A ONE-ZONE MODEL FOR SHELL FLASHES

We shall consider a model of a compact star, a white dwarf or a neutron star, accreting matter

at a constant rate M,. We assume spherical symmetry, and we ignore all dynamical effects of
matter falling onto the surface. The infalling matter is rich in nuclear fuel, hydrogen and/or helium.
When enough matter accumulates the nuclear fuel ignites. We shall consider a steady-state nuclear
burning, its stability, and the time variations in the unstable models. This type of scenario is relevant
for novae (Gallagher, J. S., and Starrfield, S. 1978, Annual Review of Astronomy and Astrophysics,
16, 171), X-ray bursters (Joss, P. C., and Rappaport, S. A. 1984, Annual Review of Astronomy and
Astrophysics, 22, 537), some symbiotic stars, and also for single stars burning hydrogen and helium
in two thin shell sources surrounding a degenerate carbon-oxygen core of stars with masses between
0.7Mg and 8 Mg, (Iben, I. Jr., and Renzini, A. 1983, Annual Review of Astronomy and Astrophysics,
21, 271). Full scale model computations require numerical integration of partial differential equations
of stellar evolution. This requires a lot of programming time, computers time, and the results are
difficult to interpret in simple terms. For this reason it is useful to simplify the problem as much as
possible, while retaining the most fundamental physics that is necessary to have models that have
properties qualitatively, and even quantitatively similar to full-scale computations. This is possible
with a one-zone model (Paczynski, B. 1983, Astrophysical Journal, 264, 282) .

Nuclear burning shells are geometrically thin, and it is reasonable to approximate them by thin,
plane-parallel zones. We shall be interested in the region between the base of the nuclear burning
shell, below which the hydrogen content X = 0, and the surface, onto which fresh matter is falling.
The radii of the two boundaries are R, and R, respectively, and AR = Ry — Ry < Ry, i.e. we
may define R ~ R; ~ Rp. It is convenient to introduce a new space-like variable, the surface mass
density ¥, with d¥ = pdr. The stellar structure equations may be written as:

g_]; = _qg= C;—]\Q/[, ( hydrostatic equilibrium) (0z.1a)
%];T = _g = 4:—1520, ( radiative equilibrium), (0z.1b)
g_g —c— T%—f, ( heat balance), (0z.1c)
88_); = —%, ( hydrogen depletion), (0z.1d)

where P is total pressure, P, is radiation pressure, p is density, T is temperature, S is entropy, X
is column mass density, ¢ is time, F' is radiative heat flux, € is the nuclear energy generation rate (

erg g “lsec™! ) | k is opacity ( ecm?g !, ¢ is the speed of light, and E* is the energy released by

burning 1g of hydrogen.
The boundary conditions at the top of the zone, i.e. at the stellar surface, are
=%, P =0, P, =0, X =X, (0z.2a)
and the boundary conditions at the bottom of the zone are:
¥ =%(t), F=F, X =0, (0z.2b)

where F} is the heat flux from the stellar core. The accretion rate is related to the outer boundary
with

Il
M-
S

I

(02.3)



and the column density of the zone is given as
AY, =3, — Y. (0z.4)

The differential equations (o0z.1) may be integrated over the whole hydrogen rich zone to obtain

P= g/dZ = gAY, (0z.5a)
P, = 1//@FalE ~ ﬂAE, (0z.5b)
c c
oS as
F = / (e — TE) d¥ ~ Fp + (e = TE) A, (0z.5¢)
0X eAY

In all these equations P, P., T, p, S, K, €, refer to the values of corresponding physical quantities
at the bottom of the shell, and X, and F refer to the values at the surface. This looks like a very
crude approximation, but it is surprisingly accurate because all the quantities vary monotonically
within the shell.

Equation (0z.5d) gives the rate at which hydrogen is depleted throughout the whole zone. We
shall adopt the approximation that this is also the rate at which matter processed through nu-
clear burning leaves the zone through the bottom of the shell and into the core. Combining this
approximation with eqs. (0z.3) and (0z.4) we obtain

AY : AY
d(A%) - X3, - =2 (0z.5€)

X
dt E*

The set of equations (0z.5) may be written as two ordinary, first order differential equations

ds

e (F—F 2
T ik (F — F) o (0z.6a)
dP . eP
% e gza — —XE*’ (OZ6b)
supplemented with a number of algebraic equations:
P
AY = —, (0z.7a)
g
P, kE
1-f==—"="22 .
f=>5 -t (02.7b)
K=keg =02(1+X), (02.7¢)
and the differential relations:
as P dinT dln P
T— = — |(16 — 123 — 1.53? —(4-3 8
= 5 | (06128 -158) (4-38) |, (07.82)
dinP = (4-38)dInT + fd1np, (07.8b)
dlne =vdInT 4 dInp, (02.8¢)
with v = const > 1.
It is convenient to introduce the Eddington heat flux defined as
¢y  Lpdd
Fpgg=— = . .
Bdd = "= = s (02.9)
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Combining equations (0z.7b) and (0z.9) we obtain

F
1-p6= fa <1, (0z.10)

i.e. the surface heat flux cannot exceed the Eddington limit, just as expected.

Steady-state models

We shall look first into steady state models, i.e. with the time derivatives equal zero. Equations
07.6) may be combined to obtain
6 b bined to obtai

. F—F eP
Yo = = . A1
XE*  gXE* (0.11)
It is convenient to express the heat fluxes and the accretion rate in the Eddington units:
Fb HFb
= = —) 0z.12a
Fgaa  cg ( )
F kF
= = —, 0z.12b
f Fgaa  cg ( )
Y XE*  [kXE*] . K
a= = Yo = ——=¢€P. o0z.12c
Fraq { cg ] cg? ( )
Now, we combine equations (0z.7b) and (0z.11) to write
1-06=f=fy+a, 8 = Qmaz — a, 0<a<amez=1—fo (0z.13)
The temperature, density, and nuclear burning rate may be expressed as
1/4 1/4 1/4
= FP ] B K§) (1-5) P] B K%) (fo +a)"/* PV1, (0z.14a)
a a a
1/47 (4 _
_ pH PP [pH (%) (@maz — @) 1374 (02.14b)
BT LRSS T ()
v—1
H (3\ © vo1
€= ¢€,pT" = 60% (a) ] (maz — @) (fy + @) o P, (0z.14c¢)
Combining equations (0z.14) with (0z.12¢) and (0z.7a) we obtain
4
P ) TR
— === a4+ —, (0z.15a)
P b (dmaa: - a’) v (fb + a“) v
cg®> k ra\“T = P*
pr= |9 (—) S 15b
e dOM ; ou130)
Differentiating equation (0z.15a) we obtain
dln.Z :dlnE: 4 [1 o (V—l).a _ (02.16)
dny, dlna v+7 (Gmaz — @) 4(fo +a)
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4-0(rv—-1-a)
BA+a)(v+7)
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(02.16)

When the accretion rate is very high, then @ & @mqe = 1— fp, and the derivative d1n P/d1n a rises
up to +00. When a < fj, < 1, then the last two terms on the right hand side of the equation (0z.16)
are negligible, and d1n P/dIna =~ 4/(v+7) > 0. Therefore, for vary high, and for very low accretion
rates the pressure in the one zone model, and hence the column mass density, increase with the
increasing accretion rate. However, for intermediate accretion rates, f, < a < 1, the last term on
the right hand side of equation (0z.16) dominates, and we have dln P/dlna ~ —(v—1)/(v+7) > 0,
i.e. the pressure is a decreasing function of the accretion rate.

Thermal stability

We shall consider now thermal stability of a one zone model with a given surface mass density
Y, and a given heat flux through its bottom Fj,. First, we take a model in a thermal equilibrium,
i.e. with dS/dt =0 and dP/dt = gd¥/dt = 0. Tt satisfies the equations

g P, K
=(F-F)=< —=—F. 1
e=( b) B P (02.17)
Next, we make a thermal perturbation of the model, but we neglect nuclear evolution within the
model, i.e. we take dS/dt # 0, but we keep dP/dt = gd¥/dt = 0. We express all perturbations of
all variables, .5, dp, e, and JF in terms of temperature perturbation 67, while keeping 6 P = 0.

We obtain

ds P oy d(0InT)
T =0 (16 - 128 — 155%) === (02.18a)
4—
0lnp=— :))ﬂ(SlnT7 (02.18D)
Slne= <,, _4 _635> SInT, (02.18c¢)
OlnF =46InT. (0z.18d)

Putting all these perturbations into the heat balance equation (0z.6a) , and taking into account the
relation between the unperturbed quantities, i.e. (0z.17) , we obtain

ds P o d(6InT)
E_p—ﬂ(6—126—1.5ﬁ)7dt = (02.19)
e _sp9 _ [, 438 _9F _
= de 6FP—6(V 3 >5lnT P451nT—
B 4-38 F B
= |:V 3 4F_Fb]5lnT—
4 f }
=€elv—=+3—-4 oInT =
[ B =1
—€e|v+3— — 4 - —4a—|jfb OInT =
(Gmaz — @) a
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=€ V—].—L—Llﬁ OInT =
(Gmaz — @) a
SN NGk ) B SIS L] P INE
4 (Gmaz — @) a

0lnT =

— e [@; 1 (1(;::;ai;a> B (fb;cw]

S P S

4 (Gmaz — @)
_feta) [v=1a a s y
=4 a |:4 ((1, + fb) (a'maw — (I,) 1:| 0InT. ( 19)

The differential equation (0z.19) may be solved to obtain

dInT = (0InT),_, et (02.20a)
_ 1 48 (fo +a) (v—1)a é -
" (16 — 123 — 1.53%) 4 [4 @+7f)  (Gmax—a) 1] - (02.20b)

1 4-Bw—-1-a) o
o (16 — 128 — 1.532)° T a

)

P . heat content
Tth = — = thermal time scale = - . (02.20c¢)
pe heat generation rate

The solution (0z.20a) grows exponentially if o > 0, i.e. when the square bracket in the equation
(0z.20b) is positive. Notice, that this square bracket is equal to the square bracket in the equation
(0z.16) , with the opposite sign. This means that the one zone model is unstable when, in a
linear series of such models, the column mass density is a decreasing function of the accretion rate.
Therefore, models with intermediate accretion rate are unstable, while those with very high, or very
low accretion rate, are stable.

It is easy to understand why models with very low accretion rate, @ < fp, are stable. In those
models almost all energy radiated from the surface comes from the stellar core, with energy input
from nuclear burning being insignificant.

Models with intermediate accretion rate, f, < @ < 1, are unstable because of very high temper-
ature sensitivity of nuclear reaction rate, i.e. v > 1. According to the equations (0z.17) the heat
generation rate is proportional to €, i.e. to T%, while the heat losses are proportional to T*. There-
fore, a slight increase of temperature over the equilibrium value will result in the net heating, and
farther increase of the temperature, and so on. We have a thermal runaway, i.e. thermal instability.

Models with very high accretion rates, @ ~ amqr: = 1 — fp, are stable again because nuclear
reaction rate is sensitive to the density too, € ~ p. When the accretion rate is close to the maximum
rate, the luminosity is close to the Eddington limit, and radiation pressure dominates, with P =
P. = %T4. As pressure within the one zone model remains constant during a thermal perturbation,
the slightest increase of temperature is accompanied with a very large decrease of density, and as a

result the nuclear energy generation rate decreases, making the model stable.

Notice, that the transition from stable to unstable models is at the turning points of the linear
series of one zone models, at which the column mass density 3 has a local maximum or a local
minimum, i.e dln¥/dIn¥, = 0.
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