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1. INTRODUCTION

The AM He: objecis are low mass, shert orb+lal period, mass transfer,
X-ray binary systems composed of a magnetic (B"10' G) accreting white dwarf and
a mass losing late type main sequence star (for reviews see Liebert and
Stockman 1885, Lamb 1885). The magnetic fields of the white dwarfs are so
strong that their magnetospheres extend teyond the orbits of the companion
stars enforcing synchronous rotation and field aligned flows from near the
inner Lagrangian points of the systems to one ur both of the .aagnetic poles of
the white dwarfs. This leads to the formation of accretion funnels rather than
accretion disks suggesting that the bulk of the emission from these systems
comes from (or near) & radiative accretion shock formed as the plasma merges
onto the dwarf. The AM Her systems are characterized by strongly polarized
optical emissi10on and i1ntense soft and hard X-ray emission.

As a class, the AM Her cbjects exhibit temporal variability on time scales
ranging from seconds to years. Most of the variations can be eadequately
described by "shot noise” models (Cordova and Mason 1882). Exceptions to this
are the strictly periodic features modulated on the orbital periods of the
sysiems (typically several hours) and the one to two second fecatures which show
up as “excesses” of power 1n the t{ime averaged power specira of AN UMa
(Middleditch 1982) and E1405-45] (Mason ¢l al. 1983, Larsson 1985) 1t has
been suggested that the short time scale features are due to an oscillatory
"instability” of radiative accretion shocks discovered by Langer, Chanmugam,
and Shaviv (1981, 1982). This 18 an 1nteresting suggestion because, 1f true,
1t would allow the masses of the accreting white dwarfs to be 1nferred and
would provide other significant constraints on the physics of the accretion
flows (see Langer ={ al 1981, 1982, Chevalier and Imamura 1982, Imamura,
Wolff, and Durisen 1984, Imamurs 19885) Unfortunately, a direct physical
relationship between the one to two second optical variations and shock
oscillations has not yel been demonstrated. Because of the potential
importance of such a rerult further study of these aystems is clearly
warranted. In this work, we examine the short time scale behavior of AN UMa 1n
more detail and improve on the work of Middleditch (18982) by remolving the
feature 1n time

The reat of this paper 1~ organized as follows. In Section 11, we present
our observations. In Section 111, we describe our analysis and present our
resulls. In Section IV, we discuss the implicalions o! our results In
Section V, we summarize our principal conclusions.
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11. OBSERVATIONS

High speed photometry of AN UMa was obtained on 20: February 1985 UT in
white light using the Hooker 2.5 m telescope of the Mount Wilson Observatory.
The observations were made using one channel of an automated dual channel
photometer equipped with a Ga-As photomultiplier. The date were obtained with
a tize resolution of 1 or 2 ms through a 168 arc second aperture. We
alternately observed the sky. a comparison star, and AN UMa to ensure that any
power seen in the power spectrum of AN Ulda could be shown to be intrinsic to
the source and not due to variations produced by the atmosphere. We observed
AN UMa for a total of about three and one--half hours or approximaiely twc
ortital periods (Porb= 114.84 minutes).

AM Her objectls are observed to exist 1n several distinct Juminosity
states. AN UMa, during its high. intermediate. and low states has V = 14-15,
16, and 19-20, respectively (Liebert gt al. 1982). During our observalions,
AN Uda was about V = 16, and so was in its 1nternediate state Middleditch
(1882) observed AN UMa when it was V = 16 and when 1t was V = 17 - 18.

The time history of our observations., corrected for the sky contribution,
is presented in Figure 1. The count rates are 1n units of counts per 8.192 s.
The light curves are phased using the ephemeris of Lieber! et al. (1982). In
the convention of Liebert et a). (1982), ¢ = O corresponds to the peak of the
linear polarization pulse 1n 1879,

I1l1.  ANALYSIS

a) Power Spectirs

We searched our data for variations on time scales ranging from 4 ms to
about ten seconds using standard Fourier techniques (e.g.. aee Middleditch and
Nelson 1976, Jensen el a). 1983) . We calculated power spectra by first
breaking the data i1nto blocks of time 65.8536 s long. Each block was
“detrended” by fitting and then subtracting a third order polyromial from the
date. The first 10 % end last 1075 of the data points 1n each sequence were
then "filtered” using a8 cosine bell function to minimize the efilects of
“ring:ng” due to the "edges” in the data sets. The detrended, [1ltered data
sels were Lhen Fourier transformed and power specira calculated The power
spectira were normalized such that the average power per bin was equel to 1. To
enhance Lhe signal-to-noise ratio of our result, the individual power spectira
were summed

We found. for frequencies ranging betweer 1 Hz and 250 Hz, that there are
no coherent variations exceeding the 5 ¢ level. This puts an upper limit on

the pulsed r.m.s. fraction for coherent variationx of ~ 0.9 7. For
frequencies less than 1 Hz, significant power was fcund over the range 0.5 to
08 Hz. This can be seen in figure 2, where we present the power spectrum of

our data over the frequency range f = 0 to 7.8125 Hz. The power speclrum 1x
the wsum of 113 individual power spectra (the power level 113 is the horizontal
line 1n Figure 2). Power levelx of 160 (4.3 ¢). 18) (6.2 o). and 200 (4 o)
have probabilities of 5.53 x 1077, 5.53 x 10°°. and 1.40 x 19711 of be1ng
exceeded by chance, respectively. The power apectrum contains 5lz independent
frequencies helow the Nyquist Jimit (f = 7.8120 Hz). An r.m.a. pulsed
amplitude of © 3.2 % 13 required to produce the power 1n the frequency range f
t 0.5 tn 0.8 Hz.

To study the short time scale features in more detail, power spectra of
time 1ntervals cof one to five minutles were examined. Only in selected datas
setls were significant signals found. In figure Ua, we present an expended plot
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of the data interval marked by the letter “A” on figure 1. The count rates are
in units of 0.256 s. In figure 3b, we present the power specirum of this data.
This data interval produced the strongest signal we found. . The large amplitude
feature 1n Figure 3b, at f = 0.46 Hz, has a width of 0.03 Hz. It is not spread
over the range 0.5 {o 0.8 Hz suggesting that the "excess power” in Figure 2 s
due to the averaging of many discrete periodicities (see also Larsson i985). A
feature of power level 16 appearing in the frequency range f = 0.5 — 08 Hz has

] 0.01 %X probability of occuring by chance and requires a 4.3 X r.m.s.
variation 1n the light from AN UMa.

The r.m.s. pulsed amplitudes over Lhe frequency range 0.5 to 0.8 Hz. eas
functions of the orbital phase, are presented in Figure 4. The pulsed fraction
does not seem to be correlated with any particular orbital phase.

1V. DISCUSSION

a) Llight Curve

The white light light curve 1n figure 1, has two distinct minima; one at
phase 0.£5 and one at phase 0.0. The published light curves of AN UMa for 1is
high state (Gilmozz) et al. 1981, Liebert gf al. 1862), for 1ts intermediate
state (Szkody et al. 1981). and for 1ts low staie (Liebert et pl. 1982) are
different from our whit: light light curve i1n that they usually show only one
distinct minimum. Further, the minimum occurs near phase 0.35. The phase
shift 1s significanl as the ephemeris of Liebert gt al. (1982)

HJD = 2443190.9921:0.0002 + [0.07975320:0.00000003] EPOCH. (1)

predicts an error i1n phase of « 0 002% ut the epoch of our observations. Here
HJD =tands for Heliocentric Julian Date

When our white light light curve 18 compared to the Exosatl X-ray light
ciurve (Osborne et al. 1984), several features are found in common In
particular, both Jlight curves show two distinct minima. However, there again
appears to be a phave shift. A phase shift has also been noted i1n a comparisocn
of the SAS-3 X-ray light curve (Hearn and Marshall 1979) and the Exosat X-ray
light curve (Osborne e pl. 1984).

Phase shifis could be produced by several effects. For example, the
direction of the accreting magnetic pole with respect to companion star could
drift (e.g. Bsee Josx, Katz, and Rappaport 1879, Lamb ei al 1963, Chanmugam

and Dulk 1983, Campbel) 1883) or the active spot on the surface of the white
dwsrf{ could move. Fither 1s a reazonable possibilily.

b) Short Time Scnle Variabilily

Short time scale features have heen scarched for 1n the ten known AM Her
objects. Only AN UMa and E1405-451 were found to have such features
(Middleditch 1982, Muson el al 1883, Larsson 1985). Remarkably, both objecis
showed these features over the same frequency range (f = 0.5 - 1 Hz). Further,
AN UMa only showed them when i1t wan V &« 16, not when 1t wax V « 17 - 18
(Middleditch 1887). 1t has been suggestied that these variations are due to the
oscillatory modes of radiative shock waves discovered by Langer, Chamaugam, and
Skavav (1981, 1982). The oscillations have also been extensively discussed by
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Chevalier and Imamura (1982), Imamura. Wolff, and Durisen (1984), and Imamura
(1985).

The aforementioned theoretical works found that the cooling regions of
bremsstrahlung dominated radiative shocks were unstatle to oscillatory motions
under certain circumstances and that cyclotron dowminated shocks were always
stable to oscillatory motions. The results for bremssirahlung dominated
shocks, rather than those for cyclotron dominated shocks, are thought to be
relevant to the magnetic AM Her systems based on both theoreticsl! and
observational argumentis (see Liebert and Stockman 1985; and Lamb 1885).

White Dwarf radiative shocks were found to oscillate in several distinct
modes. Following Chevalier and Imamura, we refer to these modes, in order of
increasing oscillation frequency, as the fundamental (F), the first overtone
(10), the second overtone (20), and 30 on. The lowest order modes were shown
to have periods of 7o = 3.1 Tor' 710 = 1.1 Tor and Tog = 0.63 17,_. where 7~ ;
is the postshock bremsstrahlung cooling time scale (e.g.. see Imamura 19853.
The time scale T ranges f{rom tenths of a second to several seconds for
parameters typical of the AM Her objecta. Further, Tyr €aN easily be shown to
be @& function only of the dwarf mass, M,, the accretion Juminosity, L, and the
area of the emitting region, A , so that an observation of a shocx oscillation,
plus 1nformation on L and A would lead to an estimate of the mass of the
accreting white dwarf.

The question of which 7T relation applies to the AM Her objects is
controversial, however. Langer ¢t al. (1981, 1982) found for weakly magnetic
wh.te dwarfs that the F mode was unstable, while the overione modes were
stable. Imamura (1985) found for weakly magnetic white dwarfs that the F mode
was alweys stable, while the 10 mode was unstable for M, < 0.3 Ho and the 19
and 20 modes were unstable for M, < 0.9 Mo for the cases where eleciron thermal
conduction was 1ncluded and where 1t was suppressed, respectively (see also
Imamura, Wolff, and Durisen 1884). Future work, both observational and
theoretical, may help to resolve this 1ssue.

The short period optical features obhserved 1n AN UMa and E1405-451 have
time scales compatible with shock oscillations. However, they have not been
unambiguously linked to shock oscillations. Several scenarios for the
production of the pulsed emission muy be advanced. The pulsed emission may
conceivably arise 1n. (1) the heated surface of the white dwarf, (2) the
preshock flow, and (3) the hot shocked plasma. We consider each of these
possibilities 1n turn.

The pulsed optical emission could be produced by the sabsorption and
subsequent emission of the pulsed hard X-ray bremsstrahlung photons produced by
the shock 1n either the stellar surface or the preshock flow. In the caae of
the stellar surface, the amount of energy that the dwar{ radiates 1n the
optical can be easily estimated. The typical temperatures of the X-ray heatled
areas on the white dwarfs ir AM Her objects ar: thought to be 10,— 50 eV.
Therefore the energy radiated ir the wavelength interval 3500 to 8000 A, given

by the integral of the Planck function, B(E), times the area of the emitting
region, 18

Egsoo A KTy,
Lop' = A j B(L)dE __-*—“2""5"" LS{)OO l' L LI kab. (2)
EBOOO 1.5¢“h"/n
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where ¢ i3 the speed of light, A is the area of the emitting region (presumably
the base of the accretion funnel), h is the Planci constant, and E is the
photon energy. For kab = sgaev and A/S.. = 10, , -her: S. 18 surface area of
the dwarf, L., =3.6x 10 (R./5 x 10 cm) ergs s (see Lamb 1985). This
is four orders g} magnitude smaller than AN UMa‘s inferred optical luminosity
during its high state (Schmidt et al. 1985). Choosing values for kTy, and A
which maximize Lopt produces a value twenty times larger than the above
estimate.

The preshock flow could be Compton heated by the pulsed bremsstrahlung
photons. The heated preshock flow would then radiate the energy 1n the optical
as cyclotron emission. For parameters typical of the AM Her systems, howeve- .
the Compton heating rate is much too low to account for the observed optical
emission. This occurs because of the low optical depth to electro: scattering
perpendicular to the magnetic field in an accretion funnel. The 1low optical
depth allows most of the bremsstrahlung photons to escape from the funnel
without scattering (Imamura and Durisen 1983).

The pulsed optical emission may be directly produced by the shock as
cyclotron emission. Although cyclotron emission cannot be the dominant cooling
mechanism in the shock. it can be present at levels of up to around 10 7% and
st1ll allow oscillations to exist (Chanmugam, private communication). For
parameters typical of the shocks in the AM Her objects, cyclotron emission is
optically thick up to harmonics around 10 - 15 (Chanmugam and Dulk 1881). For
1~ 3.5 x 10" G (Liebert et ai. .82, Schmidt et al. 1885), this leads to
emission whichh has an E© der.adence up to an energy of E, © (10-15) h”cyc =
(4-6) eV and then steeply falls—off for E > E,.

The luminosity of the cyclotron component can be estimated using equation
(2) by ngtlng that the shocked plasma has a temperature of 50 keV anglse'tnng

A/S, = 100 . The optical cyclotron Lumlnosnty 1s then LC,c - 3.6 x 10 (R.,/5
x 108 cm)2 (A/10°% s,) (T/5 x 10° K) ergs sl This balue for Lcy( 1s much
less than the high state L, of 4 x 109° ergs s! (Schmidt et 1885) .

However, 1l 1s consistent with the intermediate and low state luminosities.

The optical spectrum may be more problematic for shock models. During AN
UMa's high state, 1ts spectrum rises towards the "blue” as does the percentsge
of circularly polarized light (Krzeminsk: and Serkowsk: 1979, laebert gt al.
1982). This suggests that the cyclotron emission also rises towards the blue
implying E, > 2-3 eV. During AN UMa’'s intermediate state, the spectrum peaks
in the range E " 1 - 2 eV (Liebert et al. 1982). There are no polarizeilon
measurements availuble for this state and thus the value of E, cannot Ve
d-lermined. During AN UMa's low state, the spectrum rises towards the ‘red”
peaking at E < 1 eV. Further, the percentage of circularly polarized laght in
tne red also increases suggesting that E, 1 ) eV too. In shock models, the
value of E, 1s primarily determined by the plasma temperuture and the magnetic
field, it is only weakly dependent on the plesma density (Lamb 1985). The
variation 1n E, can thus be understood 1f the shock radius (R.+ds) varies by >
30 % from the high to low states. Such variations i1n the sheck radius could
cecur 11 (L/A) decreases by at least 30 % in going from the high to the low
statex of AN UMa. However, hecause this type of shock (with cyclotron
emission) has not bULeen modeled, 1t is not known 1f the detailed shape of the
optical continuum can be reprodured.

So, although a shock origin for the optical var:etions is plausible, it 1s
clear that t(he case has not been made that they are due to shock oscillations.
A resolution of this 1ssue could be made b observations of the hard X-ray
emission from AN UMa. At the present t ., however, AN UMa 1s undetected in
hard X-rays. Further, only the X-ray emission from AM Her itgelf has been
searched on L(he proper time scales. ii:: large amplitude coherent oscillations



were found in the HEAO1-AZ2 soft X-ray data (Tuohy et al. 1961) and the
HEAO1-Al hard X-ray data (Imamura ef al. 1885). Other AM Her objects need to
be studied. -

The notion that the optical pulsations are due to a radiating shock could
explain why the variations go away during the low state of AN UMa and why there
is a minimum frequency (f = 0.5 Hz) in both AN UMa and E1405-451. For shocks
w'th (L/A) satisfying the constraint,

8
(L/A) < 6.5 x 1018 (5110 cn)2 ( B )5/2 ergs em™2 71, (3)
R. 2x10°G

cycletron emission dominates bremsstrahlung (Lamb and Masters 1979), and so are
expected to be stable. Suppose that during its high state AN UMa is
bremsstrahlung dominated. As it makes the transition to 1ts low state, if the
value of A remains ap.roximately constant, the quantity (L/A) decreases. As
(L/A) decreases, the importance of cyclotron emission i1ncreases. Presumably, a
point will be reached where cyclotron emission will be able to damp the
oscillations. This threshold for the excitation of oscillations cuuld explain
why the optical feature goes away as AN UMa goes into 1ts low state. Further,
because the shock oscillation frequencies decrease as (L/A) decreases, the
exi1stence of this threshold could naturally explain why the optical features
always have frequencies > 0.5 Hz. Unfortunalely, because equation (3) is valid
only 1n an order-of-magnitude sense, we cannot quantitatively predict the lower
limit, 1n terms of (L/A). for the existence of pulsations and Lence, the lower
limit for the frequency of optical features.

V. SUMMARY

We studied the 1 to 2 second {eature of the AM Her object AN UMa
(Middleditch 1982). We found that the broad feature in the Lime averaged power
spectra of AN UMa found by Middleditch (1982) could be resolved 1into discrete
features 1f the cata were averaged over time intervals of one to five minutes,
1.e., the broad feature 13 due to the superposition of many discrete
periodicities. The features could not reliably be 1solated to any particular
orbitul phase. However, 1t did not appear that they disappeared during times
of minima.

The short time scale featnres could not be unambiguously linked to shock
oscillations. However, they could plausibly be produced by such a phenomenon.
If a direct physical rclationship between the short time scale fealures and
shoci: oscillationy could be demonstrated, constraints could be placed on the
mass of the accreting white dwarf 1n AN UMo and on the physics of its accretion
flow, e.g., upper limits on the i1mportance of cyclotron emission and electron
thermal conduction

We thank G. Chanmugam, R. Durisen, J. Kristian, and J. Middleditch for
helpful discussions, J. Kristian for the use of the Li'l W;zard Stellar
Pulsarator, J. Frazer for assistance at the telescopre, and the Mount Wilson
Observatory for the allocation of obaserving time. This work was performed
under the auspices of the United States Department n! Energy. One of us (RHD)
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research.
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