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Abstract

We present a study of the recently discovered intermediate polar 1RXS
J070407 + 262501, distinctive for its large-amplitude pulsed signal at P = 480 s. Radial
velocities indicate an orbital period of 0.1821(2) days, and the light curves suggest
0.18208(6) days. Time-series photometry shows a precise spin period of
480.6700(4) s, decreasing at a rate of 0.096(9) ms yr  : i.e., on a time scale 

. The light curves also appear to show a mysterious signal at
P = 0.263 days, which could possibly signify the presence of a superhump in this
magnetic cataclysmic variable.

Export citation and abstract

1. INTRODUCTION

IRXS J070407 + 262501 (hereafter RX0704) is a weak hard X-ray source coinciding
with a 16th magnitude star (USNO 1125.04825852). Gänsicke et al. (2005, hereafter
G05) associated this star with the X-ray source, and described its properties: a high-
excitation cataclysmic variable (CV) with an orbital period near 4 hr, and a strong
optical pulse with a fundamental period of 480 s (and most of the power at 240 s, the
first harmonic). This suggests membership among the DQ Hercuilis stars, or
intermediate polars  as they are also called (for reviews and rosters, see Patterson
1994; Hellier 1996). This has now been confirmed by detection of X-rays pulsed with
the same period (Anzolin et al. 2008), which is interpreted as the spin period of an
accreting, magnetic white dwarf.

The very high pulse amplitude caught our eye; we had been looking for a star with a
pulsed signal sufficiently strong that small-telescope observers could track nearly
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every pulse and thereby accumulate a long and detailed observational record of the
periodicity. This was partially successful, although the star is a little faint, and the pulse
a little fast, to be tracked in fine detail by small telescopes. Still, we managed to learn
the periods precisely and to track long-term changes in pulse period. We report
here on the results of that 2006–2010 campaign.

2. SPECTROSCOPY

We obtained spectra using the 1.3 m McGraw-Hill telescope at MDM Observatory,
the Mark III spectrograph, a 600 line mm  grism, and a SITe 1024 × 1024 CCD
detector. The spectra covered 4650–6980 Å with 2.3 Å pixel  and a slightly
undersampled FWHM resolution of 4 Å over most of the range. The wavelength
scale was established by frequent observation of arc lamps. The 2" slit produced light
losses, so the flux measurements are only approximate.

We obtained a pair of 15 minute exposures on 2006 January 10 and much more
extensive observations during January 18–22. Our observations span a range of
9.4 hr in hour angle, which suppressed daily cycle count ambiguities in the period
determination. Table 1 contains the log  of observations.
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Figure 1 shows the mean spectrum. The synthetic magnitude, computed using the
passband from Bessell (1990) is V = 17.3. Strengths of Balmer, He I , and He II
emission lines are g iven in Table 2. Their equivalent widths are typical of novalike
variables, especially those with strong X-ray fluxes. The spectrum is fairly similar to
that of G05, although our continuum flux level is nominally ~1 mag fainter. We do
not detect any absorption features from a secondary star.
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Fig .  1.—    Average flux-calibrated spectrum during 2009
January. The calibration of the vertical scale is uncertain
by at least 20%.



We measured radial velocities of the H� emission by convolving its profile with the
derivative of a Gaussian, optimized for a line profile of 14 Å FWHM. Schneider &
Young (1980) describe the line-measurement algorithm. The next strongest line,
H�, also yielded some usable velocities, but with a lower signal-to-noise ratio (S/N).
To search for periods, we analyzed the H� velocities with the residual-gram method
described by Thorstensen et al. (1996). This yielded an unambiguous cycle count and
a period of 262.2 ± 0.4 minutes. This is consistent with the less precise period
suggested by G05. The best-fit sinusoid of the form v(t) = � + K sin[2�(t - T0)/P] has

Figure 2 shows this fit superposed on the folded H� velocities; note that T0 is the time

of blue-to-red crossing.
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3. PHOTOMETRY AND LIGHT CURVES

We obtained time-series photometry on 43 nights, totaling 250 hr, during 2006–
2010. About one-fifth consists of fast (~15 s resolution) integrations with CCD
cameras on the 1.3 m telescope of MDM Observatory. The rest is slower (40–80 s)
photometry with various 20–35 cm telescopes in the Center for Backyard
Astrophysics network (CBA; Patterson 1998). About half the nights are quite long
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Fig .  2.—    Radial velocities of the H� emission line, folded
on the spectroscopic period, and with the best-fit sinusoid
superposed. For continuity, all data are repeated for a
second cycle. The error bars shown are 1 standard
deviation, estimated from counting statistics.
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(~8 hr) and some are very short (~1 hr, suitable only for a pulse timing). The
brightness generally varied in the range of V = 16.4–17.2. Brightness changes up to
0.4 mag were noted on consecutive nights, but we could not detect any pattern in
these changes. In this program of differential photometry, the quality of the nights
was mixed: some were photometric, but many were somewhat cloudy, since we
considered this star a good target for cloudy nights (because we were primarily
interested in the timing of its powerful and fast pulse).

On every night and at all times, the star flashed a powerful 240 s wave in the light
curve, of ~0.3 mag full amplitude (peak-to-trough). This is shown in the upper frame
of Figure 3. The lower frame shows the power spectrum of one night's light curve.
This indicates a dominant signal at 359.5 cycles day  (towering off-scale at a power
of 1600), an obvious signal at lower frequency, and many harmonics of the latter.
This reveals the signal's underlying nature: a 480 s periodicity with a double-hump
waveform and other departures from a pure sinusoid. All of this agrees with the
study of G05.
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On six occasions, spread over 40 nights, we obtained ~8 hr coverage at high time
resolution with the 1.3 m telescope. On each night, we folded the data on the precise
480 s period; the resultant waveforms were identical each time. Figure 4 shows the
waveforms for the two best pairs of consecutive nights (clear throughout),
demonstrating how precisely the waveform repeats. Here, we have defined zero as
the phase of the broader, deeper minimum—which always precedes the sharper
maximum. (This is different from the more practical phase convention used
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Fig .  3.—    Top: A portion of one night's light curve,
showing the large 240 s pulses. Bottom: The power
spectrum of the same light curve. Rising far off-scale (to
a power of 1600) is the 240 s signal; other features are the
480 s fundamental and many harmonics.
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subsequently.) Although only a few nights permitted study of these subtle odd-even
effects from the synchronous summations, we could carry out the study for six
nights by examining the harmonics. Harmonics carry information about the
waveform, and we found that the phasing of the high harmonics was repeatable from
night to night. This indicates a repeatable waveform, at least on those six nights.

4. DETAILED PERIOD STRUCTURE AND ORBITAL EFFECTS

The 2006–2007 campaign primarily relied on MDM time series, while in 2009–2010
we had mainly CBA coverage. We analyzed these two campaigns separately.

4 . 1 .  T h e  2 0 0 9 – 2 0 1 0  C a m p a i g n                         
In 2009–2010 we had only small telescopes available, but obtained eight consecutive
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Fig .  4.—    Mean light curve during two pairs of
consecutive nights in 2006–2007. Zero phase is defined
here as the phase of the broader, deeper minimum in the
480 s cycle and occurs at HJD 2,454,108.64254.



long nights of coverage from several terrestrial longitudes. This overcame all
problems of aliasing. The upper frame of Figure 5 shows the low-frequency power
spectrum, with significant signals flagged with their frequency in cycles day
(± 0.015). The 5.479 cycles day  signal is apparently the orbital frequency, and the
3.805 cycles day  signal is some unknown longer-period wave (discussed in § 7).
Inset is the power-spectrum window, which demonstrates that there are no
ambiguities from aliasing. The middle frame shows the waveforms of these two
signals, with an arbitrary zero point (see caption). The bottom frame shows other
segments of the eight-night power spectrum. Note that the immediate vicinities of
the two strong signals at �spin and 2�spin show the same picket-fence pattern as the

spectral window in the upper frame. This indicates no significant aliasing and no
systematic amplitude or frequency modulation. There is a small but significant peak
redshifted by 5.477 ± 0.015 cycles day  from �spin. This is apparently the �spin - �orb

feature, a common syndrome in DQ Her stars, probably arising from the
reprocessing of pulsed flux in structures fixed in the orbital frame (analogous to the
sidereal/synodic lunar month).
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4 . 2 .  T h e  2 0 0 6 – 2 0 0 7  C a m p a i g n                         
In 2006–2007 most of the coverage was with the MDM telescope, and consisted of
two nine-night clusters with a total span of 48 nights. Each cluster was somewhat
sparse due to intervening bad weather, and there were no data from distant
longitudes. The result was data of high S/N and good definition of the periodic
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Fig .  5.—    Eight-night power spectrum in 2009–2010.
Top: Low-frequency region, with significant features
flagged with their frequencies in cycles day  (± 0.015).
Inset is the power-spectrum window of this campaign,
which demonstrates that there are no problems with
aliasing—in particular, that the peculiar signal at
3.805 cycles day  is not an alias. Middle: Light curves
folded at these periods: each of semiamplitude 0.04 mag.
Bottom: Region near the strong signals, showing a
significant peak at 174.27 cycles day  (�spin - �orb).
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signals—but fairly poor rejection of aliases. This nicely complemented the strengths
of the 2009–2010 campaign.

The light curves and power spectra were very similar to those of 2009–2010. In
addition to the obvious powerful signals, a signal was sometimes manifest near 5–
6 cycles day , and the lower orbital sideband of the spin frequency was near
174.25 cycles day . The latter provided some additional and accurate measures of
�orb (assuming that the observed sideband of the spin frequency is always separated

by exactly �orb). These are listed in Table 3. The overall result, averaging over these

estimates, is �orb = 5.492(2) cycles day , or Porb = 0.18208(6) days.

This orbital period, mainly based on a 48-night baseline, is not quite accurate enough
to establish a unique cycle count during the 3 yr gap between campaigns. However,
one consecutive-night pair in 2008–2009 yielded a candidate detection of the orbital
signal. With a likely orbital maximum light at HJD 2,454,850.619, only one alias is
permitted, and the (candidate) orbital ephemeris becomes

The upper frame of Figure 6 shows a 9 hr light curve, from which the fast periodic
wave (including harmonics) has been removed.  A possible 5–6 hr wave is present,
although the 2006–2007 sampling was too sparse to permit a reliable parsing into
distinct periodic components at low frequency.
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Fig .  6.—    Top: A 9 hr light curve after the rapid pulse is
removed. Bottom: The power spectrum of two
consecutive nights after that removal. Each significant
peak is labeled with its frequency (± 0.08) in cycles day .-1



Superior S/N and time resolution in 2006–2007 permitted closer study of the fast
signals. Two consecutive nights with 8 hr light curves gave the best determination.
The lower frame of Figure 6 shows the power spectrum after removal of the 480 s
signal and all its harmonics. Significant signals are marked with their frequency in
cycles day  (± 0.08), and each is a harmonic of 174.27 ± 0.06 cycles day . The inset
frame shows the mean light curve at this frequency, which is �spin - �orb.

5. PULSE EPHEMERIS AND LONG-TERM PERIOD CHANGE

Our campaign also had coverage distributed over each observing season and is
hence well suited for the study of long-term timing effects, since an exact cycle
count can be associated with each pulse. Table 4 contains the period derived for each
observing season, along with the estimate of G05 for the earlier 2004–2005 season.
Basically, each season is consistent with P = 480.6700(2) s, except for the first season,
which is puzzling (see also the subsequent O-C analysis).

This period is easily accurate enough to count cycles from one year to the next, and
in Table 5 we list the times of maximum light derived for each night. Since the vast
majority of the power occurs at the 240 s first harmonic, we fit each light curve with

peak is labeled with its frequency (± 0.08) in cycles day .
They are integer multiples of 174.25 ± 0.05, which we
identify as (�spin - �orb). Inset is the mean waveform of

that sideband signal. It is relatively weak and is dominated
by the fundamental.
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that period and extract the time of maximum light. (Although we have already cited
evidence that the odd-even asymmetry is persistent, it is only provable on the best
nights, so a safer procedure is to use the powerful first harmonic.)

Figure 7 shows an O-C diagram of these timings relative to a test period of
240.335031 s. The 48 points are fit by a simple parabola with an rms residual of 0.03
cycles (= 8 s), within measurement error. The best fit corresponds to

Also shown, near E = -5 × 10 , are the three timings published by G05, with cycle
counts E assigned to most closely match our ephemeris. These are hard to
understand in view of the orderly behavior during 2006–2010. Because of the very
large scatter and odd period (see Table 4), we exclude these points in the fit. The
parabolic term corresponds to dP/dt = -0.095 ms yr , or a period decrease on a

timescale .
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It is evident—and fascinating—that the reprocessed signal is dominated by the
fundamental, while the spin signal is obviously dominated by the first harmonic. The
spin signal likely originates from gas falling radially onto the white dwarf, and the
strong harmonic presumably signifies a two-pole accretor, with both poles in plain
sight. But in this noneclipsing star, structures fixed in the orbital frame may see the
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Fig .  7.—    O-C diagram of the pulse maxima, relative to
the test ephemeris
HJD 2,454,779.89647 + 0.00278165545E. The curve
corresponds to the fitted parabola, eq. (2). The three
points near E = -5 × 10  (stars) are those of G05; these
are not included in the fit.
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two poles asymmetrically (from our viewing angle, which will always favor one side
of the secondary, hot spot, accretion disk, etc.) That may well be the basic
explanation. Fast spectroscopy of the emission lines may provide an absolute phasing
of the accretion funnel's location with the photometric pulse, as done for AO Psc by
Hellier et al. (1991).

6. COMPARISON WITH X-RAYS

With a long-term spin ephemeris, we can compare the optical and X-ray pulsed
signals. The X-ray waveform is complex, but distinguished by a fairly sharp dip in soft
X-rays, presumably arising from photoelectric absorption in the accretion column.
Anzolin et al. (2008) report two epochs for the absorption dip in 2006–2007, which
are separated, according to our ephemeris, by 30635.01 ± 0.05 cycles (of the 480 s
period). So the dip location appears to be stable in phase. During 2006–2007, the
ephemeris for the broad minimum shown in Figure 5 is

which implies that both X-ray absorption dips (each being an average over ~50 spin
cycles) occurred at spin phase 0.88 on the convention of Figure 4. We could
probably have concocted some explanation for simple fractions like 0.50, 0.00, and
even 0.75. But 0.88 is just too challenging. As usual with DQ Her stars, the
comparison of optical and X-ray phases—though precise—is mysterious.

7. THE 6.3 hr SIGNAL

A puzzling feature of the low-frequency power spectrum in Figure 5 is the 3.8 cycles
day  (= 6.3 hr) signal. Its amplitude is similar to that of the (obviously real) orbital
signal, and the inset power-spectrum window shows that it is not aliased to the orbital
signal and does not occur at any suspicious frequency—e.g ., 1/2/3 cycles day , which
can be artifacts of differential extinction. Thus, it is likely to be a real signal that
maintained some coherence over the eight-night interval.

Cataclysmic variables are well equipped to produce signals at �orb, due to eclipses,

presentation effects of the orbiting secondary, an emitting hot spot, and an
absorbing hot spot. But distinct signals at a nearby frequency are difficult to
understand. The only such phenomenon that is (moderately) understood is the
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superhump—which probably arises from a periodic modulation of accretion-disk
light induced by the secondary's perturbation at the disk's 3:1 resonance (e.g .,
Whitehurst & King 1991; Smith et al. 2007). About 100 stars are known to show
superhumps, and about 20 articles have explored the theory underlying the
phenomenon. But no confirmed superhumpers are known to be magnetic, and no
theory has allowed for that possibility. Yet in the case of RX0704, the rapid X-
ray/optical pulse certifies strong magnetism and disruption of the disk by that
magnetism (in order to provide a radial plunge to the white-dwarf surface). Is it
possible that such a star can also show superhumps?

Yes, perhaps. Retter et al. (2001, 2003) reported a 6.3 hr photometric signal in the
5.5 hr binary TV Columbae, which is also a DQ Her star. Retter et al. considered this
to be a superhump, although this has not been widely accepted, because other
observations of comparable sensitivity failed to show the signal (and perhaps because
there was no precedent among magnetic CVs). However, it is common among
confirmed superhumpers that the signal can be somewhat transient—present and
powerful in one long observing campaign and missing in another.

But the case in RX0704 is still doubtful. This is just one weak detection—for that
matter, a detection over just one week (eight nights). Even though it is not a simple
alias, a weak signal at low frequency can potentially be produced by amplitude
modulations of the orbital signal or by more complex artifacts of the data-taking—
e.g ., arising from an interaction of differential extinction with the handoff between
different telescopes in this multilongitude campaign. Such worries can be mitigated
by a much longer observing campaign or by the star's decision to flash a signal of
greater amplitude.

8. SUMMARY

1.  
From radial velocities and photometry, we establish a precise binary period of
0.18208(5) days. This period is also manifest as a weak photometric signal and as the
lower orbital sideband (�spin - �orb) of the main pulse frequency, probably indicating

a component reprocessed in structures fixed in the orbital frame.
2.  
The white dwarf spins with P = 480.6700 s, with most power at the first harmonic,
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very likely signifying a two-pole accretor. Oddly, the signal at the lower orbital
sideband frequency (reprocessed component) appears to be dominated by the
fundamental.
3.  
The X-ray dip occurs 0.12 cycles before the broader optical minimum.
4.  

The spin period decreases on a timescale of .
5.  
There may be a low-frequency photometric signal at P = 6.3 hr. Future observation
should seek to clarify whether this is a common feature of the star. If confirmed, this
periodic wave might be a long-period manifestation of a superhump, with the
additional novelty that it occurs in a magnetic cataclysmic variable. Further theoretical
exploration of this possibility is very desirable.

We gratefully acknowledge support from the National Science Foundation (through
AST-0908363 at Columbia, and grants AST-0307413 and AST-0708810 at
Dartmouth), NASA grant GO11621.03a, and the Mount Cuba Observatory
Foundation.

Footnotes

13 
See http://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.html.

14 
Without this removal, slow variations are difficult to see—masked by the enormous
strength of the pulsed signal.
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