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1. Introduction

A few years after the discovery of thermonuclear X-ray bursts frooneting neutron stars, Jan
van Paradijs proposed a method for using observations of thermondetagrbursts to constrain
both the masses and radii of the stars and hence to provide key informatiba properties of cold
high-density mattef[32]. In brief, the argument was that (1) if the luminositysmurce during the
so-called touchdown phase of photospheric radius expansion bwastthes Eddington luminosity
of the neutron star, and (2) if during the cooling phase of the bursts tiive snrface of the star
emits uniformly, then a combination of the observed touchdown flux and amaatization plus
knowledge of the distance to the source and the composition of its atmospfferessto determine
the star's mass and radius.

The first applications of this method yielded puzzling results. Burst spactraery close
to Planck spectra, but the fitted Planck temperatures are comrk@ply 3 keV at the peaks of
bursts, which is higher than is possible if the atmosphere is purely gravithyiammfined [3].
Also, in many cases application of this method leads to estimates of the stellar tiaalieze
implausibly small & 5 km). It was then pointed out that although #tepeof the spectrum may
be qualitatively similar to a Planck spectrum, atmospheric opacity effects défrthghpeak of
the spectrum so that Planck fits of X-ray data yield a fitted temperature thabveap to~ 2
times the surface effective temperature. It has been largely acceptesithiamodels describe the
spectra correctly, but prior to our work no comparison had been madedaiththat are capable of
distinguishing between simple Planck or Bose-Einstein spectra and modepatnespectra; the
differences are subtle, and require data taken with the best availablenestt (theRossiX-ray
Timing Explorer Proportional Counter Array [RXTE PCA]) from long kts that maintain steady
spectra for tens of seconds as opposed to the tenths of a seconctthstiakfor typical bursts.

Here we describe and elaborate on the comparisons we first reportftl ifVe find, sur-
prisingly, that although a simple Bose-Einstein function fits the highest-jpacsngle spectra
available in the RXTE archive, the most commonly used atmospheric spectial$vae inconsis-
tent with such spectra. This calls into question inferences made using thestsmim Section 2
we give an overview of the principles behind atmospheric spectral moddlsvhy they shift the
spectral peak. In Section 3 we discuss our comparisons with RXTE ddtaviaat they imply.
Finally, in Section 4 we discuss ongoing work in which we compare new atredsp$pectral
models with the data, and in particular the indications that these models may fitdtangets bet-
ter than Bose-Einstein models. We discuss the implications of such fits, patfichkt they may
yield constraints on the mass and radius via joint constraints on the surfadgg/@nd redshift, but
caution that the approximations in current models do not yet allow us to adawst conclusions.

2. ThePrinciples of Burst Model Atmosphere Spectra

In the past three decades, many groups have calculated model atmogmra relevant for
bursts (e.g.,[J4[]5] 7]). The high temperatures of the bursts mean thastthie atmosphere has
unexpectedly large metallicity, atoms will be fully ionized. The only opacity sesiere then free-
free absorption (important at sufficiently low photon energies) and Camgxtattering (expected
to dominate over most or all of the observed PCA energy range).
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Figure 1: lllustrative figure showing the upward shift in the peak ofa§ burst spectra produced by model
atmospheres. The solid line shows a model spectrum fﬂ)mk[é]dashed line is the best fit of the Planck
function to the spectrum, with an adjustable normalizatmlescribe the reduction of the emergent flux
caused by scattering, and the dotted line is the Planckspecit the effective temperature. For this case,
where the flux is~ 80% of Eddington, the best-fit Planck temperature has a teahpe ~ 1.8 times the
effective temperature. This is the main reason the dottaddRl spectrum differs from the best-fit Planck
spectrum. Although the shape of the model atmosphere spedtrclose to the shape of a Planck spectrum,
deviations are evident at low energies and at high energies.

In an idealized situation where the only opacity is energy-independett¢ing, we can un-
derstand the shift in the peak of the spectrum caused by the scatterimgausimple thought
experiment. Suppose that the atmosphere has a net surface radia<tiFe:ﬂwTe‘§f, whereg is
the Stefan-Boltzmann constant ahg is the effective temperature. Suppose also that it is in com-
plete thermal balance and hence emits a Planck spectrum, but that on topatihthephere is a
scattering layer that lets an energy-independent fractienfO< 1 of the photons through, the rest
being reflected and rethermalized in the atmosphere. Because tHe flust emerge, the atmo-
sphere heats up, still in thermal equilibrium, to a temperafwre= f~/*Tef. The net flux is still
F = fo(f~Y4Tes)* = 0TS, so the effective temperaturadfinedasTer = (F /0)*/4) is unchanged
and the emergent spectrum is still a perfect Planck spectrum, but its teompassf —1/4 times the
effective temperature. Figuf¢ 1 shows a typical exanifle [7] of how mamebspheres shift the
peak of the spectrum upward.

Figure[1 also shows how model atmosphere spectra typically deviate frddethek spectrum
that best fits them. The deviation at low energies is caused primarily by tmgyedependence
of the free-free opacity whereas the deviation at high energies is domrly to the energy-
dependent Klein-Nishina correction to the Thomson scattering crossrsedtius although the
model atmosphere spectra have shapes that are close to the shapermkaspéctrum, there are
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deviations that can in principle be observed.

3. Comparison of Modelswith Data

Prior to our work in [1], very few comparisons had been made of modettsp with burst
data, and none used data with enough counts to distinguish between qudyitdiffierent models
(e.g., Planck spectra fitted at least as well as model atmosphere specanarkhof [2]). It is
therefore critical to use long stretches of data taken with the RXTE PCAgluriarvals when the
temperature is nearly constant.

Most thermonuclear X-ray bursts last only a few seconds, during wirieh the temperature
changes rapidly enough that a single-temperature fit is only appropoiatiafa segments shorter
than a few tenths of a second. However, we found that around thegfghk superburst from
4U 1820-30 (se€J10]), there was a 64-second segment-wB00,000 counts that had a nearly
constant temperature. This is the most precise available data set. We natiéhibiagh the nuclear
processes in superbursts and canonical bursts are different, thmsgheric processes are the
same and hence for the purpose of spectral fitting this is a represerdativeset. We also note
that in the later portions of this burst, high time resolution data show no evideatte spectrum
changes on time scales10 s, supporting our expectation that the time scale of variability is much
longer in superbursts than in canonical bursts.

Our first comparison was with a Bose-Einstein spectral model, in which thigncoim is

F(E,T) OE3/[exp((E — u)/kT)—1] . (3.1)

Here E is the photon energyT is the temperature, and < O is the chemical potential. This
spectrum, which generalizes and is more physically realizable than a Plaectiksn, is the equi-
librium spectrum for fully saturated Comptonization; it could thus be a restslerapproximation
to the spectrum produced in a scattering-dominated atmosghere [1]. ittoadd the continuum
component, we follow[[40] in adding as additional components that origimatidm the star a
zero-redshift iron emission line, an edge, and photoelectric absorption.

We show the result in Figuf¢ 2. Remarkably, the simple Bose-Einstein forthifits 800,000
count spectrum extremely well, witk?/dof=55.8/50 over the 3—32 keV range of our fit. The best-
fit temperature and chemical potential &&= 2.85 keV andu = —0.76 keV. The data here are
from where the flux measured with RXTE is 90% of the peak flux of the burst, but we also
find good fits to data at 100%, 80%, and 25% of the peak measured flexexidellent fit of the
Bose-Einstein shape is therefore not confined to the peak.

The high quality of this fit suggests challenges for spectral modelersartitplar, two ques-
tions emerge: why are the spectra so close to Bose-Einstein, and why is ¢initude of the
chemical potential much less th&T? To elaborate on the latter point: if there were a signifi-
cant deficit of photons compared to what would be expected for a Plepmtétrum akT, then
U < —KT, so|u| < KT implies that the supply of photons is close to what is needed to fill a Planck
spectrum. Ongoing work by Fred Lamb and Ka Ho Lo suggests that thgegements can be
met in extended atmospheres with appropriate densities (low enough thiatingedominates, but
high enough that photons can be supplied at the required rate). It gesrquiestion whether these
requirements are met in realistic models.
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Figure 2: Fit of a model with a Bose-Einstein continuum plus a zercshdftliron line and edge and pho-
toelectric absorption te-800,000 counts of data near the peak of a superburst from 20-13%). The top
panel shows the count data (shown with error bars repreggtiie statistical uncertainties in the data) and
the fit, shown by a solid line. The bottom panel shows the ted#&d Contrary to our initial expectations, the
fit is superb. Figure adapted frorﬂ [1].

Although a Bose-Einstein model fits the highest-precision PCA data well, the atiphs are
difficult to establish with certainty. This is because, as we indicated earhem$on scattering in
the outer atmosphere can in principle impose a large dilution factor withouingpalsy deviation
from a nearly-perfect Planck or Bose-Einstein spectrum establishkdger optical depths. In
this case the efficiency of the emission can be less than unity by a significant factor. If the
emission efficiency is high, the spectrum we have measured implies that theestadiative flux
is significantly super-Eddington and extra confinement is required (B]gexplored confinement
by a tangled magnetic field generated during bursts). If instead the edficistow, the surface
radiative flux could be sub-Eddington. For conventional, gravitatioralyfined atmospheres to
be favored would require the spectra they predict to fit much better thase-Binstein spectrum,
but this is not possible for single data segments because our fits of Busteii models to such
segments yielgy?/dof ~ 1. It is, nonetheless, important to determine whether published model
atmosphere spectra also yietd/dof ~ 1, because such models are only viable if this is the case.

We show such a comparison in Figdte 3, where we compare represemtatéels from[[b[]7]
with the same 64 seconds of data from the 4U 1820-30 superburst thaed@reviously. A direct
fit of the data is not possible, because the available grids of these modelstdine enough and
the relevant composition (pure helium) is not computed. Therefore, asdaie H], we compare
the shapeof the model spectra with thehapeof Bose-Einstein spectra. That is, starting from
our observation that the observed spectra are very close to Bosikiims form, we produce
synthetic RXTE data using the model spectra and fit those data with a BosteiRimodel. As
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Figure 3: Fit of a Bose-Einstein continuum spectrum to continuum datta~ 800,000 counts synthesized
using (top panel) a H/He composition, lgg/cm s2) = 14.8, Teyr = 3 x 10’ K model spectrum from[]5]

(F = 0.8 Fgqq for this spectrum) and (bottom panel) a solar compositiog,J(g/cm s2) = 14.3, Teft =

2 x 10’ K model spectrum fron[[?]l‘{ = 0.5 Fgqg). Clearly, the predicted model spectra are very different
in form from the Bose-Einstein shape, and hence from obdespectra. Caution is therefore appropriate in
drawing inferences about stellar masses and radii usirgptimdels. Figure adapted froﬂ'n [1].

can be seen from Figu[¢ 3, there are strong and systematic deviatioreehétvese shapes. These
deviations are similar for different compositions (H/He with no metals versokacomposition),
surface gravities (log(g/cm s2) = 14.8 versus 14.3), effective temperaturd@gy(= 3 x 10’ K
versus 2< 10’ K), and surface radiative fluxes relative to the Eddington flax=(0.8 Feqq versus
0.5 Feqg). We conclude that the spectral shape predicted by these models is sigthifidifferent
from what is observed. We also found this to be true in a later segmentafuere the observed
flux was~ 50% of the maximum, versus 90% in our primary data set.

Given that use of spectral models that are inconsistent with the best dgtimtnogluce sys-
tematic errors in estimates of neutron star masses and radii, caution seearg@hrAn additional
indicator of possible biases in such estimates was mentioned briefy by {Binamore detail by
[B]: When the standard assumptions of Eddington luminosity at touchdod/fulirsurface uni-
form emission in the burst tail are employed along with the best measurememqiamtities such
as the distance, touchdown flux, and area normalization, the derivedamasadius are not real
but are instead complex quantities, an obvious impossibility. Indéed, [S}Hatdonly a fraction
1.5 x 1078 of the prior probability distribution of these quantities employed[By [3] allowlatgm
for 4U 1820-30. Such a small allowed region in parameter space predutal error bars on the
mass and radius, but may indicate that the assumptions on which the analgsiedsabe incorrect.

Although previously published models differ strongly from the most pred#a, more recent
models show promise of much better fits. We discuss these in the next section.
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4. More Recent Models and Future Directions

Recently, new burst model atmosphere spectra have been calc(ildte@itjéde spectra were
computed using an approximate scattering integral (e.g., the Fokker-Pégpeckximation was
made), but a fine enough grid was constructed with enough differempasitions (including pure
helium) that they could be fit directly to PCA data. Our preliminary results usiegetispectra are
very encouraging; for example, a pure helium atmosphere kith0.95 Fgqq fits our 64-second
segment of data witly?/dof = 42.3/48. This is better, but not significantly, than the best fit of
Bose-Einstein spectra to the same data. These new models provide casnpambfits to data
later in the burst, when the observed flux is half the maximum and previoublyshad models
still have shapes strongly discrepant with what is observed.

This is encouraging, and one might at first imagine that this would allow usply &pe van
Paradijs [1R] method using the models reported[in [11] or new ones compiitieout some of
the current approximations. Unfortunately, this appears not to be tlee @éesfit 102 consecutive
16-second data segments near the beginning of the 4U 1820-30 sspébut after apparent
touchdown) using the models frofn [11], and found that even when \ed fhe surface gravity and
surface redshift (hence fixing the radius of the emitting surface) therétfesize of the emitting
area changes systematically by20% over the data segments. One might wonder whether the
whole star is, in fact, emitting but the photospheric or thermalization radius isgaig But a
change of the amount observed would require a surface radiativedlyxclose to Eddington to
achieve the necessary large scale height, and such fluxes are higiigistent with the observed
spectra. Instead, it appears that the fraction of the surface that emaitgeh systematically, in
conflict with the standard simplifying assumption of the van Paradijs method.

The encouragingly good fits using the models frdnj [11] do suggest amatitee method
for determining the mass and radius, originally suggesteflin [6]. In additicorgposition and
surface radiative flux, the surface gravity is a parameter in the modelsoaradate the surface
spectrum to what we see at infinity we must also include the surface reisthié fit. The surface
gravity g and surface redshizdepend differently on the gravitational madsand circumferential
radiusR; for example, for a nonrotating star whose exterior spacetime is therStdrearzschild,
1+z=(1-2GM/R&) Y2 andg = (GM/R?)(1+ z). Inverting then gives us

R=(c?/2g)(1-1/(1+2?)(1+2 andM = (RZ/2G)(1-1/(1+2)?), (4.1)

wherec is the speed of light an@ is Newton’s constant. Thus, if the surface redshift and surface
gravity can be constrained separately, we can congtfeamdR.

To do this requires fits to the data that (1) are dramatically better than Bostekifits, so that
we have some confidence in the inferences we draw from model atmesgtestra, and (2) dis-
tinguish between compositions, surface gravities, and surface redshiftsvork on this program,
which we are undertaking in collaboration with Valery Suleimanov and Jwrtd®en, has yielded
good initial results. We find that when we fit the 102 contiguous 16-seseguhents of data from
the 4U 1820-30 superburst mentioned previously, assuming that the ctionpasurface gravity,
and surface redshift remain the same for all segments but that theestatiiative flux can change,
one example fit of the Suleimanov et al. models giyégdof = 5394/5200. In contrast, the best
Bose-Einstein joint fit to the data, where we allow the temperature and chepoiattial to vary
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independently between segments, giyégdof = 5660/5100. This comparison strongly favors the
model atmosphere spectra, and there are preliminary indications that dtiompasirface gravity,
and surface redshift can be constrained. However, we caution dtatibe the current models
are known to make approximations compared to the exact scattering kemedpaclusions are
premature at this point. Nonetheless, this approach seems promising.

In summary, we have recently performed the first comparison of predggedtra with the
highest-precision data available from the RXTE PCA. We found that alth@uBose-Einstein
spectrum fits all individual segments well, previously published model atnevspspectra have
shapes strongly inconsistent with the observed spectra. This suggastman inferences made
using these spectra. New spectral models provide promising descripfitims lighest-precision
data and may restrict the mass and radius via constraints on the surfaite gna redshift, once
they have been made more accurate.

These results are based on research supported by NSF grant @8MFat Maryland and by
NSF grant AST0709015 and the Fortner Chair at lllinois.

References
[1] S. Boutloukos, M. C. Miller, & F. K. LambSuper-Eddington Fluxes During Thermonuclear X-ray
Bursts ApJ, 720, L15 (2010).

[2] A.J. Foster, A. C. Fabian, & R. R. Rogseutron star model atmospheres - A comparison with MXB
1728-34 MNRAS, 221, 409 (1986).

[3] T. Giiver, P. Wroblewski, L. Camarota, & F. Oz&he Mass and Radius of the Neutron Star in 4U
1820-30Q ApJ, 719, 1807 (2010).

[4] R. A. London, W. M. Howard, & R. E. TaanT,he spectra of X-ray bursting neutron stafgJ, 287,
L27 (1984).

[5] J. Madej, P. C. Joss, & A. Ridhska,Model atmospheres: Hydrogen-Helium Comptonized Spectra
ApJ, 602, 904 (2004).

[6] A. Majczyna & J. MadejMass and radius determination for the neutron star in X-raysbh source
4U/MXB 1728-34Act. Astr., 55, 349 (2005)

[7] A. Majczyna, J. Madej, P. C. Joss, & A. Raska,Model atmospheres and X-ray spectra of bursting
neutron stars. Il. Iron rich comptonized spectre&A, 430, 643 (2005).

[8] H. L. Marshall,Constraints on the parameters of X-ray burster emissioioregApJ, 260, 815
(1982).

[9] A. W. Steiner, J. M. Lattimer, & E. F. BrowThe Equation of State from Observed Masses and Radii
of Neutron StarsApJ, 722, 33 (2010).

[10] T. E. Strohmayer & E. F. BrowrA Remarkable 3 Hour Thermonuclear Burst from 4U 1820496,
566, 1045 (2002).

[11] V. Suleimanov, J. Poutanen, & K. Wern&kray bursting neutron star atmosphere models: spectra
and color correctionsA&A, 527, 139 (2011)

[12] J. van ParadijRossible observational constraints on the mass-radileie of neutron starsApJ,
234, 609 (1979)



