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Figure 6. Same as Figure 5, but for the W UMa Overcontact mode in PHOEBE.
(A color version of this figure is available in the online journal.)
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Figure 7. Probability distributions for the masses, radii, and the semi-major axis for SDSS J001641—000925 as explored by our MCMC sampler using the W UMa

Overcontact mode in PHOEBE.

(A color version of this figure is available in the online journal.)

to spectral types M1 and M3 (Reid & Hawley 2005), and radii of
R; = 0.68 £ 0.03 Ry and Ry, = 0.58 £ 0.03 Rg. A grid of
the resulting probability distributions for the masses, radii, and
semi-major axis is shown in Figure 7.

We computed the correlation lengths for each of our free
parameters using the autocorrelation function. The effective
chain length is defined as the actual length of the MCMC
chain after the 1000 step “burn-in,” divided by the correla-
tion length, and must be >>>1 for meaningful results (Tegmark
et al. 2004). The shortest effective chain length in our study
was for the inclination parameter, with a value of 7106. All

other free parameters had effective chain lengths over 9000,
indicating that our parameter space sampling reliably con-
verged on the correct solution, and that the resulting er-
rors were realistic. We also tested the convergence of our
MCMC runs with the Gelman-Rubin R statistic, as detailed in
Section 3.3 of Ford (2006). All parameters converged to R <
1.001, indicating our MCMC effectively sampled the parameter
space.

The final radial velocity solution is shown in Figure 4, and the
SDSS phase curves computed from the final PHOEBE model
are shown in Figure 8. The median model values for the system



THE ASTROPHYSICAL JOURNAL, 764:62 (9pp), 2013 February 10

0.0F .

0.5

(mag)

1.0

‘% n‘ ‘+ -
1.5 \.! b \'! ]

-0.5

—-0.25 0.0

0.25

Phase

Figure 8. Differential SDSS g-band, (g — r), and (r — i) colors as a function of
orbital phase, along with the PHOEBE model fit (red).

(A color version of this figure is available in the online journal.)

Table 1

The System Parameters and Uncertainties for SDSS J001641—000925
Determined by Our MCMC Runs

Quantity Value Uncertainty
P (days) 0.198561 1x1076
1o (days) 0.002405 1x107°
M (Mg) 0.54 0.07
Ms (Mg) 0.34 0.04
R (Ro) 0.68 0.03
Ry (Ro) 0.58 0.03
Ter1 (K) 4342.0 475.0
Tefi 2 (K) 3889.0 579.0
a(Ro) 1.37 0.06
q (Ma/My) 0.62 0.01
i) 53.3 1.1
Vsys (kms™!) -5.6 3.9

parameters are given in Table 1. Errors for each parameter
were determined using the standard deviation of the probability
distributions.

4. RESULTS
4.1. Binary System Parameters

The illustration of our binary system in Figure 6 clearly
indicates that both stars are filling their Roche lobes. We also
show the probability distributions for the normalized radii of
both stars. Overlaid is the critical Roche radius for both the
primary and secondary stars, calculated using the Eggleton
(1983) approximation. The MCMC probability distribution for
the W UMa model mode showed both stars to be larger than
their critical Roche radius with 100% confidence. The primary
star was 18% larger than the critical Roche radius, and the
secondary star 25% larger. This raises the intriguing possibility
that the system is in over-contact (Rucinski 1997), in which
case we would expect to see non-solid body velocities from
outflowing material leaving the system via the L2 point. This
would be a very efficient method of angular momentum loss for
the binary, and could lead to rapid decay of its orbit.

The masses and radii of SDSS J001641—000925 with respect
to other low-mass eclipsing binaries are plotted in Figure 9.
Bayless & Orosz (2006) provided an empirical fit to the
mass—radius relation using many low-mass binary systems with
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Figure 9. Stellar radius as a function of mass for the compilation of single
and binary stars from Lopez-Morales (2007), as well as the system from
Becker et al. (2008), in open black circles. Our PHOEBE solution for
SDSS J001641—000925 is shown as filled blue squares. The solid black line
is the Baraffe et al. (1998) stellar evolution model, and the dashed line is the
empirical fit from Bayless & Orosz (2006).

(A color version of this figure is available in the online journal.)

larger than predicted radii. Our system is much larger than the
Bayless & Orosz (2006) prediction at this mass range, due to
the tidal distortion effects of the over-contact solution.

4.2. Ha Line Emission

Hea emission from the system was present in every observed
spectrum. This is not an uncommon property of M dwarfs in
general, whose magnetic activity is frequently characterized by
strong and variable Ho line emission (e.g., West et al. 2011;
Bell et al. 2012). However, the fraction of magnetically active
field stars with spectral types M2 or earlier is less than 10%
(West et al. 2011). The strength and frequency of this emission
decrease as M dwarfs age, and the lifetime of magnetic activity
for early-type M dwarfs in the field is less than ~2 Gyr (West
et al. 2008). Ha emission is also seen from M dwarfs in
close binary systems with other dwarf stars (e.g., Dimitrov &
Kjurkchieva 2010) and with white dwarfs (Maxted et al. 1998;
Silvestri et al. 2006). The higher fraction of active early-type M
dwarfs in close binaries as compared to the field is likely due to
these stars rotating more rapidly than their isolated counterparts,
inducing stronger and longer lived magnetic activity (Morgan
et al. 2012; Silvestri et al. 2006).

We measured the He equivalent width (EW) for each DIS,
MagE, and SDSS spectra, shown in Figure 10(a) as a function
of orbital phase. The strength of emission is nearly constant at
~1 A, though a weak correlation in the line strength was found
with orbital phase, with a higher He EW at conjuncture (¢ = 0
and 0.5).

The Ho line was observed to be broader than other features
(e.g., the Ca1 absorption lines in Figure 3), and clear splitting
was only seen in a few spectra. The feature did not contribute
significantly to the cross-correlation in Section 3, which was
dominated by absorption features such as those shown in
Figure 3. We measured the radial velocity of the Ha line, shown
in Figure 10(b), by fitting two Gaussian profiles to the emission
feature. The Ho line broadly followed the velocity trend of the
more massive stellar component, possibly due to the primary
dominating the total He flux. Line splitting was seen near
quadrature (¢ = 0.25) in the higher resolution MagE spectra,
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Figure 10. (a) The equivalent width of the H line in each spectrum as a function
of orbital phase for the MagE (filled black circles), DIS (open blue squares),
and SDSS time spectra (open red diamonds). (b) The radial velocity of the Ha
line for each spectrum, with the orbital radial velocity solution from Figure 4
overlaid for comparison, using the same color coding and symbols as above.

(A color version of this figure is available in the online journal.)

and the Hu velocity profiles are consistent with emission from
both stellar components in this system.

No other evidence for accretion, flaring, or outflow in the
form of nebular emission line features was observed. The line
splitting seen in the MagE data at ¢ = 0.25 indicates that
both stars are magnetically active. We would conventionally
assume the Ho emission comes from many distributed active
regions on the stellar surfaces. However, the broadened Ho
emission, lower amplitude radial velocities, and intermittent line
splitting suggests non-solid body velocities, and may indicate
mass transfer between the stars and mass loss, likely through
the L2 point as a result of the over-contact configuration. The
slight increases in Hoe EW at conjuncture are reminiscent of
those from the massive over-contact binary system RY Scuti,
which are attributed to extended Ho emission from outflows
(Grundstrom et al. 2007) that appear to have brighter EW
during eclipse (¢ = 0 and ¢ = 0.5) when the system flux is
lower. Higher resolution spectroscopic monitoring throughout
the orbital period is necessary to accurately determine the
geometry of the He emission regions, and the possible active
region timescales.

4.3. Period Decay

The observed period of a close binary system should decrease
over time, as the orbit decays and the system loses angular
momentum from effects such as magnetic braking, tidal friction,
mass transfer, mass loss, and in the most compact cases
gravitational waves. Changes in the orbital period have been
observed for several hundred W-UMa-type binary systems.
Pilecki et al. (2007) measured period decreases for ~30 short
period systems, finding typical amplitudes of P = dP/dt ~
—1 s yr~!. Kubiak et al. (2006) searched the OGLE database
(Udalski et al. 1992) for period changes from more than
500 short period binaries, finding a maximum amplitude of
P=—-04syr .

The SDSS Stripe 82 data were very sparsely sampled in time,
and individual times of light curve minima were not observed.
As such, we were unable to make a traditional observed minus
computed (O — C) diagram. Instead we broke the SDSS data
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Figure 11. Difference in orbital period between the B11 value and our
measurements, using SDSS (blue) and NMSU (black) photometry, as a function
of time. Periods shorter than the B11 value yield negative AP. The first SDSS
epoch, at Az = 0, had an MJD = 51075.316. Horizontal bars give the range of
data for each SDSS subset, with each point placed at the mean epoch for the
subset. Error bars were determined using a bootstrap method, described in the
text.

(A color version of this figure is available in the online journal.)

into five subsets, spanning different ranges in time, each having
at least 20 epochs. The NMSU 1 m photometry were obtained
in a single observing season, with many full orbits observed,
and were used as a sixth subset.

To search for changes in the orbital period of SDSS
J001641—000925, we measured the period for each time inter-
val in our data with a phase dispersion minimization code, us-
ing the SuperSmoother algorithm (Friedman 1984) as described
in Reimann (1994). We folded each subset at periods ranging
+5 minutes around the B11 value, in steps of 0.1 s.

In Figure 11 we show the difference in period from the B11
value for each subset of -band Stripe 82 and NMSU data. The
time span for each Stripe 82 subset is shown as horizontal bars. A
consistently decreasing period was found, with a total amplitude
of ~75 s, spanning the nine years of observations, yielding
P ~ —8syr~!. A similar approach was used to measure period
decay for V1309 Sco in Tylenda et al. (2011).

We recomputed the period determination for each data subset
using a bootstrap method, leaving one epoch out each time.
Errors shown in Figure 11 are the standard deviation of the
bootstrap runs. The Stripe 82 period results are somewhat
dependent on the time range chosen, as shown in Figure 11. The
independent period measurement from the NMSU photometry,
however, provides strong evidence of orbital decay for this
system, though we note the caveat that this is dominated by
the NMSU photometry.

5. DISCUSSION

We have presented follow-up spectroscopic and photometric
observations of a low-mass binary, SDSS J001641—-000925,
whose orbital period is below the theoretical short period limit
(Rucinski 1992). The components of this short period system
have masses typical of spectral types of M1 and M3, and are in
an over-contact configuration. Both stars have radii much larger
than predicted by stellar isochrone models. These stars are the
most “oversized” of any yet determined at this mass due to the
over-contact configuration.

The strength of the Ha line at ~1 A was not particularly
high with respect to active stars of this spectral type. Higher Ho
flux is typically accompanied by strong magnetic activity and
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flaring for early-type M dwarfs; these are features that diminish
as the stars age and lose angular momentum (West et al. 2008).
The SDSS spectroscopic M dwarf sample, containing ~70,000
spectroscopically confirmed M dwarfs (West et al. 2011) shows
approximately half of stars with spectral types MO-M3 that are
classified as “active” have EW(Ha) > 1.25 A. Thus the He EW
for this system is not usually high, nor does it appear particularly
active. In fact, no signs of flaring were detected in more than
20 nights of observing. This is in strong contrast to the similar
mass semi-detached binary system observed by Dimitrov &
Kjurkchieva (2010), which showed six flares in a comparable
amount of observing time. Davenport et al. (2012) found that
field stars in this spectral type range displayed photometric
flares with amplitudes of Au > 1 mag once every ~2 days on
average.

However, the slight increase in He EW during eclipse, as well
as the broadened Ha line profile with possibly non-solid body
rotation velocities, together suggest that the emission feature
may be the result of material being expelled from the outer
Lagrange points. This would result in a complex He line, with
phase-dependent emission lines contributed from both stars,
as well as possible P Cygni-like profiles from the outflowing
material. Additional medium- to high-resolution spectroscopic
monitoring will allow us to differentiate Hoe emission due
to active surface regions from that of any nebular emission
surrounding the system, as in RY Scuti (Grundstrom et al. 2007).

Dynamical interactions between a binary system and other
stars can decrease the binary orbital period through angular
momentum transfer, or through three-body interactions (Kozai
1962). Indeed the incidence of contact binary systems is higher
in stellar clusters than in the field (Rucinski 1998), due to the
more frequent three-body interactions. Recent models predict a
timescale of 6-13 Gyr for an isolated low-mass binary system
to undergo enough angular momentum loss to evolve from a
stable orbital period of ~1-2 days to below 0.22 days (Stepien
20064a, 2006b). Estimates of angular momentum loss from single
stars, applied to short period binary systems, show that magnetic
braking takes on the order of a Hubble time to compress these
periods from one to two days to below the theoretical limit (e.g.,
Maceroni & Montalban 2004). With their discovery of several
low-mass systems below the predicted 0.22 day limit, Nefs et al.
(2012) demonstrated that initial orbital periods must have been
~1 day in order for magnetic braking schemes to explain the
short period systems. Nefs et al. (2012) also show that the orbital
evolutionary timescales and initial conditions for these rare short
period binaries are still largely unconstrained, and that many
possible mechanisms may be at work in forming such systems.
Once the stars reach a contact scenario, unstable mass transfer
via the filled Roche lobes, and mass loss through the outer
Lagrange points, predicts a rapid evolution toward coalescence
(Jiang et al. 2011). This type of over-contact evolution (Rucinski
1997) is thought to be a formation path for blue straggler stars in
stellar clusters (Bradstreet & Guinan 1994; Mateo et al. 1990),
and signatures include mass loss, changes in luminosity, and
orbital decay. )

Our measured period decay of approximately |P| ~ 8 s
each year is larger than found for typical W UMa binary
systems. The largest amplitude period decay measured for
a contact binary is that of V1309 Sco, a merger system
with an exponentially decreasing period with an amplitude of
|P| ~ 300 s yr~! (Tylenda et al. 2011). This system exhibited
an extreme nova-like outburst, similar to V838 Mon, as it
underwent a catastrophic merging event in 2008. Assuming a
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linear period decay of |P| ~ 8 s yr~!, we would expect SDSS
J001641—000925 to have a lifetime of ~10° years. However,
if the period evolution follows an exponential decay as in the
higher mass V1309 Sco system, the binary merger timescale
may be as short as ~10? years.

This amplitude of angular momentum loss required by the
observed period decay cannot be explained solely by magnetic
braking, and the stars are too widely separated for gravitational
waves to expel significant energy (Chau 1978). The angular
momentum loss is likely due to the system being in an over-
contact configuration and having filled its critical Roche surface,
with mass being expelled from the outer Lagrangian points. This
would carry much more angular momentum from the system
than magnetic breaking or winds alone, and would lead to a
rapid coalescence into a single star (Li et al. 2004). However,
we cannot exclude the possibility of mass transfer from the
primary to the secondary star with little to no loss of angular
momentum to the system. This mass redistribution could instead
lead to a binary evolution as described by Stepien (2006a), with
the orbital period increasing, and binary coalescence proceeding
on a much more gradual nuclear or thermal timescale (Li et al.
2004). Our follow-up study of the period evolution will help
discern between these two possibilities.

We emphasize the rarity of this system, as SDSS
J001641—000925 is the first true over-contact M dwarf binary
known. The critical question remaining for the system is whether
it is evolving rapidly toward coalescence due to the over-contact
configuration. Additional high precision follow-up photometry,
as well as searching existing time domain surveys, is under-
way to conclusively determine whether the period is decaying
at an exponential rate, as was the case for V1309 Sco before its
dramatic merger.
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