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ABSTRACT

We present time-resolved spectroscopy of the optical counterpart to the proposed ultra-compact
binary system V407 Vul (=RX J1914.4+2456). Our Gemini spectra resolve the 9.48 minute periodicity
that has previously been reported for this source. We find that the optical counterpart is dominated
by a reddened late-type spectrum of type G9V and contains solely unresolved absorption features.
No radial velocity signatures exceeding 10 km/s could be detected on periods from minutes to hours.
Using interstellar extinction estimates, we derive a distance to the G9 star of 1.1 —3.5 kpc. In addition
to this stellar spectrum, we detect a blue component that modulates solely on the 9.48 minute period,
and peaks ~ 0.15 in phase ahead of the X-ray peak. This blue component which contributes up to 40%
of the light shows no evidence for emission line features that are the usual hallmarks of an interacting
binary. Good seeing images obtained with the Magellan telescopes indicate that the variable and the
G-star are aligned to better than 0.1”. Despite the low probability of a chance alignment of a field star
along the line of sight, the G9 light cannot be directly associated with the 9.48 minute variable that
powers the luminous (~103° erg/s) and highly variable X-ray source. The outlook for the detection of
conclusive radial velocity measurements will remain challenging due to the extinction along the line
of sight in conjunction with the contaminating effect of the GOV star.

Subject headings: binaries:general — novae,cataclysmic variables — stars:individual(V407 Vul) — white

dwarfs — X-rays:binaries

1. INTRODUCTION

Double white dwarf binaries form one of the largest
populations of compact binaries with a few hundred mil-
lion systems expected across the Galaxy (Napiwotzki et
al. 2003). A substantial fraction of these are brought into
contact at very short orbital periods (minutes) through
angular momentum loss via gravitational wave emission.
In the majority of cases, a rapid merger ensues due to
unstable mass transfer (Webbink 1984, Iben 1990). If the
combined mass of such double white dwarfs exceeds the
Chandrasekhar mass, a Type Ia supernova may be pro-
duced. A subset of such double white dwarfs are expected
to survive the onset of mass transfer and become sta-
ble semi-detached binaries where the more massive white
dwarf accretes from its companion via Roche-lobe over-
flow. Such binaries are initially formed at orbital periods
of a few minutes and will evolve towards longer orbital
periods as mass transfer drives the two stars apart (Nele-
mans et al. 2001; Marsh, Nelemans & Steeghs 2004).
Observationally a small group of such accreting white
dwarfs are known, the so-called AM CVn stars. These

*THIS PAPER INCLUDES DATA GATHERED WITH THE 6.5
METER MAGELLAN TELESCOPES LOCATED AT LAS CAM-
PANAS OBSERVATORY, CHILE.

Electronic address: dsteeghs@cta.harvard.edu

are hydrogen-deficient cataclysmic variables, indicating
that their mass donor stars are degenerate. Although
such systems can also be produced using a low-mass he-
lium star donor (Savonije et al. 1986) or evolved post
main-sequence donors (Podsiadlowski et al. 2002), the
double white dwarf formation channel is the only one
that can produce systems with orbital periods shorter
than 10 minutes.

Recently, three variable stars have been identified as
candidate accreting binary systems with ultra-short or-
bital periods; V407 Vul (Cropper et al. 1998; Ramsay
et al. 2000), ES Cet (Warner & Woudt 2002) and RX
J0806.3-0939 (Ramsay et al. 2002b; Israel et al. 2002).
Optical and X-ray light curves reveal large amplitude
variations on stable periods of 9.5, 10.3 and 5.3 minutes
respectively, but on no other periods, suggesting that
these may be their orbital periods.

V407 Vul was initially discovered as a ROSAT X-ray
source (RXJ1914.44-2456; Haberl & Motch 1995), dis-
playing a stable X-ray periodicity of 569s which was sug-
gested to represent the spin period of an accreting mag-
netic white dwarf in an intermediate polar (IP, Motch
et al. 1996). Cropper et al. (1998) first suggested that
V407 Vul might be a double-degenerate binary with the
X-ray period representing its orbital period. This was
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Fic. 1.— Top: Average optical spectrum of V407 Vul revealing
a reddened late G to early K star absorption line spectrum. Small
gaps near 5000 and 5950A are due to the gaps in between the
individual CCD detectors. The y-axis represents the mean counts
s71A~1 obtained in the 100s exposures, no flux calibration was
performed. Bottom panels compare the spectrum of V407 Vul
with that of a G9V star sampled at the same resolution revealing a
remarkable match. Dotted lines indicate the location of two diffuse
interstellar bands that reflect reddening towards the source.

motivated by the soft X-ray spectrum, the shape of the
X-ray lightcurve and the lack of other periodicities which
is very atypical for an IP. In this model, the accreting
white dwarf is magnetic and synchronised with the bi-
nary orbit. When the optical counterpart was identified
(Ramsay et al. 2000), the phasing of the optical modu-
lation, the lack of strong emission lines and the absence
of polarised light raised new questions concerning the
structure of V407 Vul. Several alternative models were
suggested which include a non-magnetic model where the
accretion stream impacts the primary directly due to the
compact nature of double-degenerate binaries (Marsh &
Steeghs 2002, Ramsay et al. 2002a), a unipolar induc-
tor model analogous to the Jupiter-Io system (Wu et al.
2002) or a stream-fed IP viewed nearly face-on (Norton,
Haswell & Wynn 2004). Only in the IP interpretation
would the 569s period not be the orbital period but in-
stead be the spin-period of the primary.

Strohmayer (2002,2004) analysed archival ROSAT and
ASCA data as well as new Chandra X-ray observations
and found that the X-ray period was slowly decreasing
which appears at odds with an accreting ultra-compact
binary model since the period change is of the wrong
sign. Although this appeared to support the non-mass
transfer model of Wu et al. (2002), we may simply be

TABLE 1
Loc oF GEMINI OBSERVATIONS

UT Date  exp. readout # exp. UT interval cycles
Aug 92002 100s 14s 84  06:30 - 09:19 17.8
Sep 2 2002 100s 11s 84 05:54 - 08:34 17.8
Sep 4 2002 100s  12s 84 06:14 - 08:57 17.2
totals 252 52.8

seeing short term period changes that commonly occur
in accreting binaries (Marsh & Nelemans 2005).

In order to clarify the nature of V407 Vul and compare
its characteristics with the other AM CVn systems, we
obtained high-time resolution optical spectroscopy using
the Gemini-North telescope that resolves the 9.48 minute
period. In Section 2, we discuss the observations and
data reduction and present the key observational results
in Section 3. In Section 4 we discuss the implications of
our observations concerning the nature of V407 Vul.

2. OBSERVATIONS
2.1. Gemini spectroscopy

We employed the GMOS spectrograph (Hook et al.
2004) mounted on the 8.1m Gemini-North telescope
on Mauna Kea, Hawaii and obtained time-series spec-
troscopy of V407 Vul in queue observing mode. The
detector array consisting of three 2k x4k CCDs was op-
erated in 4 x4 binning mode to reduce readout overheads
and sample the spectral resolution element achieved with
our 0.75” slit across 2.3 binned pixels. The B600 grat-
ing delivered spectra covering 4058-6920A at 1.8A/ pixel,
with two small gaps near 5000A and 5950A at the in-
terfaces between the individual CCDs. The slit was
kept at a fixed position angle in order to accommodate
both V047 Vul and a nearby comparison star in the slit.
Weather conditions were non-photometric with a few ex-
posures affected by thin cirrus while the seeing was be-
tween 0.75-0.8”. Table 1 provides a log of observations.

All frames were first de-biased using the overscan
strips. Tungsten exposures obtained at each observing
block with the telescope pointed at our target served
to construct a flat-field frame that was used to perform
pixel-to-pixel sensitivity corrections. The spectra of both
our primary target V407 Vul as well as the comparison
star were then optimally extracted from each frame. Sci-
ence frames were bracketed by CuAr exposures that were
used to wavelength calibrate the spectra by interpolat-
ing the arc-scale derived from the two nearest arcs. Fi-
nally, the simultaneously recorded comparison star spec-
tra were used to correct the V407 Vul spectra for time
and wavelength dependent slit-loss effects by dividing the
individual comparison star spectra to the master compar-
ison star spectrum obtained at lowest air-mass. A second
order polynomial was then fitted to these ratio spectra
and applied to the V407 Vul spectra. All relevant error
contributions were properly propagated throughout the
reduction process to produce final science spectra with
accurate statistical errors. This reduction recipe deliv-
ered a total of 252 science spectra covering close to 53
cycles of the proposed 9.48 min orbital period.
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3. ANALYSIS
3.1. The puzzling optical spectrum of V407 Vul

The grand average optical spectrum obtained by aver-
aging all 252 exposures with equal weights is shown in
Figure 1. It reveals a reddened late-type stellar spectrum
with a forest of narrow absorption lines, including strong
and narrow Ha absorption. In line with the low S/N
spectrum of Ramsay et al. (2002a), no emission line fea-
tures can be discerned. The narrowness of the observed
absorption lines, which we do not resolve at our spec-
tral resolution of 4A, is a surprise since an origin in a
binary system would broaden spectral features consider-
ably in an average spectrum due to binary motion. The
optical spectrum of V407 Vul thus appears to be con-
sistent with a normal stellar spectrum. By comparing
the average spectrum with late-type templates, we esti-
mate its spectral type to be close to G9/K0. Although
we are somewhat limited in determining the luminosity
class at our spectral resolution, the lack of giant features
suggests a main-sequence classification. To illustrate, we
compare the average spectrum to that of a G9V star in
Figure 1 which indeed provides a very good match to all
the observed features. It is clear that it is not possible
to fit a G9 star into a 9.48 minute binary system, and
this identification thus intially appears in conflict with
an ultra-compact binary scenario.

No emission features can be discerned at the locations
of strong hydrogen and helium lines in our average spec-
trum, nor is there evidence that the Balmer absorption
lines are filled in by weak emission. The signal to noise in
our average spectrum, which represents a total of 7 hours
worth of exposure time, is around 125 per pixel at Ha.
This is therefore large enough to be sensitive to even very
weak lines. In all respects, the optical spectrum of V407
Vul resembles that of a single star and appears at odds
with the observed X-ray luminosity and variability that
has been reported.

3.2. Time variability

In order to look for the expected variability on the 9.48
minute period previously reported in X-rays and the opti-
cal, we constructed lightcurves by summing over our ob-
served spectral range and calculated Scargle-normalised
power spectra (Scargle 1982). These clearly reveal a co-
herent intensity modulation on the previously reported
9.48 min period with no significant signals detected at
other periods. Although our uneven time-sampling lim-
its a sensitive search for weak side-bands, we do not find
any evidence for them near the strong 9.48 min peak. We
thus find very similar optical variability behaviour as was
discussed in Ramsay et al. (2002a). The variability does
confirm that we have acquired spectra of the correct op-
tical counterpart, ruling out a possible mis-identification.
A close inspection of the GMOS acquisition images near
the slit position revealed no contaminating field stars
that could have contributed to the spectra.

Although we detect a 5-15% amplitude intensity mod-
ulation in our data, there appears to be no corresponding
radial velocity motions. Cross-correlating the individual
100s exposures reveals no significant radial velocity shift
in any of the 252 spectra that were obtained in three
hour long blocks over a baseline of 26 days. Since our
time-series cover of order 53 cycles of the 9.48 min pe-

riod, we phase-folded our data on the X-ray period using
the ephemeris reported by Strohmayer (2004) in order
to increase our sensitivity. The ephemeris was converted
into the heliocentric frame and the UTC time-system and
includes the measured period derivative term.
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Fic. 2.— Optical lightcurves after folding on the 9.48 min period
using 15 phase bins. Two cycles are plotted obtained in three
wavelength bands: red (6200-6700A), middle (5300-5800A) and

blue (4100-4600A). The y-scale is adjusted such that each panel
spans *+ 20 % around the mean. Bottom panel are radial velocity
shifts derived by cross-correlating the absorption line spectrum.

We then constructed light-curves of various spectral
segments after phase-folding, revealing that the peak-to
peak amplitude increases from 9% in the red part of our
spectral range up to 25% in the blue end (Figure 2). As
remarked in previous studies, the optical peaks earlier in
phase relative to the X-ray peak. In our case, this was
0.15 cycles in advance of the Strohmayer (2004) X-ray
ephemeris.

In order to quantify the lack of radial velocity motions
in the absorption lines across the 9.48 minute period,
we also cross-correlated each phase-folded spectrum with
the mean spectrum. The derived radial velocities are also
plotted in Figure 2 and reveal no motions phased with
the 9.48 min period. All radial velocities are consistent
with zero at all phases. In order to place an upper limit
on any possible radial velocity amplitude, we shifted the
spectra by various known amounts and tried to recover
the shifts using the above procedures. We found that we
can rule out any ’orbital’ radial velocity shifts across the
9.418 minute period with amplitudes larger than ~ 10 km
s

3.3. Radial velocity limits on the period

Our radial velocity time series revealed no detectable
radial velocity motions in the G-star spectra whatsoever.
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Fic. 3.— Our detection probability for finding radial velocity
motions as a function of the orbital period. The solid curve is re-
binned to constant bins of 0.05 in log P. Our detection probability
is over 99% for any periods below 14 hours.

We ran a period detection algorithm in order to evalu-
ate our detection limits on any periodic motions in the
G-star. We define a detection as occurring when the
x? for a fit of a constant to the velocities is sufficiently
large as to have a very small probability p of occurring
by chance (we took p = 1073). For a given orbital pe-
riod, we then calculate the orbital speed of the G star in-
duced by the variable taking the masses to be ~ 0.8M,
for the G-star and ~ 0.6Mg for the white dwarf pri-
mary. Orbital velocities for a 9.48 minute binary are
of order 1000 km s—!, but even for periods as long as
10 hours would still be larger than 100 km s=!. This
translates into a lower limit on the orbital inclination 4.
which will trigger a detection. Assuming randomly in-
clined orbits, the detection probability is then cos(i.).
Averaging this over the zeropoint of the orbital phase
assuming it is uniformly distributed from 0 to 1 gives us
the overall detection probability for a particular orbital
period. The observational uncertainties in the velocities
are taken into account through Monte Carlo generation
of orbital velocities plus noise, in the form of Gaussian
white noise. Finally, we re-binned the resulting detec-
tion probabilities into period bins spanning 0.05 in log P
for periods ranging between a few minutes and 100 days.
These detection probabilities are plotted in Fig.3. Our
detection probability is over 99.9% for any periods un-
der ~ 3 hours and remains better than 99% for periods
up to ~ 14 hours. This thus argues against identifying
the G9-type star that dominates the optical light as the
donor star in a compact binary system. We return to the
implications of these constraints in Section 4.

3.4. Decomposing the variable part

In order to decompose the spectrum and determine the
spectral characteristics of the variable part of the light,
we fitted a sine-curve to the time-series of each wave-
length pixel while fixing the period to the known X-ray
period of 9.48 min. We thus derived the semi-amplitude
of the modulation as a function of wavelength. This
modulation spectrum is plotted in Fig.4 and shows a
relatively flat modulation semi-amplitude of 5% in the
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Fic. 4.— Wavelength dependence of the 9.48 min modulation
after binning to 7A. The fitted value is the semi-amplitude of a sine

wave in phase with the modulation. The dashed curve denotes our
30 sensitivity limit to the semi-amplitude at each wavelength.

red, rising steeply and approaching 20% on the blue
end, in line with the modulations displayed by the folded
lightcurves in Fig.2. No spectral features, either in ab-
sorption or emission, are detected in this modulation
spectrum with significance, apart from a few bright pix-
els that correspond to a small amount of contamination
due to strong sky lines. In particular, near the location of
potential Hydrogen and Helium features, we see no evi-
dence for any excess variability. It thus appears that also
the variable part of the light shows no evidence for emis-
sion lines that are the hallmarks of an accreting binary.
Although our sensitivity to weak lines in the modulated
spectrum is obviously worse than our ability to see them
in the average spectra, we still have the sensitivity to
pick up emission lines at the strengths observed in typi-
cal cataclysmic variables. For example, at Ha, we have
the sensitivity to pick up emission lines with equivalent
widths larger than ~ 4A (50 limit).

The above decomposition of a non-varying G-star spec-
trum plus a variable blue component appears to describe
our time-series fully. We checked whether there was any
evidence for a non-variable component in addition to the
two components described above by studying the depth
of the G-star absorption lines relative to the continuum.
Any additional light source would dilute the absorption
lines relative to that of an uncontaminated G-star. We
find that this dilution is at most 10-15% at the red end of
our spectral range, rising to 30-40% at the very blue end.
This is consistent with the full amplitude of the variable
component and indicates that any additional contribu-
tion to the light is rather small.

3.5. Reddening and distance

The line of sight toward V407 Vul suffers from consider-
able extinction although the estimates vary significantly.
According to the dust maps of Schlegel et al. (1998), the
integrated line of sight column is Ny = 3.2 x 10%! cm 2
using the Ny /E(B — V) scaling as derived by Predehl &
Schmitt (1995). Joshi (2005) derived a mean extinction
of Ay ~ 1.5 mag kpc™! (~ 2.7 x 102" em~2 kpce™!) in
the region towards V407 Vul though with considerable
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local scatter. Spectral fits to the X-ray spectra from
various missions have also lead to a range of derived col-
umn densities. Haberl & Motch (1995) determined a col-
umn of Ny = 1.0 x 10?2 cm~2 using an absorbed black-
body fit to the ROSAT spectrum, although Ramsay et
al. (2000,2002a) remark that the Ny is not closely con-
strained from fits to either ASCA or ROSAT data. More
recently, Ramsay et al. (2005) find Ny = 4.2x10%! cm—2
from fits to XMM-Newton data, and a re-analysis of the
same data in Ramsay, Cropper & Hakala (2006) gives an
even lower column of Ny = 1.2 x 102! cm™2 when ap-
plying a different plasma model. This range in reported
extinction spans nearly an order of magnitude and has
considerable impact on the derived X-ray luminosities,
which range from 3 x 103! to 10%® ergs s—!.

In our data, a substantial amount of reddening is ap-
parent through the steep slope of the optical spectrum
shown in Fig.1. No flux standard data was available that
would permit us to calibrate the Gemini spectra. How-
ever, our wavelength range includes several diffuse in-
terstellar bands that can serve as reddening indicators
(DIBs; Fig 1). The ratio between the two components
in the prominent Na-D doublet near 5895A was close to
1, indicating saturation. This doublet thus can only pro-
vide a lower limit of E(B — V) > 0.5 (Ng > 3 x 10!
cm~2). However, the 5780A DIB is present with an
EW(5780) = 0.7 4+ 0.1A. Using the E(B — V) vs EW
relation as published in Herbig (1993), this translates to
aE(B-V)=14402(Ng ~ 74+1x10*cm~2) towards
V407 Vul. These values are subject to the accuracy of the
calibrations used, for which significant variations along
specific lines of sight are possible. The DIB features in
our mean spectrum thus suggests that the reddening to-
wards the G-star is substantial. We also determined the
strengths of these DIBs in the comparison star that was
present in our slit and find equivalent widths consistent
with those of V407 Vul.

As a final consistency check, we tried to reproduce the
observed broad-band colors of V407 Vul as listed in Ram-
say et al. (2002a). We were not able to fit all the colors
satisfactorily with a model consisting of a reddened G9-
star plus a blue component. Particularly puzzling are
the near-infrared colors, which should be dominated by
the G9-star yet cannot be described by reddened stellar
models. A reasonable match to the optical colors can
be achieved if we decompose the colors into a reddened
G9-star with Ng ~ 3 — 4 x 10%! em ™2 plus a blue com-
ponent with contributions in line with Fig.4. Models
with reddening values as large as those inferred from the
5780A DIB would overpredict the contribution from the
variable in the blue bands considerably.

Given V407 Vul’s observed R magnitude of R = 19.2+
0.1 (Ramsay et al. 2002a), this leads to a de-reddened
R-band magnitude of 15.5 — 17.9 using the Schlegel et
al. (1998) extinction scaling and our derived range of
Ny = 3 —7 x 10%! ecm™2. Since the G9 star light to-
tally dominates the R-band, we can estimate the dis-
tance to this star using a G9 absolute magnitude of
Mr(G9V) ~ 52+ 0.3 (Houk et al. 1997) and find
d =1.1—3.5 kpc. We remark that the uncertainty in the
derived distance is completely dominated by the uncer-
tainty in the assumed Npy. Since we cannot firmly rule
out a (sub)giant classification, these are strict lower lim-

its on the distance. According to Neckel & Klare (1980),
the interstellar absorption ramps up rapidly within 1kpc
in this region and our distance and hydrogen column
from the DIBs are thus in that sense consistent, while
it would be puzzling if the distance was much larger yet
the reddening much lower.

Whether this represents the distance to the variable
optical/X-ray source is not certain since the observed
properties of the G9 star make it impossible to associate
it directly with either the X-ray source or a member in a
compact binary. Our interstellar bands sample the col-
umn towards the G star, and the apparent disparity with
the recent X-ray inferred columns could indicate that the
X-ray source is not at the same distance as the G9 star,
but significantly closer. The observed X-ray flux shows
significant variability (Ramsay et al. 2000,2005,2006,
Strohmayer 2004). If we assume that the X-ray source
is at the same distance as the G9-star, the inferred bolo-
metric X-ray luminosity is 1033 —103° erg s~! depending
on the spectral model used. This is clearly far beyond
any chromospheric X-ray emission that could be powered
by a G9 star, let alone be modulated at 9.48 minutes.

3.6. Chance alignment constraints

Given the puzzling properties of the G9 starlight that
dominates the optical spectrum of such a strong and vari-
able X-ray source, we investigated the possibility whether
the GO star is merely a chance alignment along the line of
sight, and is not actually associated with the 9.48 minute
variable.

On June 23 2003, we obtained BV RI images of the
field surrounding V407 Vul with the MAGIC camera on
the Magellan-Clay telescope at Las Campanas Observa-
tory. The pixel scale was 0.069” and seeing conditions
were very good, achieving a point source FWHM = 0.45”.
The optical counterpart to V407 Vul was detected as a
non-resolved point source in all images. We also com-
pared the position of the counterpart relative to nearby
field stars and found that these positions matched to
better than 1 pixel when comparing B,V,R and I-band
frames. We therefore conclude that the source dominat-
ing in the I-band (the G9 star), and the variable source
that contributes ~ 30% to the light in the B-band are
aligned to within 0.1”. By counting all stars in our imag-
ing data down to the brightness of V407 Vul, we derive a
local field star density of 4.6 x 1073 stars arcsec™2. The
probability of chance alignment of a field star at the level
of < 0.1” as derived from our imaging analysis amounts
to < 1.4 x 10~%. These numbers are consistent with the
even tighter alignment constraints derived in Barros et
al. (2006, in prep) based on high-speed optical photom-
etry of V407 Vul. While the lack of emission lines or
radial velocity motions argues against relating the G9
dominated spectrum directly with the source of the vari-
able light, this small probability suggests that a physical
connection needs to be considered.

4. DISCUSSION

Our phase-resolved spectroscopy reveals that the opti-
cal light of V407 Vul is dominated by a G9V-type stellar
spectrum, viewed through a column of Nz = 3—7 x 10%!
em~? and at a distance of d = 1.1—3.5 kpc. Good seeing
images indicate that this G9 star is very closely aligned
with the 9.48 minute variable source making a chance
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alignment with a field star unlikely. However, the com-
plete lack of radial velocity signatures on periods from
minutes to hours and the absence of any emission fea-
tures appears to rule out that this G9 star is a member
of a compact binary that powers a 10%% erg s~! variable
X-ray source. Although the G9 totally dominates our
spectra in the red end, the broad-band colors of V407
Vul cannot be modeled with a simple reddened G9 star
model. Ramsay et al. (2000,2002a) also discuss this is-
sue and find that the infrared colors are not consistent
with reddened late-type stars. However, the magnitudes
in the various colors were not obtained simultaneously
and Ramsay et al. (2000) report a change in the K-
band magnitude of 1.1 mag between two epochs. Such
significant variability and the apparent mismatch of col-
ors in the IR presents yet another puzzling aspect that
does not fit obviously with the apparently non-varying
G9 starlight that dominates our spectra. Perhaps an-
other spectral component starts to contribute towards
the red. A contemporaneous study of the optical /IR, col-
ors and variability appears to be warranted so that these
characteristics can be reconciled.

4.1. A triple system?

A possibility could be that the G9 star is part of a
triple system, consisting of the G9 star in a relatively
wide orbit around the compact binary that is responsi-
ble for the observed variability and X-ray emission. This
would lead to no obvious radial velocities on short pe-
riods, nor would there be emission lines since the G9
star is relatively far removed from the compact binary.
Although bringing in their own formation and stability
concerns, triple star systems are relatively abundant and
the low mass X-ray binary V1727 Cyg, for example, is
thought to be a hierarchical triple (Garcia et al. 1989).
An interesting consequence of a triple scenario is that
the observed period derivative of V407 Vul (Strohmayer
2002, 2004, Ramsay et al. 2005,2006) may then be influ-
enced or even dominated by orbital time-delay effects due
to the G9 star. In that case, the observed period deriva-
tive cannot be interpreted as tracking the secular mass
transfer rate of the ultra-compact binary. This makes
the period derivative a less clear-cut test of the accretion
geometry and the expected angular momentum loss rate
from gravitational wave emission (see also Marsh & Nele-
mans 2005). If the observed period drift instead tracks
the time-delays due to a much longer and wider orbit,
we would expect cyclical period changes modulated with
this long orbital period. Given that the current period
drift of ~400s over ~4,000 days shows no sign yet of turn-
ing over (e.g Ramsay et al. 2006) we have only covered
a modest part of the orbit during the 11 years of period
studies. This in turn implies that the orbital period of
the G9 star in this scenario would be larger than ~25
years or so, well beyond what is needed for dynamical
stability.

Alternatively, despite the low probability, the G9 may
be physically unrelated to the 9.48 minute variable but
happens to be extremely well aligned. The X-ray source
could then indeed be much closer, which would allevi-
ate the issue of the low hydrogen columns that are in-
ferred from the X-ray spectra. Either way, it is clear
that the G9 star cannot be associated directly with the
intriguing variable source that makes V407 Vul so fas-

cinating. It unfortunately severely inhibits our ability
to study the properties of this enigmatic variable. We
remark that this also implies that care must be taken
when interpreting observed magnitudes and modulation
amplitudes since the observed light is a composite be-
tween the G9 star and the blue variable. Despite the
dominance of the G9 light, we were able to clearly detect
a blue component that modulates coherently on the pre-
viously reported 9.48 minute period, with no evidence of
variability at other periods sampled by several efforts at
different wave-bands to date. This component starts to
make an appreciable contribution in the blue end of our
spectral range and it appears that despite the significant
reddening along the line of sight, it is at the blue end
that we may be able to constrain the properties of V407
Vul. As discussed in Section 3.3., even this variable com-
ponent to the light shows no evidence for emission line
features that would be expected for a mass transferring
compact binary. If, as the most recent X-ray analysis
may suggest, the X-ray source actually suffers from much
less reddening compared to the G9 star, deeper UV stud-
ies are feasible and could provide important constraints
on the bolometric flux from the variable.

Since the discovery of V407 Vul as a variable X-ray
source, a number of models have been put forward for
V407 Vul and its related short period cousins RXJ0806
and ES Cet. We do not wish to repeat all the pros and
cons of the various models in detail, but will focus on
those features relevant for the spectroscopy results pre-
sented here.

4.2. A stream-fed IP?

Most scenarios identify the sole periodicity that has
been detected in these systems as the orbital period of
an ultra-compact binary. An alternative model put for-
ward by Norton et al. (2004) suggests that these peri-
ods represent the beat period between spin and orbit of
a magnetic white dwarf viewed at very low inclinations
and accreting from a stream instead of an accretion disc
(a so called stream-fed IP). The orbital period of the bi-
nary in the stream-fed IP scenario would be 1.5-2.5 hours
for V407 Vul, which would lead to orbital velocities of >
250 km s~!. Our period analysis in Section 3 also illus-
trates that our detection probability for periods in the
IP range is very high, yet we see no evidence for orbital
motion. Given our measurement limits, the inclination
would then have to be less than two degrees to explain the
lack of measurable radial velocities. An additional issue
is the total lack of emission features. Although Norton
et al. argue that a narrow stream feeding the WD may
be optically thick and this would not produce emission
lines, this is not what is observed in other accreting sys-
tems. Despite the presence of optically thick disks in non-
magnetic CVs and the presence of dense, optically thick
streams in magnetic polars and IPs, all these systems in-
variably shows very strong emission lines from optically
thin regions above those disks and streams. The situa-
tion would be very similar to that of high-state polars
where accretion stream emission is visible out to the L1
point (e.g. Schwope et al., 1997). Indeed, the prototyp-
ical stream-fed IP V4200 Oph shows very strong hydro-
gen and helium emission features (Hellier & Beardmore
2002). We have the sensitivity to see such strong lines
both in the grand average spectrum (Fig.1) as well as the
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variable part of the light (Fig.3) and see no such lines in
either. In summary, we see no evidence for the two tell-
tale signs that would be expected for a low-inclination
IP (radial velocities on P,., and emission lines). The
continued lack of evidence for additional periodicities in
the now rather extensive number of observations at dif-
ferent wavebands and the atypical X-ray properties of
V407 Vul are additional issues which reduce the appeal
of an IP interpretation.

4.3. An ultra-compact binary hiding behind a star?

All remaining scenarios have identified 9.48 minutes as
the orbital period of the binary. As argued above, this
would imply that the G9 star is not directly related to the
ultra-compact binary and merely dilutes and complicates
the analysis of the underlying variable.

In the double-degenerate polar model of Cropper et
al. (1998) and the direct-impact model (Nelemans et al.
2001, Marsh & Steeghs 2002, Ramsay et al. 2002a) the
X-rays are powered by mass transfer onto the primary
white dwarf. One would thus expect to see emission lines
from the accretion flow in those cases. In the unipolar-
inductor model of Wu et al. (2002), there would be no
mass transfer and thus no emission lines from the ac-
cretion flow itself, though there could be emission from
the irradiated mass donor star. The fact that the vari-
able part of the light is very blue suggests an origin in
a hot environment, which in the accreting ultra-compact
models could naturally be associated with the accreting
primary that is expected to be heated to temperatures
in excess of 50,000K (Bildsten et al. 2006).

Since our data resolve the 9.48 min period, we would
also be able to pick up rapidly moving narrow compo-
nents that would be expected if the emission lines orig-
inate along a stream or on the surface of the rapidly
rotating donor star. We certainly do not see the kind
of strong helium emission lines that are typically ob-
served in the longer period disk-accreting AM CVn sys-
tems (e.g. Nather, Robinson & Stover 1981, Roelofs et al.
2005), including the 10.3minute system ES Ceti (Wegner
et al. 1987; Warner & Woudt 2002). However, a very
weak emission line spectrum, such as is observed in RX
J0806.3-0939 (Israel et al. 2002) could actually be hid-
den in the seemingly featureless spectrum of the variable
source (Fig.3). While our signal to noise is good enough
to see lines of typical strengths such as displayed in all
the other CVs and AM CVns, very weak lines would go
undetected. The fact that such short-period systems may
not accrete via a disk but instead via a (direct impact)
stream could be one of the reasons for a reduced emis-
sion line contribution. The detection of emission line
components showing radial velocity motions across the

9.48 min orbit would have been conclusive proof of the
binary period, and indeed was the aim of our experiment.
We are thus severely hampered by the diluting effect of
the G9 starlight in conjunction with the reddening along
the line of sight to make conclusive statements concern-
ing the presence or absence of very weak helium lines.
A significant improvement will be difficult to make given
the faintness of the source at blue wavelengths.

4.4. Outlook

The true nature of V407 Vul continues to puzzle us.
The search for radial velocity signatures of its orbit re-
mains elusive. Additional, high-resolution, spectroscopy
in the red end will permit more stringent constraints to
be placed on the properties of the G9 star that dominates
the light. If this star is indeed in a longer orbit, accurate
velocity measurements sampling longer base-lines could
for example confirm the possibility of a triple. While the
underlying variable is best studied in the blue, the red-
dening and intrinsic faintness of the source makes this
a rather challenging avenue. After all, we were not able
to detect features even with a considerable amount of
8m-class spectroscopy. However a rigorous analysis of
the spectral energy distribution of the source including
sensitive UV flux constraints should shed more light on
the relative contributions of the G9 star and the variable
powering the X-ray source.
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