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ABSTRACT

We identify the luminous soft X-ray source AR UMa as a magnetic cataclysmic variable containing a
white dwarf with the highest field yet detected in an accreting binary. IUE and optical spectroscopy,
optical photometry, and circular polarimetry and spectropolarimetry define remarkably distinct accretion
states of this binary. Circular polarization is nearly absent in the high state, but the low state exhibits
values which vary between 2% and 5% on the orbital period of 1.932 hr. The UV continuum contains a
broad absorption feature near 1300 A, while optical spectropolarimetry during the low state reveals a
number of strongly polarized dips. These are interpreted as Zeeman components of hydrogen Ly« and
another atmospheric species, possibly He 1, in a photospheric magnetic field of ~230 MG.

The radial velocity curve of the low-state optical emission lines shares the period of the optical photo-
metry and polarimetry and is phased appropriately for an origin on the irradiated secondary star. While
the high state exhibits prominent UV line emission typical of the magnetic variables, the strength of the
UV continuum does not vary appreciably with a change in accretion state. This, combined with the high
soft X-ray luminosity and lack of circular polarization, indicates that accretion occurs largely in the form
of dense filaments which avoid a standoff shock and thermalize their kinetic energy below the white
dwarf photosphere. We suggest that these phenomena may play a role in the apparent lack of high-field

systems with easily detectable circular polarization during high-accretion states.

Subject heading: binaries: spectroscopic — novae, cataclysmic variables —
stars: individual (AR UMa) — stars: magnetic fields — ultraviolet: stars

1. INTRODUCTION

The cataclysmic variable AR UMa was identified as the
optical counterpart of a highly variable X-ray source (1ES
1113 +432) in the Einstein Slew Survey by Remillard et al.
(1994; hereafter RS?). Two IPC observations in 1979
November and 1980 May showed count rates that varied
from 2 to 43 counts s~ !, with analysis of the brighter state
showing a very soft spectrum (~ 22 eV blackbody). A search
through the Harvard Plate Library documented high states
near B = 13.5-14.0 and low states down to 16th magnitude.
Optical spectroscopy during a low state in 1991 June
revealed an M6 dwarf with narrow Balmer emission lines,
implying a distance of ~88 pc. I-band photometry during
low states in 1992 June and 1993 May showed quasi-
sinusoidal variations which were interpreted as ellipsoidal
variations in the M star with a binary period of 1.932 hr.
With the inferred distance, the blackbody X-ray luminosity
was estimated to be 3 x 1033 ergs s, one of the largest
values yet derived for a CV (e.g., Norton & Watson 1989)
and especially so for one at a short orbital period.

The above properties led RS® to suggest that AR UMa
was a member of the AM Her class of cataclysmic variables.
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In these systems, a white dwarf magnetic field in the range
~10-70 MG (MG = 10° G) dominates the accretion flow
near the primary star and prevents the formation of an
accretion disk (e.g., Cropper 1990). Synchronization of the
spin of the white dwarf to the binary motion also results
from a strong magnetic interaction between the two stars.
While the disk-dominated, asynchronous DQ Her variables
(so-called intermediate polars) apparently represent mag-
netic fields weaker than the above range, the lack of very
strongly magnetic (greater than 100 MG) primaries among
known CVs is a mystery since such high values have been
found among white dwarfs in the field.

Classification of AR UMa as an AM Her-type binary
hinges upon obtaining a detection of circular polarization
from cyclotron emission radiated at the accretion shock, the
hallmark of all such objects. The Roboscope light curves
(Honeycutt, Robertson, & Turner 1996) reveal that the
object was in a high state for most of 1995 except for a brief
low during February and March. In November it entered a
low state and remained there through at least 1996 March.
This paper reports IUE and optical spectroscopy, optical
photometry, and circular polarimetry and spectro-
polarimetry during both accretion states which reveal AR
UMa to be a remarkable new member of the class of mag-
netic variables and the first example of the long-sought
systems with B > 100 MG.

The next section briefly describes the observations.
Section 3 presents evidence for a high magnetic field
strength on the primary star. Subsequent sections discuss
the observed characteristics of AR UMa in terms of the
accretion physics, emission components, and evolution of a
high-field system. We conclude with a brief summary.

2. OBSERVATIONS

On 1995 April 12, a 35 minute short-wavelength, low-
resolution spectrum in the large aperture (SWP 54401) was
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TABLE 1

CHRONOLOGY OF OBSERVATIONS

Vol. 473

Filter/A

Date uT State (V) Telescope Instrument Exposure® A
1995 Apr 12 ...... 16:30 High IUVE SWP 35 1175-2000
1995 Apr 12 ...... 3:30 High (~14.5) APO 3.5m DIS Spec 5 4300-6800
1995 Apr6........ 4:54-8:34 High OAN 1.5m CCD Imager 2 B
1995 Apr 30 ...... 7:21-8:24 High OAN 1.5m CCD Imager 1 B
1995 May 1....... 4:15-6:23 High OAN 1.5m CCD Imager 1 B
1995 May S....... 4:06—6:29 High (~15) OAN 1.5m CCD Imager 1 |4
1995 Oct 24 ...... 11:50-12:23 High SO 15m TwoHoler Pol 4 3200-8600
1995 Oct 25 ...... 12:10-12:25 High (~15.3) SO 15m TwoHoler Pol 4 3200-8600
1995 Nov 19...... 11:31-12:16 Low SO 1.5m TwoHoler Pol 5 3200-8600
1995 Nov 20...... 12:11-12:18 Low SO 15m TwoHoler Pol 7 3200-8600
1995 Nov 21...... 12:13-12:28 Low (16.6) SO 23m Spectropol 8 4650-7150
1995 Nov 23...... 12:16-12:28 Low (16.5) SO 23 m Spectropol 12 4650-7150
1995 Dec 15 ...... 10:20 Low SWP 116 1175-2000
1996 Jan 14....... 8:45-11:17 Low (16.6) SO 23 m B&C Spec 8 4000-5200
1996 Jan 27....... 5:22-7:18 Low (16.6) SO 23 m Octopol 2 3200-8600
1996 Feb 18 ...... 8:30-11:55 Low OAN 1.5m CCD Imager 3 1
1996 Mar 16...... 6:48-8:51 Low (16.8) SO 23 m Spectropol 10 4340-7450

* Sample time in minutes for time series.

obtained with the International Ultraviolet Explorer satel-
lite. On the same day, an optical spectrum was obtained
with the 3.5 m telescope at Apache Point Observatory using
the double imaging spectrograph in high-resolution mode
(2 A). Although standard stars were observed, the lack of a
guider or slit viewer prevented any certainty about the
absolute flux level, so only relative fluxes are reliable. A
broadband CCD image (3900-5300 A) obtained with the
spectrograph in imaging mode established a crude magni-

TABLE 2
HIGH-STATE UV LINE MEASUREMENTS

Flux EW

Line (10713 ergs cm ™2 s7Y) &)

N v A1239+43 ......... 79 39
Sim A1300.............. 0.9 5
Cmil334............... 21 1
Siv 41393 +1402...... 6.2 26
C v 21548 +50......... 26.1 152
He m 41640 ............. 6.3 45

TABLE 3
OPTICAL LINE MEASUREMENTS IN HIGH AND LOW STATES®

High-State High-State Low-State Low-State

Line EW Flux EwW Flux
Hé cooovvvnennenn 2 6
Hy.oooovvevnenenns 46 130 3 7
He1 4471 ...... 17 48
He 1 14686...... 52 130 0.5 1
51/ 67 140 7 10
Her1 14922 ...... 12 25 1.2 1.6
He1 45015 ...... 11 23 1.8 2.3
Fe m A5169 ...... 2 2.6
Fe m A5272 ...... 1.2 1.3
He 1 45876 ...... 23 31 5 4
Ho ooovevnennnnn, 121 130 41 26
He 1 16678 ...... 22 23 3 1.8

2 EW is in units of A; flux is in units of 1015 ergs cm~2 s~ 1. Due to
large light losses at the slit, only flux ratios are reliable for the high-state
data. Line fluxes vary around the orbit and with epoch, even during a
given activity state. Values shown are representative.

tude of about V ~ 14.5 by comparison with stars of known
magnitude.

Between 1995 April 6 and May 5, three nights of photo-
metry were obtained in B and one night in the V filter using
a CCD on the 1.5 m telescope of the Observatorio Astrono-
mico Nacional de San Pedro Martir. Because of the sparse-
ness of the surrounding field, differential photometry with
respect to a comparison star on the same frame was only
accomplished on the last night. On April 30 and May 1, a
comparison star was measured on separate frames every
half-hour, and a linear interpolation was used to obtain a
differential light curve. The data from April 6 are in instru-
mental magnitudes, while the rest of the nights have an
approximate calibration from comparison to Landolt stan-
dards obtained the same night. An additional 3.5 hr of
I-band data obtained with the same instrument and tele-
scope in 1996 February provided information on the low
state. Because of the different sensitivity and noise charac-
teristics at blue and red wavelengths, the error bars on the B
measurements may be as large as 0.2 mag while those for
the I band are ~0.03 mag.

Optical polarimetry of AR UMa was obtained at
Steward Observatory on several occasions between 1995
October 24 and 1996 March 16, using a variety of telescopes
and instruments. Only two measurements (1995 October 24
and 25) were accomplished before the system entered a low
state, but observations after that point include time series
measurements covering complete orbital cycles.

A full cycle of optical spectrophotometry allowed mea-
surement of the radial velocity and brightness modulation
of the emission lines during the low state. These were
obtained with the Steward Observatory 2.3 m telescope and
facility spectrograph operating over the spectral region
Hé-Hp at a resolution of 2 A (~110km s~ %),

Finally, a low-state spectrum with IJUE was added on
1995 December 15 (SWP 56296). This 115.8 minute expo-
sure differs dramatically from the high-state spectrum, with
all prominent high-state emission lines having disappeared.

All observations are summarized in Table 1. From left to
right, the columns list the UT date and time, the accretion
state (and estimate of V-band magnitude, if available), the
observing facility and instrument, the exposure time, and
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the wavelength region studied. The emission-line fluxes and
equivalent widths as measured from the high- and low-state
spectra are contained in Tables 2 and 3.

3. A HIGHLY MAGNETIC WHITE DWARF

3.1. Broadband Behavior

Lacking the storage provided by an accretion disk, the
AM Her-type magnetic CVs are prone to large fluctuations
in brightness with variations in mass transfer through the
L1 point. From available photometry, AR UMa appears to
be unusually bimodal even for the synchronized systems.
The circular polarization measured on consecutive nights in
1995 October (with ¥V ~ 15.3, when the system was
moderately active) was remarkably small, V/
I = +0.33% + 0.08% and +0.52% =+ 0.18%, respectively,
despite time series which lasted up to 30% of the orbital
cycle. Although the polarity of these results is the same as
that found in ensuing measurements, the polarization is
much weaker than at any time during the low-state cycle
and weaker than the phase-averaged optical polarization of
any other active AM Her system.

As shown by the broadband time series in Figure 1 and
Table 1, the low state entered in late 1995 was characterized
by V ~ 16.6 and circular polarization varying sinusoidally
between +2.2% and +4.3% on the 1.9 hr period. Hence,
AR UMa must be regarded as at least approximately syn-
chronized and a bona fide magnetic system. The peak polar-
ization, as derived from the least-squares fit shown in the
figure, occurred on HID 2,450,109.8129 + 0.0023. Notably,
the broadband count rate in this low-accretion state was
constant to within 10% of the mean brightness on both
epochs with full orbital coverage (1996 January 27 and 1996
March 16).

A uniform sign of circular polarization during the entire
rotational cycle indicates an orientation in which one mag-
netic pole is continuously in view. For a centered dipole,
this implies that the sum of the inclination and magnetic
pole colatitude i + 6 < n/2. While more extensive measure-
ments are required in a high state, the anticorrelation
between accretion state and degree of polarization further
suggests that, if cyclotron emission is a significant contrib-
utor to the high-state light, it must be optically thick. In the
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F1G. 1—Variation of broadband circular polarizationimately one
orbital cycle during the low state in 1996 January. The dashed curve is a
best-fit sinusoid of period equal to the 1.932 hr photometric value.
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canonical interpretation, this implies (1) an unusually
strong magnetic field on the primary (such that the cyclo-
tron fundamental lies near the optical), and/or (2) an
unusually high accretion rate.

3.2. The Optical Zeeman Spectrum

In a number of AM Her systems the strength of the mag-
netic field on the primary star has been measured through
photospheric Zeeman absorption and circular polarization
features in low-state spectra (e.g., Schmidt, Stockman, &
Margon 1981; Wickramasinghe, Visvanathan, & Tuohy
1984; Schwope et al. 1993). The pattern seen is a mean over
the observable hemisphere, weighted by the surface bright-
ness. Thus far, all spectral features have been attributable to
hydrogen, and field strengths span the rather restricted
range B, ~ 7-70 MG (Ferrario et al. 1994; Schwope et al.
1995).

The low-state spectra from all sources are presented in
Figure 2 together with the spectrum of circular polarization
co-added over the 1996 March sequence with the spectro-
polarimeter. The flux spectra display strong band heads
from the M6 companion in the red plus a rising continuum
shortward of ~6000 A which is checkered with numerous
weak absorption features. Notable among the latter are a
sharp blue-edged trough centered near 45920, a pair of
somewhat narrower features straddling 45500, and two very
broad dips near 44500 and 44650. As summarized in Table
4, these and other weaker lines are accompanied by positive
and negative circular polarization features as large as
A(V/I) ~ 5%. Although there are subtle changes in the loca-
tions and shapes of the features phased with the rotational
cycle, the basic character of the spectrum persists through-
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F1G. 2—Bottom: comparison of optical spectra obtained during the
1995-1996 low state. Top: net circular polarization spectrum co-added
over a full rotational cycle in 1996 March. Note the existence of a number
of unidentified, strongly polarized absorption features (marked in the total
flux spectrum).
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TABLE 4

UNIDENTIFIED OPTICAL ABSORPTION LINES
IN THE LOW STATE

Wavelength Circular

Feature A) Polarization®
a....... 4485 e
b....... 4630 +
Cvennns 4800 u
d...... 4890

€ .vnen. 4960 u
fovenins 5045 +

7 5200 +
h..... 5375 e

[ ST 5460 u
Jeeeernnn 5545 u
k... 5760 e

| B 5915

m.... 6850

® Sign of circular polarization. The letter
“u” indicates a feature which appears to be
unpolarized.

out. The irregular spacing and rough spectral appearance
are in stark contrast to the smoothly undulating cyclotron
emission harmonics often present in the spectra of AM Her
systems when actively accreting. The features better resem-
ble photospheric Zeeman lines from a strongly magnetic
white dwarf. Indeed, when the strength of the polarization
feature at 4500 A is coupled with the constancy of the low-
state brightness, the inference is that the white dwarf must
be responsible for most, if not all, of the light below ~ 5500

, 1.e., accretion may have abated altogether. Among iso-
lated white dwarfs, disk-averaged continuum polarization
of | V/I| 2 5% has only been seen in stars with B = 200
MG (Schmidt, Latter, & Foltz 1990).

Now that transition wavelengths and strengths are avail-
able for the important lines of hydrogen over a very wide
range in B (e.g., Ruder et al. 1994), the process of modeling a
photospheric spectrum like that in Figure 2 can provide a
detailed picture of the field strength and morphology over
the surface of a magnetic white dwarf. Above ~ 100 MG,
however, uncertainties arise as a result of (unknown) mag-
netic effects on the continuum opacities and structure of the
stellar atmosphere. In this domain, techniques which ignore
radiative transfer and treat the flux spectrum alone are not
markedly inferior to more elaborate approaches, and they
still yield accurate diagnoses of the field strengths present.
Using such a simplified code (Latter, Schmidt, & Green
1987), we have made a thorough comparison of the low-
state spectrum of AR UMa to synthetic spectra of hydrogen
over the range 0-1500 MG. The observed spectrum is
complex and a number of the Balmer transitions are rapidly
moving, so some matches can always be found. However,
for a realistic field pattern with a range in B over the stellar
surface, the most prominent features are those which are
near stationary or turnaround points in their behavior. In
situations where these approximate observed features in AR
UMa, other lines which would be expected are missing
and/or additional features which are present in the data go
unexplained. We conclude that the optical spectrum of AR
UMa must be wholly or in part due to an atmospheric
species other than hydrogen. In this respect, the star resem-
bles the two isolated white dwarfs the spectra of which are
still a mystery: GD 229 (Schmidt et al. 1996) and LB11146b
(Liebert et al. 1993; Glenn, Liebert, & Schmidt 1994). (Note,
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however, that AR UMa fails to match in detail the spectra
of either of these stars.)

Unfortunately, hydrogen is the only species with a mag-
netic spectrum that is well understood. An alternate possi-
bility is that all or part of the spectrum is due to neutral
helium. The behavior of a number of common He 1 tran-
sitions was calculated by Kemic (1974) using perturbation
techniques, an approach which is valid up to ~20 MG. The
array of features observed in AR UMa bears no resem-
blance to the simple patterns expected in this regime.
Recently, significant progress has been reported in solving
the general three-body problem in strong magnetic fields.
Thurner et al. (1993; see also Ruder et al. 1994) present
energy levels, wavelengths, and transition probabilities for
several two-electron atoms using both high- and low-field
configurations. Unfortunately, the number of transitions
studied is very limited, and the correspondence between the
two computational approaches is rather poor in the inter-
mediate regime (appropriate for magnetic white dwarfs).
Thus, while it is tempting to draw correspondences between
some of the features in Table 4 and lines in the predicted
spectrum, calculations to date are neither sufficiently accu-
rate nor extensive to test against the complicated spectrum
which is observed.

3.3. Clues from the Ultraviolet

We have argued that the low-state continuum in the
visible is dominated by the white dwarf. Though our high-
state IUE spectrum is of poorer statistical quality as a result
of a shorter exposure time, the 1200-2000 A continuum in
this state (Fig. 3, top) is no brighter than in the low state
(Fig. 3, bottom). This is true despite the complete disap-
pearance of the prominent emission-line component and
provides a strong argument against cyclotron and/or
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FiG. 3—Comparison of IUE spectra of AR UMa obtained in high- and
low-accretion states (top and bottom, respectively) . Also shown in the
bottom panel is a synthetic spectrum for hydrogen for a dipole field of
strength B, = 230 MG. The 2p — 1 to 150 component of Lya is approach-
ing ts red turnaround, which occurs at 1341 A for B = 470 MG.
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thermal emission from the accretion region being a signifi-
cant part of the observed UV continuum in either state.
Instead, the white dwarf photosphere likely dominates, a
conclusion which we show in § 4.3 to be supported by fits to
the combined UV/optical low-state continuum energy dis-
tribution.

With this interpretation, one feature in the low-state UV
spectrum is of considerable significance: the broad absorp-
tion line of ~30% depth situated ~ 100 A longward of
geocoronal Lya. The feature is too broad to be the Si m line
often seen in the spectra of CVs and falls well short of the
location of the quasi-molecular H, absorption which
appears near 1400 A in some DA white dwarfs. The spec-
trum of AR UMa better resembles the isolated white dwarf
PG 1031+ 234 (Schmidt et al. 1986b), where a deep feature
centered at ~ 1350 A was attributed to the the 150 to 2p—1
component of Lya in a magnetic field of ~500 MG. An
array of optical features of hydrogen confirmed that identi-
fication. Lya is a simple Zeeman triplet at all field strengths.
Only the 150 to 2p — 1 component is split longward of the
zero-field location, reaching a wavelength maximum at
A= 1341 A for B = 470 MG before slowly turning to the
blue at higher fields. Assignment of the ~ 1300 A feature in
AR UMa to this component therefore suggests one of two
field strength regimes: either B ~ 200 MG or B = 1000—
2000 MG.

Using the computer code and transition grids described
in § 3.2, the best fit to the UV observed spectrum is obtained
for the lower field value. The model shown by the smooth
solid line in Figure 3 corresponds to a centered dipole with
B, = 230 MG oriented at 30° to the line of sight, here super-
posed on a blackbody continuum of T = 23,000 K. The
synthetic spectrum provides a good match to the location
and width of the observed absorption feature, and the 2p0
to 1s0 (m) component may combine with the reseau near
41197 to produce the apparent flux deficit below the geo-
coronal emission line. By comparison, the high-field option
yields a synthetic line which is both too narrow and very
asymmetric in appearance. The 7 line has also shifted well
out of the observable UV in fields this strong.

There is a suggestion of an additional red-shaded absorp-
tion edge at ~1675 A Although a number of the optical
transitions of H shift into the UV in high magnetic fields, we
have been unable to find a consistent interpretation for both
this and the 41300 feature in terms of hydrogen and there-
fore attribute the 11675 edge to a second atmospheric con-
stituent. Note that a precedent exists for the curious
situation in which an unknown species dominates the
optical but Lya appears in the UV: the strongly magnetic
“b” member of the double-degenerate white dwarf binary
LB 11146 (Liebert et al. 1993).

The emission lines of C 1v, He 1, N v, and Si 1v which are
prominent in the high-state UV spectrum of AR UMa are
typical of magnetic variables (Bonnet-Bidaud & Mouchet
1987; de Martino 1995). The observed continuum shape,
F, oc A~15, suggests a 1200-3100 A luminosity of 4 x 103
ergs s~ ! (for d = 88 pc). The total line luminosity (Table 2)
is 0.5 x 103! ergs s~ !, implying a line-to-continuum lumi-
nosity ratio which is high but not off the scale for AM Her
in general (de Martino 1995).

It is useful to note that the Rayleigh-Jeans tail of the 22
eV blackbody proposed by RS? actually overpredicts the
observed brightness of the UV continuum. Since the contin-
uum is not observed to decline with a change in accretion
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state, it would appear that the temperature of the soft X-ray
component must have been underestimated.

4. NATURE OF THE BINARY SYSTEM

4.1. Geometry

AR UMa is the first high-field (B, > 100 MG) example of
a synchronized magnetic CV. In low states (which are more
the rule than the exception in this object), the light is pri-
marily stellar in origin: Zeeman-split absorption features
from the white dwarf for A S 6000 A and the photosphere of
an M-type companion in the red. The visible-light circular
polarization of 2%—-5% in the low state is consistent with
that of a naked (nonaccreting) white dwarf with a 230 MG
field rotating in synchronism with the 1.9 hr orbital period.”

The orbital motions and emission components are best
inferred from the high-resolution spectroscopy and photo-
metry presented in § 4.3. However, our optical spectro-
polarimetry during the March 7 low state provides
simultaneous information on the circular polarization,
brightness of the red continuum, and emission-line radial
velocities over a full orbital cycle. While there is no substi-
tute for long-term monitoring in establishing the synchro-
nism of a system, the spectropolarimetry are ideal for
identifying the phase relationships which existed at that
particular epoch. It is clear from these data that the velocity
extrema coincide with maxima in the ellipsoidal brightness
variations, confirming that the dominant source of emission
lines in the low state is the inner Roche surface of the sec-
ondary star. The fact that the peaks in circular polarization
are also phased precisely with the velocity peaks
(A¢ < 0.03) further indicates that the the field pattern is
oriented at right angles to the stellar line of centers. This
conclusion holds regardless of whether we view a cyclotron
funnel or magnetized photosphere during the low state.

For comparison, previously studied AM Her systems
show a strong tendency for the pole to lead the secondary
by {Y> ~ 20° (Liebert & Stockman 1985; Cropper 1988).
Ideas explored in an effort to explain this clustering include
the intrinsic dipole-dipole interaction in the presence of an
accretion torque (Campbell 1989; King, Whitehurst, &
Frank 1990), offset-dipole and quadrupolar geometries
(Wickramasinghe & Wu 1991; Wu & Wickramasinghe
1993), and gravitational torques (Katz 1989; Campbell
1990). The only mechanism which explicitly predicts an
equilibrium configuration in which the white dwarf field is
orthogonal to the binary ( = 90°) is the dipole-induced
dipole model of Joss, Katz, & Rappaport (1979). Generally
accepted to be too weak to counter the accretion torquein a
typical AM Her with B ~ 30 MG, the interaction scales as
the square of the primary’s magnetic moment
u = BR?® ~ 2 x 103°* G cm?® for B ~ 200 MG. If convection
within the secondary leads to increased dissipation
(Campbell 1983), the mechanism is further enhanced. Of
course, the effect is greatest when the stars are detached. At
a period of 1.93 hr, it is conceivable that AR UMa has just
emerged from the period gap and thus temporarily retains
that orientation (however, see § 6 below). It is important in
this context to remember that the mechanisms for achieving
synchronism and for maintaining it may differ (e.g., Lamb
1985; Lamb & Melia 1988).

7 In fields this strong, we would also expect significant linear polariza-
tion in the continuum and certain Zeeman lines, varying on the spin
period.
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4.2. Emission Components in the High State

Not only does the cyclotron fundamental fall in the
optical window (4, = 4660 A for B, = 230 MG), the more
or less pole-on orientation increases the cyclotron opacity
in our direction. Both tend to reduce the polarized emission
when the system is actively accreting. The fact that the
stream is continuously in view also maximizes the amount
of reprocessed light from the funnel. It is interesting to note
that our high-state polarization of V/I ~ +0.4% is consis-
tent with simple dilution of the low-state polarized flux for
the observed brightness increase of 2-3 mag. Hence, the
added accretion light may be unpolarized altogether.

Typically, the optical emission of AM Her stars during
high states is dominated by components originating in the
accretion stream and column. For AR UMa, high-state
data of any type are sorely lacking; however, what is avail-
able supports this origin. Figures 4a—4c present high-state
light curves from the period 1995 April-May. Though
flickering appears to play an important role and uncer-
tainties due to atmospheric variations and noise in the CCD
could be as large as 0.2 mag, the data show a repeating
pattern consisting of a linear decline of about 0.5 mag fol-
lowed by a dip of 0.2 mag and then a sharp rise. The fact
that the intervals between all four dips are multiples of 1.932
hr suggests a configuration which repeats at the orbital
period. In fact, the mean light curve (Fig. 4d), obtained by
normalizing each night to a common magnitude and
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phasing into 20 bins on the 1.932 hr period, shows a quasi-
sinusoidal modulation at that period, quite unlike the 2f
I-band ellipsoidal variation seen in the low state (RS3).
(Unfortunately, the lack of an orbital ephemeris that
extends over more than a couple of weeks does not allow us
to phase the photometry to the orbital ephemeris.) The
behavior in Figure 4d perhaps best resembles that of EF Eri
and AM Her, in which one accreting pole is always in view,
rather than VV Pup or ST LMi, where the primary pole
rotates behind the limb of the white dwarf for a significant
fraction of the cycle (Cropper 1990).

Our single high-state optical spectrum, shown as Figure
5, exhibits strong, broad (FWZI ~ 58 A) lines of H and He,
with He o 44686 being most prominent. In all respects
(other than the lack of continuum polarization), these data
closely resemble the high-state spectra of a generic AM Her
in portraying primarily the accretion stream. The optical
continuum can be approximately described by F, oc 1~2°
for A = 4300-5100 A, and likely includes a substantial con-
tribution from gaseous processes in the column.

4.3. Emission Components in the Low State

Comparison of the optical spectra in Figure 5 (high state)
and Figure 2 (low state) as well as inspection of Table 3
reveals the dramatic spectral changes which occur in the
transition of AR UMa between activity states. With the
drop in brightness, the lines (especially He 1 14686) decrease
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Fic. 5—High-state optical spectrum obtained with the APO double
spectrograph on the same day as the high-state IUE spectrum shown in
Fig. 3.

in intensity and narrow to a FWZI ~ 11 A. The start of a
low state in 1995 November prevented kinematic study of
the accretion stream and column but did enable a radial
velocity analysis of the narrow emission-line component. As
we found in § 4.1, this feature arises from the same location
as the narrow-line component in other AM Her systems:
the irradiated face of the secondary star.

The strongest feature in the 16 high-resolution spectra
from 1996 January 14 is HB. Using IRAF routines under
SPLOT, the centroid wavelength and total flux of the line
were measured. In some of the sequence shown in Figure 6,
a separate high-velocity component appeared to be present
(indicated for one phase in the figure); however, it could not
be followed throughout the orbit, so its phasing is not clear.
The velocities of the main component were fitted to a sinus-
oid with the period fixed at 1.932 hr, yielding parameters
as listed in Table 5. Phase 0 was taken to be the crossing
from blue to red (corresponding to inferior conjunction
of the secondary star) and measured as HID
2,450,096.9085 + 0.0015. With this solution, the velocities
were phased and are shown together with the measured

TABLE 5
EMISSION-LINE RADIAL VELOCITY SOLUTIONS

y K
Line (kms™?) (km s~ 1) b
HB narrow ...... —24+ 12 241 + 16 0.0
He o 14686...... 47+ 19 246 + 20 —0.05 + 0.04

® ¢ = 0 is defined as the positive zero-crossing of the Hp radial
velocity curve, which occurs at HID 2,450,096.9085 + 0.0015.
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F1G. 6.—Sequence of low-state Hf profiles measured at high resolution
on 1996 January 14. Orbital phases are labeled, with ¢ = 0 corresponding
to positive zero-crossing of the narrow-component radial velocity curve.
The “high-velocity ” component is indicated at one phase by an arrow.
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fluxes in Figure 7. The large increase in line flux (but not the
blue continuum) near ¢ = 0.5 is consistent with an origin of

the narrow component on the irradiated secondary. The
region of phase overlap suggests that the line flux can
undergo large fluctuations from cycle to cycle, with no
change in velocity.

With the phase registration adopted above, a Doppler
tomogram could be constructed for Hf. Using a Fourier-
filtered back-projection method developed by Horne (1991),
the tomogram yields the entire velocity distribution of emit-
ting regions by combining the line profile information from
all binary phases. Figure 8 shows the result for AR UMa.
The spectra, normalized to a common continuum level and
displayed as a trailed gray-scale image in velocity and
phase, are shown on the left (the blank line corresponds to
the elimination of the spectra near ¢ = 0 where the lines
were very weak). The resulting tomogram is shown on the
right, with the usual coordinate system where the secondary
is located along the + ¥, axis and the white dwarf is along
the —V, axis. The tomogram was also summed along the
line of sight at each phase to produce a “forward-
projected ” trailed spectrum to indicate the reliability of the
map. The primary emission region is evident as a compact
zone close to the expected location of the secondary. There
is some evidence for motion toward the white dwarf
(possibly material leaving the secondary in a stream), but
the high-velocity component was neither sufficiently strong
nor persistent to show up in the tomogram. The bulk of the
low-state line emission originates from the secondary,
which must remain irradiated even though the accretion
rate is greatly reduced.

Further evidence for irradiation comes from the I-band
photometry during low states. Light curves from 1992 June
and 1993 May were presented by RS3, who pointed out
~0.2 mag ellipsoidal variations from the M star. However,
they did not elaborate on the fact that the 1993 variation
shows a slightly larger amplitude and ~ 0.04 mag difference

Orbital Phase
V, (km/s)

-1500 -1000 500 O 500 1000 1500

Velocity (km/s)
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between the minima at at ¢ = 0 and 0.5. Although an asym-
metric light curve can be produced by ellipsoidal effects
alone (Bochkarev, Karitskaya, & Shakura 1979), our radial
velocities and line strengths imply that the secondary is the
source of additional emission seen at phase 0.5. Calcu-
lations of the effect of an irradiated secondary on the light
curve of U Gem (Berriman et al. 1983) show that a decrease
of 0.1 mag in the phase 0.5 amplitude and an increase in the
phase 0.0 amplitude occur for an irradiating luminosity
near 0.2 L. With a 4.2 hr period, the secondary in U Gem
is larger and of earlier type than AR UMa, so a lower
irradiating luminosity would be required to achieve the
same effects in AR UMa.

We attribute the source of irradiation, which persists well
into a low-activity state, to be the heated accretion region of
the white dwarf surrounding the magnetic pole. Our I-band
light curve from 1996 February (Fig. 9, obtained ~3.5
months into a low state), exhibits ellipsoidal variations with
a full modulation amplitude of 0.26 mag and difference of
~0.08 mag between primary and secondary mimina. By
1996 March, modulations in the red continuum amounted
to 0.08 mag peak-to-peak and an asymmetry between the
minima of ~0.02 mag. Although the 116600-7450 region
used for the latter measurement is roughly an R band, the
suggested timescale is consistent with the decline in
emission-line strength over the 1995 November—1996
March period depicted in Figure 2. We infer that the
cooling timescale of the heated white dwarf is at least a few
months (but less than a year) and that accretion essentially
turns off during low states. This is unlike most other AM
Her systems, which continue to produce X-rays at low
states (Cropper 1990). A photometric monitoring campaign
throughout a low state would be informative in quantifying
this behavior.

The low-state continuum flux near Hp (Fig. 7) remains
constant to within 10% throughout the orbit, displaying
neither the AB ~ 1 mag changes evident in the high state
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F1G. 8—Doppler tomogram of the 14 January 1996 spectra. Spectra on the left compare the normalized gray-scale image of the stacked data on the top
and the forward-projected spectra obtained from the tomogram on the bottom. The tomogram itself is depicted on the right.
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nor the ellipsoidal variations present at I. With a spectral
shape approximated by F, oc 4 3-® between 4100 and 5200

, the continuum is much bluer than what is measured in
the high state and suggests the tail of a hot source which
peaks in the UV. Since the source does not change as a
function of orbital phase and does not vary with the emis-
sion lines, it cannot be ascribed to the irradiated secondary.
The logical choice is the white dwarf. To test this conjecture,
we combined one of the optical spectra with very weak line
emission (¢ = 0.97) with the low-state IUE spectrum and
performed fits to Hubeny (1988) white dwarf models, using
solar composition, a gravity fixed at log g = 8, and trying a
range of temperatures from 13,000 to 45,000 K. No single-
component model was acceptable. A reasonable fit could be
obtained for a two-component model, with ~98% of the
projected area emitting as a source with T, ~ 15,000 K
and the remainder by a “spot” with T, ~ 35,000 K. The
normalization of the fit to the observed flux results in a size
for the low-temperature source of ~8 x 10® ¢m, which is
roughly the radius of a 0.6 M ; white dwarf. Since the actual
opacities in a stellar atmosphere at 230 MG are unknown,
this fit cannot be given much weight, yet the results at face
value imply that the hot spot on the white dwarf may be
smaller than that found from studies of other magnetic vari-
ables (Stockman & Schmidt 1996; Génsicke, Beuermann, &
de Martino 1995; Silber et al. 1996).

5. ACCRETION IN A HIGH-FIELD SYSTEM

A topic of lively discussion in recent years has been the
“excess” of soft X-rays observed from several AM Her
systems, in the sense that the photon flux of the ~30 eV
blackbody exceeds what would be expected for photo-
spheric reprocessing of bremsstrahlung and cyclotron emis-
sion from the accretion shock (e.g., Lamb & Masters 1979).
The situation was highlighted by the discovery of AM Her
itself (and later other systems) in a “reversed” X-ray state,
in which the hard and soft components are anticorrelated in
strength (Heise et al. 1985). Though several mechanisms
have been explored as possible explanations of the problem,
a consensus has developed around the idea of inhomoge-
neities in the accretion stream (Kuijpers & Pringle 1982;
Frank, King, & Lasota 1988). Clumps that are overdense by
factors of ~10-1000 are stretched into filaments and can
penetrate deeply enough into the white dwarf atmosphere
for the kinetic energy to be thermalized in a “buried ” shock
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(e.g., Stockman 1988). For AR UMa, hard X-ray informa-
tion is completely lacking and X-ray observations of any
type are sparse. However, the enormous high-state IPC
count rate plus rather typical optical brightness suggests a
ratio L,,/L,,, which may be as much as an order of magni-
tude greater than a typical AM Her. AR UMa would
appear to represent an extreme case of a soft X-ray excess.

If so, the system would strengthen and extend the corre-
lation between soft X-ray excess and magnetic field strength
(more specifically, coupling radius, r.) found by Ramsay et
al. (1994). Although Ramsay et al. did not identify a mecha-
nism underlying the relationship, Beuermann & Woelk
(1995) discuss the effects which enhanced cyclotron cooling
have in reducing the standoff height and eventually burying
the shock. While the details of the threading region are far
from clear, we note here that the survival of a dense blob
against stream instabilities must depend in part on the time
available for threading by the field. Once past the L1 point,
the gas is very nearly in freefall; thus, the chances for com-
plete threading of a density clump must be increased for
systems where coupling occurs further upstream. Our
parameters for AR UMa and stream characteristics from
Lubow & Shu (1975) imply that the ratio of magnetic to
thermal energy density is approximately 10:1 at the L1
point. In this binary, even the atmosphere of the secondary
star will be threaded, and emerging blobs might well survive
as high-density filaments all the way to the white dwarf
surface. Note also that, for the field configuration we have
presented, dipolar field lines intercepting L1 cannot also lie
entirely within the primary star’s Roche lobe (see also
Ferrario, Wickramasinghe, & Tuohy 1989). Thus, the mag-
netic field will tend to create a stagnation region in the
vicinity of the Roche tip. With feedback provided by radi-
ative heating from the accretion shock, an oscillatory
behavior might be set up which could play a significant role
in the decidedly episodic nature of mass-transfer in this
binary.

6. DISCOVERY AND EVOLUTIONARY CONSIDERATIONS

Despite the fact that isolated magnetic white dwarfs and
magnetic CVs are known in roughly equal numbers (about
four dozen each), several single magnetic stars have been
found with B 2 500 MG (e.g., Schmidt & Smith 1995), while
the maximum field strength in a white dwarf binary has
been ~70 MG. Proposed remedies to this long-standing
puzzle have included both evolutionary as well as identifica-
tion considerations.

Liebert & Stockman (1985; see also King 1985; Schmidt,
Stockman, & Grandi 1986a) proposed that high-field syn-
chronized systems would suffer accelerated period evolu-
tion by “cooperative” magnetic braking of the two stars.
Such binaries would lead short but brilliant lives, rendering
them rare and perhaps unique in appearance. With this in
mind, Stockman et al. (1992) surveyed a few supposed
neutron star X-ray binaries for circular polarization, with
null results.

In the standard model for CV evolution, enhanced
braking would also widen the 2-3 hr period gap (Hameury
et al. 1987). In fact, the gap is narrower or even nonexistent
for the magnetic systems (Kolb & de Kool 1993). Thus,
Wickramasinghe & Wu (1994; see also Li, Wu, & Wick-
ramasinghe 1994) have proposed quite the opposite sce-
nario: in the synchronized magnetic systems, a significant
fraction of the secondary’s field lines close on the white
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dwarf. This leads to decreased braking efficiency and lower
accretion rates. The period gap is narrowed or closed alto-
gether for magnetic objects, and braking is so inefficient for
B 2 70 MG that long-period systems take an inordinate
amount of time to reach contact under gravitational radi-
ation alone.

Given the number of magnetic CVs now known, our dis-
covery of one high-field AM Her does not fundamentally
alter the situation. Indeed, at P < 2 hr, magnetic braking
would have ceased even under normal (nonmagnetic) CV
evolution, so AR UMa does not directly test the idea that
the white-dwarf field inhibits the mechanism. However, in
the context of that theory, the mere existence of the binary
requires that at least some magnetic CVs emerge from the
common envelope at short orbital periods P < 8 hr. The
high luminosity of AR UMa (dominated by X-rays) would
instead seem to support enhanced angular momentum loss.
However, this too must be viewed with caution, since
models of the secondary’s response to the resumption of
mass transfer immediately below the period gap show that
the accretion rate can be temporarily doubled over stable
rates thereafter, even when angular momentum loss is
restricted to that from gravitational radiation (McDermott
& Taam 1989).

The fact that AR UMa was detected in circular polariza-
tion only after lapsing into a low-accretion state raises the
possibility that selection effects play a role in the apparent
lack of high-field systems. Stockman et al. (1992) considered
this question in the context of an extensive polarimetric
survey of known CVs. They noted that objects with B > 100
MG would still lack a diluting accretion disk and exhibit
X-ray and emission-line spectra very similar to known AM
Her binaries and hence would not be overlooked in CV
surveys. These traits are borne out by AR UMa. Not antici-
pated, however, was the strikingly bimodal activity cycle,
which presumably accounts for the absence of AR UMa in
other all-sky X-ray surveys. The failure to polarimetrically
detect the system in the high state is apparently due to high
cyclotron opacity near the fundamental coupled with an
unfavorable viewing geometry (for circular polarization).
Remarkably, Stockman et al. predicted that even if the
cyclotron light were absent or unpolarized, photospheric
emission from a high-field primary would result in a polar-
ization of V/I = 2%—5% when the system entered a low-
accretion state. This describes precisely the situation
surrounding the discovery of magnetism in AR UMa.
Recalling the lesson learned from the initial field strength
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measurement of AM Her itself (Schmidt et al. 1981), we
suggest that future polarimetric searches for high-field
systems should specifically target soft X-ray sources during
faint states.

7. SUMMARY

AR UMa is an important new example of a magnetic
cataclysmic variable. An extremely luminous soft X-ray
source which is only weakly polarized when accreting, the
system is prone to abrupt and protracted changes in activity
state. Mass transfer appears to cease altogether when the
binary lapses into a low state. At this time, the stellar com-
ponents can be discerned: a phase-locked magnetic white
dwarf primary with the strongest field yet identified in a
mass-transfer system plus a low-mass M-type companion in
a 1.932 hr orbit. The extreme field is quantified at B ~ 230
MG through our identification of a Zeeman-split absorp-
tion component of Ly« in the UV, but the sizable low-state
continuum circular polarization plus a hot optical contin-
uum component containing a number of unidentified,
strongly polarized absorption features substantiate the con-
clusion.

The strong magnetic field clearly plays a role in the accre-
tion physics of the binary. Dense blobs in the stream are
likely fully threaded by the field from the time they leave the
L1 point. The resulting accretion filaments manage to avoid
a shock above the white dwarf, to have their kinetic energy
deposited below the photosphere. This accounts in part for
the lack of polarized cyclotron emission in the optical and
creates an extreme example of an object with a soft X-ray
“excess.” In the first few months following the end of a high
state, reprocessing by the irradiated secondary is seen to
decline as the heated accretion pole of the white dwarf
cools. The added pressure provided by the magnetic field
near the secondary’s Roche tip may create an instability in
the gas flow through the L1 point, thereby contributing to
the unusually episodic behavior pattern of this binary.
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