.. ne e | University of Kentucky
UKnowledge, o

Physics and Astronomy Faculty Publications Physics and Astronomy

9-15-1983

Stimulated Emission and the Flat Balmer
Decrements of Cataclysmic Variable Stars

Moshe Elitzur
University of Kentucky, moshe@pa.uky.edu

Gary . Ferland
University of Kentucky, gary@uky.edu

W. G. Mathews
University of California - Santa Cruz

G. A. Shields
University of Texas

Right click to open a feedback form in a new tab to let us know how this document benefits you.

Follow this and additional works at: https://uknowledge.uky.edu/physastron facpub

b Part of the Astrophysics and Astronomy Commons, and the Physics Commons

Repository Citation

Elitzur, Moshe; Ferland, Gary J.; Mathews, W. G.; and Shields, G. A., "Stimulated Emission and the Flat Balmer Decrements of
Cataclysmic Variable Stars" (1983). Physics and Astronomy Faculty Publications. 180.
https://uknowledge.uky.edu/physastron_facpub/180

This Article is brought to you for free and open access by the Physics and Astronomy at UKnowledge. It has been accepted for inclusion in Physics and

Astronomy Faculty Publications by an authorized administrator of UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu.


http://uknowledge.uky.edu/?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
http://uknowledge.uky.edu/?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/physastron_facpub?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/physastron?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uky.az1.qualtrics.com/jfe/form/SV_9mq8fx2GnONRfz7
https://uknowledge.uky.edu/physastron_facpub?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/123?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
https://uknowledge.uky.edu/physastron_facpub/180?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:UKnowledge@lsv.uky.edu

Stimulated Emission and the Flat Balmer Decrements of Cataclysmic Variable Stars

Notes/Citation Information

Published in The Astrophysical Journal Letters, v. 272, no. 2, p. LS5-L59.
© 1983. The American Astronomical Society. All rights reserved.

The copyright holder has granted permission for posting the article here.

Digital Object Identifier (DOI)
http://dx.doi.org/10.1086/184116

This article is available at UKnowledge: https://uknowledge.uky.edu/physastron_facpub/180


https://uknowledge.uky.edu/physastron_facpub/180?utm_source=uknowledge.uky.edu%2Fphysastron_facpub%2F180&utm_medium=PDF&utm_campaign=PDFCoverPages

THE ASTROPHYSICAL JOURNAL, 272:L55-L59, 1983 September 15
© 1983. The American Astronomical Society. All rights reserved. Printed in U.S.A.

STIMULATED EMISSION AND THE FLAT BALMER DECREMENTS
OF CATACLYSMIC VARIABLE STARS

MoSHE ELITZUR AND G. J. FERLAND
Department of Physics and Astronomy, University of Kentucky, Lexington

W. G. MATHEWS

Lick Observatory, University of California, Santa Cruz

G. A. SHIELDS'
Department of Astronomy, University of Texas, Austin
Received 1982 July 26, accepted 1983 May 11

ABSTRACT

Balmer emission lines from cataclysmic variables often have nearly equal intensities rather than
the rapid decrement predicted by simple nebular theory. Traditionally, this has been interpreted in
terms of local thermodynamic equilibrium emission from a dense gas with small volume located just
above the accretion disk. In this Letter we show that the intense radiation field within a close binary
system can affect excited-state populations and optical emission in ways which allow a relatively low
density gas to closely mimic the high-density situation. In at least one case, the old nova V603 Aql,
the emitting gas has a low density and nearly fills the orbital plane of the system. If this is
characteristic of other systems, then the determination of orbital parameters and masses of cataclys-
mic variables from emission-line radial velocities, as well as the prediction of soft X-ray emission

from accreting binaries, will be affected.

Subject headings: radiation mechanisms — stars: emission-line — stars: variables

I. INTRODUCTION

Several classes of astronomical objects have Balmer
emission lines with “flat” decrements, I/(Hn)/I(HB) ~
1. Examples include old novae (Williams 1980), dwarf
novae (cf. Kiplinger 1979), AM Her (Stockman et al.
1977), novae in the early phases of the outburst (e.g.,
Tomkin, Woodman, and Lambert 1976), and Be stars
(Burbidge and Burbidge 1953). These Balmer decre-
ments can be understood in terms of local thermody-
namic equilibrium (LTE) emission at high densities (e.g.,
Williams 1980; Stockman er al. 1977). However, in at
least one case, the old nova V603 Aql, spectroscopic
evidence argues against the density being high enough to
bring the relevant levels into LTE (Ferland et al. 1982).
These authors suggest an alternative explanation based
on the possibility that the radiation intensities are high
enough for stimulated emission to modify the line ratios.

Although formation of hydrogen emission lines under
conditions of large optical depths and high electron
densities has been treated in some detail (see Capriotti
1964; Adams and Petrosian 1974; Netzer 1975, 1977,
Krolik and McKee 1978; Drake and Ulrich 1980;
Mathews, Blumenthal, and Grandi 1980), the case of
intense radiation fields, such as exist near the accretion

'Alfred P. Sloan Foundation Fellow.

disk of a cataclysmic variable, has been neglected. The
issue is an important one because Balmer decrements
have been used as a density indicator, and these density
estimates influence predictions of both the size of the
emission region and the soft X-ray flux.

In this Letter, we investigate this situation and show
that strong radiation fields can indeed result in a flat
Balmer decrement, and that this can occur at densities
much lower than the values heretofore considered neces-
sary. In many ways, the situation involving high photon
densities mimics that with high electron densities. We
present numerical results relevant to the various objects
of interest and point at possible observational tests to
discriminate between situations with large electron or
photon densities.

II. COMPUTATIONS

Hydrogen line intensities were computed with the aid
of a program which solves for the populations of all
levels with n < 10. All collisional and radiative processes
among the levels, and between them and the continuum,
are included; the program then solves for the steady
state populations N,,.

The model employed here is that of a uniform slab,
and radiative transfer is treated using the escape proba-
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ﬁ.’nhty formalism. Because a pnmary concern here is the

.gdffect of stimulated emission, induced processes are
“included from the beginning instead of “correcting” for
them at the end. In particular, we use the full optical
depths, namely

hv,,
477Avg"

B, (n, —n,)d,

nn’

where the notation is standard (e.g., Elitzur 1982). A
detailed description of the equations used and their
derivation is presented separately (Elitzur 1983).

We have calculated a series of models with electron
temperatures of 7 = 10,000 and 15,000 K, electron den-
sities which were varied in a wide range upward of 10'°
cm ™3, and slab thickness between 10'° and 102 cm.
These parameters bracket the physical conditions de-
duced for the corona of the old nova V603 Aql by
Ferland et al. (1982). We use the thermal line width of
Av = 10 km s~ . Since it enters only in the combination
d/Av in the definition of the optical depth (d is the slab
thickness), a different line width would simply corre-
spond to scaling of the physical dimensions.
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The incident continuum is given by

2 (» < 10" Hz),
1.5 (10" <» < 3.8 x 10" Hz),
1/3 (v> 3.8 X 10" Hz).

This simulates the shape expected for a thermal con-
tinuum emitted by an optically thick accretion disk (see
Lynden-Bell 1969; Bath, Pringle, and Whelan 1980).
The results are not sensitive to the exact form of the
continuum above the ionization edge, nor to the value
used for the cutoff, because of the rapid convergence of
the ionization rate integrals over frequency.

The continuum flux is parameterized by the ioniza-
tion parameter U1 defined via

I, ~ v’ withp =

Ul = 4xl,/heN,,

where I, is the external radiation intensity at the ioniza-
tion edge. For a pure power law above the ionization
edge, Ul is related to the ionization parameter I' of
Krolik and McKee (1978) via

Ul =Tp.
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F1G6. 1.—Intensities of some Balmer series emission lines, relative to HB, as a function of the ionization parameter U1 (see text) for a

model with T = 10% K, N, = 10" cm~

3, and a fixed Lya optical depth of 150. The optical depth is kept constant by varying the slab

thickness d, which is marked on the lower axis. Also marked on the same axis are the optical depths of the Ha, HB, and Paa lines. The
quantity n(Paa) is the photon occupation number for the internally generated radiation in the Paa line (see text). The scale for all the above
quantities is on the left, and that for the HB emissivity 47j(Hp) is on the right.
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F1G. 2.—Balmer-line emissivities, relative to HB, and Paa oc-
cupation number as a function of slab thickness d for a model with
N,=10"em™3, 7= 10*K, and U1 = 10>, The lower axis shows
also the corresponding Lya, Ha, HB, and Paa optical depths.

Figure 1 shows the resulting hydrogen line ratios as a
function of U1 for a model with T = 10* K, N, = 10"
cm 3, and a fixed Lya optical depth of 150. (The
physical thickness of the slab is adjusted to maintain
this optical depth.) At low values of U1, the Balmer
decrement has essentially the familiar case B values,
such as I(Ha)/I(HB) = 3. As Ul increases, the Ha
intensity drops and that of the higher transitions in the
Balmer series increases. The enhancement progresses to
the higher lines as the intensity of the external radiation
increases. Photon trapping plays a crucial role in creat-
ing this effect. As can be seen from the scale on the
lower axis, the solution does not change as long as the
Balmer lines are optically thin. The variation of the slab
thickness, and Balmer optical depths, is due to the
selection of a fixed Lya optical depth since, with the
other parameters held constant, the neutral fraction
decreases with Ul. For small optical depths in the high
transitions, N, varies inversely with, and d in proportion
to, Ul. As photon trapping in the higher lines becomes
important, fewer atoms cascade to the ground state and
larger increases in slab thickness are needed to maintain
a fixed Lya optical depth.
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As evident from the figure, the “flattening out” of the
Balmer decrement occurs when the Balmer lines become
optically thick, and photon trapping begins to dominate
the rate equations. To demonstrate the importance of
induced processes in this regime, we have also plotted
the occupation number for the internally generated (the
“diffuse radiation”) photon occupation number func-
tion for the Paa transition. This line is pivotal because it
couples the upper levels of the Ha and Hp transitions
(see also Krolik and McKee 1978). It is evident that, in
the region of interest, n(Paa) > 1 and induced processes
are more important than spontaneous decays.

Also plotted is the HB emission 47j(HB). The escape
probability for an optically thick line is inversely pro-
portional to the optical depth. The emissivity then
becomes independent of the level populations and in-
versely proportional to the slab thickness, as seen in the
figure.

The discussed features of the solution are also evident
in Figure 2 which displays the results of a series of
calculations for a model with a varying slab thickness
and with N, = 10" cm™3, 7= 10* K, and U1 = 10°.
The decrease of Ha and increase of all the higher
Balmer lines at large optical depths, as well as the
importance of induced processes, are all evident.

III. DISCUSSION

a) V603 Aquilae

Ferland ez al. (1982) analyzed optical, ultraviolet, and
X-ray observations of the old nova V603 Aql. The
object has a flat Balmer decrement, as is typical of
cataclysmic variables (see Table 1). Previously, this had
been understood in terms of emission from a small
volume of dense (~ 10'* cm™?) gas on the surface of an
accretion disk (R ~ 10'"' cm). However, the Interna-
tional Ultraviolet Explorer observations by Ferland et al.
show emission in N 1v] A1486, which has a critical
density N,;, = 10'%°* cm~3 for collisional deactivation.
This, together with the absence of [O 1] AX5007, 4959,
implies that the line-emitting gas has a density 10°
cm ® < N < 10" cm™3. They suggested a model in
which the line emission comes from an extended corona
with R ~ 10'? cm, comparable with the binary separa-
tion. Photoionization models gave reasonable agreement
with the heavy element line intensities for a continuum
from an accretion disk with M = 10" g s~ !,

Table 1 shows that the calculated Balmer-line ratios
for U1 = 102, N, = 10" cm~?, and d = 10""? cm agree
well with those observed for V603 Aql. This value of U1
is derived from the observed flux and the deduced
dimensions and density of the corona. The correspond-
ing Lya optical depth is 188. Thus, within the uncertain-
ties of the model parameters and of the observations, it
is possible to explain the flat Balmer decrement as a
result of the intense radiation field in the continuum and
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= TABLE |

5: EMISSION-LINE INTENSITIES

L

Line V603 Aql? Am Her® SS Cyg© Large J¢ Large N,°
Ha...oooooooo 0.99 0.72 1.05 0.90 0.96
HB ..o 1.00 1.00 1.00 1.00 1.00
Hy. ..o 0.86 1.15 0.86 0.81 0.91
Hé ..o 0.92 0.90 0.77 0.62 0.82
Paa ...l 0.05 0.10
LYO oo 345 14.4
LYB oo 114 1.99
4mj(HB) (ergsem® s ') ... 54 x 1072 134 x 1072

2Ferland er al. 1982.

®Stockman er al. 1977.

“Kiplinger 1979.

IN, = 10" em ™3 U1 =102 d = 10" cm.
°N, =102 cem 3% Ul = 1072, d = 107 em.

especially in the lines themselves. Densities as high as
10" cm ™3 are not required.

Table 1 also gives the predicted intensities of Lya,
LyB, and Paa. For comparison, we give a high-density
model with N, = 10'*? cm ™3, Ul = 1072, and 7(Lya)
= 10% Other than the external flux, which is bigger
here, the parameters are those of the Drake and Ulrich
(1980) model quoted by Ferland et al. (1982) as giving
the best agreement with their observations of the Balmer
decrement of V603 Aql. The value of U1 chosen here is
the smallest one that would still yield a fully ionized gas.
Our calculation gives somewhat larger intensities for
the higher Balmer lines than those quoted by Drake
and Ulrich. This difference may be attributed to the
larger ionization parameter, as well as a different treat-
ment of the radiative transfer and of the effects of the
external radiation. Although optical emission from the
strong-radiation and high-density models largely mimic
one another, the high-density model predicts smaller
Lya/HPB and LyB/HB, and larger Paa/Hp. This sug-
gests an observational test.

Another difference between the two models has to do
with the physical dimensions of the emitting region. For
the high-density model, the agreement with observations
is best at a Lya optical depth of about 10*, correspond-
ing to a slab thickness of only 107 cm. (High electron
densities correspond to high recombination rates which
lead to large neutral densities and optical depths.) At
larger dimensions, the optical depths become unaccept-
ably high. The absence of a Balmer continuum absorp-
tion in the data presented by Ferland et al. (1982)
indicates that the Balmer continuum is optically thin.
This implies an Ha optical depth of less than about

7 X 10*. In the high-density model, such an optical
depth corresponds to physical dimensions of only a few
10® cm. This contrasts with dimensions of about 10'! cm
for the strong-radiation model.

b) AM Herculis and SS Cygni

Table 1 also shows an average Balmer decrement for
AM Her, derived from the observations by Stockman
et al. (1977), and the minimum light Balmer decrement
of SS Cyg as measured by Kiplinger (1979). Both objects
show a flat Balmer decrement similar to that of V603
Aql. The nature of AM Her is not well understood, and
we have not attempted to explore the allowable parame-
ters of its emission-line region. We do point out, how-
ever, that intense radiation fields may play a role in
flattening the Balmer decrement of this object, and that
it is not safe simply to assume an LTE emission rate for
the lines. SS Cyg may be similar in many ways to V603
Aql (see the analysis by Kiplinger 1979), and it is no
surprise that their emission-line spectra are similar.
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