MASS LOSS ASSOCIATED WITH X-RAY BURSTS OF NEUTRON STARS*

D. Sugimoto, T. Ebisuzaki, T. Hanawa, and M. Kato
Department of Earth Science and Astronomy,
College of General Education, University of Tokyo

1. INTRODUCTION

Basic features of observed Type I X-ray bursts are thought to be
interpreted in terms of helium shell-flash near the surface of the
accreted neutron stars (Lewin and Joss 1981). Numerical models of the
helium shell-flash show that the luminosity grows very close to the
Eddingotn luminosity just after the peak of energy generation.

The Eddington luminosity is given by

Lpg = 4TcGMy/K . (1)

Here M, 1is the mass contained within the sphere of the radius r, which
is well approximated by the total mass of the neutron star M. The
opacity K 1is described by the Compton scattering opacity

-9 -1
K = 0.20/(1+0T); a= 2.2 x 10 K , (2)

where the chemical compositions devoid of hydrogen is assumed, and T 1is
the temperature. From equations (1) and (2) we see that the Eddington
luminosity is a local quantity which is proportional to (1+aT); it
decreases outward as the temperature decreases.

What happens when a radiation flux comes which exceeds the Eddington
luminosity at the surface of the star L{0) 2 1t must push the outer
shells to lead the mass loss from the sta¥. It is the aim of the present
paper to solve for the stellar structure with such steady mass outflow.

Many years ago zZytkow (1972) considered a similar problem and
calculated stellar envelopes with mass outflow. However, her solutions
could not be fitted consistently to any star or core of main-sequence- or

*Details of this work are submitted for publication by Ebisuzaki et al.
(1982) and by Kato (1982).
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of white-dwarf-type. Here, we will show that such envelopes can be
fitted to the accreted neutron stars in the stages near the peak of the
helium shell-flash.

We shall solve for the_structure of the inner shells with
temperatures as high as 10 - lO9 K through the outermost shells of
lower temperatures, the latter of which is outflowing as Parker-type
stellar wind. Ruggles and Bath (1979) computed such Parker-type stellar
wind solutions which simulated the mass outflow at nova explosion of
accreted white dwarfs. They were interested in the flow patterns etc. of
the stellar wind. Therefore, they assumed that a given value of mass
flux came from the interior, and they solved only for the part of the
Parker-type stellar wind. In this sense their computations did not give
any insight into the driving mechanism of the mass loss. On the
contrary, the main aim of our present study is to clarify the driving
mechanism of the mass loss operating rather deep interior where OT of
equation (2) is not negligible as compared with unity (T = 108 - 10° K).
Therefore, our outer boundary conditions of the Parker-type solution is
much less important than the solutions in the deep interior.

2. BASIC EQUATIONS AND ASSUMPTIONS
Stellar structure with a steady mass ocutflow with velocity v 1is
described by

dr GM . 1dp
Sl 2= 4 - = = 3
Vet 2t ot (3)

Edr” (amrlov) = 0, (4)
. 2 3
KL(dlf) - lemacr T dT (5)
r 3p dr '
dL
ds o) r
vl — + —-— =0 , (6)
dr 4Wr2 dr
(dif)

where P, p, s and L are, respectively, the pressure, the density,
the specific entropy and the diffusive energy flux flowing through a
shell at r. The energy is transported not only as the diffusive
luminosity but also as the advection luminosity L(84V)_ ~ since we shall
treat the shells exterior to the helium convectiverzone, equation of
state is well described by those of the ideal gas plus radiation.

As the inner boundary conditions, the solution is fitted to the core
of the neutron star at a shell where the ratio of the radiation pressure
to the gas pressure Y 1is equal to unity; the temperature should be
equal to T,, and the radius should be equal to the radius of the inert
nuetron star. (We have found that the choice of the boundary value of vy
affects but very slightly to our results.) As the outer boundary -
conditions, the solution is fitted to the Parker-type stellar wind at the
sonic point. Thus, our problem is a boundary value problem which
contains a parameter T, at our disposal. The mass flux ¢ ‘is obtained
as an eigenvalue. Then the velocity profile v , the diffusive flux
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In general, equations (3)~(6) can be solved only numerically.
However, we can solve them analytically if we approximate

. P,
KLédlf) = KOLO(dlf) = const. (7)

In addition to this equation we obtain analytical expressions of three
integrals which describe the constancy of the mass flux, the Bernoulli's
theorem, and a barotropic relation. Differentiating temperature
distribution of such analytical solution, we can compute KL(dlf) by
means of equation (5). Then, we can check the consistency of our
procedure, as is done in figure 1. We have found that equation (7) holds
very precisely except for very outer region and for the region close to
the inner boundary.

In order to check the validity of such approximation Katc (1982) has
solved equations (3)-(6) numerically for similar problem. Her results
show that KL'9% is constant in the region above the shell where the
local Eddington luminosity becomes almost equal to the incoming diffusive
luminosity. This constancy holds upto the scattering photosphere which
is defined below. Here we refer to such Kato's (1982) results in order
only to demonstrate the validity of our approximation. Now we shall
return to discuss the results of our analytical treatment, since it will
give a better insight into physical processes involved in our problem.

3. RESULTS

For the inert neutron star we used the mass of 0.476 M and the
radius of ry = 8.67 km. Numerical results are summarized in table 1,
where the subscript cp and sp denote the color- and the scattering-
photosphere, respectively. The color photosphere is defined with

® 12
Jr(3KffKE) pdr = 1 , (8)

cp
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Table 1. Models for steady-state mass loss from neutron star.

model ..veeeeeeeessonccccnnsnns 1 2 3 4
10 Th (K) cevveveeeocannanneas 9.20 8.80 8.40 8.00
109 D (G 55) teeiea e, 18.76 18.35 17.94 17.51
log rg{cm) (sonic point)...... 8.60 8.04 7.54 7.08
(EJlog Tep (K cevneeieiiinn.n. 7.29 7.64 7.91 7.98
Sullog Tap rreerrrreesaaneees 2.30 2.51 2.68 2.61
9¥llog op (6M) eeiiiiin, 7.14 6.54 6.11 5.94

Mlog Ry (CM)  ceevevvnnne... 6.03 5.33 4.79 4.65
Lllog Ty (K] oL 5.89 6.22 6.54 6.84
ﬁ5¥log Tsp (CM) cevevonnonnnnnn 8.54 7.88 7.26 6.67
8Qllog LEHT> (erg s™h) L...... 38.08 38.08 38.08 38.08
®Qllog L% (erg s -y ..., 36.19  36.41  36.59  36.69

8109 Vep (om s7hy ot 8.43 8.65 8.81 8.87

where K and K are the free-free and the electron scattering

opacity, respectively. The scattering photosphere is defined by T (r_ )
= 3/2 where T 1is the optical depth computed with KE. Sp
Model 2 with log T,(K) = 8.80 1is a typical solution for the star
just after the peak of the helium shell-flash. We see that the diffusive
luminosity is very_ close to the Eddington luminosity at the surface
[log L (erg sec l) = 38.08]. The mass flux amounts to 10 8 erg sec -,
but the velocity is rather low as compared with the light velocity. This
is the reasons why the diffusive luminosity can not exceed the Eddington
luminosity appreciably, and why the advection luminosity is relatively
low at the scattering photosphere We notice also that the surplus flux,
i.e., dlf (T ) - Léd = aTbL , 0 21.4Lég) for model 2], is almost
equal to the rate of potential energy fed into the escaping gas, i.e.,
(GM/rb)é. This high conversion efficiency does not yield to any
appreciable super-Eddington luminosity.

The observed color temperature will be rather close to T than T
The diffusive luminosity is expressed as (167/3) s Té /Tc CP 1f we SP
interpret the luminosity in terms of the usual black-body law with the

effective temperature equal to c the black-body radius is calculated
as Ry = (473 Top) slnce ge have T ~ 300, the black-body
radius is regardeg as onfy about /15, and we can not recognize the

large radius of the extended envelopg directly from observations. Such
effect has to be paid attention to when we analyze observed reslults.
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DISCUSSION FOLLOWING D. SUGIMOTO'S TALK

BATH: I did some work with a student of mine, Ruggles, in which we
computed steady outflowing optically thick wind solutions from white
dwarfs. With no approximations at all, the general Parker type solu-
tions, but with the interaction of the radiation with matter included.
Have you compared your solutions with your approximations with those
solutions?

SUGIMOTO: We have not compared with your solution. We have com-
pared with an old calculation by Zytkow.

BATH; The Zytkow work is not right. I would be interested to know
how your work compares with ours. Because, when I was doing that work I
was struck by the fact that the solutions were extremely sensitive to
the eigenvalue nature of the problem and that unless you have your
boundary conditions satisfied at the critical point and at the photo-
sphere simultaneously, precisely, then the solutions were very disturbed.

SUGIMOTO:  Concerning this problem, one of my colleagues, computed
the same problem, without assuming that «L 1is constant. The result is
essentially the same as ours. Concerning your discussion of the sensi-
tivity of the solution to boundary conditions, we have to think of the
physical situation, for example, if we change the boundary condition at
the sonic point, it will make changes in the whole structure of the
solution, but physically speaking, the layer is pushed up by surplus
radiation, the pressure of the surface region is very low, so if we
state, physically, that surface boundary condition has little to do with
determining the mass flux, in such a case I think the assumption of
steady mass flow is bad instead of that the boundary condition is
important.

BATH; That may be true, but steady solutions are the only ones we
can solve in a realistic way at the moment.

LAMB : I have a comment and a question. The comment refers to low
mass neutron stars. While it is true that the problem of supernovae has
not yet been solved, in all the cases that have been calculated it is
impossible to form neutron stars with masses less than 0.7-0.9 M,.

This is because when collapse occurs, part of the core falls in homo-
logously and the reverse shock has to begin further out. In all calcu-
lations, the homologous core is in the range 0.7-0.9 My . As for my
question, I am trying to understand why the approximation KLdiffusion=
Const. is roughly satisfied. I can imagine an electron scattering atmos-
where where Kk = Const. and where the total luminosity might be constant
in the envelope. But I would have thought that as soon as the advective
part of the luminosity begins to dominate, the approximation must fail.
Can you give us a physical picture of why the approximation is valid?

SUGIMOTO: The part of the advection energy and the energy which
is necessary to push up the matter against the gravitational field, are
all taken into account in the equation. People say that «Ly = const.
is a polytrope of n=3, but the polytrope of n=3 is something like a
singular point when the ratio of radiation pressure to gas pressure goes
to infinity, so our solution is very different from the so-called
kL = const, n=3. My understanding of the physical picture is that if
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an excessive energy comes, it cannot be transported by diffusion, the
layer will be pushed up in order to keep the diffusive luminosity just
equal or lower than the Eddington luminosity, it implies «L = const,

LAMB: The electron scattering optical depth from the photosphere
is quite high in your solutions. Compton scattering is important if
one is dealing with photon energies greater than mc /T2 . Even for T
=~ 20, Compton degradation is going to be significant for the tempera-
tures you are dealing with at the color photosphere. Therefore, I
would think that degradation of the spectrum would be rather severe in
the outer parts of the outflowing envelope and would affect the results
significantly.

SUGIMQTO: Yes, that 1is true, it is only an order of magnitude
estimate we are concerned with now, not the detailed quantitative solu-
tion, but the physical interpretation.

LAMB : It would seem that in the picture you are talking about
one might expect strong magnetic fields and therefore opacities that
could be significantly less than the usual Thomson scattering opacity.
This would make possible super-Eddington fluxes.

SUGIMOTO: Yes, I agree that we should proceed to think about such
situations.

MEYER: I think it is claimed that the situation with respect to a
black body interpretation gives you a cooling solution, where you keep
the surface area constant and you decrease the temperature. Would your
models also fit to these observations within the range of uncertainties?

SUGIMOTO: Our models are concerned with only the very peak of the
X-ray burst so we need very detailed observations near the peak of the
burst, the black body radiation at constant radius observation concerns
the decaying phase of the X~ray burst,
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