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ABSTRACT

The equivalent widths of a number of emission lines in the spectra of WN-type Wolf-Rayet stars are found
to inversely correlate with the luminosity of the underlying continuum. This is the well-known Baldwin Effect
that has previously been observed in quasars and some Seyfert I galaxies. The Effect can be inferred from line
and continuum predictions in published non-LTE model helium atmospheres and is explainable in terms of
differences in wind density among WN stars. Using a simple wind model, we show that the Effect arises from
the fact that both the effective radius for the local continuum and the emission measure of the layers above
the continuum-forming region depend on the density in the wind. The Effect provides a new method for dis-

tance determinations of W-R stars.

Subject headings: galaxies: active — line: formation — quasars: emission lines — stars: atmospheres —

stars: Wolf-Rayet

1. INTRODUCTION

Ultraviolet studies of quasar emission-lines have shown that
the equivalent width of the C 1v 11550 emission feature
inversely correlates with the luminosity of the underlying con-
tinuum (Baldwin 1977; Baldwin et al. 1978; Wampler et al.
1984, hereafter WGBB; Kinney et al. 1985, 1987; Baldwin,
Wampler, & Gaskell 1989, hereafter BWG). This so-called
“Baldwin Effect” is significant in that it might be used to
determine the intrinsic luminosities and cosmological distances
of these objects (e.g., Baldwin et al. 1978) and to probe the
conditions near the central engine (Mushotzky & Ferland
1984). The Baldwin Effect is generally interpreted as arising
from a decrease in ionization with an increase in luminosity
(Mushotzky & Ferland 1984). Since this model can explain
variations in UV line intensity ratios with luminosity also
observed in quasars (Kinney et al. 1985, 1987; BWG), it is
favored over models in which the emission lines are unrelated
to the continuum flux (cf. Murdoch 1983; Netzer 1985).

We have found that the Baldwin Effect is not limited to
active galactic nuclei (AGNs): our multiwavelength studies of
Wolf-Rayet (W-R) stars reveal analogous inverse correlations
between emission-line equivalent widths and the continuum
luminosity. The strong, broad emisson lines, which are formed
at various depths in substantial winds, dominate the spectra of
these objects (e.g., Conti & Massey 1989). The appearance of
the lines defines the two W-R star sequences (e.g., Smith 1968):
the WN sequence, where lines of helium and nitrogen domi-
nate; and the WC sequence, in which carbon, helium, and
oxygen lines are abundant. Ionization subtypes within each
sequence follow various line ratios of nitrogen ions and of
carbon ions for the WN and WC stars, respectively. In the WN
stars of the Large Magellanic Cloud (LMC), where we have an
assured luminosity from the well-known distance, we find a
Baldwin Effect for a number of UV and optical emission lines.

2. OBSERVED TRENDS

Extinction-corrected continuum fluxes of the WN stars in
the LMC are given in Morris et al. (1993). The UV resonance
transitions appear as P Cygni lines in W-R stars, as opposed to
pure emission in quasars; we have measured only the emission
components here. The absolute continuum luminosity is deter-
mined using the LMC distance modulus 18.5 (Panagia et al.
1991). The quasar measurements are taken from Baldwin
(1977), WGBB, and BWG; the observations for the different
samples are described in these works and the references
therein.

In Figure 1 we compare the Baldwin Effect in quasars to that
of the LMC WN stars for the C 1v 11550 resonance doublet. In
W-R stars, the redshifted emission component of this tran-
sition originates from layers of the wind where the line is opti-
cally thick; its strength can be equaled and even exceeded by
the blueshifted absorption component. The early (WNE) types
generally produce stronger emission lines above fainter con-
tinua than do the late (WNL) types, behavior which persists in
all of the lines examined here. Least-squares regression (LSR)
fits are given in Table 1. Note that this limited sample of WN
stars covers a wider luminosity range (3.0 dex) than does the set
of quasa}rs (2.4 dex), but they are separated (on average) by
~ 8 dex.

Figure 2 illustrates the Baldwin Effect for the N v 11240
resonance line in the WN stars. As for C 1v, this transition
occurs as a P Cygni line with strong absorption. In this case,
however, the emission component dominates the overall line
profile and therefore originates in layers which are less opti-
cally thick to the line radiation.

! We cannot resist pointing out that were the luminosity of quasars to be
attributed entirely to WN stars (a “Terlevich Effect”), some 108 would be
required on average.
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FiG. 1.—Log equivalent width (in A) of C 1v 11550 vs. the log continuum
luminosity (in ergs s™* Hz!) at 1550 A for quasars and LMC WN stars.
Discussion of the behavior exhibited by the different samples of quasars
(circles, boxes, crosses) may be found in WGBB and BWG. Open and filled
diamonds represent WNL and WNE stars, respectively. Fit statistics are given
in Table 1.

Observed inverse correlations for the (mostly) pure emission
He 1 recombination lines of 11640, 14686, and 15411 are
plotted in Figure 3a-3c. Line and continuum predictions from
the non-LTE, isotropic helium atmospheres (representative of
WN stars) of Hamann & Schmutz (1987, hereafter HS),
Schmutz, Hamann, & Wessolowski (1989, hereafter SHW), and
Schmutz et al. (1993) are consistent with the observed relations.
Model predictions for He 11 111640, 4686, 5411 are plotted in
Figure 3d-3f. Each datum corresponds to a model atmosphere
specified by a “core” radius and the effective temperature T,
(see, e.g., SHW), where the different symbols identify tem-
peratures in the range 35,000-90,000 K. No dependence on T,
is obvious here, but we do find a smooth transition in wind
density: models with strong lines and faint continua are identi-
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FiG. 2—Log equivalent width and log continuum luminosity for N v
21240. Units and symbols are the same as Fig. 1; fits to the points are found in
Table 1.

fied as having the smallest radii, indicating almost immediately
that the Baldwin Effect arises primarily from a difference in wind
density among stars. A wide range of flux in each transition is
spanned by these models so that the Effect cannot be attrib-
uted to a variation of the continuum luminosity alone. This
fact is consistent with the observations: the intrinsic fluxes of,
e.g., the He 1 11640 line are distributed over ~ 1.5 dex in the
stars of the present data set.

Our use of the detailed models warrants a cautionary note.
The predictions by HS and SHW are made for models with a
constant mass-loss rate, M, and constant terminal velocity of the
wind, v,. Since the density of the wind scales as M/v, RZ, the
variations in density of the models is only due to the variation
of R,. In reality the value of M/v,, varies from star to star.

3. AN EXPLANATION FOR THE BALDWIN EFFECT
OF THE He 11 LINES

The Baldwin Effect for He 1 emission lines in the spectra of
W-R stars can be understood if we make two assumptions:

TABLE 1
BALDWIN EFFecT LSR FIT PARAMETERS®

Ulog L
Ton a g, b g, (dex) Remarks
LMC WN Stars
Nvil240 ........... 1.77 0.14 2543 0.20 0.22 Strong P Cygni absorption
Cival1550 .......... 2.79 043 26.48 0.53 0.44 Very strong P Cygni absorption
Heu 1640 .......... 1.33 (1.38) 0.14 (0.06) 25.39 (25.56) 0.26 (0.09) 0.34 (0.10)
Nival718 .......... 2.05 0.18 25.42 023 022 Moderate P Cygni absorption
HemA3203.......... 1.63 0.19 26.48 0.53 0.36 .
He 11 14686 .......... 1.14 (1.39) 0.19 (0.13) 25.04 (25.80) 042 (0.25) 0.34 (0.20)
HemA5411 .......... 1.19 (1.23) 0.19 (0.06) 24.28 (24.68) 0.30 (0.09) 0.30 (0.14)
Hen 110124 ........ 1.36 0.18 23.99 0.44 0.27
CIvALSs0 .......... 1.42 0.14 33.22 0.22 0.36

* The parameters a and b are specified by log L, = b — a log W, where L, is in units of ergs s™' Hz™! and W, is in A. Values in
parentheses are derived from model helium atmosphere predictions (see text and Fig. 3).
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FiG. 3—Log equivalent width and log continuum luminosity for the
observed WN star He 1 transitions at (a) 1640 A, (b) 4686 A, and (c) 5411 A,
where diamonds are the same as in Fig. 1. Panels (d—f) illustrate the Effect as
predicted from non-LTE pure helium model atmospheres for constant mass
loss (see text), scaled to the LMC distance of 50.1 kpc. Symbols identify
“effective” temperatures: 35 kK (open circles); 45 kK (filled boxes); 55 kK
(crosses); 75 kK (triangles); and 90 kK (stars). Fit statistics are found in
Table 1.

(1) the continuum is due primarily to free-free and bound-free
opacity and (2) the major contribution to the equivalent width
is from layers in the wind which are optically thin for line
radiation. The first assumption is justified by the high degree of
ionization in the winds of W-R stars and by the fact that
electron scattering hardly affects the continuum. The optical
depth for electron scattering is larger than that for free-free
absorption in the visual and UV, but electron scattering
neither creates nor destroys photons, except those scattered
back into the continuum forming region. Lamers & Waters
(1984) have calculated the reduction of the continuum flux by
electron scattering and found it to be negligible. The second
assumption is justified by the high wind velocity of the W-R
stars (~2000 km s~ ') and the large acceleration which reduces
the optical depth of the lines in the Sobolev approximation. An
increase in the wind density moves the radius where the contin-
uum is formed further out into the wind, increasing the contin-
uum flux. This reduces the emitting volume for the line
radiation, although its emission measure increases. Therefore
the line emission increases less than the continuum emission,
so the equivalent width decreases with increasing wind density.
We demonstrate this for the He 11 lines with a highly simplified
wind model in which the continuum flux and line flux are
expressed in terms of the stellar parameters.
The velocity in the wind is

o(r) = v,(1 — R /1P )

The value of B is not critical to our explanation, but for
numerical ease in solving the equations below we choose
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B = 3. We introduce the dimensionless parameters x = r/R,
and w(x) = v(r)/v,,. We adopt a temperature which varies as
T=T,x" ' for x<2 and T =T,/2 for x >2. Helium is
assumed to be twice ionized in the layers of the wind where the
lines and the continuum are formed.

The luminosity of the continuum can be estimated by

L ~ 47”'%/3 By(T) ~ Ri x%/s B,[T(xy/3)], 2

where r, 5 is the radius where the radial optical depth for the
continuum is 7§ =  and x,,3 = r,,3/R,. When the continuum
flux is due primarily to free-free and bound-free opacity, for
which x; ~n2T™* with «a =3 for hv <kT and a =1 for

hv > kT, the location x, 5 is given by the condition

f xT*wTH(T/T,) (1 — e mT)dx

1/3
~ AT Mo ) 2R3TY2 . (3)

The dependence of the opacity on n2 has been expressed in
wind parameters through the mass continuity equation. We
will use the values of x,,; together with equation (2) to
estimate LS.

For the line emission we assume that the upper level of the
transition is in LTE with respect to the next ionization stage or
that the non-LTE departure coefficient is about constant in the
wind. Hillier (1987) and de Koter et al. (1993) have shown that
this is a reasonable assumption for He 11 levels of b > 4 within
the first few stellar radii in the winds of W-R stars.

The line emission () of optically thin lines is

L =4nA, hv J n,rdr

r1/3
M 2 B B © ~ ~
~(v_) R*IT*a/ZQiHJ X~ 22
o X1/3
T -3/2
x <F) et T(1 — o= MkT) gy | )]
*

where 4, is the Einstein coefficient, and the factor g, , is the
ionization fraction of the next higher stage. We assume that
helium is He* *, so ¢;,, = 1. The number density n, of the
upper level of the observed transition is given by n, ~
nlb, e TT 32 where y, is the ionization potential of the
upper level and b, is the constant departure coefficient. The
layer where the continuum becomes optically thin at the wave-
length of the line is found at r 5.

At long wavelengths (hv < kT) in the visual and near-IR we
can approximate the integral of equation (3) by ~x,3/> and
the integral of equation (4) by ~x;,/®. These approximations
are valid within ~10% in the range of 1.2 < x,,; < 4. We can
also adopt the Rayleigh-Jeans limit of the Planck function,
with T(ry3) = T,/x,,3. With this solution for x, ,3 we find

Ly ~ (M) )*"RYTY &)
L ~ (M/0,,)*P RO T; 20T ©)
VVJ. ~ (M/vw)IG/ZIR;8/7T;5/Ze;(u/k'l‘ . (7)

For the He i 15411 line y, = 1.1 eV so e®*T ~ 1. These
equations show that the powers of R,, and T, are positive in LS
and negative in W,, so there is an inverse relation between W,
and Lj-among different W-R stars. If R, is the dominant vari-
able here then the predicted slope of the Baldwin relation
is —1, which is close to the observed value of —1.19.
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The expected slope would be —8/35 if T, is the dominant
variable, and + 3 if (M/v ) is the dominant variable. In reality,
the slope is due to the combination of the variations of all these
parameters, however, the main effect is due to the large varia-
tionsin R,.

For lines at shorter wavelengths such as the He i1 11640 line
the value of x,/kT > 1 and the Wien approximation of the
Planck function can be applied. This yields a slope of —2 for
the relation between L and W, through R,. The temperature
dependence is more complex than in the long-wavelength limit,
but using T ~ T,/2 we find for the He 11 11640 line (x, = 6 eV)
a temperature slope of —0.46 over the range 30,000K < T, <
90,000 K. In reality the slope will be due to the variation of
both T, and R, and is expected to be between —0.46 and —2,
which is in agreement with the observed value of —1.33.

Although the simple model proposed here predicts about the
right slopes for the He 11 lines, the assumption of a constant
ionization factor g;., in the wind is not justified for high ion-
ization lines such as N v 41240 and C 1v 11550. Nor can we
assume these lines to be optically thin due to their strong
P Cygni absorption. In this case the dependence of g;,, on the
stellar parameters should be taken into account, but to do so is
beyond the scope of this paper.

4. CONCLUSIONS

Since the WN star Baldwin Effect occurs for a number of
lines, we have at our disposal a method which should yield
accurate distances to WN stars in the Galaxy, provided that
the relations can also be calibrated for stars of Galactic metal-
licity. The small spread in Wyy around the mean relation
implies an uncertainty in the distance determination of only
0.15 dex. The distances and a more detailed theoretical treat-
ment are the subject of current work.

Our understanding of the phenomenon in W-R stars may
yield some insight on physical origin of the Effect in quasars.
The problem is that the “ standard model ” of AGNs (reviewed
by Blanford & Rees 1992) bears little resemblance to the
typical held view of W-R stars. Continuum emission from
AGNs is generally explained using various accretion disk
models with the underlying hypothesis that the emission
emerges from the gravitational potential well produced by a
massive black hole in the center of the galaxy. An alternative

interpretation for the activity of AGNs is the starburst model
(Terlevich et al. 1987) in which the nuclear activity arises from
the coeval evolution of a young, dense cluster of massive stars
in the high metal abundance nuclear regions of early-type gal-
axies (Diaz et al. 1985). This scenario has been applied with
some success to the broad-line regions of lower luminosity
AGNs (Terlevich et al. 1992). But there exists a distinct obser-
vational difference between the continua of quasars and W-R
stars: while both can be represented by a power law F; ~ A7*
(Morris et al. 1993; BWG), the averge values of « are the same
in magnitude (~ 3) but opposite in sign (the fluxes from W-R
stars decrease with increasing 1). Broad line emission from
AGNSs occurs in gas clouds for which there is a large range of
internal velocities, although there appears to be a net outward
flow of mass (see, e.g., Osterbrock 1993 and the references
therein).

Ferland et al. (1992) gives evidence for an ionization struc-
ture in the clouds, for the continuum and line-forming regions
being closer together than previously believed, producing an
appreciable range of temperatures and densities in the line-
forming region. It is plausible that the quasar Baldwin Effect
is explainable in terms of an outward decreasing temperature
and large variations in densities in which the lines are optically
thin due to a large velocity gradient. In the present model, the
relatively shallow slope for the quasar C 1v 21550 line (Table 1)
would suggest that the line is emitted mostly from layers that
are optically thin. The radiation density in the clouds is very
high (Peterson 1988), however, meaning that large column den-
sities are required to make the ionizing continuum optically
thick and thus produce a range of emission-line strengths. As a
consequence, the lines should also be optically thick (Ferland
et al. 1992). In this case, the difference in slopes between the
quasar and WN star C 1v 11550 slopes could be due to the
strong P Cygni absorption components in the WN stars.
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Massey, and L. Volsky at JILA for her editorial assistance.
This work is supported by research grants from NASA (grant
NAGS5-1016) and the National Science Foundation (grant
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