New York: Springer)

ory and the NS apparent areas are a factor of two smallefyepeler, k., Lattimer, J. M., Pethick, C. J., & Schwenk, Al1Q0Phys. Rev.
than that for the long burst. The probable reason is the par- Lett., 105, 161102

tial eclipse of the NS surface by the optically thick acameti  Heinke, C. O., Rybicki, G. B., Narayan, R., & Grindlay, J. BOB, ApJ,
disk. An additional spectral hardening during the coolitst 644, 1090

associated with the influence of the boundary/spreadirgglay 11992moy. N A, & Sunyaey, R A 1999, ARS(t)rt(;nALel-:t”SztSBﬁli:ng Swank

can be also important. Therefore, the constraints on the NS™ 3 ' "strohmayer, T. E., & Zhang, W. 2006, ApJS, 163, 401
mass and radius obtained from such bursts are not reliable. Kirsch, M. G., etal. 2005, Proc. SPIE, 5898, 22

Finally, we showed that previous analyses of the short PREKuchinski, L. E., Frogel, J. A., Terndrup, D. M., & PerssonES1995, AJ,
bursts from three sources EXO 1745-248, 4U 1820-30 and 109, 1131

. . uulkers, E., den Hartog, P. R., in't Zand, J. J. M., VerbV. M., Harris,
4U 1608-52 are questionable, because they ignore the fact W. E.. & Cocchi, M. 2003, A&A, 399, 663

that spectral evolution during the bursts is not consistattit Lattimer, J. M., & Prakash, M. 2007, Phys. Rep., 442, 109
the theory for the passively cooling unobscured NS thatds th Lewin, W. H. G., van Paradijs, J., & Taam, R. E. 1993, Spacefi., 62,
base for the analysis. Assuming that the touchdown flux is 223

reached when the photosphere is detached from the NS sur‘-gﬂggﬂl E- 2-' ;';’;"n";“% vg M&’l—%ojvi??'vs'ﬁ' igg‘é’ ﬁﬁﬂ’ ggg' II%
face (Steiner et al. 2010) does not solve the problem becaus@adej’ 3.1991, ApJ, 376, 161 ’ PR

the determined blackbody normalization in the cooling tail madej, J., Joss, P. C., & Rozafska, A. 2004, ApJ, 602, 904
and the Eddington flux are not reliable in these short bursts. Majczyna, A, Madej, J., Joss, P. C., & Rozafska, A. 20084, 430, 643
We suggest that only PRE bursts showing spectral evolu-Molkov, S. V., Grebenev, S. A, & Lutovinov, A. A. 2000, A&AST, L41

tion consistent with the theory should be used when estimat—orfl‘;'g”ioi-éBarbuy' B., Bica, E., Zoccali, M., & Renzini, 2007, A&A,
ing NS masses and radii. Further improvementin accuracy ofonolam, S.. Bica, E., & Barbuy, B. 1997, AGA, 326, 614

determination of the NS parameters req_uires new atmospherézel, F., Giver, T., & Psaltis, D. 2009, ApJ, 693, 1775
models with the exact Compton scattering kernel, as well asPaczynski, B. 1983, ApJ, 267, 315
accounting for the Doppler effect due to the rapid NS rota- Pavlov, G. G., Shibanov, I. A., & Zavlin, V. E. 1991, MNRAS, 25193

tion. Rotation also introduces additional distortion te %S Pe:gi{\‘x'zc‘fé' Damen, E., van Paradijs, J., Tan, J., & Lewint\G. 1989,
spectra, because of the difference in the effective gratity pg, gniakov. L. A. Sobol. 1. M. & Sunyaev, R. A. 1983, Astyg. and

the stellar poles and the equator due to the centrifugaéforc  space Phys. Rev., 2, 189
We plan to investigate the importance of these effects iméut  Rutledge, R. E., Bildsten, L., Brown, E. F., Pavlov, G. G., &n, V. E.
work. 2002, ApJ, 577, 346
Steiner, A. W, Lattimer, J. M., & Brown, E. F. 2010, ApJ, 733,
Strohmayer, T., & Bildsten, L. 2006, in Cambridge AstrophgsSeries 39,
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(Cambridge: Cambridge University Press), 113
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