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ABSTRACT

Context. The discovery of photospheric absorption lines in XMM-Newton spectra of the X-ray bursting neutron star in EXO 0748—-676
by Cottam and collaborators allows us to constrain the neutron star mass-radius ratio from the measured gravitational redshift. A radius
of R = 9—12km for a plausible mass range of M = 1.4—1.8 M,, was derived by these authors.

Aims. It has been claimed that the absorption features stem from gravitationally redshifted (z = 0.35) n = 2—-3 lines of H- and He-like
iron. We investigate this identification and search for alternatives.

Methods. We compute LTE and non-LTE neutron-star model atmospheres and detailed synthetic spectra for a wide range of effective
temperatures (7. = 1-20 MK) and different chemical compositions.

Results. We are unable to confirm the identification of the absorption features in the X-ray spectrum of EXO 0748—-676 as n = 2-3
lines of H- and He-like iron (Fe XXVI and Fe XXV). These are subordinate lines that are predicted by our models to be too weak at
any T.q. It is more likely that the strongest feature is from the n = 2—3 resonance transition in Fe XXIV with a redshift of z = 0.24.
Adopting this value yields a larger neutron star radius, namely R = 12—15 km for the mass range M = 1.4-1.8 M., favoring a
stiff equation-of-state and excluding mass-radius relations based on exotic matter. Combined with an estimate of the stellar radius
R > 12.5km from the work of Ozel and collaborators, the z = 0.24 value provides a minimum neutron-star mass of M > 1.48 M,
instead of M > 1.9 M, when assuming z = 0.35.

Conclusions. The current state of line identifications in the neutron star of EXO 0748—676 must be regarded as highly uncertain. Our

model atmospheres show that lines other than those previously thought must be associated with the observed absorption features.
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1. Introduction

Cottam et al. (2002, hereafter CPM02) identified discrete ab-
sorption features corresponding to electronic transitions in
highly ionized iron in the burst spectra of the neutron star in
EXO 0748-676 observed with XMM-Newton. They identified
n = 2-3 absorption features of H-like (Fe XXVI) and He-like
iron (Fe XXV) in early and late phases of the bursts, respectively.
These features provided a redshift measurement of z = 0.35,
corresponding to a mass-radius ratio of M/R = 0.152 My km™".
Using this redshift and an estimate for the stellar radius of R >
13.8km, Ozel (2006) inferred a neutron star mass of M >
2.10 M. However, using Ozel’s numbers and formulae, we ob-
tain slightly different values (R > 12.5km, M > 1.9 M,,).

The identification of only a few observed lines in burst spec-
tra of NS with unknown redshift is potentially ambiguous. It is
the aim of our paper to confirm the proposed line identifications
in EXO 0748-676. To this end, we performed LTE and non-LTE
model-atmosphere calculations in a wide parameter range us-
ing two independently developed stellar atmosphere modeling
codes. In this systematic study, we elaborate on our earlier suspi-
cion that an alternative line identification is more likely (Werner
et al. 2007).

In the past two decades, spectral analysis of hot, compact
stars by means of fully line-blanketed NLTE model atmospheres
(e.g. Rauch 2003) has achieved a high level of sophistica-
tion. For our analyses, the Tiibingen NLTE Model Atmosphere

Package (TMAP', Werner et al. 2003; Rauch & Deetjen 2003)
was used to calculate plane-parallel NLTE model atmospheres
that are in radiative and hydrostatic equilibrium. Such model at-
mospheres were used successfully in the analysis of hot white
dwarfs, e.g. LSV +46°21 (T = 95 kK, Rauch et al. 2007) and
KPD 0005+5106 (Tesr = 200kK, Werner et al. 2008). TMAP
models were also calculated for the extremely hot super-soft
X-ray source V 4743 Sgr (T = 610 kK, Rauch et al. 2005).

The TMAP NLTE model atmospheres can also be employed
in the analysis of neutron stars with low magnetic fields, i.e. in
the range where the magnetic field strength has no significant
impact on atomic data (B < 10'?G). Since magnetic fields in
low-mass X-ray binaries (LMXBs) are believed to be small, X-
ray spectra of the neutron star in EXO 0748—-676 can be com-
pared with our synthetic spectra.

We calculated TMAP models for the relevant Tt range and
investigated their 7.g-dependence (Sect.2). We describe results
of a comparison of LTE and NLTE model-atmosphere fluxes
in Sect. 3. A comparison of EXO 0748—676 X-ray observations
with our models follows in Sect. 4 and we conclude in Sect. 5.

2. Model atmospheres and atomic data

The TMAP code was not especially designed specifically for cal-
culating the burst spectra of neutron stars in LMXBs. TMAP

! http://astro.uni-tuebingen.de/~rauch/TMAP/TMAP.html
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Table 1. Statistics of model atoms used in the calculation of our TMAP
models. (N)L is the number of levels treated in (N)LTE, RBB (radia-
tive bound-bound) is the number of line transitions. H, He, C, N, and
O are the same for all 7.4, while the Fe ionization stages, which are
considered, are adjusted, respectively (Table 2).

Ton NL L RBB Feion NL L RBB
H1 10 6 45 Fe x11 5 1 3
H 1 1 - - Fe x1n 7 4 3
Hen 16 18 95 Fe x1v 8 4 8
He 1 - - Fexv 7 6 5
Cv 290 21 60 Fe xvi 7 5 10
C vI 21 15 49 Fexvi 6 8 4
C vi 1 - — Fe xviin 4 4 2
N vI 17 36 33 Fe x1x 5 1 3
N vi 21 34 55 Fe xx 6 2 4
N v 1 - - Fe xx1 9 4 6
O vi 19 16 33 Fe xx11 6 3 4
O vl 15 30 30 Fe xxiu1 7 8 2
O 1x 1 - - Fe xx1v 12 15 28
Fe xxv 23 30 59
Fe xxvI1 15 40 30
Fe xxvii 1 - -

Table 2. Fe ionization stages that are considered at individual T (cf.
Table 1 and Fig. 1).

T.w/MK  ionization stages T.w/MK  ionization stages
1 XII - XXI 6 XXI - XXVII
2 XVI - XXV 7 XXII - XXVII
3 XVII - XXVI 8-13 XXIII -  XXVII
4 XIX - XXVI 14-20 XXIV - XXVII
5 XX - XXVI

does not consider general relativistic effects on the radiation
transfer within the atmosphere, or velocity fields. Nevertheless,
we believe that TMAP models are well suited for our purpose,
which is line identification in observed spectra. Comptonization
effects are also neglected because Suleimanov & Werner (2007)
demonstrated that at T.¢ = 3MK and logg=14.3 its impact
on the emergent spectrum is detectable only at energies higher
that about 10keV (<1.24 A). It is clear that Comptonization is
more important for models with higher T.¢ and that it deter-
mines the temperature structures and emergent spectra of the
hottest models (T 2 20 MK, see Lapidus et al. 1986; London
at al. 1986; Madej 1991; Madej et al. 2004). The influence of
Comptonization is discussed in detail in the next section.

Throughout the paper, we fix the surface gravity in all models
to be log g = 14.39 (cm/s?) representing a neutron star with M =
1.4 My and R = 10km.

The model atoms used in our NLTE calculations are summa-
rized in Table 1. From test calculations, we determined the dom-
inant ionization stages and adjusted the model atoms (Table 2)
to avoid numerical instabilities due to extremely depopulated
ionisation stages. Figure 1 displays the atmospheric structures
for models with different T.4. For all elements, we consider
level dissolution (pressure ionization) by following Hummer &
Mihalas (1988) and Hubeny et al. (1994). In the latter paper,
the Hummer & Mihalas (1988) method was also considered for
the hydrogen atom, but it can be used for other ions as well.
The extended opacity tables were indeed calculated in the frame-
work of the Opacity Project (Badnell et al. 2005) up to temper-
atures of ~107 K and densities of ~10%> gcm™. These opacities
agree well with the opacities calculated by the OPAL project
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Fig. 1. Atmosphere structure (temperature: 1st panel from top, electron
density: 2nd) of our NLTE models which consider opacities of H, He,
C, N,O, and Fe with solar abundances, Ter = 1, 3,5, 10,20 MK. In pan-
els 3 to 7, the ionization fractions of the iron ions which are used in
the calculations are shown. Depending on T.q, the considered ions are
selected to well represent the dominant ionization stages in the line-
forming region.

(Rogers & Iglesias 1992). In the OPAL project, the other “phys-
ical method” for the occupation densities calculation is used.
The emergent spectra in our models are formed at densities of
<10 g cm™, therefore our calculations of the occupation den-
sities are correct. Because of the high particle density in the
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Fig. 2. Occupation probabilities of the Fe XXIV levels (labeled consec-
utively with increasing excitation energy) in our NLTE model atmo-
sphere with Tz = 10 MK and solar abundances.

neutron star atmospheres, this is of course an important point for
the correct computation of the atmospheric structure in deeper
layers. As an example, we display the occupation probabilities
of the energy levels of Fe XXIV in a particular model (Fig.2).
Level dissolution (i.e. low occupation probability) is significant
for all atomic levels.

The model atoms are constructed using energy levels from
NIST? (National Institute of Standards and Technology) and os-
cillator strengths and photoionization cross-sections calculated
by the Opacity Project (TIPTOPbase?). The complete set of
model ions used is available from TMAD, the Tiibingen Model-
Atom Database*.

We compute plane-parallel non-LTE model atmospheres in
hydrostatic and radiative equilibrium. Our calculations start
from grey model atmospheres that are calculated by TMAP for
the range of parameters —8.0 < log Tross < +2.6. The atmo-
spheres are represented by 90 depth points, set up equidistantly
in log Tress between points 1 and 85 (outside to inside), decrease
logarithmically by a factor of two from point to point towards the
inner boundary. The subsequent non-LTE modeling is performed
after transforming from the Tross On a column-mass scale m.

Line broadening due to the Stark effect is considered.
According to Cowley (1971), the broadening due to the
quadratic Stark effect is approximately given by:

=]

5 Ml

VT

where nzg is the effective principal quantum number of the upper
level, and z is the effective charge seen by the active electron.

The linear Stark effect (e.g. in the case of Fe xxvi) is consid-

ered using an approximate formula (Unsold 1968; Werner et al.
1991)

Ystark = 5.5 X 10~

z+1

)]

ne? 1 AA
Al = —2° U 2
KA mc? fs,’;Fo (s;‘LFo) @
with the electric microfield
2/3
Fo =26le [sz/zni} 3)
ions

where U(B) is given by van Dien (1949). A measure of the width
of the Stark pattern is given by

“)

2 http://physics.nist.gov/PhysRefData/ASD/index.html
3 http://vizier.u-strasbg. fr/topbase/
4 http://astro.uni-tuebingen.de/~rauch/TMAD/TMAD.html

s, = 0.01922% [nup(nup = 1) + niow (mow — 1) ] /Z.
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Fig. 3. Astrophysical fluxes of our NLTE models. The three panels dis-
play models with different chemical composition (solar, 33% (by mass),
and 99% Fe content). In each panel models with different effective tem-
peratures are shown (Teg = 1-20 MK, from bottom to top). Line identi-
fications are given in the top panel.

The dependence of the emergent flux on 7. is illustrated in
Fig. 3. We note that lines of C VI, N VII, and O VTII are detectable
in the synthetic spectra up to Tz ~ 12 MK. Lines of Fe XXIII—-
Fe XXVI visible in the wavelength range from 7 to 12A (no
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Fig. 4. Upper panel: departure coefficients of the Fe XXIII-XX VI ground
states in our 7.y = 10 MK model atmosphere (solar abundances).
Bottom panel: ratios of ionisation fractions (IF) of the iron ions for the
LTE and NLTE model atmospheres with identical parameters.

gravitational redshift considered) show a strong dependence on
T.g and are therefore very sensitive temperature indicators.

The iron abundance in the photosphere has a significant in-
fluence on the emergent spectrum. In Fig. 3, we show fluxes cal-
culated from model atmospheres with solar, 30%, and 99% iron
abundance (by mass; H, He, C, N, and O are considered with
solar abundance ratios relative to each other).

In the framework of the Virtual Observatory> (VO), all spec-
tral energy distributions (SEDs, A — F,) from the TMAP model
grids described here are available in VO compliant form from
the VO service TheoSSA © provided by the German Astrophysical
Virtual Observatory (GAVO) as well as atables® for the use with
XSPEC®.

3. LTE versus NLTE modeling

For the ground states of iron ions (Fig. 4, upper panel) in a par-
ticular model atmosphere (T.x = 10 MK), the necessity of con-
sidering NLTE effects appears obvious from the LTE departure
coefficients, which show the ratio of LTE and NLTE occupation
numbers, where the LTE population number is defined relative
to the ground state of the subsequent (next highest) ionization
stage. However, a closer look into the model structure shows
that all atomic levels connected by the line features discussed in
the context of EXO 0748—-676 have departure coefficients close
to unity. The relative deviation from the LTE population density
is at most 10% in the line-forming region. For the n = 2—3 lines
of Fe XXIV-XXVI, this region is confined to the parameter range
of —1.2 < logm < +0.2. As a consequence, NLTE effects on
the line profiles are expected to be small. A direct comparison of

5 http://www.ivoa.net

% http://vo.ari.uni-heidelberg.de/ssatr-0.01/
TrSpectra. jsp?

7 http://www.g-vo.org

8 http://astro.uni-tuebingen.de/~rauch/TMAF/TMAF.html
® http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec

T. Rauch et al.: Absorption features in the spectra of X-ray bursting neutron stars

w w
o —
T T
| |

N
©
T
|

log F, / erg/cm?®/sec/cm

N
[e3)
|

| | | | | | | |

6 8 10 12 14 16
wavelength / R
T T T T T T T

o
N
IN

-8 -6 -4 2 0 2 4
log m /g/cm?

Fig. 5. Top panel: emergent (unredshifted) spectra of LTE models with
Tt = 10MK and different chemical compositions. Thick line: model
of solar composition for all chemical elements up to Z = 30, thin line:
model with H, He, C, N, O, Fe only (solar abundances). Bottom panel:
temperature structures of model atmospheres with 7. = 10 MK. Solid
lines: NLTE model with H, He, C, N, O, Fe only (solar abundances),
long dashes: LTE model with the same chemical composition (note that
the high-temperature plateau in this model is caused by Compton scat-
tering), short dashes: LTE model with solar composition for all chemi-
cal elements.

the relative densities of the iron ions in LTE and NLTE models
confirms this conclusion (Fig. 4, bottom panel; see also below).

For a more detailed comparison, we calculated LTE mod-
els (cf. Suleimanov & Werner 2007; and Ibragimov et al. 2003).
In the LTE model-atmosphere code, we are able to model the
opacities due to the photoionization of all ions of the 15 most
abundant chemical elements, and about 25000 spectral lines
of all ions of 26 elements (all elements with atomic number
A < 30, apart from F, Sc, V, and Cu). Atomic line data were
taken from the CHIANTI database (Dere et al. 1997). As for
the NLTE atmospheres, we used the occupation-probability for-
malism for ion population calculations for all considered ele-
ments. Compton scattering was also taken into account with this
LTE code (Suleimanov & Poutanen 2006; Suleimanov & Werner
2007).

A comparison of LTE models with one of the NLTE models
is shown in Figs. 5 and 6. We computed three LTE models of the
same effective temperature and surface gravity (Teg = 10 MK,
log g = 14.39) but with different chemical compositions. The first
model had the same chemical composition as the NLTE model
(H, He, C, N, O, and Fe all of solar abundances). The second
model had solar chemical composition for all considered ele-
ments (A < 30), and the third model was calculated without hy-
drogen. It is well known (Lewin et al. 1993) that on a neutron-
star surface, the accreted hydrogen can transform into helium
by means of pycnonuclear reactions (depending on the accretion
rate), and part of the X-ray bursting neutron stars have helium
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Fig. 6. Comparison of the emergent (unredshifted) spectra of NLTE
(thick lines) and LTE models (thin) with 7. = 10 MK and identical
(solar) chemical composition in two different spectral bands. Lines con-
sidered in both models are marked.

envelopes without hydrogen. Therefore, we considered a helium
model with solar composition of the other chemical elements.

The temperature structure of the first model was similar to
the temperature structure of the NLTE model at logm > -3,
but the temperature structure of the second model differed in
the layers with logm < 0, where the emergent flux was formed
(Fig. 5, bottom panel). Therefore, the chemical composition of
the heavy elements was more important than the NLTE effects.
This was also true for spectral energy distribution (Fig.5, top
panel; Fig. 6). This was due to the influence of the large num-
ber of other heavy element spectral lines in the 2-8 A band
(compare spectra in Figs. 3 and 5). The spectrum of the first
model was similar to that of the NLTE model than the spec-
trum of the second model (Figs. 5 and 6). The difference be-
tween the emergent spectra of NLTE and LTE model atmo-
spheres with identical chemical composition is significant only
at 1 < 2A. The spectral line strengths are weaker in the second
model because the temperature is higher in the line-formation
layers (2.6 < logm < +0.4) (Fig. 5, bottom panel; Fig. 10).

The helium model atmosphere had lower temperatures at
deep layers (logm > —2) than the second model, and it showed
slightly stronger depths of the spectral lines (Figs. 7 and 10).
However, the difference between helium and hydrogen models
was not significant, and the qualitative conclusions for the hy-
drogen models were also applicable to the helium models.

LTE model atmospheres of solar composition were also cal-
culated by taking Compton scattering into account. In Fig. 8,
the temperature structures and emergent spectra of these mod-
els compared with Thomson-scattering models are shown. It
is possible to make the following conclusion from this figure.
Comptonization is significant for models with T > 15 MK, but
the models with lower temperatures and solar chemical compo-
sition can be considered without Compton scattering.
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Fig. 9. Comparison of NLTE model-atmosphere fluxes calculated from 7.4 = 8 MK models with different iron content. This figure can be directly
compared with the observed spectra of EXO 0748—676 presented in Fig. 1 of CPMO02 (therefore, all spectra are convolved with a Gaussian of
FWHM = 0.124 A, which is about 2.5 times lower in quality than XMM-Newton’s RGS spectral resolution). At z = 0.35 (bottom), there is no fit to
the observation. The identification of Fe XXV by CMPO02 is unlikely. At a significantly lower redshift of z = 0.24 (fop), the observed line features

would originate instead from Fe XX1V.

4. EXO 0748-676

CPMO2 used blackbody flux distributions to determine the Teg
of the neutron star in EXO 0748—-676 in the early- and late-
burst phase and derived kT ~ 1.8keV (T = 20.9 MK)
and kpTeg =1.5keV (T =17.4 MK), respectively. They iden-
tified photospheric absorption lines of Fe XXV at a redshift of
z = 0.35. In Figs. 9 and 10, we compare theoretical spectra for
the XMM-Newton wavelength range. It is well known (Lapidus
et al. 1986; London at al. 1986; Madej 1991; Madej et al. 2004)
that the color temperature of an X-ray bursting neutron stars
is higher than the effective temperature by a factor of 1.5-1.7;
for comparison with late-burst phase observations, we therefore
chose models with T =~ 10 MK.

Figure 9 (top) displays spectra from our 7. = 8 MK models
in the wavelength range 8—32 A. It can be compared directly
with the observed spectra of EXO 0748—676 shown in Fig. 1 of
CPMO02. To consider rotational broadening, we assume that R =
13.5km (cf. Fig. 13). At v;or = 45 Hz (Villarreal & Strohmayer
2004), this results in an equatorial velocity vy = 3800 km s
The synthetic spectrum in the middle panel of Fig. 9 is convolved
with the respective rotational profile (see Chang et al. 2006, for
a more detailed treatment of rotational broadening).

The Fe XXV n = 2—3 absorption features (at rest wavelength
~10.5A in Fig. 11) are weak even in the Fe-dominated model
and completely absent in the Fe-solar model (features at ~13 A
in Fig.9 at z = 0.24). Hence, at z = 0.35 there is no absorp-
tion feature at 13 A that can reproduce the observations. With
increasing Tq the Fe XXV lines become slightly stronger, reach-
ing maximum strength at T = 12 MK, although, they remain

far weaker than the Fe XXIV n = 2-3 absorption lines (Fig. 11).
The reason is the following. The Fe XXV ionisation stage domi-
nates the considered atmospheres (Fig. 1), but the lines at 10.33,
10.48 A (for which identifications were suggested by CPM02)
correspond to high energy (E ~ 6.7 keV) levels for which the
Boltzmann factor exp(—E/kT) is low. Lines of Fe XXIV originate
in ground-level transitions that are more common than the high-
energy level transitions of Fe XXV. We remark that occupation
probabilities are lower for high-energy levels (see e.g. Fig.?2).
Therefore, the high-energy levels of Fe XXV are even less popu-
lated than the ground level of Fe XXIV.

Relative flux spectra for LTE models with T.g = 10 MK are
shown in Fig. 10. This figure illustrates the influence of the
chemical composition on the emergent flux. Clearly, the above
conclusion about line identification is unchanged.

Therefore, from our results it is more likely that the observed
features are due to the resonance multiplet (n = 2-3) of Li-
like iron (Fe XX1V). This would, however, require a significantly
lower redshift of z = 0.24. We briefly discuss the implications of
this result for the neutron star parameters.

Figure 13 shows the allowed values for mass and radius in
EXO 0748—-676 for redshifts z = 0.24 and z = 0.35 compared to
various theoretical mass-radius relations. These relations repre-
sent typical relations for a stiff (BalbN2), moderate (SLy4), soft
(BPAL12), and strange matter (SS) equation of state. Details are
given in Haensel et al. (2006). While z = 0.35 corresponds to
radii of R = 9-12 km for a mass-range of M = 1.4-1.8 M,
our redshift z = 0.24 implies larger radii of R = 12—-15 km,
which corresponds to stiff equations-of-state and excludes mass-
radius relations based on exotic matter. This result agrees with
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Fig. 10. Emergent redshifted (z = 0.24), normalized fluxes of our LTE
models with Tz = 10 MK and different chemical compositions. Thick
line: model with solar composition for all chemical elements, dashed:
model with H, He, C, N, O, Fe only (solar abundances), thin: helium
model. All fluxes have been convolved with a Gaussian (FWHM =
0.124 A, see Fig. 9).

the study of EXO 0748—676 by Ozel (2006) using additional ob-
servational constraints. With z = 0.35 and using this author’s
formulae and input values one obtains minimum values of mass
and radius, such that M > 1.9 M and R > 12.5 km. A reduction
in redshift to z = 0.24 would have a negligible effect on their ra-
dius determination but their lower mass limit would be reduced
to M > 1.48 M.

In observations of EXO 0748—-676 bursts by Cottam et al.
(2008), no significant photospheric line features were detected.
Cottam et al. (2008) discussed several possible reasons for this
non-detection. They found no conclusive evidence for a dif-
ferent photospheric temperature. Our models indicate that the
Fe xxiv lines become weaker towards higher T.¢ and disap-
pear at about T.g = 14 MK (Fig. 11). Considering the rotation
of EXO0748-676, we would expect a featureless spectrum as
soon as the temperature exceeds about T = 12 MK.

5. Conclusions

We have performed model-atmosphere calculations to describe
the X-ray spectra of thermal radiation from neutron stars. We
have compared our computed spectra with X-ray burst spectra
of the LMXB EXO 0748—-676. We have been unable to confirm
the line identification by CPMO02 as being due to subordinate
transitions of H- and He-like iron. These line features were too
weak at any T.¢ and iron content. Our models suggested that a
more likely identification was the resonance line of Li-like iron.
As a consequence, the measured line redshift was z = 0.24 rather
than z = 0.35. This implied a larger neutron star radius of R =
12—15 km for the mass range M = 1.4—1.8 M.

We compared results from two entirely different model
codes, a LTE and a NLTE code, and concluded that NLTE effects
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Fig. 11. Comparison of redshifted (z = 0.24) NLTE model-atmosphere
fluxes calculated from 7.z = 8—14 MK models of solar iron abundance.
Note that for clarity these lines have not been convolved with either the
instrument’s resolution or any rotational profile (cf. Fig. 9).
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Fig.12. Comparison of unredshifted NLTE model-atmosphere fluxes
calculated from 7.4 = 10 MK models with different iron content (thin:
solar, thick: 30% Fe content, short dashes: 9% Fe). The long-dashed
line represents a blackbody spectrum.

were less important than uncertainties in the chemical compo-
sition of the bursting neutron-star atmospheres. Given the cur-
rent state of observations, NLTE effects on continuum shape and
spectral line profiles are negligible. On the other hand, we inves-
tigated the influence of the various chemical compositions and
found that the derived conclusion concerning line identification
does not depend on the chemical composition.

We investigated the relevance of Compton electron scatter-
ing and found that it was unimportant for solar composition
models with T < 15 MK.

The comparison of model-atmosphere spectra with black-
body flux distributions (Fig.12) has shown that model-
atmosphere spectra peak at higher energies and have a higher
peak intensity. A determination of T.g by assuming blackbody
spectra, as performed by CPMO02, therefore overestimates 7.
(cf. Rauch et al. 2005).
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Fig. 13. Allowed values for M and R of EXO 0748—676 for redshifts z =
0.24 and z = 0.35 (straight lines; thick portions of the graphs denote the
mass range 1.4—1.8 M) compared to various theoretical M —R relations
(Haensel et al. 2006). The thick dot on the z = 0.35 line denotes the
minimum M and R derived by Ozel (2006). The arrow indicates the shift
of this result when we assume z = 0.24. A description of the theoretical
mass-radius relations is given in the text.
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