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ABSTRACT

We present a sample of 242 ultra-short-peri®g,{ < 0.22 d) eclipsing and ellipsoidal binary
stars identified in the OGLE fields toward the Galactic bul@ased on the light curve morphol-
ogy, we divide the sample into candidates for contact bésaaind non-contact binaries. In the latter
group we distinguish binary systems consisting of a coohrsaiquence star and a B-type subdwarf
(HW Vir stars) and candidates for cataclysmic variablesluiding five eclipsing dwarf novae. One
of the detected eclipsing binary systems — OGLE-BLG-ECDBB — with the orbital period be-
low 0.1 d, likely consists of M dwarfs in a nearly contact cgafiation. If confirmed, this would
be the shortest-period M-dwarf binary system currentlyvkmo We discuss possible evolutionary
mechanisms that could lead to the orbital period below OriahiM-dwarf binary.

Key words: binaries: eclipsing — stars: low-mass — novae, cataclysrartables — stars: individual:
OGLE-BLG-ECL-000066

1. Introduction

In recent years the list of known eclipsing binary systenthwery short peri-
ods has been substantially extended. It is known for morettha decades (Rucin-

*Based on observations obtained with the 1.3-m Warsaw tgpesat the Las Campanas Observa-
tory of the Carnegie Institution for Science.
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ski 1992) that contact binaries have a sharp cut-off &22 d in the period distri-
bution, and very few systems have periods significantlyvedos limit. For years,
the shortest-period known binary system with M-dwarf comgris was OGLE
BW3 V38 (P =0.1984 d) discovered by Udalskt al. (1995) and studied in detail
by Maceroni and Rucinski (1997). This record was beaten hydiet al. (2007),
who reported the discovery of a binary system with main seggieomponents on
a P =0.1926-d orbit. Then, rich samples of ultra-short period besgmwere pub-
lished by Nortoret al.(2011), Nefset al.(2012), Lohret al.(2013), and recently by
Drakeet al. (2014), who identified as many as 367 binary systems witlogeribe-
low 0.22 days using photometric databases collected by ditaiGa Surveys. Until
now, the shortest known period of the M dwarf binary systeras W= 0.1122 d
(Nefset al. 2012).

Two main hypotheses have recently been proposed to explaishort-period
cut-off in contact eclipsing binaries. Stepi€2006b) argued that the short-period
limit of contact binaries may be caused by the fact that tit@lly detached sys-
tems with low-mass components do not have time to reach tbbdRobe overflow
within the age of the Universe. An existence of a lower lintibat 2 d for the ini-
tial orbital period is essential for this explanation. Isuéts from a binary star
formation mechanism in which a binary is formed due to a fragtation of a pro-
tostellar cloud (Bonnell 1994, Machidas al. 2008, Kratteret al. 2010). So, a new
born cool binary consists of two T Tau stars and its orbit nfneswide enough to
accommodate components with radii of a few solar radii. Ailsintow limit for a
period of young binaries is expected when the mechanisraccKlbzai cycles with
a tidal friction (KCTF) operates on a binary with an initialonger period (Fab-
rycky and Tremaine 2007, Perets and Fabrycky 2009, Naoz abd/éky 2014).
For components with masses close to Bl2, the low limit for the initial period is
somewhat lower — around 1.5 d (Nedsal. 2012). This does not mean, of course,
that shorter initial periods are completely forbidden. ®@TF mechanism can
produce shorter periods under exceptional circumstarmaalao a close approach
with another body can “harden” a binary, shortening sigaiitty its period (e.g.
Hypki and Giersz 2013). Nevertheless, young binaries wétty whort periods are
expected to be rare.

Onthe other hand, Jiarg al. (2012) noted that existence of detached and semi-
detached binary systems with periods below the short-gdioit are in conflict
with the suggestion of Stepig2006b). The existence of systems with such short
periods indicates that some of the binaries may have shaddseat their birth
or that they may experience a much higher angular momentssitf@an assumed
by Stepié (2006b). According to Jiangt al. (2012), the short-period limit of
contact binaries results from a limit for the mass of the pryncomponent. For
initial primary mass lower than 0.6Bl.,, the mass transfer that starts, when the
primary reaches its Roche lobe, is dynamically unstabléghwuickly leads to the
common envelope binary and the coalescence of both comfgon®@nly binaries
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with the primary mass higher than 0.68, may form long-lived W UMa stars and
their orbital periods are longer than about 0.22 d. Thisaxgifion may be invoked
if, indeed, a substantial fraction of young binaries hay w#ort periods of 1 d or
less.

The mystery of the short-period cut-off could be solved hailied examination
of the ultra-short-period binaries. The relative numbérsomtact versus detached
binaries and their period distribution may be an importasmstraint on models
of the formation and migration history in low-mass binangteyns. Analysis of
the orbital period changes could answer the question ofivenghe angular mo-
mentum loss in low-mass close binaries is so fast that sustiersy quickly merge
and form single stars (Jiargf al. 2012) or, on the contrary, the momentum loss
is so feeble that any M-dwarf binary had no time to form congystem (Stepie
2006b). For binaries with orbits tidally tightened by the RlEmechanism the
third, circumbinary, objects should also be detected thindhe timing analysis.

Therefore, it is essential to find as many as possible ulteatperiod M-dwarf
binaries to test the predictions of angular momentum lossrtbs. In the present
study we publish the list of 242 binary systems with orbitatipds below 0.22 d
detected toward the Optical Gravitational Lensing Expentn(OGLE) fields in
the Galactic bulge. Our sample consists not only of the M¢fibimaries, but also
of the main-sequence — hot sub-dwarf systems and of cataidysriables. One
of our objects — OGLE-BLG-ECL-000066 — is probably the séstiHperiod binary
system consisting of two M-dwarfs.

2. Observations and Data Reduction

OGLE is a long-term photometric survey for sky variabilitgevating on the
1.3-m Warsaw Telescope at Las Campanas Observatory, CFtile.observatory
is operated by the Carnegie Institution for Science. Inithigstigation, we used
photometric data collected during the third and the fouttages of the OGLE
survey (OGLE-IIl and OGLE-1V) in the years 2001-2013. Cutlg the telescope
is equipped with a 32-chip 256 megapixel mosaic camera wittsquare degrees
field of view. The OGLE survey uses two photometric filterso@90% of the
observations are obtained in the Coudifmnd, the remaining images were made
with the JohnsorV band. The number of observations substantially varies from
field to field: from about 100 to more than 8000 points per liginve.

The short-period eclipsing binary candidates were dedeict¢he area of 182
square degrees covering central regions of the Milky Way ITtiand magnitudes
in the OGLE-IV database range from about 13 mag to 20.5 maga @auction
of the OGLE images is performed using the Difference Imagalysis pipeline
(Alard and Lupton 1998, Wozniak 2000). Detailed desanipsi of the instrumen-
tation, photometric reductions and astrometric calibregiof the OGLE data are
available in Udalski (2003a) and Udalskial. (2008).
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3. Selection and Classification of Ultra-Short-Period Binay Systems

The period analysis for nearly 400 milliorband light curves collected by
OGLE in the Galactic bulge was done usingfEAKS codd written by Z. Kotacz-
kowski. We searched a frequency space from 0 to 24 dith a spacing of
0.00005 d . The light curves with the periods below 0.22 d and with trghbst
signal-to-noise ratio were subjected to visual inspectilwentified variable stars
were divided into three groups: eclipsing/ellipsoidal dvies, pulsating stars (in
most case® Sct stars) and other variables. The latter group contairstlyneari-
ables of undetermined types. Some of them may be binaryrsgsbe pulsating
stars, but we are not able to confidently classify them baskdyson the OGLE
light curves.

In this paper, we present 242 objects gathered in the firgtpgrocontaining
rather certain cases of short-period eclipsing or elligiglovariables. In order to
classify our binary systems into different types, e&dland light curve was ana-
lyzed with the aid of the Wilson-Devinney light curve moaejitechnique (Wilson
and Devinney 1971, hereafter WD code). We have used the guceeleveloped
by Pilecki (2010), see also Pilecki and Stgpi@012). Our method is based on
a mixture of standard Monte Carlo approach and the MarkovrCkante Carlo
(MCMC) method. In this approach, model light curves werated using the WD
code for a given random parameter set. Then they were cothpatie the obser-
vational data and the reduced values were calculated to measure the goodness
of the model. The final model was the one with the lowgsvalue.

For the purpose of this work the method was simplified, as wendi have
radial velocities measured for the stars. In the analysisnaleded the following
parameters: the modified surface potent@ls and Q,, the orbital inclinationi,
the temperature ratid,/T; (temperature of the hotter component was fixed), and
the phase shift. The period and the reference time of thegpyirminimum was
taken from the Fourier analysis of the light curves, but thage shift took care
of any error in the latter. Also, for each star two mass ratiese tested, one
representing the components of equal masges 1.0) and the other representing
components of unequal masses< 0.35), but they were fixed during the analysis.
For individual stars other values of mass ratios were alstede if needed.

To facilitate the automated search for the best model waled/ithe sample
into two groups — one with narrow eclipses (meaning highengmnent separa-
tion) and no distinct proximity effects visible — detachggtem candidates, and
the other with wider eclipses and a continuous brightneasigh (with proximity
effects) — compact system candidates. For both groups wkaudéferent set of
initial parameters and parameter ranges in order to misimicessary calcula-
tions to find the global minimum. For the detached systemmraue started from
a higher component separation and higher inclination anghel for the compact

Tsee http://helas.astro.uni.wroc.pl/deliverables. m=en&active=fnpeaks
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system group from a lower component separation and in a wéage of inclina-
tion angles. Also, for some detached systems with extretigsraf eclipse depths,
we changed the initial temperature ratio of the model, amdtars with distinct
reflection effect (see Section 5.3) the temperature of thiehoomponent was set
to 30,000 K. In other cases the temperature was set to 5000rKp@ct systems)
and 6000 K (detached systems), as it has only an indirecteimélel by the limb
darkening coefficients and does not affect much the solution

The following steps were practically the same for all thesstbsing a slightly
modified standard Monte Carlo approach we were looking ferlist models in
a wide range of parameter space. To avoid situation in wiietgtobal minimum
is outside the parameter range instead of using the unifastritaition, we were
taking values from the normal distribution minimizing thisk. Once about a thou-
sand models are calculated, the range and the central ddim distribution are
automatically changed to better cover the parameter rdiogeghich best models
are obtained. Narrowing the parameter ranges (changingighea and the central
value of the normal distribution) we were able to find a glabaimum in thex?
plane. Between some steps the MCMC method was also applieihtmize the
risk of being stuck at some local minimum. In this method ¢hisrno fixed range
of parameters and no central point of distribution is usedfter a sufficient steps
it may virtually cover the whole range of parameters valubere is a restriction
though that makes this method avoid parameter sets thathgidy improbable
models.

Using this procedure, calculating a few thousand modelsiwagneral suf-
ficient to find a global minimum with the enough accuracy anehegstimate the
errors of the parameters quite reliably (taking into act@lirthe simplifications).
For each system the reducgd values for different mass ratios were compared and
the model with lower value was selected as the best one. @afgy models for
more values of mass ratios could be done, but the two testads/avere sufficient
to fulfill the main goal of this analysis — to obtain the appmate parameters and
to tell if the stars are in contact or not. Also one must havenind that the pho-
tometric mass ratios are just a rough approximation anywaythat they can be
trusted only in some specific cases (contact binaries widi &zlipses), since in
general one needs a spectroscopic mass ratio. The conifiguoathe system was
determined using the Roche lobe filling factor of the compmtsmieHere we mea-
sure this factor as a ratio between the polar radius of theasi@ the polar radius
of the corresponding Roche lobe. If these ratios for bothpmments are higher
or equal to one, the system is considered as a contact onee bihects display
light curves that are characteristic of W UMa-type starsthvgimilar depths of
minima and with continuously changing brightness becatidarge tidal distor-
tion of the two components. Other cases — semi-detachedetadhdd systems —
were grouped into one class — non-contact binaries. Amasggtbbjects we could
distinguish interesting sub-groups: cataclysmic vadakdnd systems containing
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Fig. 1. Spatial distribution of ultra-short-period binaystems in the OGLE fields toward the Galac-
tic bulge. Red points indicate candidates for contact lpsatblue points show positions of non-
contact (detached and semi-detached) systems. Starstvatiy seflection effect are marked with
empty diamonds, dwarf novae are showed with blue stars.kBiae show contours of the OGLE
fields toward the Galactic bulge.

cool main sequence stars and hot evolved companions. Adsw the inclination
parameters and the relative radii of the stars calculated the potentials, we were
able to tell if there are no eclipses at all, and that the Ibmiggs change is only or
mostly due to the ellipsoidal variation.

4. OGLE Sample of Ultra-Short-Period Binary Systems

The final sample consists of 242 short-period eclipsing diijgseidal binary
systems detected toward the Galactic bulge. 75 of thesetslgee candidates for
eclipsing contact binaries (W UMa stars), 167 stars are gblebsemi-detached
and detached systems. From the latter group, five stars and dovae, four stars
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Fig. 2. Color—magnitude diagram for ultra-short-perioddry systems. Different symbols have the
same meaning as in Fig. 1.

are known Novae and ten other objects are candidates farlystt@c variables.

We provide basic observational parameters of our sampeQO@BLE time-series
photometry in thé andV bands and finding charts. These data can be downloaded
from the FTP anonymous site:

ftp://ftp.astrouw.edu.pl/ogle/ogle4/OCVS/blg/shpsriod_ecl/

Eclipsing and ellipsoidal systems were given designatioGd E-BLG-ECL-
NNNNNN and OGLE-BLG-ELL-NNNNNN, respectively, where NNNN\WN is a
six-digit number. This designation scheme will be contthirethe OGLE collec-
tion of eclipsing and ellipsoidal variables, which will belgished in the future.
Table 1 contains first 30 lines the filst.dat from the FTP site. For each star
we provide its identifiers, J2000 equatorial coordinatgpe tof variability (C —
contact binary, NC — non-contact binary, ELL — ellipsoidatiable, CV — cata-
clysmic variable)]- andV-band magnitudes at maximum light, orbital period, pri-
mary and secondary eclipse depths inlthend, and epoch of the primary eclipse
minimum. The orbital periods were refined with theTRy code (Schwarzenberg-
Czerny 1996).



Tablel
First 30 lines of the fildist.dat.

Identifier

OGLE
Identifier

R.A. Dec
[J2000.0] [J2000.0]

Type

|max

[mag]

Vmax Porb
[mag] [d]

A(l)
[mag]

Ax(1)
[mag] JB-2450000

Trmin

OGLE-BLG-ECL-000001
OGLE-BLG-ECL-000002
OGLE-BLG-ECL-000003
OGLE-BLG-ECL-000004
OGLE-BLG-ECL-000005
OGLE-BLG-ECL-000006
OGLE-BLG-ECL-000007
OGLE-BLG-ECL-000008
OGLE-BLG-ECL-000009
OGLE-BLG-ECL-000010
OGLE-BLG-ECL-000011
OGLE-BLG-ECL-000012
OGLE-BLG-ECL-000013
OGLE-BLG-ECL-000014
OGLE-BLG-ECL-000015
OGLE-BLG-ECL-000016
OGLE-BLG-ECL-000017
OGLE-BLG-ECL-000018
OGLE-BLG-ECL-000019
OGLE-BLG-ECL-000020
OGLE-BLG-ECL-000021
OGLE-BLG-ECL-000022
OGLE-BLG-ECL-000023
OGLE-BLG-ECL-000024
OGLE-BLG-ECL-000025
OGLE-BLG-ECL-000026
OGLE-BLG-ECL-000027
OGLE-BLG-ECL-000028
OGLE-BLG-ECL-000029
OGLE-BLG-ECL-000030

BLG617.07.79075
BLG617.11.65828
BLG616.03.6996

BLG616.10.93602
BLG617.19.15379
BLG616.26.30381
BLG616.01.26238
BLG615.11.36403
BLG612.25.57960
BLG613.07.75589
BLG662.21.5107

BLG613.18.38807
BLG654.14.22809
BLG621.29.94695
BLG654.05.20766
BLG672.01.10260
BLG680.25.40021

17:13:40.980:04:17.2
17:16:38.3@9:54:33.6
17:16:51.929:04:29.1
17:17:13.428:38:07.1
17:17:46.429:32:42.2
17:18:11.227:58:02.9
17:18:11.628:59:37.3
17:25:16.680:05:26.2
17:27:10.6€7:43:57.5
17:27:44.229:46:16.1
17:30:01.7480:24:29.8
17:32:12.629:05:16.4
17:34:24.429:51:38.8
17:34:59.4@1:45:07.2
17:35:09.3B80:12:44.8
17:35:24.687:08:57.7
17:35:43.637:09:58.4

BLG611.11.102686 17:36:09.627:25:30.7

BLG609.25.65430
BLG653.19.19121
BLG680.14.44506
BLG680.06.29442
BLG611.09.16725
BLG609.06.71216
BLG611.17.72634
BLG625.15.81252
BLG624.23.56697
BLG680.12.35846
BLG675.14.69526
BLG625.13.72702

17:36:30.434:38:12.7
17:37:14.328:22:01.4
17:37:22.637:18:11.0
17:37:49.487:35:02.1
17:37:53.627:17:40.9
17:38:08.535:13:25.4
17:38:11.827:06:05.2
17:38:14.622:56:53.7
17:39:02.2@1:19:19.6
17:39:03.587:30:16.2
17:39:26.227:36:53.9
17:39:35.322:54:43.0

NC

NC

18.714
17.244
19.057
17.708
14.736
19.063
19.601
17.519
18.035
16.621
17.775
16.951
15.535
19.471
18.173
18.716
19.327
18.338
19.427
18.228
19.360
19.106
18.285
18.657
18.787
18.893
18.378
18.862
17.129
19.029

— 0.20903930
19.210 0.21367127

- 0.21434213
20.025 0.21488204

— 0.21549714

- 0.21877314
20.377 0.09176723
19.651 0.21770001

— 0.15077164
17.085 0.10051416
19.727 0.20005222
18.899 0.21894515
17.451 0.21386391

- 0.20875910
20.495 0.20539043
21.542 0.21272893
21.625 0.21383009
21.161 0.17470363

— 0.16552070
21.775 0.14994447
21.754 0.21838043
21.866 0.21921610
21.116 0.20038455
20.956 0.21938176
22.181 0.17295506
21.104 0.21928025
21.117 0.17040292

— 0.18030005
17.950 0.20354910

— 0.14745975

0.916
0.440
0.840
0.970
0.782
0.950
0.970
0.576
0.342
1.271
0.526
0.685
0.314
0.607
0.877
0.497
0.728
0.132
0.371
0.461
0.987
0.721
0.285
0.304
0.233
0.313
0.207
0.719
0.342
0.211

0.538
0.386
0.625
0.771
0.509
0.750
0.197
0.407
0.159
0.165
0.472
0.542
0.240
0.491
0.860
0.497
0.609
0.091
0.369
0.362
0.774
0.581
0.225
0.269
0.155
0.299
0.194
0.567
0.319
0.183

5000.15657
5003045
5000.14498
508003
5000.18320
5000.10010
506633
5080116
5000.00129
500031
5000403
500601
50008.3
5000.04820
50083186
50081211
50009119
500048
5000.13526
500089
500099
50084028
500862
500807
5008716
50085167
500084
5000.10937
500042
5000.06232

VY
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The vast majority of the binary systems in our sample are retections. Only
several objects were already known from other investigationostly from the pre-
vious stages of the OGLE project. OGLE-BLG-ECL-000142 ie thentioned
OGLE BW3 V38 (Udalskiet al. 1995, Maceroni and Rucinski 1997). Unfortu-
nately, in the OGLE-IV field this star fell in a gap between t@€D chips of
the mosaic camera, and we can provide only the OGLE-IIl phetoy of this
object. OGLE-BLG-ECL-000163 (= OGLE BUL-SC16 335) was digered by
Potubeket al. (2007) and classified as an HW Vir-type binary — system consis
ing of a B-type subdwarf (sdB) and a cool main-sequence ¥taof et al. 1993).
The spectroscopic analysis performed by Geierl. (2014) confirmed that the
primary component is an sdBlds = 31 500+ 1800 K, logg = 5.7+0.2) and
the secondary is an M dwarf with the mass oL@+ 0.05 M. OGLE-BLG-
ECL-000115 (= OGLE-I BW9 189794) was identified by Szyrski et al. (2001)
and included in their catalog of contact binaries. OGLE-BEGL-000009 and
OGLE-BLG-ECL-000045 are central stars of planetary nebdia 3-15 and Pe
1-9, respectively. The latter object was identified by Miskiaet al. (2009). The
positions of four eclipsing binaries: OGLE-BLG-ECL-00@)®GLE-BLG-ECL-
000126, OGLE-BLG-ECL-000131, and OGLE-BLG-ECL-00020dincide with
Novae: V825 Sco, V4742 Sgr, Nova Sgr 1986, and V5116 Sgreotisely.

Fig. 1 shows the positions of our binary systems in the sky.st\vd the ob-
jects are likely located in front of the Galactic bulge. Ndthat we detected a
number of binary stars in the heavily reddened regions atrdbe Galactic plane
(|b| < 1). In these regions stars from the Galactic bulge (for exarRR Lyr vari-
ables, Sos#yski et al. 2014) are completely obscured in the visual bands by the
interstellar matter.

Color—magnitude diagram for our sample is shown in Fig. 2.e @pparent
(V —1) colors of individual objects are dominated by the intetateteddening,
which depends on the position in the sky and the distance taravehich causes
that various types of binary systems span a wide range ofxolthe only excep-
tions are binary systems exhibiting significant reflectifiaa (Section 5.3), which
almost without exception are blue. In Fig. 3, we presentibistions of the orbital
periods for the entire sample and separately for diffengoed of binary systems.

5. Results

5.1. M-dwarf Binaries and OGLE-BLG-ECL-000066

A strong distortion of one or both components is distincilsible in 161 light
curves. 75 of them have similar depths of the primary andrsgsmy minima and
these stars are classified as candidates for contact lsinafiee status of these
objects has to be confirmed spectroscopically. The shepagtd light curves of
our candidates for W UMa stars are displayed in Fig. 4. Thetgsmapact binaries
in this group haveP < 0.19 d, which, if confirmed, would slightly shift the short-
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period cut-off for W UMa stars, but still this limit is muchnger than for other
types of binary systems.

Our sample also contains several possible M-dwarf binanigke detached
or semi-detached configuration with periods much belowlihig. OGLE-BLG-
ECL-000066 has period shorter than any known main-sequana€ees: 0.0984 d.
Its light curve (Fig. 5) resembles those of OGLE BW3 V38 (Macé and Rucinski
1997) and GSC 2314-0530 (Dimitrov and Kjurkchieva 2010)ichtare M-dwarf
binary systems in near-contact configuration.

OGLE-BLG-ECL-000066
T L B T .

18 —
T - S T N
) o . $ . A - U T . L3
=2 18572 N F i ] i\ f 1]
5 ° ':: ..'s 11 * 1
¥ ' ¥ ' ¥
£ 19 - t'... 1’.‘,. b
_ r v v ]
i | | P =0.09838192d |

—-0.5 0 0.5 1 1.5

phase

Fig. 5. I-band light curves of OGLE-BLG-ECL-000066 — candidate fue shortest-period known
binary consisting of main sequence stars.

The full orbital solution for this system will be possiblettvthe spectroscopic
measurements, although we are aware that this would be euttitiask, since the
target is faint and heavily reddened. Moreover, its shdsitak period prevents ex-
posures longer than about 15 minutes, because of the mdtiootthe spectral
lines. Nevertheless, such observations should be feasitemodern spectro-
graphs attached to large telescopes like X-shooter or FORETa

However, even without spectroscopic measurements we itlacosistrain the
absolute parameters of the system components and attemgyramuce the evo-
lutionary history of the binary. The first constraint resuitom the depths of the
minima. They are equal to 0.86 and 0.62 mag, suggestinghbatrbit inclination
i ~ 90° and the difference in brightness of the components is of tderaf 20%,
hence the difference in mass is only about 5%, masses are almost equal. An-
other constrain is connected with a low value of the orbitaiqu Py, Assuming
that both components are equal mass dwarfs nearly filliny Beche lobes we

have
/R8
Porb > PCI’it — 0174 M (1)

whereR and M are radius and mass of each component in solar unitfgpds

the critical period in days, when both components just figitiRoche lobes. The
observed radii of low-mass stars are approximately equtidiv masses, if both
are expressed in solar units (Toretsal. 2010). Adopting this relation we obtain
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Perit = 0.350R andR < 2.857P,,. For OGLE-BLG-ECL-000066 the resulting limit
for radius of each component B < 0.28R., equivalent toM < 0.28M.. The
corresponding spectral type must be later than M3.5 (La®g@)1But not later than
M5 if the components almost fill their Roche lobes. We adopt tipe for both
components.

These estimates are confirmed by the WD code (Wilson and Deyith971)
fitted to thel-band light curve. Assuming two M4-type components, the ehod
gives massedl, = 0.22M, andM, = 0.21IM,, and the mass ratiq= 0.95. The
radii of both components afg; = 0.26R., and R, = 0.23R., and the inclination of
the orbiti = 86°. In such a configuration, the primary component is very ctose

fill its Roche lobe.

The last constraint can be derived from photometry of théalsée: Viax =
215, Imax=18285,J = 16.47, H = 15.69, andK = 1509, all in magnitudes.
The V-band observations are at the faint-end magnitude limihef @GLE sur-
vey and are uncertain withisr 0.5 mag. The near-infraredHK magnitudes were
obtained by the VISTA Variables in the Via Lactea (VVV) swvdMinniti et al.
2010). The epochs of these observations fell outside tlygses|, close to the maxi-
mum light. OGLE-BLG-ECL-000066 is located only 0.5 degrresn the Galactic
plane, thus its apparent luminosity must be severely ateby the interstellar ex-
tinction. Indeed, itV — 1) apparent color index is one of the largest in our sample
(Fig. 2).

We will estimate the amount of interstellar absorption taaur target using
its near-infrared measurements. It is known that dwarfhérange of spectral
types from M1 to M5 have nearly the same intringlc- H) color: 0.64+0.02 mag
(Bessell and Brett 1988). This gives immediately the nefieied color excess to
OGLE-BLG-ECL-000066 of(J—H) =0.14 mag. Itis known that the interstellar
extinction toward the Galactic bulge is anomaloegy( Udalski 2003b, Nataét al.
2013), but this affects mostly the optical passbands. Imtwer-infrared we can
use in the first approximation the standard reddening lawlégel et al. 1998):
E(J—K)=162E(J—H) = 0.23 mag. This gives the dereddengb— K) index
of OGLE-BLG-ECL-000066 equal to 1.15 mag, which agrees wiélh the range
of this index observed for nearby M4 stars (Ré&zl. 2006).

In the optical domain, the anomalous extinction in the Gaddaulge makes
dereddening very uncertain. The standard reddening laWd&el et al. 1998)
can be used to estimate an upper limit for the amount of itetéas extinction:
A =5.88E(J—H) <0.82 mag andAy = 10.05E(J—H) < 1.41 mag. This implies
that the intrinsic(V — 1) color of OGLE-BLG-ECL-000066 is larger than 2.6 mag,
which according to Bessell and Brett (1988) correspondsviarfs later than M3.5
and earlier than M5 (assuming no extinction). This resuftlly consistent with
our previous estimates.

Now we can reconstruct the evolutionary history of the hinanbit. We as-
sume that the only mechanism influencing the orbit evolutibt@ GLE-BLG-ECL-



14 A A

000066 has been mass and angular momentum loss (AML) due todfgnetized
winds from both components. Rates for both processes age fatim the model
described by Stepie(2006a, 2011), and Gazeas and Stezd08).

M= —10 1R?, 2)

%H = —-9.8x 10"R?M/P. 3)

Here H is the binary angular momentum (AM) in cgs units and we assagan
equal mass components. The formulae apply to binaries isdhealled satura-
tion regime when the stellar rotation period (equal in tlasecto orbital period) is
shorter than~ 3—4 d (Randichet al. 1996).

Fig. 6 presents the time evolution of the orbital period fwo thinaries with
initial component masses equal to OM2 (solid line) and 0.2M., (dotted line),
and the initial periods between 0.3-0.7 d. Due to the windhesiar loses about
2-4% of its original mass, before the orbital period readhesvalue observed for
OGLE-BLG-ECL-000066 (dashed horizontal line). End of eaohd/dotted line
marks the moment when the binary fills the Roche lobe, or thizddse age is
reached, whichever comes first. As we see, the initial perfddGLE-BLG-ECL-
000066 must have been shorter than 0.6 d, or, if its age iglthae 10 Gyr as can
be judged from its position within a thin Galactic disk, deotthan 0.4 d.

Our results demonstrated the existence of an ultra-skeoitgh population of
near contact binaries with M-type components and periaosedo, or even below
0.1 d. Angular momentum loss is insufficient during the Heltbhe to reduce an
initial period of 1.5 d to the observed values. The adoptethfdae are extrapo-
lated for low-mass stars from data on more massive stars.tt@aextrapolation
be incorrect and the angular momentum loss rate is in factaotally higher, as
suggested e.g. by Jiaegal.(2012)? We calculated several evolutionary models of
binaries with initial component masses equal to M24 and AML rate increased
arbitrarily by a factor of 5 and 10. Binaries with the initjaériod of 1.5 d reach
the value observed for OGLE-BLG-ECL-000066 in 6.6 and 3.26 €&spectively.
Even binaries with the initial period of 2.5 d reach this \ealwithin the Hubble
time. However, the AML rate of single M stars does not seemet@d high. In
fact, the analysis of rotation of M-type stars by Delfostal. (1998) indicates that
the time scale for spin-down of single stars increases Wéldecreasing mass from
50 Myr for G dwarfs to a few Gyr for M3-M4 stars. The same ratfdooth time
scales can be obtained from Eq. 3. Barnes and Kim (2010)etkan empirical
expression for the AML rate of cool stars with different messsThe rate is propor-
tional to the ratio of stellar moment of inertia and a paramnealled turnover time.
This ratio decreases by a factor 6f10° between 1 and 0.2 solar mass star with
no sign of increase for low mass stars. So, the substaniaigased AML rate of
M-type stars during the main sequence evolutionary phads fin substantiation.
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Fig. 6. Orbital period evolution of two binaries with equahss components and different initial

periods. Solid line corresponds to a binary with initial gmnent masses equal to 0.2, and a
dotted line to a binary with masses equal to ON4 . A horizontal dashed line marks the period of

OGLE-BLG-ECL-000066.

Another possibility is that M-stars lose a substantial tirac of their AM dur-
ing the T Tau phase. The life-time of a cool star in this phas@ughly equal to
1% of the main sequence life time. For solar type stars it artsoto only about
10’—1C years — short enough to neglect the shortening of the ogistabd even if
AML rate in T Tau phase for a single star is significantly higthen in the main se-
guence phase. This may not be true, however, for binari¢gsasinponent masses
0.2-0.3M, which spend~ 1 Gyr before they reach the zero age main sequence.
Little is known about activity of low mass T Tau stars and theieraction with
circumstellar (or circumbinary) disks so we cannot excltidge possibility. Obser-
vations of young M-type binaries would help to follow the iperevolution in the
early evolutionary phases.
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Alternatively, we can consider dynamical interaction watimer stars. Naoz
and Fabrycky (2014) computed orbit evolution of a numer@me of binaries
under the influence of the KCTF mechanism, including reitiv effects and so
called octupole-level approximation. The resulting peritstribution of the inner
binaries contains a fraction of periods shorter than 1 d. Aoritg of them orig-
inate from binaries with equally short initial periods besa the authors adopted
the initial period distribution after Duquennoy and May@®91), which extends
smoothly to zero. By adopting a cut-off period of 1.5-2 d weudt reject these
binaries as nonphysical but a very limited number of long=iqal binaries also
evolved to, or below 1 d limit (see their Fig. 3). We conclutiattthe KCTF
mechanism can produce binaries with periods of 1 d or lesgrunery excep-
tional circumstances. Based on simple statistics, Detkal. (2014) argue that
dM+dM ulta-short-period binaries are indeed extremely ramong photometri-
cally variable stars. To verify this hypothesis the biasefperiod distribution of
cool binaries should be obtained.

5.2. Period changes

The detection of period changes in close binary systemsdnuaeila powerful
test for models explaining the short-period cut-off in @mtbinaries. Generally,
the orbital periods should decrease over time, as the sgdtem®e angular momen-
tum from magnetic braking, which ultimately leads to theleseence. So far the
only stellar merger observed before and during the act desoance was V1309
Sco (Tylendaet al. 2011), photometrically monitored by the OGLE survey.

Kubiak et al. (2006) detected statistically significant secular peribdnges
in 134 of 669 analyzed contact binaries observed by OGLE rbwlize Galactic
bulge (Szymaski et al. 2001). The distribution of the rates of the period changes
occurred to be nearly symmetrical around zero. Piletkl. (2007) analyzed 1711
contact and semi-detached binaries observed by the ASA&cprand found 31
period-changing systems — 21 decreasing and 10 increasmgdp. Lohret al.
(2013) found statistically significant ¢3 period changes in 38 of 143 short-period
binaries observed by the SuperWASP project. The distobudf the period-change
rates was approximately symmetrical around zero.

We used the fitted model light curves to perform the analysithe orbital
period changes for all eclipsing binaries in our sampléhcaigh reliable results
can be obtained only for the stars that were observed duntiyg-bOGLE-IIl and
OGLE-IV - stages of the survey. Other light curves have tamtstime span to
draw statistically significant conclusions from t{® — C) diagrams. Our proce-
dure was as follows: each light curve was divided into déférobserving seasons
(spanning one year of observations), and for each such charghifted the phase
of the model light curve to minimize the sum of squared déferes between the
observed and the model light curve. In such a way we obtaf@ed C) diagrams
for our stars with one point per every observing season.
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Fig. 7. Upper panelslight curve of a compact binary system OGLE-BLG-ECL-0000Zeft panel
presents the original data folded with the mean orbitalgagrivhile right panel presents the light

curve corrected for the monotonic period increase measore@ (O —C) diagram [ower pane).

Among 78 binary systems observed by OGLE over 12 or more ye&rfound
16 objects of which orbital periods seem to be unstable. loal@s the changes of
periods are roughly monotonic, like in the case of OGLE-BEGE-000074 shown
in Fig. 7. Table 2 lists the binary systems with secular medbanges. Seven
systems increase and three systems decrease their odgitadigp Most of these
objects are candidates for contact or nearly contact bisgstems. The shortest-
period binary changing its period is OGLE-BLG-ECL-00013Neva Sgr 1986.
In six systems listed in Table 3, the orbital period changedikely not constant.
Since the typical time scales of the period variations aréheforder of several
years, in most cases we cannot unambiguously distinguisithehthese variations



18 A A

Table?2

Eclipsing binary systems with monotonic period changes.

Identifier Type Porb dPyp/dit
[d] [slyear]
OGLE-BLG-ECL-000065 C 0.21221016 -0.04
OGLE-BLG-ECL-000073 C 0.21831428 0.17
OGLE-BLG-ECL-000074 0.19840617 0.22
OGLE-BLG-ECL-000131 0.15356160 0.29
OGLE-BLG-ECL-000141 0.21436650 —0.13
OGLE-BLG-ECL-000144 0.21894593 0.17
OGLE-BLG-ECL-000145 0.21104030 0.10
OGLE-BLG-ECL-000148 0.20563821 0.14
OGLE-BLG-ECL-000168 0.20280139 —-0.15
OGLE-BLG-ECL-000173 0.21373651 0.38

zZz Z Z
000030

are strictly periodic or they are irregular in nature. Cygeriod variations may
reveal the presence of an unseen tertiary companion dueettigtht travel time

effect. Irregular period fluctuations may be caused by ratiemary mass transfer
within the system or by mass ejections from the system. Talgeves possible
lengths of the period change cycles.

Table3

Eclipsing binary systems with cyclic or irregular periocholges.

Identifier Type Porb Peycle
[d] [d]
OGLE-BLG-ECL-000069 NC 0.19272500 2300
OGLE-BLG-ECL-000104 C 0.20074973 1400
OGLE-BLG-ECL-000107 C 0.20741177 2400
OGLE-BLG-ECL-000127 NC 0.16641697 1500
OGLE-BLG-ECL-000170 C 0.21491916 3300
OGLE-BLG-ELL-000015 ELL 0.21996525 2200

5.3. Eclipsing Binaries with a Strong Reflection Effect

Among detached eclipsing binary systems, 26 objects ¢atesta homoge-
neous group. The light curves of 21 shortest-period objiots this group are
shown in Fig. 8. These stars are characterized by narropsediwith very dif-
ferent depths of the primary and secondary eclipses andebgittusoidal modu-
lation between the eclipses caused by the reflection of tieggived by the cooler
star from the hotter component. Ten similar systems werentgcreported in the
OGLE-IIl Galactic disk fields (Pietrukowicet al. 2013), six of which have or-
bital periods shorter than 0.15 d. Objects presented ing-gelong to the bluest



\ol. 64 19

o HB57 OGLE-BLG-ECL-000036 ] OGLE-BLG-ECL-000052
o i R . . . K ]

o}
=

C

[o2]

O g

I [ i D ] s

= b |  P=0.05194084d ] [19.03 | _ P =0.05258043d] [21.17 - P =0.05274168 d4
o 1864 ‘ OCGLE-BLG-ECL-000212 | [18.66 OCGLE-BLG-ECL-000095 | [18.29 ~ ' .~ OGLE-BLG-ECL-000195
- . . . - . M I . M 2 Te . o .‘:-~. .t

> e - s

= ;

C

o

O

E - - B

™ 119.93 P =0.06258789d | [20.07 P =0.06554264 4] [19.08 P =0.06580196 d

OGLE-BLG-ECL-000091

18.53 OGLE-BLG-ECL-000162 | [17.17 OGLE-BLG-ECL-000124 ]

I magnitude

P =0.06742161d] [19.82 P =0.06791815d ] [18.39 P =0.08937682d

o OCGLE-BLG-ECL-000114 | OCLE-BLG-ECL-000103 ] [17.44 0CLE-BLG-ECL-000207
35

=

C

o

O

E > ¢ s s . .'.;

~ hreo | P=0.07030228d | [18.80 | P=0.07781521d] [18.48 - | P =0.08843965d
o 1865 ‘ 0GLE-BLG-ECL-000007 ] OCGLE-BLG-ECL-000110] [18.21 OCLE-BLG-ECL-000109
R s e L e I T 1
3 M % ')u(_ poxd o
c 2, 3,

o> L : ]
O

& S . .

T i3z | P=0.09176723d] | P-009502377d] [21.49 | P =0.09550029 |
, [1391 ‘ OGLE-BLG-ECL-000139 | [17.78 OGLE-BLG-ECL 000202 ] [16.22 OCGLE-BLG-ECL 000010 ]
Fieg,_ . . e "y N . - 5 . .

T iy e N iy e TR e S g Sy N oy ™
= [ R ’ i ] 5 r 1y ¥ b

= ; L - i

o [ i . 1 ) . 3 ; ; ]
£ v V : : i : : ]
T has64 | P =0.09702380 d P =0.09916540d | [18.43 P =0.10051416 d

OGLE-BLG-ECL-000055

OGLE-BLG-ECL-000147

OGLE-BLG-ECL 000171 j

A
AT

VAE

I magnitude

l23.75 . ) P:OA101078663d7 ) ) P:OA104‘509823d _ P =0.10611778d
0 0.5 1 0 0.5 1 0.5 1
phase phase phase
Fig. 8. I-band light curves of the shortest-period eclipsing birgrgtems with a strong reflection
effect. The light curves are arranged according to the asing orbital periods.




20 A A

and the shortest-period binary systems in our collectiee {(5g. 2 and the lower
panel of Fig. 3). These systems consist likely of a cool maguence star and a hot
evolved remnant: an sdB or a white dwaefd, ibanoj;lu et al.2004, Zorotovic and
Schreiber 2013). Their short periods suggest that they @egpmmon-envelope
systems (Paczski 1976), so they are important for understanding comnmer-e
lope evolution and subsequent system behaviors. Due towlediidefined, deep
primary eclipses and short orbital periods, such objects h#so great potential in
detecting circumbinary substellar companions. At leastzed compact binaries
containing a white dwarf or an sdB primary have been clairodubst a planetary or
brown dwarf third companion from the eclipse timing meamgsts €.g, Guinan
and Ribas 2001, Leet al. 2009, Beuermanet al. 2010), however the reality of
some of these detections is controversial (Lebal. 2014). Our preliminary tim-
ing analysis showed no plausible evidence for period chaimgany binary system
with a strong reflection effect.

5.4. Cataclysmic Variables

Cataclysmic variables (CVs) are interacting binary systaransisting of a
white dwarf and a mass transferring secondary (donor),llysagow-mass main-
sequence star. If the magnetic field of the white dwarf is weélaé gas flowing
through the inner Lagrangian point forms an accretion digkiad the primary.
The location where the material hits the edge of a disk isedale hot spot. In
dwarf novae, instabilities in the disk lead to regular ousbsiwith typical ampli-
tudes of 2-5 mag.

About 20% of known CVs are eclipsing binaries (Warner 199%). analysis
of a complex eclipse shape may provide information aboutdlaive brightness,
sizes and masses of both components and the hotessgotfoodet al. 1986, Horne
et al. 1994). The distribution of orbital periods reflects the etioln of CVs.

Our sample contains five eclipsing dwarf novae. Their urgdlénd folded
light curves are showed in Fig. 9. OGLE-BLG-ECL-000082 fwihe orbital
period of 1.726 h) probably belongs to SU UMa-type dwarf movath brighter
and longer superoutbursts every420 d. There are only a handful of eclipsing
SU UMa stars known. Analysis of their light curves may givédence for the
origin of superoutburstse(g, Smak 1994, Bakowska and Olech 2014). The re-
maining four objects have orbital periods longer than 4 reyTére likely members
of the U Gem class. The outbursts have various amplitudeseamarence inter-
vals, while the eclipses are always deep, exceeding 0.85imtwe | -band, but
with no clear reflection effect.

Ten further detached eclipsing systems exhibit similarttief minima (in
some cases exceeding 2 mag), but with no outbursts (Fig SHZondary eclipses
are very shallow, sometimes invisible, and distinct refbeceffect is absent. Some
of these objects show irregular variations outside thgees (flickering), produced
by the inner disk and/or the hot spot. These are probably UXatijye stars,
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Fig. 9. I-band light curves of dwarf novae in our sampleft panelspresent unfolded light curves,
right panelsshow the same light curves folded with the orbital periods.

i.e, Nova and Nova-like cataclysmic variables.d, Smak 1994). Spectroscopic
observations would provide conclusive evidence about #tera of the remaining
objects.

5.5. The Case of OGLE-BLG-ECL-000034

The most bizarre light curve in our collection is shown by GESBLG-ECL-
000034 (Fig. 11). Deep eclipseal(= 1.1 mag) recur every 3.777 h. The out-
of-eclipse brightness is variable. Between phases 0.250ahdhe light curve
has sinusoidal shape, while between 0.8 and 0.9 (0.15 abj)l We2observe steep
brightening (fading). The light curve is almost symmetfltie ephemeris for the
mid-eclipse are:

HJDeclipse= 2 455 000082(1) + 0.157370244) - E.

The observed changes could be explained, if OGLE-BLG-EQ0O34 were
a high inclination polar. Polars (AM Her-type stars) areachtsmic variables in



22

I magnitude

0GLE-BLG-ECL 000138

I magnitude

=1.18

, P =0.16117736 d

CLE-BLG-ECL 000206 |

‘o
%

H

_ P =0.16132883d | |

18.50

OGLE-BLG-ECL-000081 [17. 16.97 OGLE- BLG- ECL® 000083
i3 b sie. G Y T ). N
"alag “ ,'l-\ VPR N P
o ;9@3% m wa%
. .
19.92 _ P =0.12398471d ] [21.51 _ P=0.124641464d] [20.50 _ P =0.15899851 d ]
[17.55

0GLE-BLG-ECL-000077

%

P =0.16711575d]

OGLE-BLG-ECL-000083

I magnitude

22.03 . P =0.17634760d

[19.08 . P =0.178432234d]

OGLE BLG-ECL-000150 ] [’

21.68

OGLE- BLG ECL 000044

_ P =0.189914634d

0 0.5 1
phase

I magnitude

ria.so OGLE BLG-ECL- 0001897

‘ | P =0.194256594 |
0 0.5 1
phase

f22.43

Fig. 10.1-band light curves of candidates for cataclysmic variables

OGLE BLG ECL- 000034

0

0.5 1
phase

o 17560

o :

> L

D=

c .

o [ %

O [ =

c 18f5§¥

—_ :.' R
19F P =0.15737024 d
—-0.5 0 0.5 1 1.5

phase

Fig. 11.1-band light curve of OGLE-BLG-ECL-000034 — a candidate ferigh inclination polar.

which the magnetic field of the white dwarf is very stro&p¢ 10° T at the surface).
The accretion disk cannot be formed and the material frons#oendary follows
magnetic field lines, heading toward magnetic pole(s). &ion regions around
magnetic pole(s) are main sources of the radiation from yiséem1. The strong
magnetic field also synchronize the rotation of the whiterflaad the binary.

To account for the light curve properties, the inclinatidthe system has to be
very high and the magnetic axis of the white dwarf must paiwerd the secondary.
In such a case, the gas flows preferentially onto the closgneti pole. This pole
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is hidden behind the white dwarf between phases 0.25 an®Qr@ps between 0.8
and 0.25 can be naturally explained by the emergence of thretaan region. It is
a source of cyclotron radiation; possibly, a cyclotron hymepks around 800 nm,
giving rise to the large amplitude in tHeband. The light curve of the well-known
polar, EP Dra, shows similar features (see Remilktrdl. 1991 and their Fig. 6).
The red dwarf secondary, filling its Roche lobe, is strong$tatted, producing an
additional sinusoidal signal at half of the orbital period.

We are able to assess basic system parameters from theuightexamination.
Assuming that the secondary fills its Roche lobe and it falldlae standard mass-

radius relation for red dwarfs, a mass of the secondaiyis: 0.065F>§r/;1 Mo =
0.34 M, (Hellier 2001). The eclipse width iAd ~ 0.1, suggesting a relatively
high mass ratiay = 0.5 (Horne 1985). For the inclination= 85", the white dwarf
mass isM; ~ 0.6 M., and the binary separatioa~ 1.2 R;,. Lower inclination,
i = 80°, corresponds to the less massive white dwdif~ 0.4 M. and slightly
smaller separatioa= 1.1 R.

We checked that there is no X-ray counterpart to this sourtes HEASARC
database. Further spectroscopic and polarimetric olitmmgaare needed to testify

our hypothesis.

6. Conclusions

We presented a sample of 242 ultra-short-period binaryesystdetected to-
ward the Galactic bulge by the OGLE survey. Our collectigmsicantly increases
the number of known binary systems with periods below 0.ZRogiether with the
list of objects we provide their long-term time-series mmoétry in two filters. The
sample is very heterogeneous — it contains candidates faacobinaries, semi-
detached and detached systems, dwarf novae, and HW Vir &aesof our objects
— OGLE-BLG-ECL-000066 — is a candidate for the shortestegeknown binary
with non-degenerate components. The existence of suabnsgss a challenge for
the binary evolution theory.

The presented sample is a forerunner of the OGLE collecti@tlgpsing and
ellipsoidal binary systems toward the Galactic bulge whigh be published in
the future. Binary stars with the orbital periods above tdepged limit — 0.22 d
— are among the most numerous variable stars. We expechthaital number of
eclipsing stars in the OGLE collection should exceed onealfedthousand.
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