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1 INTRODUCTION 

ABSTRACT 
X-ray and optical timings of the 833-s white dwarf spin period in the intermediate polar 
magnetic cataclysmic variable PQ Gem are assembled which span -5.5 yr. The spin period is 
found to be increasing on a time-scale of 2.4 x 105 yr (? = 1.1 x 10-10 s S-I). This is the 
largest spin period change yet found in an intermediate polar. Furthermore PQ Gem is only the 
second such star in which the rotation period of the white dwarf is confirmed to be lengthening. 

The spin ephemeris is used to compare phase-folded light curves obtained at different times 
in different wavelength bands. Previous observations have found a dip in the spin light curve 
which is most prominent at the lowest X-ray energies. This is shown to occur at a phase where 
models of the optical polarization light curve predict that the accretion region on the upper 
rotation hemisphere of the white dwarf is facing the observer. This, together with its short-term 
phase jitter, strongly suggests that the dip is caused by absorption in the magnetically 
controlled matter flow that is feeding a bright accretion arc at the footpoints of the magnetic 
field lines. The dip precedes the phase of maximum X -ray light by 300 -400 , implying that the 
accretion stream strikes the surface of the white dwarf at an angle. This is consistent with a 
geometry in which material accretes only along field lines which lead the magnetic pole in the 
rotation cycle of the white dwarf, independently supporting similar inferences drawn from 
optical polarization modelling. This may mean that matter is being threaded by the field lines 
outside the corotation radius, and would be consistent with the high rate of spin-down 
observed. 

Key words: binaries: close - stars: individual: PQ Gem - novae, cataclysmic variables -
white dwarfs - X-rays: stars. 

PQ Gem (RE J0751+14) is an 'intennediate polar' magnetic 
cataclysmic variable in which the white dwarf star spins with a 
period of 13.9 min while orbiting its binary companion every 5.2h 
(Mason et al. 1992, hereafter M92; Rosen, Mittaz & Hakala 1993; 
Hellier, Ramseyer & Jablonski 1994). Discovered in the ROSAT 
extreme-ultraviolet (EUV) all-sky survey data, PQ Gem is disti
guished by its strong EUV emission (M92; Duck et al. 1994), and by 
polarized emission in the red and infrared which is pulsed with the 
white dwarf spin period (Rosen et al. 1993; Piirola, Hakala & Coyne 
1993; Potter et al. 1997). At the time of its discovery, both these 
properties set PQ Gem apart from other intennediate polar systems, 
although such characteristics are Ubiquitous among the phase
locked magnetic cataclysmic variable, or AM Her, stars. Recent 
work, however (Motch & Haberl 1995), suggests that PQ Gem may 
be the first of an appreciable sub-group of such EUV -bright and/or 
polarized intennediate polars. 

modulation is complicated by the strong wavelength dependence 
of the pulse profile. This means that it is not possible ab initio to 
combine data from different wavelength regions unless the relative 
phasing of the light curves has been determined independently of 
the ephemeris, for example by simultaneous observations. Hellier 
et al. (1994) assembled optical data taken in various broad-band 
filters over an interval of 2.5 years, including several runs of 
simultaneous UBVR and UBVRI data, and measured a linear 
ephemeris for the pulsation. In this paper I combine timing 
infonnation on the PQ Gem spin pulse from published sources 
and from new observations in order to derive an improved ephe
meris. I show that the spin-modulation period of PQ Gem has been 
increasing substantially over the 5-yr interval covered by the data. 

2 THE SPIN EPHEMERIS 

Including the 'pre-discovery' ROSATsurvey observations, PQ Gem 
has been observed in the X-ray band on a total of nine occasions, 
spanning more than five years, with the ROSAT, Ginga and ASCA 
satellites (see Table 1). A promising candidate fiducial point for 
timing the pulsation in PQ Gem is the distinct, narrow dip which is 

The spin-period pulsation of PQ Gem has been observed exten
sively in various wavebands since the discovery of the star in 1990 
(see references above). Determining an ephemeris for the 
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Table 1. X-ray timings of the PQ Gem pulsation. 

Instrument Energy band Exposure Relative Epoch Uncertainty Ref 
(ksec) cycle number (IUD) (days) 

ROSAT (sky survey) 0.1-2.0 keY 0.33 0 48173.95647 0.00016 
Ginga 1-10 keY 0.7 19545 48362.48608 0.00014 2,3 
Ginga 1-lOkeV 28.0 21471 48381.063821 0.00004 2,3 
ROSATPSPC 0.1-2.0 keY 9.2 55990 48714.031318 0.00004 3 
ROSATPSPC 0.1-2.0 keY 26.0 113184 49265.722098 0.00003 4 
ROSATPSPC 0.1-2.0 keY 2.3 134733 49473.584268 0.00008 4 
ASCA 0.5-10keV 33.0 154207 49661.430488 0.00004 4 
ROSATHRl 0.1-2.0 keY 9.4 189293 49999.869735 0.00004 4 
ROSATHRl 0.1-2.0keV 9.4 208926 50189.253506 0.00004 4 

References: (1) F. Haberl (private communication); (2) Mason et al. (1992); (3) Duck et al. (1994); (4) this paper. 

seen in its soft X-ray light curve below 0.5 keY (Duck et al. 1994). 
This typically has a mean full width at half-depth of less than 0.1 
cycles making it possible to time it accurately. The emission of 
PQ Gem below about 0.5 ke V is dominated by the EUV spectral 
component whose characteristic blackbody temperature is about 
50 eV (Duck et al. 1994). There is also a separate, hard X-ray 
spectral component (characterized by a thermal bremsstrahlung 
temperature of about 20 ke V) and this too exhibits a dip below about 
6 keY at about same phase. However, the width of this medium
energy dip is about twice that of the narrow feature in the soft X-ray 
light curve. 

2.1 ROSAT pointed data 

To assess the suitability of the soft X-ray dip for timing the spin 
pulse of PQ Gem, I plot 0.1-0.4 keY data from the second, and 
longest, ROSAT Position Sensitive Proportional Counter (pSPC) 
pointed observation (see Table 1) in Fig. 1. [Data from the first 
ROSAT pointed observation are discussed in Duck et al. (1994).] 
The 13.9-min pulsation is clearly visible, but shows significant 
variations in shape, amplitude and mean flux from cycle to cycle. 
The narrow dip feature is usually visible each cycle, cutting into the 
rising portion of the pulse light curve. However, the dip also exhibits 
significant changes in depth and width. For example, it is not 
discernible on cycle 54, while it is broad and deep on cycle 111. 
The width of the dip at half-depth varies from -0.06 to -0.2 of a 
cycle. It is clear from Fig. 1 that the dip centroid also varies in phase 
with respect to a regular clock (e.g. cycles 89 and 111). 

The time of the dip in each individual pulse cycle of the second 
ROSAT PSPC observation has been measured by fitting a Gaussian 
profile superimposed on a second-order polynomial to data within 
0.15 in phase of the dip centre. These timings are listed in Table 2 
along with the residual time delay of the dip with respect to a local 
linear ephemeris. After discounting data where the dip is too weak 
to measure, or coverage of it is incomplete, there are measurements 
from twenty 833-s cycles. Individual dip timings can deviate from 
the mean by as much as 0.034 in phase, or about 30 s. The standard 
deviation of the dip timings about the mean is 11.6 s or 0.014 in 
phase. 

This phase scatter dictates the accuracy with which the pulse 
ephemeris of PQ Gem can be timed using the dip as a fiducial 
marker, dominating the uncertainties due to counting statistics. 
There is, however, no evidence for long-term systematic drifts in the 
dip phase within an observation, nor for a systematic relationship 
between the phase lag of the dips and other spin-pulse properties, 
particularly the width of the dip (see Table 2). Thus, by averaging 

over many cycles in an observation there is the expectation of 
converging to the 'true' mean phase of the dip. 

To measure a mean dip phase for the three pointed PSPC 
observations, and the two observations made with the ROSAT 
High Resolution Imager (HRl) detector, all the data from an 
observation are folded on the pulse period to produce a mean 
light curve. The dip centroid is then measured by fitting data within 
approximately 0.15 cycles of the dip with a Gaussian profile 
superimposed on a second-order polynomial. The uncertainty on 
the measurement (am) is estimated by scaling the observed standard 
deviation in the dip arrival times determined from observation 2 
(adip) according to the number of cycles covered in the observation, 
assuming the phase residuals to be normally distributed 
(i.e. am = adip/N/.y~). 

2.2 ROSAT survey data 

PQ Gem was recorded (pre-discovery) in the all-sky survey con
ducted with the ROSAT PSPC. These data have been extracted by 
Frank Haberl who has kindly communicated them. They consist of 
22 short sightings spread over an interval of about 1.7 d when the 
scan path of the ROSAT spacecraft passed over PQ Gem. The 
effective exposure time to PQ Gem ranges from 2 to 25 s per 
sighting. 

The 833-s light curve of PQ Gem was not sampled sufficiently 
densely during the ROSAT sky survey to reveal details such as the 
soft X-ray dip. However, the folded data do show the overall pulsed 
shape quite clearly. To measure the phase of the pulse, I have fitted 
the data with the mean pulse profile derived from the second ROSAT 
pointed observation. This yields a pulse timing which is directly 
comparable with the later measurements (albeit with relatively 
large errors). Using instead the mean pulse profile from the first 
ROSAT pointing observation as a template made no significant 
difference to the pulse phase derived. 

2.3 Ginga and ASCA data 

PQ Gem has also been observed with the Ginga andASCA satellites. 
Neither the Ginga LAC instrument nor the ASCA SIS instrument 
extends in sensitivity to sufficiently low energies to detect the 50-e V 
spectral component which dominates the ROSAT signal. They do, 
however, record the separate high-temperature spectral component, 
which is also registered in the higher energy channels of the ROSAT 
PSPC. The light curve of this component also exhibits a dip, 
particularly at the lowest energies, at a similar phase to the dip in 
the light curve of the 50-e V spectral component. 
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PQ Gem 0.1-0.4 keY 

Time 

Figure 1. Segments of data from the second and longest of the ROSAT 
PSPC pointed observations of PQ Gem, illustrating the pulse profile in the 
0.1-0.4 ke V band. The vertical dotted lines are spaced regularly with an 
833.4-s period and centred on the first dip of the observation. The relative 
cycle numbers within the observation are noted in the top right of each 
panel. The dip in cycle 0 is centred on IUD 2449265.7223 (cf. Table 2). 
Notice that the count scale of the second panel from the top is, for clarity, 
expanded by 50 per cent with respect to the others. 
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Figure 2. The X-ray light curve of PQ Gem folded and binned on the 833-s 
spin period. The upper two panels show data from a 26-ks ROSAT PSPC 
observation made in 1993 October (JD 244 9265), the lower panel data from 
a 33-ks ASCA observation made in 1994 November (JD 2449661). The 
energy band corresponding to the PHA channels selected for each plot is 
indicated, and the data have been repeated twice for clarity. The energy band 
for the ASCA data has been chosen to match as closely as possible the hard 
band of the ROSAT PSPC. 

The dip in the medium-energy light curve can be measured in the 
Ginga and ASCA data to provide further phase measurements of the 
833-s pulsation of PQ Gem. To be useful in determining the long
term evolution of the pulse period, however, the phase relationship 
of the medium-energy dip with respect to the soft X -ray dip must be 
established. The ROSAT PSPC pointed observations allow this 
calibration to be made, since the pulse profile in the 0.6-2.0 keY 
band (where the 50-eV component contributes negligibly) is 
recorded simultaneously with the measurements of the low
energy pulse profile. The data from the second ROSAT PSPC 
observation in channels 10 to 40 (0.1-0.4 keY) and 60-200 (0.6-
2.0 keY) are shown folded on the 833-s pulsation period in Fig. 2. 
The phase of the dip in each of the two ROSATbands was measured 
as described earlier, by fitting the data near the dip with a Gaussian 
profile superimposed on a second-order polynomial. Following this 
procedure, the dip centroid is measured to be ~O.023 in phase (20 s) 
later in the medium-energy (0.6-2.0 keY) ROSATband than in the 
low-energy band (0.1-0.4 keY). A very similar, but less precise, 
difference is measured in data from the first, shorter ROSAT PSPC 
pointed observation [.:i(medium-soft)=0.022 in phase]. A shift of 
this order is consistent with the different shapes of the pulse profiles 
in the low- and medium-energy spectral components; the dip in the 
low-energy band is cut into a sharply rising underlying profile 
which would be expected to bias the apparent centre of the dip to 
earlier phases. Thus, I conclude that the dip phases in the low- and 
medium-energy spectral components of PQ Gem are consistent 
with them being coincident in the light curve, but the small phase 
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Table 2. Dip timings from the second pointed ROSAT PSPC observation. 

ReI. cycle Dip time Residual Full width at 
number (IDD-2400000) (sec) half depth (sec) 

0 49265.7223 0.7 65. 
1 49265.7318 -10.6 83. 
2 49265.7416 -13.8 41. 
7 49265.7899 3.2 60. 
8 49265.7996 5.1 50. 
9 49265.8093 -2.4 49. 
14 49265.8571 9.5 72. 
16 49265.8765 8.4 46. 
34 49266.0502 11.8 62. 
48 49266.1850 16.7 39. 
62 49266.3205 -2.1 47. 
90 49266.5904 2.3 82. 
91 49266.5999 7.4 93. 
92 49266.6094 -22.2 170. 
104 49266.7252 13.1 63. 
105 49266.7353 5.1 71. 
110 49266.7831 6.4 67. 
111 49266.7927 25.8 94. 
112 49266.8025 19.3 110. 
117 49266.8508 -9.1 101. 

shift indicated should be applied to correct for the different 
measurement bias in the two bands. 

I have measured the dip in the ASCA light curve using data from 
the 0.7 - 2.0 ke V band, which substantially overlaps the harder of the 
two ROSAT bands used, and where the dip is most prominent. The 
ASCA data are compared with those from ROSAT in Fig. 2 from which 
it can be seen that the light curves measured in the same energy band 
by the two instruments are very similar. The Ginga data are discussed 
in detail by Duck et al. (1994) where an equivalent procedure to that 
described here has been used to measure the phase of minimum. 

The counting statistics of the Ginga data are sufficient to allow 
the dip to be measured in individual cycles (cf. fig. 7 ofM92). Such 
measurements are presented by Duck et al. (1994) and show that the 
standard deviation in the individual dip timings is similar to that 
measured here in the soft X-ray component light curve (-12 s, or 
0.014 in phase). This is used to estimate the errors on the 
phase-averaged medium-energy measurements. 

2.4 X-ray ephemeris 

Table 1 lists the epoch of the 833-s pulsation determined from each 
X-ray observation. The data points from ASCA and Ginga have 
been corrected by subtracting 0.023 in phase from the measured dip 
time, to bring them in line with the ROSAT low-energy measurements 
as discussed in Section 2.3. 

I have attempted to fit a linear ephemeris to these data. The 
residuals with respect to the best such fit are shown in the middle 
panel of Fig. 3. It is clear that a linear fit is a poor representation of 
the data, and that the true ephemeris has a significant second-order 
term. Fitting the times of dip minimum to the polynomial function 

HJDmin = To + PNcyc + CN;yc, 

where Ncyc is the number of spin cycles, results in best-fitting 
coefficients of 

To = 2448173.95714(5), 

P = 0.0096458718(10), 

C = 5.24(4) x 10-13 , 
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Figure 3. Top panel: X-ray pulse timing residuals ofPQ Gem with respect to 
the best-fitting quadratic ephemeris for the 833-s modulation. Middle panel: 
The X-ray and optical pulse timing residuals plotted with respect -to the best 
linear ephemeris for the X-ray data. The X-ray quadratic ephemeris is plotted 
also for comparison (continuous line). The I-band (circles) and B-band (triangles) 
data are systematically displaced in phase with respect to the X-ray ephemeris 
becanse of the different phase-timing fiducial points used in these bands (cf. 
Hellier et al. 1994). Bottom panel: as for the middle panel but with constant phase 
offsets of 0.433 and 0.154 respectively subtracted from the 1- and B-band data. 

where the numbers in parentheses indicate the error in the last 
decimal place. The covariance terms are 

Cov(To - P) = -4.10 x 10-14, 

Cov(To - C) = 1.51 X 10-19, 

Cov(P - C) = -3.91 X 10-24 . 
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Table 3. Optical timings of the PQ Gem pulsation. 

Telescope Waveband Epoch Relative Reference 
(HID) Phase 

UKIRT K 48295.90435 1 
SAAO B 48598.40669 -0.279 2 
NOT 48619.53419 3 
NOT I 48921.64479 4 
McDonald B 49007.60696 -0.279 2 
UKIRT 49037.90782 5 
McDonald 49058.77206 2 
McDonald B 49363.61152 -0.279 2 
McDonald 49297.97299 2 
McDonald B 49421.58381 -0.279 2 
Keele 49770.44466 6 
Keele 50129.89545 6 

References: (1) Mason et al. (1992); (2) Hellier et al. (1994); (3) Rosen et al. 
(1993); (4) Piirola et al. (1993); (5) Potter et al. (1997); (6) Hellier (private 
communication). 

The quadratic ephemeris is illustrated in the middle panel of Fig. 3, 
and the residuals of the X -ray data with respect to this ephemeris are 
shown in the top panel of the figure. The best-fitting quadratic 
ephemeris yields a x2 value of 102 for six degrees of freedom, 
indicating that there is significant intrinsic scatter about the best
fitting curve. However, the sparseness of the present data does not 
justify the inclusion of higher order terms in the polynomial. 

The sign of the period derivative indicates that the spin period of 
PQ Gem is lengthening, i.e. the white dwarf is spinning down. The 
time-scale of this change is PiP = 2.4 x 105 yr. 

2.5 Optical pulse timing 

The pulse profile of PQ Gem changes from an a quasi-sinusoid at 
the blue end of the optical band to a double-peaked profile in the red 
and infrared. Hellier et al. (1994) have listed the pulse timings at 
various epochs in either the B or I band, including their own 
measurements and those of Rosen et al. (1993) and Piirola 
et al. (1993). These are summarized in Table 3 along with further 
timings from M92 (the K-band observation in which the 833-s 
modulation was discovered), Potter et al. (1997; I band) and Hellier 
(private communication; I band). In the B band, the fiducial point 
used for the light curve is the peak of the best-fitting sinusoid. In the 
I and Kbands it is the time of the peak that is most prominent in the 
I-band light curve (cf. Hellier et al. 1994). 

The optical data are compared with the quadratic ephemeris that 
best fits the X-ray dip data in the middle and bottom panels of Fig. 3. 
I compute the mean phase residuals of the I-band and B-band data 
with respect to this ephemeris to be 0.433 and 0.154 respectively. 
Applying these corrections to the optical data in the bottom panel of 
Fig. 3, it is clear that the optical measurements are entirely 
consistent with the quadratic X-ray ephemeris. 

3 DISCUSSION 

There is clear evidence from both the X-ray and optical timing data 
that the spin period of PQ Gem has been lengthening at a rate of 
P= +1.1 x 10-10 s S-1 during the five years since 1990. Measur
able spin period changes are quite common among intermediate 
polar cataclysmic variables, as summarized in Fig. 4 which com
pares the measurement of PIP in PQ Gem with those of other 
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Figure 4. Summary of observed spin period changes in intermediate polars. 
PIP is plotted against the log of the period. Information on stars other than 
PQ Gem is taken from Patterson (1994). 

intermediate polars listed by Patterson (1994). However, the mag
nitude of PIP in PQ Gem in an absolute sense is about a factor of two 
larger than detected in any other known intermediate polar; and 
moreover PQ Gem is only the second intermediate polar that is 
confirmed as spinning down. 

3.1 Accretion torques 

The time-scale of the observed spin-period changes in intermediate 
polars is much shorter than the expected evolutionary time-scale of 
these systems. Thus spin-up and spin-down episodes must be 
relatively frequent and temporary in the lifetime of the binary in 
order that there should be a reasonable probability of observing a 
system in such a state (e.g. Lamb 1995). For this reason P 
measurements in intermediate polars are usually interpreted in 
terms of torques exerted by accreting matter. 

Our understanding of the spin-period changes which result from 
accretion torques acting on magnetized stars sterns largely from the 
work of Ghosh & Lamb (1979). A non-magnetic star will tend to be 
spun up by the angular momentum of any material that accretes on 
to it (provided that it is spinning in the same direction as the 
accretion flow, which is assumed to be the case for a semi-detached 
binary). However, Ghosh & Lamb described how an accreting star 
that has a significant magnetic field can reach an equilibrium in 
which accretion torques exerted by matter coupling on to the field 
lines within the corotation radius (the radius at which the angular 
velocities of the field lines and the accretion disc are equal) are 
balanced by the drag exerted by the accretion disc on field lines 
extending beyond the corotation radius. In this circumstance the 
spin period of the accreting star would remain essentially constant 
with time. Relatively short-term episodes of spin-up and spin-down 
may occur in response to changes in the equilibrium conditions 
brought about by, say, fluctuations in the accretion rate. 

A number of authors have argued that intermediate polars are 
generally spinning at close to their equilibrium period and have 
used this condition to estimate the magnetic moment of the 
accreting white dwarf (see the review by Patterson 1994, for 
instance, and references therein). Certainly any star that is found 
to be spinning down, as is PQ Gem, and still accreting must be near 
to equilibrium according to the Ghosh & Lamb model. 
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As an exercise, this formalism can be applied to PQ Gem. The 
equilibrium period, Peq, is given by 

P eq = 2001'-~q M;217 R93n Z;;r, 
where 1'-32 is the magnetic moment of the accreting white dwarf in 
units of 1032 G cm3, M* is its mass in solar masses, R9 is its radius in 
units of 109 cm, and ~4 is its luminosity in units of 1034 erg s -1. The 
bolometric flux of PQ Gem is estimated by integrating its observed 
spectrum between 2 /-Lm and 10 ke V (cf. Mason 1995) and found to 
be ~2.3 x 10-10 erg cm-2 s-l. Taking the observed K-band 
magnitude of the star (K=12.9: M92) as an upper limit to the K
band flux of the secondary, Bailey's method (Bailey 1982) can be 
applied to yield a lower limit to the distance of the star of 280 pc. 
This uses a value of SK = 4.5 for the surface brightness of the 
secondary star, appropriate for a main-sequence star filling its 
Roche lobe in a 5.2-h binary (Ramseyer 1994). I also use a 
mass-radius relation appropriate to a white dwarf (e.g. Hamada 
& Salpeter 1961) and find 1'-32> 1.7 for PQ Gem assuming M* = 1 
(Cropper, Ramsay & Wu 1997). 

The polar magnetic field strength of PQ Gem has been estimated 
to be ~ 14 MG based on the spectral distribution of polarized flux 
(Potter et al. 1997). This implies 1'-32 = 17.5M;2.4 again using the 
mass-radius relation of Hamada & Salpeter (1961). The two 
estimates of 1'-32 are formally reconcilable for M * = 1 if the distance 
of PQ Gem is ~3 kpc and ~4 ~ 23. These values are high 
compared with other intermediate polars (cf. Patterson 1994). The 
implied luminosity of the soft X-ray component at this distance is, 
however, consistent with a fractional emitting area on the surface of 
the white dwarf of ~0.01, reasonable for an intermediate polar, 
provided that the temperature of the emission is at the upper end of 
the allowed range of 20-60 e V determined by Duck et al. (1994). At 
a distance of 3 kpc PQ Gem (b=200) would be ~ 1 kpc above the 
Galactic plane and out of the reddening layer. Thus the X-ray 
absorbing column density to the source would be expected to be 
equal to that to the edge of the Galaxy in this direction, which is 
3.5 x 1020 H atom cm-2 (by interpolating the data of Stark et al. 
1992). Again, such a column is at the upper end of the range allowed 
by fits to the X -ray spectrum (Duck et al. 1994), but not inconsistent 
with these data. 

Nevertheless, it should be borne i.l;l mind that the accretion torque 
theory of Ghosh & Lamb (1979) was developed for the case of an 
aligned rotator. Potter et al. (1997) show that a substantial asym
metry in the accretion pattern is required in order to model the 
polarization light curves of PQ Gem successfully, with matter 
accreting preferentially along field lines that lead the magnetic 
pole in an oblique rotator. We further argue in Potter et al. that a 
natural geometry to account for this occurs if matter is being 
threaded by field lines outside the corotation radius, contrary to 
the standard Ghosh & Lamb picture. Disc material outside the 
corotation radius would by definition be moving more slowly than 
the magnetic field and would apply a spin-down torque to the white 
dwarf. I return to this in the next section, which deals with the 
accretion geometry of PQ Gem. However, such considerations 
suggest that the extreme values of distance and luminosity derived 
for PQ Gem by applying the Ghosh & Lamb equilibrium conditions 
should be treated with caution. 

3.2 Interpreting the spin light curves 

One of the properties that set PQ Gem apart from other intermediate 
polars when it was discovered was the relatively complex 
morphology of its spin-period light curve and the changes in the 
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Figure 5. Spin-folded light curves ofPQ Gem as a function of energy. The B-, 
/- and K-band data are taken from Potter et al. (1997). The histograms 
illustrate the flux data (left axis), while the continuous curve is the 
percentage polarization (right axis). The ROSAT data are from the PSPC 
observation made in 1993 October (JD 244 9265), the ASCA data are from an 
observation made in 1994 November (JD 244 9661), and the Giizga data are 
from an observation made in 1991 May (M92; Duck et al. 1994). The data 
are repeated over two cycles for clarity. 

shape of the light curve with wavelength (e.g. M92; Rosen et al. 
1993). Armed with an accurate ephemeris for the spin pulse, it is 
now possible to register accurately in phase light curves measured 
in different wavelength bands at different times and to search for a 
self-consistent interpretation of the various pulse features in terms 
of physical properties of the white dwarf and the accretion flow. 

Fig. 5 collects together representative light curves, correctly 
phased, from the hard X-ray band to the infrared. Above 10 keY 
the pulse shape is relatively straightforward, single-peaked and 
quasi-sinusoidal but with a distinct asymmetry. Between 1 and 10 
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Figure 6. Inferred geometry of magnetic field lines along which matter is 
accreting in PQ Gem. The system is drawn at an orbital inclination of 60° and 
with a dipole offset angle of 30°, these being the best-fitting values deduced 
by Potter et al. (1997) from modelling the polarization light curves. Only 
field lines that lie ahead of the magnetic pole in the spin cycle are shown, and 
the star is rotating in a clockwise direction as seen from above the orbital 
plane. The two views are separated by 30° in spin phase and show the 
expected geometry at the middle of the soft X-ray dip and the phase of 
maximum X-ray light respectively. 

ke V the light curve is cut by the dip feature which is used to time the 
X-ray pulse, and which becomes more prominent towards the 
lowest energies. The underlying sinusoidal modulation is still 
visible in the 4-10 ke V band, but is less distinct in the 1-2 ke V 
data. Above ~0.6 ke V the emission of PQ Gem is dominated by a 
kT~20 keY bremsstrahlung component which theory associates 
with shock-heated gas that is settling on to the surface of the white 
dwarf. Below photon energies of about O.S keY, the SO-eV 
blackbody component dominates, thought to be emitted from the 

© 1997 RAS, MNRAS 285, 493-500 

Spin-down in PQ Gem 499 

heated photosphere below the accretion column. At these latter 
energies the dip appears narrower, or develops a narrow central 
core, and the overall light curve takes on a distinct saw-tooth 
appearance. 

In the B band the pulse shape is also a relatively simple quasi
sinusoid, approximately in phase with the hard X-ray modulation. 
In the red and infrared, the pulsation becomes more complicated 
alongside the appearance of significant amounts of polarized light. 
The brightest points in the light curve are shifted by ~half a cycle 
compared with the B band, and split into two peaks the relative 
intensity of which evolves with wavelength. 

The basic ingredients available to explain this behaviour in an 
offset dipole model of the magnetic white dwarf are (i) the changing 
visibility of the accretion region(s) as the white dwarf rotates, and 
(ii) the opacity of the accretion flow. As discussed in M92, the 
quasi-sinusoidal modulation which dominates above 10 keY seems 
to be present at similar amplitude in the 1-10 ke V band as well, 
masked by other structure, and this modulation is plausibly asso
ciated with the visibility of an extended emission region which is 
carried over the limb of the white dwarf as it rotates. This places the 
main accretion site facing the observer at the brightest point of the 
10-20 keY light curve (or more accurately the peak of the best
fitting sinusoid, which occurs at phase ~0.11, since the 10-20 keY 
light curve exhibits some asymmetry). This is borne out by model
ling ofthe polarization light curves of PQ Gem (Potter et al. 1997) 
which places the accretion region that is above the orbital plane in 
the hemisphere facing the observer at this phase. The B-band light is 
also strongest at this time, consistent with the idea that the 
photosphere beneath the accretion flow is hotter than the average. 

The polarization data clearly point to the fact that emission from 
the opposed accretion region below the disc plane is also important 
since both positive and negative excursions of polarized light are 
observed at different phases of the light curve, with approximately 
equal magnitude. To explain the quasi-sinusoidal modulation of the 
high-energy X-rays as occultation by the white dwarf, as suggested 
above, the symmetry between emission regions above and below 
the disc must be broken, otherwise their modulations will cancel 
out. There is in fact some evidence from the work of Potter 
et al. (1997) that the emission region in the lower hemisphere of 
the white dwarf is more extended than that above the disc plane. 

When the accretion region on the upper hemisphere of the white 
dwarf is facing us, the matter stream that feeds it must also be 
crossing the line of sight. Thus absorption in this stream is a natural 
explanation of the energy-dependent X-ray dip. Opacity and the 
beaming of cyclotron emission from the stream can account for at 
least some of the structure seen in the red and infrared as well 
(Potter et al. 1997). However, the X-ray dip does not coincide 
exactly with the phase of maximum of the underlying sinusoid. This 
clearly indicates that the geometry of the inflowing stream is not 
symmetrical; rather it must be inclined to the surface of the white 
dwarf at the accretion footpoint by ~300-40° based on the 
displacement between the dip and the peak of the best-fitting 
underlying sine wave. 

The sense and degree of this asymmetry are the same as those 
deduced independently from modelling of the polarization light 
curves presented by Potter et al. (1997). In that work we showed that 
material is accreting preferentially from the half of the accretion 
'curtain' that precedes the magnetic pole as the white dwarf spins. 
The inferred geometry is illustrated in Fig. 6 where the accreting 
field lines are shown as they would appear to the observer at the 
centre of the dip, and at the point of maximum flux in the 
'unabsorbed' X-ray light curve. At the dip phase the arc-shaped 
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accretion footpoint is hidden behind the infiowing stream, whereas 
only about one-tenth of a spin cycle later the line of sight clears, 
accounting for the steep rise in flux from the centre of the soft X-ray 
dip to the maximum of the 0.1-0.5 ke V light curve. 

4 CONCLUDING REMARKS 

A central question is why PQ Gem, and possibly other soft X-ray
bright intermediate polars (Motch & Haberl 1995), exhibits strong 
soft X-ray emission and pulsed, polarized light while other inter
mediate polars (e.g. Patterson 1994) do not. A strong soft X-ray 
component requires that the temperature of the emission be high 
enough for significant numbers of photons to be emitted above the 
energy cut-off imposed by interstellar (and any circumbinary) 
absorption. The soft X-ray component is believed to arise in the 
heated photosphere of the white dwarf beneath the accretion 
column(s), and a high temperature implies a high energy input to 
the photosphere per unit surface area. This is favoured by a high 
overall accretion rate and/or the focusing of the available accretion 
flow on to a small surface area on the white dwarf. A focused 
accretion flow may be aided by having a relatively strong magnetic 
field, which in turn is a requirement to see appreciable polarized 
light. At the same time, because polarization effects are angle
dependent, a relatively confined accretion flow will favour 
detection of polarization by minimizing the interference between 
polarized emission from different azimuths of the white dwarf 
magnetic field. 

The present work and that of Potter et al. (1997) offer further 
insight into what sets PQ Gem apart from 'traditional' intermediate 
polars. Plausibly it is a relatively distant and luminous system. 
Moreover, consideration of both the polarization light curves and 
the X-ray light curves suggests that the accretion flow is confined to 
the leading part of the sub-polar arc. In turn this may require a 
revision in how we believe that accretion disc material attaches on 
to field lines, since empirical considerations suggest that disc 
material is being 'scooped up' beyond the corotation radius. This 
is consistent with the large spin-down observed in the pulse period 
of PQ Gem. An implication of this interpretation is that the detailed 
shape of the spin light curves (for example, the phase of the soft 
X-ray dip) is intimately linked to the accretion geometry and to the 
coupling between the disc and the magnetic field. Thus PQ Gem's 
pulse profile may be a sensitive indicator of changes in the accretion 
conditions within the system. Moreover, our interpretation of the 

PQ Gem light curves implies a substantial dependence on viewing 
geometry, which should be reflected in the range of properties that 
are seen in any other, similar, soft X -ray-bright intermediate polars. 
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