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Model atmospheres

of X-ray bursts
accounting for Compton scattering

Using Kompaneets equation: London et al. 1984, [986;
Lapidus et al. 1986; Ebisuzaki 1987; Pavlov et al. 1991,
Suleimanov et al. 2006, 201 |

Using approximate Compton redistribution function
(Guilbert 1981): Madej 1991; Madej et al. 2004;

Majczyna et al. 2005

Using exact relativistic Compton redistribution function
(Aharonian & Atoyan 1981, Nagirner & Poutanen 1993,
Poutanen & Svensson 1996): our ongoing work



Basic equations

Hydrostatic equilibrium
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- 6 chemical compositions: H, He, solar H/He with Z =1, 0.3,0.1,0.01 Zgn

Model atmosphere calculations
(Suleimanov, Poutanen, Werner 2011, A&A 527, A139)

- 3 surface gravities: log g = 14.0, 14.3 and 14.6
- 20 relative luminosities | =L / Lgyy : from 0.001 to 0.98
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Color correction f, calculations

Calculated spectra are redshifted and fitted by diluted blackbody (one-
and two-parameters functions) (assuming M = 1.4 My,,) in the PCA/
RXTE energy band (3-20) keV  F, =wB,(f.T,)

0t S A 5 fitting procedures

107 1) Minimizing deviations in flux

o

N
- > (Fi, = wiBg, (for Tew))?
n=1

-1 -2 1
H. (ergs cm” keV )

2) Minimizing deviations in photon number flux

N (Fg, = waBg, (fanTer))?
E:

n=1

3) Minimizing integral

EmaX
f (Fg — w3Be(fo3Teq))” dE
Emin
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4) =1), but w=f£f17

5) Ratio of peak position (as in Madej
et al.)




Color correction f. calculations

Color correction for various fitting procedures Residuals of the blackbody fits
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A large set of atmosphere models
is computed
(Suleimanov et al. 201 1)

) log g =14.0, 14.3, 14.6

2) L/Leda=107,...,0.98

3) Pure hydrogen, pure helium,
solar composition, solar He/H

+subsolar metals.
Atmosphere spectra are fitted

with a diluted blackbody and the
color-correction factor is
determined.

Our spectral results differ
significantly from previous
calculations by Madej et al. 2004
and Majczyna et al. 2005.
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Comparison with Madej ‘s code

(calculations by Agata Rozanska)
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Accurate treatment with

relativistic Compton redistribution function

Radiation transfer equation (RTE)
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Accurate treatment with
relativistic Compton redistribution function

We use two RFs:
1) exact fully relativistic (Aharonian & Atoyan 1981, Nagirner & Poutanen 1993, Poutanen
& Svensson 1996)

2) approximate, isotropic in the electron rest-frame (Aharonian & Atoyan 1981, Poutanen
1994)

1 e V10
870 K»(1/0(2))’

R(x,x1,m) =

where:

ve=(x-x1+01+2/q)/2, Q@ =@x-x)+2q g=xx(l-1),

+1
We also use angle-averaged RFs R(x,x;) = % f dn R(x, x1,n).
-1

Standard boundary conditions

dB s &Mmax
I_(,Lt, 0)=0 I+(/,t, X, Zmax) = I (U, X, Zmax) + 2 (flTZ )

RTE is solved using accelerated Lambda-iterations reaching accuracy
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Spectral evolution of
photospheric radius
expansion (PRE)
X-ray bursts
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Spectral evolution of
two types of bursts

Apparent
area in short
bursts is
2 times
smaller than
that for the
long burst.
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Cooling tails of PRE bursts from 4U |724-307
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4U 1724-307 as seen by WFC
@BeppoSAX
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Long bursts from 4U 1608-52 seen by EXOSAT
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Long bursts from 4U 2129+1 1 in MI5 seen by Ginga
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Bursts at various
persistent luminosities in

4U 1608-52
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Bursts from 4U 1608-52 at
different accretion rates
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PRE bursts from 4U 1820-30
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Measuring neutron star
parameters from
the PRE bursts
using “touchdown’and
“cooling tail” methods



Photospheric radius expansion (PRE) bursts u
= Super-Eddington fluxes

® Measurements of the Eddington flux and 2 N e e
the blackbody radius at the cooling tail 2 " E
e -

for sources with known distances allow us 0 rereresterssstessseretoreessbres s _

to get two constraints on the neutron  _ > . A :
star mass and radius. Ssh o e
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Often it is assumed that the Eddington flux is ;
reached during the “touchdown” 2
(when blackbody normalization reaches ool §
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"Touchdown method”
Assumption: Eddington flux = touchdown flux

However,

® The relation between touchdown flux and Eddington
flux is not clear (e.g. electron opacity is assumed to
be Thomson, while at 3 keV it is 93% of Thomson)

® Color correction in the tail is not a unique number.

® Measurements of the Eddington flux and the
apparent area in the tail are decoupled. Not clear
whether they are consistent with each other.



Cooling tail method

The observed evolution of K-1/* vs. F should look similar to
the theoretical relation f vs. F/Frdd

<= (58) -7 (5) — K =An@ IR

From the fits a more reliable estimate A = (Roo[km]v/Dm)_l/Q
and apparent radius can be obtained.

Two free parameters: A and Feq..

and we use now our theoretical dependences

fe vs. F/Frad
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M-R relatlon

From the best-fit A and Feqd, 30F
we can get constraintson M, _f ““sa“ty

and R if we assume some = ¢

distance distribution (we = 20¢
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4U 1608-52

short bursts @ high persistent flux |onger bursts @ low persistent
and constraints using touchdown  flux and constraints using the

method (Guver et al. 2010) cooling tail method.
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underestimated by >50%
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Why the apparent area
is different in different
bursts!

Influence of accretion on the burst
apparent area and the spectra



|.Accretion disk can blocks nearly |/2 of the star.
2. Spreading of matter on NS surface affects the
atmosphere structure increasing f.

Inogamov & Sunyaev (1999)
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Conclusions

We have computed a new set of model atmospheres for X-ray
bursts covering large range of luminosities, various log g and
chemical composition.

Burst properties depend on persistent flux. Optically thick
accretion disk blocks nearly 1/2 of the star and possibly affects
the short burst (soft state) spectra. In the long bursts, accretion
is not important (optically thin).

Evolution of blackbody normalization with flux K vs. Fin
long bursts is well described by the theory. Short PRE bursts
from 4U1724-307, 4U1608-52 and 4U 1820-30 do not show
the evolution of K'''* vs. F predicted for a passively cooling
neutron star, therefore they should not be used for M/R
determination.

Neutron star radii are constrained at R>13.5 km favoring stiff
equation of state (consistent with existence of the 2M¢@ pulsar).



