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ABSTRACT 

We have obtained high-resolution observations of the profiles of the emission lines He i X4471 
and He h X4686 around a complete cycle of the X-ray binary AM Her. The profiles are resolved 
into broad (B) and sharp (S) components: velocity curves are given for each component for both 
the He i and He n lines. The velocity amplitude of the B component is about 4 times that of the S 
component. The two components vary out of phase by 133° ± 5°. The S component is at conjunc- 
tion during the soft X-ray eclipse. Implications of these results for models of AM Her are discussed. 
Subject headings: stars : variables — X-rays : binaries 

I. INTRODUCTION TABLE 1 

The magnetic compact variable AM Her is an X-ray 
source in a complex binary system (Priedhorsky 1977; 
Cowley and Crampton 1977; Olson 1977; Szkody and 
Brownlee 1977 ; Hearn and Richardson 1977). The spec- 
trum shows strong emission lines presumably from gas 
streams. Coudé spectra with the reticon array taken by 
Shectman in 1976 (Greenstein, Arp, and Shectman 
1977) suggested complex, variable emission structure. 
Spectrophotometry by Greenstein shows a continuum 
different from that of AN UMa, another magnetic com- 
pact variable (Krzeminski and Serkowski 1977), with a 
B aimer emission discontinuity and flux decreasing with 
frequency. The contribution of cyclotron light which 
produces the linear polarization (Tapia 1977) is largest 
in the red. Models suggested have a hot spot (Stockman 
et al. 1977; Fabian et al. 1977) near a compact, syn- 
chronous oblique-rotator with a dipole field « 2 X 108 

gauss; the secondary (not seen) is supposed to be heated 
by the X-rays. We present observations of the profiles 
of the He i X4471 and He n X4686 emission lines ob- 
tained around a complete 3 hour cycle, at higher spec- 
tral resolution than any published previously. They 
show that the He i and He ii lines have broad and sharp 
components which are almost in antiphase. We give 
velocity curves for these components separately. 

II. OBSERVATIONS 

The image photon-counting system (IPCS) of Uni- 
versity College London was used to observe AM Her on 
three nights at the Hale telescope coudé spectrograph 
in 1977 April. Table 1 gives a journal of the observa- 
tions. The device, which gives simultaneous sky sub- 
traction in 1000 channels, was used in the manner de- 
scribed by Boksenberg and Sargent (1975). The 1" wide 

* Guest Investigator, Hale Observatories, 1977. 

Journal of Observations of AM Herculis 

Record Hel. JD 
No. 24 43000+ <t>M 1977 April 

23   239.9782 
24   239.9921 
25   240.0060 
26   240.0198 

113   245.9581 
114   245.9721 
115   245.9859 
116   245.9998 
117   246.0137 
119*  246.0279 
141   246.8968 
142   246.9107 
143   246.9246 
144   246.9384 
145   246.9523 
146   246.9662 
147   246.9801 
148   246.9940 
149   247.0079 

1746.841 5-6 
1746.949 5-6 
1747.056 5-6 
1747.163 5-6 
1793.223 11-12 
1793.332 11-12 
1793.439 11-12 
1793.547 11-12 
1793.654 11-12 
1793.765 11-12 
1800.504 12-13 
1800.612 12-13 
1800.720 12-13 
1800.827 12-13 
1800.935 12-13 
1801.042 12-13 
1801.150 12-13 
1801.258 12-13 
1801.366 12-13 

* Ha region. 

slit subtended two channels, giving an effective resolu- 
tion of 0.6 Â over a wavelength range of 330 Â. A wave- 
length scale was established by exposing an Ar-Fe hol- 
low cathode arc before and after each sequence of ob- 
servations. The seeing disk was variable and always 
larger than the slit width. Most observations were made 
of the wavelength region including XX4471, 4686 emis- 
sion lines. One observation, detailed in Table 1, was 
made of the Ha region. 

Observations were made in sequences of exposures 
each lasting 1100 s with 100 s gaps. One sequence, ob- 
tained on 1977 April 12-13, consists of nine consecutive 
exposures and covers almost one cycle (period 11139 s) 
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of the binary orbit. The phases quoted in Table 1 are 
computed from Tapia’s (1977) ephemeris, in which zero 
phase corresponds to maximum linear polarization. 

in. RESULTS 

It was found that both the He i X4471 and He u X4686 
emission lines in Am Her have complex, variable pro- 
files. These can be described in terms of a broad (B) 
component which exhibits a large periodic excursion in 
velocity together with a sharp (S) component which ex- 
hibits a much smaller periodic variation in velocity. The 
S and B components, which are clearly resolved for the 
first time in these observations, vary in velocity 133° 
out of phase. 

Examples of individual profiles are shown in Figure 1, 
in which there are five observations of the He il X4686 
line at different phases, and one observation of Ha. The 
velocity scale is 19 km s-1 per channel for X4686 and 
21 km s-1 per channel at Ha. The relative emission in 
the two components is seen to fluctuate over the cycle. 
The FWHM for the S components is 87 km s-1, after 
correction for instrumental resolution. In order to dis- 
play the line profile changes more clearly, we show in 
Figures 2 and 3 isophotal contours for the He u X4686 
line and the He i X4471 line, respectively. These were 
generated by computer from the nine IPCS measure- 
ments made on one night. No correction was made for 
gross light variation or for variable transmission through 
the spectrograph slit. The large phase difference be- 

VELOCITY km s-1 

-800 -400 0 400 800 

Fig. 2.—The isophotal contours in He n X4686 are computer-generated from data provided by the nine IPCS runs on one night. No 
correction is made for gross light variation or transmission through the slit. The sharp and broad S waves are in nearly opposite phase. 
Events in the light and X-ray fluxes on the right-hand vertical scale. Isophotes are for A to D, 200 to 500 counts in two channels, and E 
to /, 600 to 1600 counts; the velocity scale needs +10 km s_1 correction to heliocentric. Time increases vertically. 
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L124 GREENSTEIN ET AL. Vol. 218 

VELOCITY km s'1 

-800 -400 0 400 800 

-800 -400 0 400 

km s’1 

Fig. 3.—Isophotal contours for He i X4471, A-E, 200-600, F 800 counts. The two S waves are visible, and details in the sharp component, 
e.g., a maximum strength near = 0.3, resemble those in Fig. 2. 

tween the B and S components is particularly evident 
in these figures. 

The contour maps and the individual profiles were 
used in conjunction in order to obtain velocity curves 
for the B and S emission components in both the He i 
and He ii lines. The position of the central channel was 
used to give Vs to an accuracy of about ±10 km s-1. 
The broad component is approximately symmetrical 
even when blended at its worst with the sharp com- 
ponent. The midpoint of the broad component could be 

estimated to give Fb to about ±50 km s-1. The result- 
ing velocity curves for the B and S components of He ii 
X4686 are shown in Figure 4. Data points obtained on 
different nights are shown by different symbols. A 
sinusoidal (i.e. zero eccentricity) velocity curve was 
fitted to the 18 data points obtained in three nights to 
give, for the B and S components, 

VB = -22 + 309 sin 2x(<frif-0.283) 
± 19 ± 25 ±0.013 (la) 
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Secondary 
light and 
soft x-ray 
minimum 

Primary 
light 
minimum 

Fig. 4.—Sinusoidal velocity curves (eqs. [la], [lb]) for the broad and sharp components of He n X4686 are plotted as function of phase 
from maximum linear polarization, </>m. The observations are records 23-26, triangles; 113-117, squares; 141-149, circles. Open symbols, the 
broad component, Fb; filled symbols, the sharp component, Fg. The ratio of semiamplitudes Kb/Ks = 4.08; the 7-velocities are equal 
within their error. The top shows events in the light curve and soft X-ray flux. 

Fs = —30 -j- 76 sin 27r(</>Af—0.653) 

± 3 ± 5 ± 0.009. (lb) 

The phase difference between the B and S components 
is 0.370 ± 0.016 or 133 ± 5°. The intensity-weighted 
mean is dominated by light from the B component. 
Thus, our equation (la) should and does agree roughly 
with the values obtained by Priedhorsky (1977) and by 
Cowley and Cramp ton (1977). Priedhorsky gives Kb — 
330 ± 37 km s-1 and <fej/°(B) = 0.259 ± 0.016. Cowley 
and Cramp ton measure a “base” and a “peak” velocity 
for the blended X4686 profile; the velocity curve for 
their “base” follows equation (la) approximately. Mea- 
surement of He i X4471 proved to be more difficult, since 
the line is weaker than X4686 and the sharp component 
less obvious. The number of measurable velocities is 13 
for Fs and 14 for Fb. The derived sine curves were 

Fb = — 8 ±- 305 sin 2tt{(¡)m—0.280) 

± 9± 13 ±0.007, (2a) 

Fs = -45 + 116 sin 27t(^m-0.702) 

± 8 ± 11 ±0.013. (2b) 

The velocity curves for the B component are identical 
within the errors of measurement in He 1 and He 11. The 
mean 7-velocity for the B and S components in both 
He i and He 11 lines is — 26 ± 15 km s-1, weighting all 
observations equally. The difference between the four 
individual 7-velocities is not significant, nor is the differ- 
ence between the velocity amplitudes of the S com- 
ponent in He i and He 11. The phase of Fs differs by 
0.049 or 3 o- between He 1 and He 11; the effect is in the 
sense that He 1 is more nearly 180° out of phase with 
Fb than He 11. Inspection of individual velocities in 
Figure 4 shows that Fb may have a somewhat flatter 
maximum than the sine curve, a distortion sometimes 
associated with streams in binaries. 

The lower contours of X4686 remain symmetric; at 
120 counts the extremes are at —1000 and +700 km s"1. 
They overlap HeiX4713 at positive and Cm lines 
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(RMT 5) at negative shifts. If the He n atoms were in 
an intense magnetic field, the quadratic Zeeman effect 
would produce a broad, violet-shifted extension, for 
which we have no evidence. 

The data from the two other nights generate short 
segments of isophotes agreeing with Figure 2. Counts on 
runs 113-117 are higher, and define the behavior of the 
S ridge when 0.35 < (¡>m < 0.75. The S gas cannot be 
totally eclipsed, and varies ±50% in strength. The 
B gas has a remarkably stable profile, in both height and 
width, resembling that observed in 1976 (Greenstein, 
Arp, and Shectman 1977). 

IV. MODELS 

At <fcvf = 0, the linear polarization maximum, the B 
cloud is at 102° to the line of sight. If cyclotron radia- 
tion produces the linearly polarized continuum, mag- 
netic lines of force point toward B, which is at maximum 
velocity of approach at = 0. 

The integrated flux from a line in the Fs region is 
about 0.2 that in the Vb region, and the gases producing 
both are, at most, partially eclipsed. We find that the 
line intensities (Balmer and He i decrement) and the 
Baimer emission jump are those of a collisionally ex- 
cited gas which may have appreciable optical thickness, 
agreeing with Stockman et al. (1977). Such gas clouds 
can cause line flux variations as their aspect changes. 
We estimate ne

2V — 1055 to 1056 cm-3 in the B region 
if AM Her is at a distance of 100 pc. An upper limit ne < 
3 X 1014 cm-3 is set by the Inglis-Teller formula for the 
Stark effect and the appearance of high quantum num- 
ber hydrogen lines. An approximate limit comes from 
the probable minimum value of V if the B gas is near 
the white dwarf. The magnetic field would produce 
emission-line shifts; these are absent, since the wave- 
lengths and 7-velocities found here, by Cowley and 
Crampton (1977), Crampton and Cowley (1977), and 
Priedhorsky (1977) seem reasonable. From Tapia (1977) 
Stockman et al. (1977), and Michalsky, Stokes, and 
Stokes (1977), the field is 1 to 2 X 108 gauss. From 
Kemic (1974), the 2 3P°-4 *D line of He i is spread from 
X4463 to X4482 at 106 gauss. The larger Coulomb force 
gives X4686Hen a smaller quadratic Zeeman effect; 
from Surmelian and O’Connell (1974a, b), we estimate 
2? < 3 X 106 gauss. Thus the emission lines must be 
produced outside five white-dwarf radii (rz > 3 X 109 

cm) or F > 1029 cm3, i.e., ne < 1013 cm-3. The gas cloud 
resembles a solar prominence in density and in control 
of its motion by a magnetic field. Let the white dwarf, 
radius R, have a dipole field B(r) = B(0)(R/V)3. Equat- 
ing the gravitational potential and the magnetic en- 
ergies, the Alfvén radius, rA < 1.54 X 1013 we

-1/5 cm. 
We have neglected both rotation and the other star; we 
find t'a such that the gas corotates with the magnetic 
field even near the center of mass. If the magnetic field 
is not synchronous with the orbit but spins rapidly 
(Fabian et al. 1977), a disk could surround the white 
dwarf. The rotation period at the edge of a disk could 
be shorter than our integration time, averaging the pro- 
file. 

Vol.218 

Suppose that the B component arises from a gas 
cloud moving with star B, which we assume to be the 
white dwarf, and that the S component is associated 
with star S. Then the mass function f(m) = 1.035 X 
10-7 Kb Pdays = 0.394 tw0. The unknown ratio Mb/mis is 
limited by the maximum mass for a white dwarf and 
the fact that the true K$ > i£s(obs), i.e., that wB/ws = 
K$/Kb > 0.25. The range of solutions, adopting sin3 

f = 1, is: for 2Ts = i^s(obs), tws = 0.61, wB = 0.15o; 
for Ks = 2 2Ts(obs), ws = 0.88, mB = 0.43o; for Ks = 
3 i^s(obs), ms = 1.19, wB = 0.88G. The observed Ks 
gives an unpleasantly low-mass white dwarf, while the 
highest Ks gives somewhat too luminous a normal star 
(late F type) for the system to resemble other U Gemi- 
norum stars. 

Alternatively, we may assume that the B gas is as- 
sociated with the normal star and the S gas is located 
near the white dwarf. The X-ray eclipse is then more 
simply explained as occultation by the large star or its 
gas streams. For Ks = Xs(obs), the mass ms is that of 
a normal degenerate star, and the companion is a late 
dM. For Ks = 2 Xs(obs) we have a massive white 
dwarf and an early dM; Ks = 3 Xs(obs) is impossible. 
However, on this assumption, the question arises of the 
interpretation of XB. The B gas cloud would have to 
envelop the normal star, since it is always visible; its 
symmetry and velocity spread could not be understood 
if it were only a hot spot facing the X-ray source. 

One difficulty obviously exists if we attempt to de- 
scribe our observed symmetrical, variable-velocity con- 
tours as a result of the varying projection on the line of 
sight of an accelerating stream (e.g., Michalsky, Stokes, 
and Stokes 1977). This is easily seen if we adopt solid- 
body rotation of gas locked onto and flowing along a 
magnetic line of force from the white dwarf. If the flow 
velocity is zero near the center of mass and reaches z>o 
near rz, can be quite large (^2000 km s_1). If the 
stream has uniform emissivity, at conjunctions, looking 
along the lines of force, emission will be shifted to 
Xo(l ± Vo/2c) and have full width vo/c. At quadratures 
the emission is narrow and at Xo(l ± vz/2c), where vz is 
the rotational velocity at rz. Since the gravitational 
potential is high at rz,vo^> vz, and the line width should 
vary with the apparent velocity, contrary to our con- 
tour maps (Figs. 2, 3). If the gas stream is highly curved, 
the emission lines may have finite width at quadratures; 
however, if the emissivity is highest near the white 
dwarf, may approach Vz, and the velocity curves then 
become nonsinusoidal. 
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