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ABSTRACT

We report the discovery of a rapid spindown of the 33-s rotation period of the white
dwarf in AE Aqr at a steady rate of 5.64 X107 !* s s™! over a baseline of at least
14.5 yr. The newly derived orbital period by Welsh, Horne & Gomer is confirmed,
and it is shown that the secondary star’s absorption-line radial velocities provide the
correct phasing for the 33-s oscillations if they originate at the white dwarf. The
amplitude of the pulse-timing delays, a4 sini=2.04s, yields a white dwarf mass
of between 0.9 and 1.0 M. The spindown power of the white dwarf is
—1QQ =6 x 103 I, erg s~ ', which exceeds the accretion luminosity of AE Agr by a
factor of ~ 120. A significant fraction of —7Q€ may be converted to the accelera-
tion of particles as in a pulsar, which may explain the observed radio synchrotron
emission and the reported y-ray emission. We also give evidence that the secondary
lies above the main sequence since the secondary mass inferred from the main-
sequence mass-radius relationship is too large.

Key words: binaries: close - stars: individual: AE Aqr - novae, cataclysmic variables -

stars: oscillations — stars: rotation — white dwarfs.

1 INTRODUCTION

AE Aquarii is a nova-like variable (V=10.0-12.5) at a
distance of ~80-160 pc (Bailey 1981; Warner, in prepara-
tion). The UV luminosity is =1.7x10% d%,, (f,/1 mly)
(2000 A/4) erg s! (Horne, private communication), result-
ing in an accretion rate of =5 x 103 d?, erg s~! when aver-
aged over the flares. The detection of a stable 33.0767-s
period (with a stronger first harmonic at 16.5384 s) led to its
classification as a DQ Her-type magnetic cataclysmic vari-
able (Patterson 1979). Soft X-rays pulsed at the 33-s period
were seen with the Einstein IPC (Patterson et al. 1980).
Radio and millimetre synchrotron emission (Bookbinder &
Lamb 1987; Bastian, Dulk & Chanmugam 1988; Abada-
Simon et al. 1993), as well as TeV y-rays (quasi-periodic and
burst-like), was reported by two independent groups (Bow-
den et al. 1992; Meintjes et al. 1992).

The discovery of the coherent oscillations by Patterson
(1979) (hereafter P79) led to an explanation using a simple
magnetic oblique rotator model. The accumulation of
observational data on the optical pulse timings, however, as
well as on the emission- and absorption-line radial velocity
curves, has raised problems for the model and deepened the
mystery about the origin of the oscillations (Robinson,
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Shafter & Balachandran 1991, hereafter RSB). A historical
perspective of this is given in the next section. With the
recent absorption-line radial velocity analysis by Welsh,
Horne & Gomer (1993, hereafter WHG), this mystery has
been solved, and a clear prediction for the location of the
pulse timings has been given. The problems for the simple
oblique rotator model of P79 are now resolved and we have
learned that the emission-line orbit does not give a reliable
trace for the orbit of the white dwarf, contrary to the conclu-
sion of RSB.

Recently we have been acquiring optical photometry for
use with TeV y-ray studies (Meintjes et al. 1992), but, with
the lack of an accurate ephemeris for the optical oscillations,
the search for coherency time-scales of a few years in
y-rays has been difficult given the poor signal-to-noise ratio
in y-rays. De Jager (1991) has also shown that the pulsed
X-ray signal is incoherent over a time-scale of 2 yr, given the
supposedly stable optical period of RSB. Clearly, in view of
the above, an investigation of the long-term behaviour of the
optical oscillation is timely, and in this paper we report the
discovery of a rapid spindown of the 33-s oscillations, by
analysing the 16.5-s arrival times (since the 33-s pulse profile
is a double sinusoid, but the two peaks have different ampli-
tudes). We use data over a baseline of 14.5 yr (i.e. between
1978 and 1992). All arrival times have been converted to
Barycentric Ephemeris Time, which is also the time standard
for radio pulsar timing. We also derive the orbital elements,

© Royal Astronomical Society * Provided by the NASA Astrophysics Data System

Zz0z 1snbny oz uo 1senb Aq ¢ | 9682/..G/S//9Z/2191E/SBIUW/WOoD dno"ojwapeoe//:sdiy wolj papeojumoqg


http://adsabs.harvard.edu/abs/1994MNRAS.267..577D

DI

FIOOAVNRAS. 767> 577

578 O. C.deJageretal.

and show that the orbital period and phase zero are consist-
ent with the absorption-line ephemeris of WHG.

2 AN HISTORICAL OVERVIEW

2.1 The emission-line, absorption-line and pulse-timing
orbits

With the discovery of the 33-s oscillations, P79 proposed an
oblique rotator model and showed that these oscillations
(using the 16.5-s pulse timings) are consistent with a Doppler
curve that is 180° out of phase with that of the red secondary
star when using the absorption-line ephemeris of Payne-
Gaposchkin (1969). The associated radius of the pulse-tim-
ing orbit was found to be 2.40 £ 0.09 s.

RSB found that the phasing of the emission-line orbit is
consistent with the phasing of the absorption-line orbit
obtained from Feldt & Chincarini (1980). RSB also showed
that the emission-line orbit passes two primary tests for
reliability as a tracer of the orbit of the white dwarf: it is
circular, and it is 180° out of phase with the absorption-line
orbit to within measurement errors. Furthermore, the ampli-
tude of the radial velocity variation appears to be insensitive
to measurement technique. Surprisingly, the pulse-timing
orbit appeared to be distorted (with a mean semi-amplitude
of 2.30+0.07 s), and phase-shifted by 60° relative to the
emission-line orbit. As a result, RSB proposed the idea of re-
processing of EUV or X-rays from the white dwarf to give
the optical pulsations with a distorted optical pulse-timing
orbit at a position near the edge of the Roche surface. In this
case the X-ray pulse frequency should differ from the optical
pulse frequency by the orbital frequency, and the X-ray
pulse-timing orbit should coincide with the emission-line
orbit.

De Jager (1991) specifically addressed the above-
mentioned issues when reanalysing the Einstein IPC data on
AE Agqr, and found that (i) the X-ray period is equal to the
optical period (see also Eracleous, Patterson & Halpern
1991), and (ii) the X-ray pulse-timing orbit follows the
optical pulse-timing orbit, and not the emission-line orbit.
Considering these findings along with the result of RSB, de
Jager (1991) was forced to conclude that the X-rays must
also be the result of reprocessing, raising the question: where
is the direct pulse from the white dwarf? In an attempt to
provide an answer, Marsh (1992) then developed a model in
which it was shown that the pulsations occur on the spin
rather than the beat period even with reprocessing from
azimuths corresponding to the bright-spot/gas stream region
to explain the 60° orbital phase delay.

Clarification of these problems began with the high-speed,
high spectral resolution spectrophotometry obtained by
Welsh, Horne & Oke (1993): it was shown that the optical
oscillation spectrum is quite blue f, « v*?, and a small black-
body (7>12 400 K with an emitting radius of less than
10° cm?) could produce the observed spectrum. This small
area would argue against any reprocessing model and place
the origin of the pulsations on, or near, the white dwarf. In
the most important further development, WHG presented
the results from simultaneous emission- and absorption-line
radial velocity measurements, and found that the absorption-
line ephemeris of Feldt & Chincarini (1980) lacked accuracy.
WHG derived a more accurate absorption-line ephemeris:

the time of superior conjunction of the white dwarf, i.c. when
the red star is between us and the white dwarf, is

T,=HJD 2439030.7898(11)+0.411 655601 (56)E. (1)

As a result of being forced to use the absorption-line
ephemeris of Feldt & Chincarini, RSB, who had emission-
line data only, found the two radial velocity curves to be anti-
phased. The improvement in accuracy by WHG has now led
to a different conclusion: the emission- and absorption-line
radial velocities are not antiphased by 180° (as claimed by
RSB), but are in fact phase-shifted by ~ 180°-75°. Thus the
emission-line orbit is not a reliable tracer of the white dwarf’s
orbital motion, the Ha emission line must be strongly con-
taminated by emission from material whose orbital motion
differs from that of the white dwarf, and only the absorption-
line radial velocity curve follows the binary orbit.

Whereas RSB found that the optical pulse-timing orbit is
shifted by 60° relative to the absorption-line orbit, WHG’s
new ephemeris (equation 1) and optical pulse-timing data
instead showed that the pulse-timing orbit is antiphased with
the absorption-line orbit to within (54 £+ 2°26). Furthermore,
RSB found that the pulse-timing orbit of P79 differs by
~180°-60° from the absorption-line ephemeris. This
problem can now also be resolved: the time of superior con-
junction of the optical pulse-timing orbit is around
HID 244 3715.8415 (from table 2 and fig. 10 of P79), giving
a phase offset of ~2°5 with respect to equation (1). Thus
there is again no significant phase offset relative to the
absorption-line ephemeris when applying the correct orbital
period as given by equation (1). Using the optical pulse
timings, we will also show that the orbital period of equation
(1) is preferred to the incorrect period of Feldt & Chincarini.

2.2 The oscillation period and its stability

P79 obtained a coherent 16.5-s period of
Ppg=0.000191416 306(20) d (heliocentric period) from
data taken during 1978, and the constraint on the period
change was found to be —10""'<P<7x10~!!, In a short
note by Patterson, Beuermann & Africano (1988), a period
derivative of P<107'* s s~! was quoted, although no de-
tailed information was given on how this was obtained. RSB
have stressed the importance of using barycentric cor-
rections instead of heliocentric corrections given such a
short period, and obtained a barycentric period of Prgg=
0.000191416425(1) from data taken between 1982 and
1983. They claimed. that the difference between P,y and
Prgp is due to the difference between barycentric and helio-
centric corrections.

De Jager (1991) has reanalysed the three IPC X-ray
observations (on a common time-base extending over a
baseline of 2 yr) and found that the data set is inconsistent
with the precise period of P;;=2Pg¢s. The uncertainty in
Pyspg would have resulted in a phase shift of only 0.02 when
extrapolating back to the beginning of the Einstein observa-
tions. One possible explanation for this discrepancy is the
presence of a period derivative which becomes detectable
over a baseline of at least 2 yr (note that the pulse period was
determined by RSB using data covering only 1.1 yr). We
discovered small errors in the barycentric corrections of
RSB, however, which may change the period measurements
also. We therefore have had to reanalyse all the available
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optical pulse timings using a single time standard, as pre-
sented below.

3 NEW OBSERVATIONAL DATA

In order to fill up the time gaps in already published timings,
and to maximize the length of the time-base, we obtained
pulse timings from new or unpublished photometric observa-
tions which were made by ourselves and various other
observers who have kindly provided their data. In Table 1 we
list all such photometric observations. The observations with
an ‘M’ prefix to the run number have been made at the
McDonald Observatory by various observers; see Nather
(1973) and RSB for a description of the equipment used for
the photometric observations. The one observation with a ‘B’
prefix to the run number has been made with the 1.6-m
telescope of the Brazilian Astrophysical Observatory (see
Jablonski 1981). The rest of the photometric observations
(with an ‘S’ prefix) have been made at the Sutherland site of
the SAAO with the 0.76-, 1- and 1.9-m telescopes. The blue-
sensitive University of Cape Town Photometer, which is
similar to the one described by Nather (1973), was used at
the Sutherland site for alinost all the data. For the observa-
tion by M. Cropper, the UCT polarimeter was used with a
CuSO, filter to isolate the blue region of the spectrum. The
observation of C. Koen was made with the U filter. In all
cases the individual integrations were between 1 and 5 s per
point, and the runs lasted up to 6.5 h per night.

For the purposes of this paper we only had to subtract the
sky background from each integration, and no correction for
airmass was made, since we only had to do a timing analysis
on sections of data without investigating the source intensity.

4 THE 16.5-s PULSE TIMINGS FROM THE
PHOTOMETRIC OBSERVATIONS

We followed the prescription of RSB by excluding the strong
flares from all analyses, since the presence of quasi-periodic
oscillations (QPO) near the spin period may contaminate the
otherwise coherent signal. RSB used a cosine bell data
window to taper the ends of the segments, which reduces
ringing and spectral leakage. We used a different technique,
which has the same effect: the data were first pre-whitened
by filtering out the low frequencies. This was done by sub-
tracting a 100-s moving average from each integration point.
We found that the final result was insensitive to whether or
not the filter was applied. This is because we concentrated on
the quiescent (i.e. flat) parts of the light curve, and the use of
a filter is more important in the presence of flares.

A pulse timing was then obtained by fitting a sinusoid to
about 72 cycles of the 16.538-s period (it has to be an integer
number of cycles), covering about 1200 s per section. After
fitting a sinusoid with the 16.538-s period, the phase of the
oscillation was calculated from the sine and cosine moments
to obtain the arrival time of the 16.5-s period, corresponding
to the start of each 1200-s data section. The internal stand-
ard deviation of each fit was nearly always less than 1s,
which is small compared with the 16.5-s test period. We have
recalculated some of the pulse timings of P79 and found
nearly identical results, which shows that the result is inde-
pendent of the technique used for determining the arrival
time.

A brake on the white dwarfin AE Aquarii 579

Each 16.5-s pulse timing was then transformed to Bary-
centric Julian Ephemeris Day (BJED), by using the pEp740
program of the MIT, which was kindly provided by J. F.
Chandler. This program accepts the 1950.0 coordinates of a
source and performs the necessary reductions to provide a
correction that is accurate down to the submillisecond level.
Notice that these times are about 50 s later than the corre-
sponding Heliocentric Julian Dates, mainly due to the differ-
ence between Ephemeris Time and Universal Time
(ET—UT). The results are listed in Table 2 as Ref. No. 2,
which includes, amongst others, the JD and the BJED of
each pulse timing. All other available pulse timings (revised if
necessary) are also collected in Table 2 and discussed in the
following section.

5 PUBLISHED 16.5-s PULSE TIMINGS

The 34 published pulse timings of P79 (JD 244 3668-3747)
and the one given by Imamura & Steiman-Cameron (1988)
on JD 2446966 were given in HJD. However, it is not
correct to use HID for a 16-s period analysis over a time-
span of 14-yr, and we had to transform their pulse timings to
the BJED standard: for each of these pulse timings we
subtracted the Heliocentric correction term (HID-—JD)
(where JD is the Julian date obtained from the UTC of the
pulse) to give the JD at Earth. After this each pulse timing
was transformed to Barycentric Julian Ephemeris Day
(BJED) as discussed in the previous section.

In Table 2 we also list the UTC (in terms of JD) and the
corresponding BJED of these pulse timings. The individual
pulse timings of RSB (JD 244 5172-5589) were listed in
BJED, but, because of the discovery of errors in the bary-
centric corrections, these had to be revised by amounts of up
to +3s. Eracleous & Horne (private cominunication)
provided us with two pulse timings during 1989
(JD2447314-7315) and one during 1992 November
(JD 244 8954) obtained with the Hubble Space Telescope.

6 THE 16.5-s ANALYSIS

We now attempt to derive an ephemeris for the oscillations
such that the observed timings O; (for i=1, ..., n) are
correctly predicted by the calculated timings from the model
C,=T,..+ E.Py+}E2PP, [see e.g. equation (2) of Downs
(1981) for a more general expression for C], where T, is
the time of pulse maximum and E is the cycle number for a
period that changes with time at a rate of P. The observed
minus calculated (O — C) times (in the units of P;) are then
given by

1 1p 5
—_ 0'_Tmax ) Oi_Tmax
o (0= Taw) =5 >}

i=1,...,n, (2)

where the “rac|[ | refers to the fraction of the expression in
square brackets. One way to obtain the values of T,,,,, P, and
Pis via y? fitting, given that the error on each arrival time has
been correctly specified. We have found that the internal
standard deviation sometimes underestimates the true error,
which results in an unreliable x? fitting - especially when
assigning confidence intervals to parameters. Since we want
to minimize the scatter around all the observed minus calcu-

(O—=C),=P,xfrac
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Table 1. Log of optical observations of AE Aquarii.

Run Starting time BJED Start Telescope Integration Duration Observer
Number Date ; Time 2440000+ (m) Time (s) (s)

M2202  07/06/78 09:45:40 3666.910481 2.08
M2215 09/06/78 09:30:20 3668.899985 2.08
M2220 29/06/78 09:25:30 3688.897932 0.92
M2223  25/07/78 06:02:10 3714.757635 2.08
M2227  26/07/78 05:42:00 3715.743645 2.08
M2228  27/07/78 04:35:10 3716.697246 2.08
M2229  27/07/78 06:17:01 3716.767976 2.08
M2233  28/07/78 09:52:00 3717.917284 2.08
M2245 02/08/78 09:51:31 3722.916982 2.08
M2254  08/08/78 03:08:01 3728.636764 0.92
M2259  09/08/78 08:42:15 3729.868862 0.92
M2262 10/08/78 04:38:10 3730.699352 0.92
M2264 10/08/78 07:34:20 3730.821689 0.92
M2272  27/08/78 02:13:42 3747.598644 0.92
M2276  27/08/78 08:39:06 3747.866273 0.92
M2388  27/04/79 10:08:45 3990.922837 2.08
M2391  28/04/79 09:47:16 3991.908011 2.08
M2407  24/06/79 07:03:20 4048.798915 0.92
M2409  25/06/79 06:56:00 4049.793882 0.92
M2424  28/06/79 08:45:50 4052.870330 0.92
M2442  01/07/79 07:29:10 4055.817245 0.92
M2447  11/08/79 05:57:00 4096.754101 2.08
M2449  15/08/79 04:06:50 4100.677542 2.08
B4438 18/07/80 03:41:00 4438.659482 1.60
52811 04/10/80 18:11:20 4517.261275 1.02

3186 Patterson
3692 Patterson
3410 Patterson
12510 Patterson
16137 Patterson
2847 Patterson
1200 Patterson
1854 Patterson
4215 Patterson
25314 Patterson
4326 Patterson
4779 Patterson
5637 Patterson
2904 Patterson
3351 Patterson
3480 Robinson
4050 Robinson
5640 Patterson
4120 Patterson
2020 Patterson
7760 Patterson
4500 Patterson
12280 Patterson
3600 Jablonski
10760 Warner

M2691  22/07/82 08:00:23 5172.839688 0.92 10056 Kepler
M2692  23/07/82 07:16:00 5173.808885 0.92 3855 Kepler
M2694  25/07/82 08:45:00 5175.870726 0.92 7092 Kepler
M2703  20/08/82 07:14:00 5201.807402 2.08 6950 Kepler
M2711  23/08/82 06:23:10 . 5204.772019 2.08 3822 Kepler

M2728 12/10/82 01:57:51 5254.584655 2.08
M2730 14/10/82 01:47:02 5256.576966 2.08
M2734 15/10/82 01:49:20 5257.578474 2.08
M2735 15/10/82 03:08:14 5257.633261 2.08
M2738 16/10/82 01:47:53 5258.577377 2.08
M2741 18/10/82 01:38:57 5260.570992 2.08

1900 Robinson
10324 Robinson
4000 Robinson
2890 Robinson
10110 Robinson
3690 Robinson

M-SH2 13/07/83 05:04:26 5528.717238 0.92 10989 Hine
M-SH3 13/07/83 08:11:40 5528.847266 0.92 6800 Hine
M-SH4 15/07/83 07:18:19  5530.810282 0.92 10675 Hine

M2824 09/09483 03:30:48 5586.651615 0.76
M2825 09/09/83 05:51:27 5586.749283 0.76
M2826 10/09/83 02:54:00 5587.626006 0.76
M2827 10/09/83 05:25:07 5587.730943 0.76
M2828 11/09/83 02:57:13 5588.628184 0.76
M2829 12/09/83 03:18:26 5589.642860 0.76
$3573  14/06/85 00:20:01 6230.518161 1.90
$3883  05/07/86 22:09:50 6617.429034 1.02
S4034  29/04/87 02:26:20 6914.601858 1.02
S4037  30/04/87 02:47:00 6915.616305 1.02
S4039  31/04/87 02:18:00 6916.596259 1.02
$4043  04/05/87 01:35:20 6919.566909 1.02
54045  04/05/87 02:14:25 6919.594053 1.02
$5128  13/06/90 01:22:30 8055.561537 1.02
$5129  14/06/90 02:25:01 8056.605027 1.02
55130  18/06/90 02:39:30 8060.615295 1.02
$5302  14/09/90 17:55:00 8149.251476 1.02
$5304  14/09/90 22:19:00 8149.434798 1.02
S8416  09/06/91 01:26:44 8416.564173 0.76
S8417  09/06/91 21:51:35 8417.414828 0.76
S8418  10/06/91 21:42:16 8418.408433 0.76
58419  11/06/91 21:28:30 8419.398947 0.76
S8422  14/06/91 21:13:46 8422.388931 0.76
S8830  26/07/92 19:44:41 8830.328933 0.76
58831  27/07/92 23:46:11 8831.496655 0.76
S8855  20/08/92 18:58:23 8855.296601 0.76

7013 Balachandran
11398 Balachandran
8773 Balachandran
12081 Balachandran
10147 Balachandran
18442 Balachandran
11880 Cropper
16110  O’Donoghue
4674 O’Donoghue
3898 O’Donoghue
5288 O’Donoghue
2150 O’Donoghue
3374 O’Donoghue
9708 O’Donoghue
5622 O’Donoghue
5554  O’Donoghue
2778 Buckley
5930 Buckley
9420 Meintjes
23697 Meintjes
22730 Meintjes
23540 Meintjes
23180 Meintjes
10040 Meintjes
7650 Meintjes
7990 Koen

o b e e b b b= b = DO RO RO DD DD B DD DD DD W b b b b b b b b b b b e e e e 0 O W U W R R R DD RN R W W W W W DWW W W W NN
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Table 2. Times of pulse maxima (JD and BJED), orbital phase, and phase residual of the 16.5-s
timings.

JD of pulse BJED Ref. @, Resid. JD of pulse BJED Ref. ®,pp Resid.

2440000+ (frac.)  No. (cycles) 2440000+ (frac.)  No. (cycles)
3668.911524 .915446 1 0.01 -0.04 4048.794877 799811 2 0.83 0.00
3688.892709 .897933 1 0.55 0.03 4048.819566 .824501 2 0.89 -0.05
3714.768017 .774148 1 0.41 -0.04 4049.793595 .798588 2 0.26 -0.11
3714.788498  .794629 1 0.46 -0.03 4052.866432 .871600 2 0.72 -0.02
3714.808979  .815110 1 0.51 -0.03 4055.835165 .840490 2. 0.93 -0.03
3714.829459  .835591 1 0.56 -0.04 4055.856034 .861360 2 0.98 -0.01
3714.849940 .856072 1 0.61 -0.06 4096.757366 .763550 2 0.34 0.05
3714.870423 .876555 1 0.66 -0.08 4096.771154 .777338 2 0.38 0.10
3715.754028 .760174 1 0.80 0.03 4100.717845 .723974 2 0.96 -0.03
3715.774520 .780666 1 0.85 0.05. 4100.745606 .751735 2 0.03 0.00
3715.815496  .821642 1 0.95 0.07 4438.653654 .659664 2 0.88 -0.08
3715.835964  .842111 1 0.00 0.00 4438.653647 .659657 2 0.88 -0.11
3715.856448 .862595 1 0.05 0.02 4438.674332 .680343 2 0.93 -0.07
3715.876925 .883072 1 0.10 0.01 4517.257926 .261331 2 0.82 0.01
3715.897412  .903560 1 0.15 0.08 4517.271908 .275312 2 0.86 0.02
3716.707660 .713819 1 0.12 0.03 4517.285708 .289111 2 0.89 0.09
3716.764863 .771022 1 0.26 -0.04 4517.299671  .303073 2 0.92 0.02
3717.927724  .933897 1 0.08 -0.04 4517.313458 .316859 2 0.96 0.03
3722.925182  .931389 1 0.22 0.02 4517.325131 .328531 2 0.99 0.00
3722.943362 949569 1 0.27 0.03 5172.920199 .926289 3 0.57 0.02
3728.659446 .665643 1 0.15 -0.04 5173.819283 .825390 3 0.76 0.01
3728.733712  .739908 1 0.33 0.07 5175.865116 .871258 3 0.73 0.08
3728.750165 .756361 1 0.37 0.04 5175.886921 .893063 3 0.78 -0.04
3728.770637 .776833 1 0.42 0.02 5175.893632 .899774 3 0.80 0.00
3728.819826  .826022 1 0.54 0.00 5175.932122 .938265 3 0.89 0.03
3728.852761  .858957 1 0.62 0.03 5201.802134 .808147 3 0.73 -0.04
3728.873438 .879633 1 0.67 0.01 5201.834692 .840704 3 0.81 -0.01
3728.894120  .900315 1 0.72 0.02 5204.782030 .787961 3 0.97 0.02
3729.879164  .885352 1 0.12 -0.04 5204.800802 .806732 3 0.02 0.08
3729.899646 .905834 1 0.17 -0.01 5254.583641 .586455 3 0.94 0.05
3730.709734 .715915 1 0.13 0.01 5256.575669 .578307 3 0.78 0.01
3730.734417 740597 1 0.19 -0.01 5256.595772 .598408 3 0.83 -0.01
3747.604694 .610491 1 0.18 -0.05 5256.614925 .617559 3 0.88 0.01
3747.604712 .610509 1 0.18 0.04 5256.634638 .637270 3 0.93 -0.04
3990.924604 .924698 2 0.24 -0.04 5256.654369 .656999 3 0.97 0.02
3990.938389  .938484 2 0.27 0.01 5256.673892 .676521 3 0.02 0.01
3990.952353  .952450 2 0.31 0.00 5257.630832 .633375 3 0.35 0.01
3991.909713  .909900 2 0.63 -0.04 5257.647676 .650217 3 0.39 0.02
3991.923506 .923694 2 0.66 0.01 5258.575749 .578207 3 0.64 0.02
3991.937474 .937663 2 0.70 -0.04 5258.595271  .597727 3 0.69 -0.03
Ref. 1: P79; Ref. 2: this work; Ref. 3: RSB.
5258.614619 .617073 3 0.74 0.00 5589.657585 .662643 3 0.92 0.04
5258.633576  .636029 3 0.78 0.00 5589.677672 .682728 3 0.96 -0.05
5258.653110 .655561 3 0.83 0.00 5589.759435 .764487 3 0.16 0.13
5258.672643 .675092 3 0.88 0.01 5589.795576 .800626 3 0.25 0.00
5260.569528  .571804 3 0.48 0.05 5589.814139  .819187 3 0.30 0.00
5260.590208 .592483 3 0.53 0.08 5589.832892 .837939 3 0.34 -0.01
5528.712116  .717942 3 0.87 -0.14 6230.516429 .520690 2 0.70 0.02
5528.728232 .734059 3 0.91 0.04 6230.530213 .534475 2 0.73 0.01
5528.747936  .753764 3 0.96 -0.03  6230.544189  .548452 2 0.77 0.01
5528.761331 .767159 3 0.99 -0.06 6230.557975 .562239 2 0.80 0.01
5528.775129  .780957 3 0.02 0.03 6230.571947 .576212 2 0.83 -0.02
5528.790246 .796075 3 0.06 0.01 6230.622876 .627145 2 0.96 0.01
5528.811105 .816935 3 0.11 0.01 6230.636664 .640934 2 0.99 0.04
5528.842110 .847941 3 0.18 0.04 6617.431710 .437249 2 0.60 -0.01
5528.862389  .868220 3 0.23 0.02 6617.444346 .449886 2 0.63 -0.01
5528.883814 .889646 3 0.29 -0.01 6617.472113 .477654 2 0.70 0.01
5528.902182  .908015 3 0.33 -0.01 6617.486092 .491634 2 0.73 0.02
5530.805412  .811307 3 0.95 0.01 6617.499869 .505411 2 0.77 -0.03
5530.831253  .837149 3 0.02 0.01 6617.513856 .519399 2 0.80 0.02
5530.855374 .861270 3 0.07 0.04 6617.527622 .533166 2 0.83 -0.08
5530.868194 .874091 3 0.11 0.03 6617.541617 .547161 2 0.87 0.01
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Table 2 - continued

JD of pulse. BJED Ref. &, Resid.  JD of pulse BJED Ref. &, Resid.

2440000+ (frac.)  No. (cycles) 2440000+ (frac.)  No. (cycles)
5586.695024 .700247 3 0.72 -0.03 6617.555397 .560942 2 0.90 -0.01
5586.711309 .716531 3 0.76 0.01 6617.569365 .574911 2 0.94 -0.05
5586.745182  .750402 3 0.84 -0.10 6617.583343 .588889 2 0.97 -0.03
5586.756691 .761911 3 0.87 0.01 6617.597132 .602679 2 0.00 0.01
5586.790391 .795609 3 0.95 0.02 6914.609762 .610000 2 0.50 -0.02
5586.811258 .816475 3 0.00 0.03 6914.621435 .621674 2 0.53 -0.03
5586.832134 .837350 3 0.05 0.09 6915.636857 .637192 2 0.99 0.01
5587.621937 .627110 3 0.97 -0.04 6915.650831 .651167 2 0.03 0.02
5587.643393 .648565 3 0.02 0.05 6916.635144 .635573 2 0.42 -0.01
5587.665393 .670563 3 0.08 -0.02 6916.649123 .649553 2 0.45 0.04
5587.684530 .689699 3 0.12 -0.03 6919.574454 .575160 2 0.56 0.03
5587.747306 .752472 3 0.28 0.02 6919.585946 .586653 2 0.59 0.06
5587.832096  .837257 3 0.48 0.06 6919.609665 .610375 2 0.65 -0.04
5588.624219 .629336 3 0.41 0.03 6919.623457 .624168 2 0.68 0.00
5588.643178 .648294 3 0.45 0.08 6966.771314 .775985 4 0.22 0.08
5588.678777 .683891 3 0.54 0.05 7314.870853 .874282 5 0.83 -0.14
5588.694856 .699969 3 0.58 0.04 7315.811016 .814522 5 0.11 -0.17
5588.711113 .716225 3 0.62 -0.06 8055.565367 .569613 2 0.13 0.03
5588.726449 .731560 3 0.65 0.04 8055.578166 .582413 2 0.17 -0.08

Ref. 4: Imamura & Steiman-Cameron (1988); Ref. 5: Eracleous & Horne (private communication).

8055.592138 .596386 2 0.20 -0.06 8418.561843 .565936 2 0.93 -0.03
8055.605923 .610172 2 0.23 -0.01 8418.608166 .612263 2 0.04 -0.01
8055.621040 .625290 2 0.27 0.00 8418.621940 .626038 2 0.08 -0.04
8055.633662 .637913 2 0.30 -0.03  8419.402321 .406477 2 0.97 0.13
8055.647627  .651879 2 0.33 -0.05 8419.415698 .419855 2 0.00 0.01
8055.661591 .665844 2 0.37 -0.07  8419.429482 .433640 2 0.04 0.03
8056.608851 .613172 2 0.67 -0.05 8419.464310 .468470 2 0.12 0.02
8056.621503  .625825 2 0.70 0.03 8419.478077 .482238 2 0.16 -0.03
8056.651750 .656074 2 0.77 0.00 8419.536058 .540224 2, 0.30 0.01
8060.618932 .623532 2 0.41 -0.03  8419.549832 .553999 2 0.33 -0.01
8060.631568 .636169 2 0.44 0.00 8419.563790 .567958 2 0.36 -0.06
8060.645541 .650143 2 0.48 0.01 8419.577753  .581922 2 0.40 -0.09
8060.659504 .664107 2 0.51 -0.04 8419.591540 .595710 2 0.43 -0.05
8060.670998  .675602 2 0.54 0.01  8419.605504 .609675 2 0.47 -0.08
8149.250722  .255670 2 0.72 0.03 8419.619279  .623451 2 0.50 -0.11
8149.263935 .268882 2 0.75 0.03 8422.392175 .396547 2 0.24 0.00
8149.433368  .438305 2 0.16 0.06 8422.405394 .409767 2 0.27 0.09
8149.493086  .498019 2 0.31 0.13  8422.419338 .423712 2 0.30 -0.04
8416.567824 .571767 2 6.09 0.01 8422.433140 .437515 2 0.34 0.10
8416.584661 .588605 2 0.13 0.00 8422.447088 .451464 2 0.37 -0.01
8416.608964 .612910 2 0.19 0.01 8422.461069 .465446 2 0.40 0.05
8416.636700 .640648 2 0.25 -0.03  8422.474839  .479217 2 0.44 0.01
8416.650488 .654437 2 0.29 0.03 8422.502597 .506977 2 0.50 0.04
8416.664446 .668396 2 0.32 -0.02  8422.516568 .520949 2 0.54 0.03
8417.439257  .443266 2 0.20 -0.02  8422.544311 .548694 2 0.61 -0.05
8417.453028 .457038 2 0.24 -0.05 8422.617259 .621647 2 0.78 -0.05
8417.466985 .470996 2 0.27 -0.10 8422.632206 .636595 2 0.82 0.02
8417.480957  .484969 2 0.30 -0.08 8830.336783  .343019 2 0.23 -0.03
8417.494761 .498774 2 0.34 0.07  8830.350575 .356812 2 0.26 0.05
8417.508717 .512731 2 0.37 0.00 8830.364541 .370778 2 0.29 0.04
8417.522506  .526521 2 0.41 0.06 8830.378305 .384542 2 0.33 -0.03
8417.536443  .540459 2 0.44 -0.11  8830.392284 .398521 2 0.36 0.02
8417.550254  .554271 2 0.47 0.05 8830.406055 .412292 2 0.39 -0.02
8417.564210 .568228 2 0.51 -0.03  8830.420028 .426265 2 0.43 -0.01
8417.578187  .582206 2 0.54 -0.01 8831.491614 .497864 2 0.03 0.02
8417.591982  .596002 2 0.57 0.05 8831.504423 .510673 2 0.06 -0.05
8418.411957 .416039 2 0.57 0.10 8831.518223 .524473 2 0.10 0.05
8418.425142 429225 2 0.60 -0.02  8831.532199 .538449 2 0.13 0.08
8418.439134 443218 2 0.63 0.06 8831.545971 .552221 2 0.16 0.05
8418.492343  .496431 2 0.76 -0.04 8831.559939 .566190 2 0.20 0.05
8418.506335 .510424 2 0.80 0.04 8855.291185 .297242 2 0.84 0.07
8418.520107 .524197 2 0.83 -0.03 8855.305358 .311415 2 0.88 0.10
8418.534096 .538187 2 0.86 0.04 8855.318755 .324811 2 0.91 0.06
8418.547870 .551962 2 0.90 -0.02  8954.355392 .353875 5 0.47 0.13
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lated cycles (or phases) ¢;=(O —C),/P,, an obvious choice
would be to maximize the inverse of the sample variance

s—2=[nil 21 (¢i—@2]_ ’ vt ¢_=% El p )

Since we also find the time 7, corresponding to the time of
pulse maximum, the term ¢=0 at the optimal choice. This
procedure would lead to a best estimate of the period
parameters given the n pulse timings.

It is known (P79; RSB) that the observed pulse timings of
Table 2 will include the binary orbital time delays of + ~2s.
We therefore first corrected the timings in Table 2 by the
following approach: because the components (primary and
secondary) of cataclysmic variables have circular orbits, we
have fitted a circular orbit to the pulse timings with the time
of superior conjunction of the pulse-timing orbit given by
T,=BJED 244 5172.2785. This time was obtained after
adding an integer number of orbital periods to the zero time
of HID 243 9030.7879 given by WHG, as well as the offset
between BJED and HID, which is mainly due to the ~ 50-s
offset between ET and UT. We also used the value of 2.3 s
given by RSB for the semi-amplitude of the Doppler delays
to remove the binary orbital delay.

P79 was able to determine the 16.5-s period unam-
biguously within one independent Fourier spacing (i.e.
AP=P3/AT=5x10"1°d) given by the time interval of the
observations of AT=79 d. The period determined by RSB
from later data differed by only ~ 107! d from that of P79,
which is significantly less than the AP of P79. RSB also
found no significant period change inside their 417-d time-
base. We have therefore grouped the data into subsets of
similar length, both to maintain a reasonable period resolu-
tion of less than 107!1°d and in the expectation that the

A brake on the white dwarfin AE Aquarii 583

changes in period are undetectable in this time span. A total
of six such subsets were constructed, and the time interval of
each subset (covering between 1 and 1.9 yr per subset) is
indicated in Fig. 1, which shows a plot of the inverse variance
for each subset with P=0. The period range of a few times
10719 d shown in Fig. 1 covers a comfortable interval around
the expected period, including all uncertainties in period, at
least for the epoch between 1979 and 1983. The reference
period corresponds to P, given below. The six periodograms
are presented in Fig. 1 in the form of a projected 2D plot,
with time increasing on the vertical scale.

The effect of aliasing (~ 1 cycle per yr or AP~10710d)
due to the non-uniform spread of observations within each
subset is obvious. To see if there is any trend in the period
with time, the period corresponding to each significant peak
of Fig. 1 has been carried over as a dot to the vertical scale of
Fig. 2, and the mid-time of each subset has been used on the
horizontal time-scale. The effect of aliasing is again visible
for each subset as multiple dots at a given time, but we have
introduced another dimension in Fig. 2, which is the signifi-
cance of each peak: the size of each dot is proportional to the
ratio s ~%/s, L, where s~2 is the amplitude of a particular
peak, and 5.2 is the amplitude of the largest peak of that
same plot in Fig. 1. Thus the largest dot for each subset in
Fig. 2 corresponds to the most significant period for that
same time interval. The largest dots indicate a clear increase
in the period, which is shown as a straight-line fit in Fig. 2.
This increase in period is also shown as a dashed line in
Fig. 1.

To obtain a solution for all subsets combined, we have
analysed all the data on a single time-base of 14.5 yr and
scanned in period and period derivative. The period range
(£3x10710d) covers almost the entire range shown in Figs
1 and 2, and the period derivative range (£ 12X 1074 d d™!)

8416-8954

8055-8422

6230-6919

TIME —>»

5172-5589

3990-4517
3668-4100

AN

' | L L L I
-400 -300 -200 -100

| L L
100 200 300 400

(PERIOD - 0.000 191 416 319 d)x10-12d

Figure 1. A projected 2D plot of six periodograms (inverse variance calculated as described in the text, projected on to the time domain) with
time increasing up the vertical scale. The time interval corresponding to each plot (as JD 244 0000 + ) is shown on the left side of each plot. The

projected dashed line shows the period increase with time.
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Figure 2. The period values (as dots) of the most significant peaks from each of the six periodograms shown in Fig. 1, as a function of the mean
time (in terms of JD 244 000 + ) corresponding to each time interval. The largest dot for each mean time corresponds to the most significant
peak for that time, and the size of each dot is proportional to the significance (in terms of inverse variance) of its corresponding peak.

also covers a wide range of possibilities that can fit into
Fig. 2. The results are shown as a surface plot in Fig. 3:
a single significant peak protrudes above the noise level.
This solution is the same as the straight-line fit in Fig.
2. The period at time BJED 244 5172.000042 is
P;=0.0001914163192d, and was used as the zero
reference on the period scale of Figs 1-3. It is also at this
period that the maximum in Fig. 3 is seen. The period
derivative corresponding to the peak maximum is at
(2.82£0.01)x 107 !* d d~%, and this derivative is significant
at the 2800 level. Thus the period and period derivative
obtained from Figs 1-3 are unique, and, as discussed further
below, the only solution that accounts for all the pulse
timings in Table 2.

So far we have had to rely on the orbital parameters P,
and T, given by WHG, and the amplitude of the Doppler
delays given by RSB. To obtain the best solution we deter-
mined the best parameters in a 6D space: the time of the
16.5-s pulse maximum 7,,,, the 16.5-s period corresponding
to T, the derivative of the 16.5-s period, the orbital period
P, the time of superior conjunction of the pulse-timing
orbit T, and the semi-amplitude of the Doppler orbit
ayqsini of the 16.5-s pulses. The inverse variance corre-
sponding to the best solution is s~2=423, and the corre-
sponding parameters are given in Table 3. Note that the
period derivative given here corresponds to the 16.5-s
period only. The errors in brackets refer to the last digit(s) of
the number given, and were obtained from a formal least-
squares fit.

Our orbital period differs from that of WHG by 1.1 X our
quoted error, but differs from the orbital period of RSB (as
obtained from emission-line radial velocities) by 4.4 X the

total error (by ‘total error’ we mean the combination in
quadrature of the errors given by RSB and ourselves). Thus
the orbital period of WHG is clearly favoured by our data.!
The time T, differs from that of WHG by 0.9 X the total
error, but differs from the 7, of RSB by only 0.3 x the formal
error. Thus the values of T, from all three experiments are
consistent with each other, and for future reference we use
P, and T, given by WHG due to their better accuracy (but
corrected for the difference in ET and UT as required for
periodic sources outside the Solar system). Fixing these two
parameters and repeating the optimization, we get the
slightly (but not significantly) different period parameters
given in Table 4. The maximum inverse variance is now 418.
Note that we have multiplied the period and its derivative by
two, so that a final set of elements can be given, which
corresponds to the spin of the white dwarf. We have also
analysed the 33-s pulse timings of P79, and the time T,
given here also predicts the 33-s maximum correctly. This
also holds for the single pulse timing of Imamura & Steiman-
Cameron (1988) and the pulse timings given by Eracleous &
Horne (private communication), which are supposed to be
equally as valid as the 33-s pulse timings.

The (O — C) curve for all the timings, relative to a constant
period P, from Table 3, is shown in the top panel of Fig. 4
(after correcting for the Doppler delays): the neglect of the P
term leads to the quadratic variation with time. The solid-line
fit through the (O —C) values was obtained from the ele-
ments given in Table 4. The bottom panel shows the resid-

'Note that WHG’s orbital period is inconsistent with RSB’s orbital
period and is determined much more precisely than our value.
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Figure 3. A plot of inverse variance versus (P, P) for all the 16.5-s pulse timings of AE Agr, shown here as a 3D surface plot. The inverse
variance (calculated as described in the text) on the vertical scale is shown as a function of period (in units of 10~!° d) and period derivative (in
units of 10~ d d~!) of the 16.5-s oscillation. The peak occurs at period 0.000 191 416 319 d and period derivative at 2.82 x 10~ 4dd~".

uals after taking the P term into account. The distribution of
residuals is shown in Fig. 5, and a normalized Gaussian
distribution with a standard deviation of o=1 /\/m =0.05
of the 16.5-s phase is shown for comparison. The fit appears
to be satisfactory. The orbital phase ¢, and 16.5-s phase
residual (obtained after applying the elements in Table 4) for
each pulse timing are also given in Table 2.

In Fig. 6 we have plotted versus orbital phase the residuals
of the timings with respect to the quadratic ephemeris, but
omitting the Doppler corrections. This shows the behaviour
of the orbital time delays alone. The average is around zero
(due to the optimal choice of T,,,) as expected. The solid-
line fit shows the cosine variation of the Doppler delay (with
a 2.04-s semi-amplitude) due to the circular orbit that has
been forced through the time delays. To see if these time
delays really follow a circular orbit (RSB expressed doubts),
these delays have been binned into 10 phase bins. The
average and its corresponding standard error have been calcu-
lated for each bin. The results are shown as solid squares
(with error bars) in Fig. 6. A x? goodness of fit to the 10
points gives a value of x§=6.3 for 10—1=9 degrees of
freedom (one less due to the freedom involved in a4 sin i).
Thus the pulse-timing orbit is circular within measurement
error and no distortions are apparent. The error on a4 sin i

obtained from the x? technique? is 0.13 s. Our value of
Q,qsini=2.0410.13 s differs from the 2.30+£0.07 s of
RSB by 1.90, and appears to be marginally inconsistent. We
believe that our value and the circular orbit are closer to
being correct, since we have a much larger data base.
Furthermore, the heliocentric time standard (for P79), as
well as the incorrect barycentric corrections of RSB, may
have led to systematic errors in their determinations of
a4 sin i. We conclude that the ephemerides of Table 4 are a
satisfactory representation of the times of maximum of the
16.5-s oscillations of AE Aqr thus far observed.

7 CONSTRAINTS ON THE MASSES OF THE
PRIMARY AND SECONDARY IN AE AQUARII

The work of WHG shows that the absorption-line orbit gives
the best available estimate of the orbital motion of the
secondary, whereas the pulse-timing orbit (which is anti-
phased with the absorption-line orbit as expected) gives a
reliable estimate for the orbit of the white dwarf. This gives

2This error is reliable since the standard error on each of the 10
mean delays shown in Fig. 6 is Gaussian by virtue of the central limit
theorem.
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slightly different values (RSB & WHG) for the mass M(2) of
the secondary, the mass M, of the white dwarf primary, and
the mass ratio g:

M(2)sin®i=0.33+0.03 M,, (4)
M,y sin®i =048 +£0.03 M, (5)
q=M(2)/M,,=0.684£0.044. (6)

Combination of Kepler’s equation

P = An*a’
™ GM(2)+ M,

Table 3. The elements of the 16.5-s oscillations from pulse timings.

BJED 2445172.0000423(10)
0.00019141631925(14) d
2.821(10) x 1074 d 4!

Time of 16.5 s maximum, Tyax
Period of 16.5 s oscillation, Py
Derivative of 16.5 s period, P
Time of superior conjunction, Tp BJED 2445172.2828(50)
Orbital period, Py, 0.4116548(7) d
Projected semi-amplitude, awqsini 2.04(13) s

Table 4. The elements of the white dwarf spin from pulse timings
and absorption-line radial velocities.

Time of 33 s maximum, Tpax
White dwarf period, P33
Period derivative,Psg

BJED 2445172.000042(1)
0.00038283263840(28) d
5.642(20) x 1014 d d~?
Time of superior conjunction, To BJED 2445172.2784(13)
Orbital period, Py, 0.411655610(56) d
Projected semi-amplitude, awgsini 2.04(13) s

where a is the binary separation, with the equation for the
volume radius Ry, in a Roche-lobe-filling binary,

Ry_  049¢" ®)
a 06¢+In(1+4"")’

leads to the equation for the mean density, which is inde-
pendent of g within a few per cent and dependent only on
the orbital period through the relation

— 1\4(2) Iorb =
=5—=3=107 -3,
0 TR (1 h) gcm (9)

For AE Aqr we find p=1.1 g cm™3. From the p-mass
relationship for main-sequence secondaries (Webbink 1990;
Warner, in preparation), it is found that the mass for second-
aries can be written as

M(2)=(p) %M, for P,,<9h. (10)

This equation appears to hold for orbital periods down to at
least 3.8 h. Applying this equation to AE Aqr (even though
P,,=9.88 h), and assuming that the secondary of AE Aqr is
a main-sequence star, for which equation (10) should hold,
we arrive at a secondary mass of M(2)=0.9410.15 Mg, (the
error reflects the typical scatter in the points given by
Webbink). This mass is similar to that of a G5 dwarf star,
but this solution can be excluded since the spectrum of
AE Aqr’s secondary is not that of a G5 star, but rather that
of a later K-type star. An independent indication that the
secondary is not a main-sequence star follows from the
inferred primary mass of M,y=1.37 £ 0.24 M, [when using
equation (6) and assuming that equation (10) holds for
AE Agqr], which is already at the maximum allowable mass of
~1.36 M, for a white dwarf. In fact, it was shown (Webbink

O-C (CYCLES)

1 L | n !
4000 5000 6000

RESIDUALS

— YT - 05
7000 8000 9000

JULIAN DATE (2440000+)

Figure 4. Top panel: the observed minus calculated phase (in cycles) of the 16.5-s pulse timings (after subtracting the Doppler delays using the
parameters given in Table 4) as a function of time. The ‘calculated’ phase corresponds to a constant period of 0.000 191416 3192 d and a
reference epoch of T, =BJED 244 5172.000 042. Bottom panel: the (O — C) residuals (also listed in Table 2) after taking the period derivative

of 2.821 x 10~ '*d d ! into account.
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1990; Warner, in preparation) that equation (10) holds only
for P_,,<9 h, and it is clear that the secondary in AE Aqr
lies slightly above the main sequence.

Assumption of the mass range of 0.64 <M(2)/Mg <0.70
for the K-type secondary (RSB) results in a white dwarf mass
(using equation 6) of 0.94 <M, /M, <1.02.

60 - | x ‘ T

50

30

Number

20

10 -

0
-0.2 -0.1 0.0 0.1 0.2
O-C (phase)

Figure 5. The distribution of phase residuals as listed in Table 2
and shown in the bottom panel of Fig. 4. Also shown is a normal-
ized Gaussian distribution (and binned to the same scale) with a
standard deviation of 0.05 cycles.
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8 DISCUSSION

The most significant implication of our discovery that the
white dwarf is spinning down is the spindown luminosity of
—I1QQ =6x10% I, erg s~!, which exceeds the accretion
luminosity by a factor of ~ 120 I;,d;3, where Iy is the
moment of inertia in units of 10°° g cm? Only the peak
luminosity during the UV flares may become comparable
with the spindown power.

It is clear that the loss of kinetic energy by the white dwarf
is presently the main source of power in AE Agr, and the
white dwarf must have gained this kinetic energy in a recent
time within the spindown time-scale of P/P~2x107 yr.
Interestingly, there is evidence that the accretion rate (M)
varies (or cycles) by orders of magnitude on time-scales of
T,=10-10° yr (Warner 1987) in many cataclysmic variables
(CVs). This time-scale is indeed much less than P/P and,
according to the standard Ghosh & Lamb (1979) theory for
accreting magnetized compact objects, a rotating compact
object can be spun up if M is sufficiently large. We can there-
fore expect that a much higher M (say M™*) than the present
accretion rate of MPrent would have resulted in a spin-up to
a minimum period of P,;,=33.08s—T,P within the
expected cycle time 7,<10% yr. Thus given the range
expected for T, we expect 32.9 s< P, <33.08 s.

Furthermore, between the time 7, in the past and the
present time, the accretion rate must have decreased from its
maximum (M™) to the much smaller value (MPese™) at
present, during which the white dwarf must have crossed
from spin-up to spindown. The accretion rate at the time of
equilibrium (M) would then obey the inequality
M™ > Mea> Mpresent. The corresponding equilibrium period
(that is when P=0) was then 32.9 s~ P, <P, <33.08s.

TIME DELAY (s)

00 02 04 06 08

| L Il n L
10 12 14 16 18 20

ORBITAL PHASE

Figure 6. The pulse-timing orbit of AE Agr. The figure shows the (O-C) diagram for the pulse timings of the 16.5-s period based on a test
period of 0.000 191 416 3192 d at a reference time of BJED 244 5172.000 042 and a period derivative of 2.821 %10~ ' d d~'. The (O—C)
diagram has been folded on the orbital period of AE Aqr to give the pulse-timing orbit of the white dwarf. The solid line is the best-fitting
circular orbit and yields a semi-amplitude of 2.04 +0.13 s. Each solid square indicates the mean of the time delays in 0.1 orbital phase interval
bins. The error bars indicate the errors on the mean delays. The orbital phase has been repeated over two cycles.
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Relation of P.,~33 s and M¢ via the equilibrium equation
of Ghosh & Lamb (1979) gives an expression for the mag-
netic moment y in the form

—7/4
M gy | 2| (L) (11)
e 0.8) (0.5

where M$j is the equilibrium accretion rate in units of 10'% g
s~1, us, is the magnetic moment BR® in units of 1032 G
cm?, M, is the white dwarf mass in solar mass units,
»,~0.8-0.9 is the critical fastness parameter (Ghosh &
Lamb 1991) and ¢~ 0.5 follows from angular momentum
conservation.

Warner & Wickramasinghe (1991) also described the
dependence of the spin period on the effect of magnetic
cycling, and they have shown that the spin period will depend
on M averaged over a long time-scale, which will, in turn,
depend on the maximum M™*, They have adapted the
M(P,,,,) functional relationship of Mestel & Spruit (1987) to

give

Mmax=1018 P | o1 for 3<P,,<10h (12)
- 4h gs or orb .

For AE Aqr, P,,=9.88 h, so that M™*=10' g s™! is
expected, giving u~5x10%2 (Me/M™)'2 G cm® when
using equation (11). It is interesting to see that this rela-
tionship explains why the three DQ Her type objects lie on a
straight line on the P, versus P,, graph, requiring u~
2x10% G cm?.

The fact that AE Aqr is one of the DQ Her and inter-
mediate polars with the smallest M at present is then also
consistent with what we have inferred: MPresent < Mea < Mmax,
Thus the present state of rapid spindown can, in principle, be
explained in terms of M cycling in CVs, with AE Aqr
currently being in a low state. A similar situation was pro-
posed for Sco X-1 by Priedhorsky (1986), where pulsar-like
spindown is the main source of energy during quiescence.

De Jager (1994) discussed a braking mechanism which
may be responsible for the rapid spindown. In a pulsar,
the spindown power is lost through a mixture of magnetic
dipole radiation and the ejection of particles, and in a few
cases via y-radiation. In the case of AE Aqr, de Jager (1994)
has shown that the ‘dead disc’ (or slowly accreting) model of
Michel & Dressler (1981) may be applicable to AE Aqr,
where a return current to the compact object is facilitated by
the conducting disc. The short spin period, the value of u
inferred above and the lack of angular momentum trans-
ferred to the white dwarf by the disc (which lies outside the
corotation radius) would then be sufficient to drive a wind
with relativistic particles, which in turn removes kinetic
energy from the white dwarf. The movement of relativistic
electrons across the magnetic field may also explain the
observations of steady and flare-like radio synchrotron
emission. De Jager (1994) also remarked that the low M in

AE Aqr results in a tenuous magnetosphere, and the forma-
tion of a double layer (a large electric field) would be possible
provided that the current density in the tenuous magneto-
sphere was large enough. The potential drop may easily
exceed a tera-electronvolt, which would explain the reports
of quasi-periodic and burst-like TeV y-rays from this system.
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