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ABSTRACT

Our discovery of 1SWASP J093010:#7833859.5 as a probable doubly eclipsing quadruple system, containgngact binary with

P ~ 0.23 d and a detached binary with ~ 1.31 d, was announced in 2013. Subsequently, Koo and collaboratofisnced the
detached binary spectroscopically, and identified a fifth set of stati¢rapliges at its location, corresponding to an additional non-
eclipsing component of the system. Here we present new spectioscwpphotometric observations, allowing confirmation of the
contact binary and improved modelling of all four eclipsing componéFte. detached binary is found to contain components of
masses 837+ 0.008 and 0674+ 0.007 Mg, with radii of 0832+ 0.018 and 0669+ 0.018 R, and dfective temperatures of 5185

and 4325%‘; K, respectively; the contact system has mass@8400.02 and 0341+ 0.011 Mg, radii of 0.79+0.04 and 062+ 0.05 Ry,
respectively, and a commotifective temperature of 470050 K. The fifth star is of similar temperature and spectral type to the
primaries in the two binaries. Long-term photometric observations indicaterésence of a spot on one component of the detached
binary, moving at an apparent rate of approximately one rotation éweryears. Both binaries have consistent system velocities
around-11 to—-12 km s, which match the average radial velocity of the fifth star; consistent distastimates for both subsystems
ofd =78+ 3 andd = 73+ 4 pc are also found, and, with some further assumptiond 083+ 9 pc for the fifth star. These findings
strongly support the claim that both binaries — and very probably all fases s- are gravitationally bound in a single system. The
consistent angles of inclination found for the two binariesZ880.3°and 86+ 4°) may also indicate that they originally formed by
fragmentation (around 9-10 Gyr ago) from a single protostellar disksahsequently remained in the same orbital plane.

Key words. stars: individual: 1SWASP J093010:7833859.5 - binaries: close - binaries: eclipsing - binaries: specfpasco

1. Introduction 2. Background

A near neighbour of J093010 (1SWASP J09301253B859.6,

During the course of a search for orbital period variationhsereaﬁer J093012) was identified as a candidate shoueperi

; o . ; . . eclipsing binary in Norton et al. (2011), and its orbital ipdr
g]rcshhi\c/)(;t (%eg;%%foctlﬁsgll.gzkggg)ry dc(fsrgi'gggeisn'iéﬂf estug(.e?gglconfirmed in Lohr et al. (2012). .However,. in our subsequent
and Lohr et al. (2013b), several unusual systems of paatias- more thorough search for eclipsing candidates, J093010 was

S identified as exhibiting the same period and light curve shap
Srggzgiaéinirg’;g iredﬁggggg ;edr?g ' f‘g;]?ngftatlhe(szedlgviﬁﬁa higher mean flux and greater amplitude of flux variahilit
Koen (2014), appears to be a triple system containing aiviM c1c®: it was regarded in Lohr et al. (2013b) as the probalse t
dwarf contact binary. Here we explore 1SWASP J093010. ource of the observed eclipsing variation, with J093012¢e

. inter near-duplicate light curve, falling within the saphoto-
+533859.5 (hereafter J093010), an apparent quintuple rays Inte .
containing two eclipsing binaries, one of only a handful qf etric aperture used by SuperWASP. At the location of J02301

o . ere is a magnitude 18 source listed in the USNO-B1 catalogu
known doubly eclipsing multiples. separated from J093010 by approximatel$ M8hich would not
have been detectable by SuperWASP in its own right.

Higher-order multiple systems are of value in general for The eclipsing source’s apparently significant period cleang
testing models of stellar formation and long-term dynatsta associated with an erratic-&€ diagram, had been rejected ini-
bility. When they contain two double-lined spectroscopid artially as the result of contamination by a nearby star (Latale
eclipsing binaries, they provide a highly unusual oppdtyuto  2012), but in Lohr et al. (2013b) a fuller explanation was-pur
determine the component stars’ physical parameters and ssued. Prior to analysis, the data for J093010 and J093012 wer
understand the structure and potential origins of the whgéde combined to maximize the available observations. J093010’
tem. light curve, folded at 19674.574 s, then showed a typical con
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tact binary shape, but with significant non-Gaussian datttesc Average Gf lines 230L to 3300 of rlES6221.fits
below the main curve. A visual examination of the object fu ' ' ' '
light curve suggested the cause was additional deep eslpse
certain individual nights, implying a second eclipsing vad
the field of view. A frequency power spectrum also supporte

15000
2000

an additional periodic signal near 1.3 d. Subtracting thdiare 16000 oo
binned light curve (corresponding to the contact binamg)fthe
data revealed the light curve of an EA-type (detached) siciip com0

binary with period 112 799.109 s.

The juxtaposition of these two binaries on the sky did n«
seem to be coincidental. Two sources had been observedat . . . .
location by Hipparcos as TYC 3807-759-1 and TYC 3807-75! 310 320 =30 20
2, with equivalent Johnsovi magnitudes 9.851 and 10.990, re Fotumn {pLeets)
spectively; a separation of&8; and a proper motion of pmRA: Fig 1. | eft: Section of spectra for J093010A and J093010B from a sin-
-8.0 mas yr, pmDE: -9.4 mas yt, measured at their joint pho- gle 360 s exposure, showing spatial separation. Right: Plot of spectral
tocentre. The tiny angular separation and similar mage&udprofile from same exposure, cut perpendicular to the dispersion axis,
favoured a plausible interpretation of the two eclipsingaoy showing two clear peaks in the line dispersion function. The stronger
systems as being gravitationally bound in a quadruple goulsleak on the right-hand side corresponds to JO93010A.
eclipsing system.

Only five other doubly eclipsing quadruple systems had been
proposed at the time of our announcement of this discoveryé;g
Lohr et al. (2013b): BV DraBW Dra (Batten & Hardie 1965), W

oS ir (Lo oL, 2008 COLE-LMC ECL 10045 (Sl Fig. 3, coresponing o J053010A and J089010B, and
: ’ : ! e were able to extract separate spectra for each, using stan

(Cag& & Pejcha 2012). The contact binary in J093010 hada%r

_sho'rtter pt‘? rlold tlhan any sb);st;arr; |nt';]he otgler f'Vi". quadruplaks Mwas carried out using arc spectra taken with CuArNe lamfdé. S
INg It particiarly amena e_o urther observations. ratios reached 340 for the brighter J0O93010A and 220 for the
Koo et al. (2014) obtained BV photometry over severghinter J093010B in the longest exposures, when both sgstem
months in 2012-2013 for each eclipsing binary separately, ayere near quadrature, and fell to 45 and 25 respectivelydn th
time-series spectra for the whole system. Their light ceiniade jnitial 5 s exposure.
clear that the brighter signal (TYC 3807-759-1) was assedia  preliminary radial velocities were extracted using the RA
with the detached binary, and they consequently termed thigk FXCOR, using a synthetic spectrum wite4500 K and
source J093010A, and the fainter source J093010B (contrinjog g=4.5 as the comparison template. These allowed approx-
the contact binary). We follow this convention here. AltBbu jmate determination of mass ratios and radial velocity eurv
Koo et al. were unable to detect a spectral signature of the ggnplitudes, which provided initial input parameters foecipal
sumed contact binary in their combined spectra (due in partdisentangling of J093010A and B. The KOREL code (Hadrava
the length of their exposures), they did observe clear Ipie-s 2012), implemented on the Virtual Observafgrwas used to
ting and shifting with the period of the proposed detachedy, disentangle sections of the spectra prepared with Hadrava’
confirming its reality. They also unexpectedly detecteddti-a PREKOR software, giving improved values for mass ratio and
tional set of static spectral lines which they interpreted¢hird radial velocities. The disentangled spectra were also epetp
component in JO93010A, which would make the whole systefith appropriately broadened template spectra extragtemu f
a highly unusual doubly eclipsing quintuple. the PHOENIX synthetic stellar library (Husser et al. 213
Independently, we obtained time-series spectroscopy o@stimate the temperatures of individual components.
three nights in 2012-2013 for JO93010A and J093010B sepa-
rately, and near-simultaneous RGB photometry for the who > Photometr
system to help establish the phases of the observations. Our y
new data sets thus complement those provided in Koo et @f. images of J093010 (55 each in Baader G and B filters, 57
(2014), allowing us to model both binaries quite fully; tie®is- in R) were taken with the Open University’s robotic 0.425 m
ited SuperWASP observations also provide further longlbase PIRATE telescope (Holmes et al. 2011; Kolb 2014) in Mallorca
information. on the night of 30-31 December 2012, monitored by R. Busuttil
All exposures were 80 s; short enough to avoid phase smearing
for the shorter-period system. Corrections for bias ledatk
2.1. Spectroscopy current and flat-fielding were made to the frames using standa
. . . IRAF tools, and four comparison stars were identified on the
49 long-slit spectra were obtained by E. Gillen for J093080 G5mes: TYC 3807-1509-1, TYC 3807-54-1, TYC 3807-1503-
22 and 31 December 2012, and on 2 January 2013, using the {eg, TyC 3807-621-1. These had catalogue colours indiativ
arm of the ISIS spectrograph on the 4.2 m William Herschgk |55ses between late F and G, and V magnitudes between 9
Telescope at La Palma. The R1200R grating provided an Uiy 10, similar to J093010. They were checked for short and
termediate resolution of 0.24 A per pixel. A usable waveteng|ong-term variability with their SuperWASP light curvesichdid

range 0f~8350-9000 A was obtained, to capture the Ca |l triplefot exhibit significant variations. Aperture photometrysizar-
important in low-mass stars. Exposure lengths ranged frém 5

360 s (see Table 1): short enough in all cases to avoid motioh httpsj/stelweb.asu.cas tm-korel
blur for the contact binary. 2 phoenix.astro.physik.uni-goettingen.de

1000

The images were flat-fielded and bias-corrected by E. Gillen
part of a larger observing programme. On all but one image,
o partially overlapping dispersion lines were clearlgible

d IRAF tools and optimal extraction. Wavelength calilora
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ried out on all the stars using the IRAF APPHOT package, ai T T T T T
the light curves of the comparison stars were combined in ID
Differential light curves were then obtained for J093010 nedati
to this combined comparison curve.

The SuperWASP archive data for J093010 were also recc
sidered: there are 5964 photometric points in V, observed
tween October 2007 and April 2009. (The fainter duplicate ol
ject J093012 has 5950 points covering the same time span;
data were used here as a check on the results found for J0930
For reference, SuperWASP exposure lengths are 30 s. watial
ues for the orbital periods of the two eclipsing binaries avel
found with a custom IDL code described in Lohr et al. (2014b
19674.5940.005 s and 112799.10.15 s; then a second code
was written to separate the two eclipsing signals. The tighte
was first folded on the shorter period corresponding to the cc
tact binary, and phase-binned to give a smooth mean curve
bins were used); an optimally-weighted average was themdfou
for the data points in each bin (which corresponded closelye
visible contact binary signal). A spline curve was integted to
these binned average points, and subtracted from the dit li

curve. The residue was then folded on the longer period c@iy 2. Extract of WHT spectra for J093010A at approximate phases

responding to the detached binary, and a binned average cuyM6, 0.64 and 0.75 (top to bottom). Relatively isolated absorption lines

obtained as before. This was again subtracted from theigtll | at around 8793, 8806 and 8823 A exhibit three-way splitting, with the

curve, to leave a clean contact binary light curve as ouffhis  outer pair also shifting between phases.

clean mean contact curve was subtracted a second time feom th

full data set, to leave a clean detached binary light curvet-

put. Our initial period-searching code was run again on & s

arated files, and its resulting period values were usedtialine

the signal-separation code for a second iteration. Thiirmeed

until convergence was reached for both periods. -6
The BV light curves of Koo et al. (2014) were also used i

our modelling; most details of the photometry are given it th

paper, though we add that the exposure lengths were below 2 -4

avoiding any risk of phase-smearing for even the shorteoge

binary.

| | | | |
8760 8780 8800 8820 8840

Wavelength {angstroms}

i
t
3. Results

3.1. Orbital periods

-G500 -260 0 260 500

The orbital periods based on SuperWASP data rapidly coaderc Puxel Shife

on 19674.4£0.03 s for the contact binary and 1127980016 s Fig. 3. Cross-correlation plot for JO93010A at phase 0.75, exhibiting

for the Qetached binary l.e. 0.2277138(3) d.and 1.3055408(1 three strong peaks corresponding to three stellar components (primar

respectively. (The periods for J093012 did not converge, bij, e rightg,]specondary onpthe Ieft? tertiary in the middlep). The br(cF)’adesty

oscillated within the narrow ranges 19674.43-19674.52 ag@sorption lines were excluded from the cross-correlation to minimize

112798.9-112800.0, which include and support the resaits the radial velocity uncertainties.

J093010.) These periods fall within the uncertainties afth

found by Koo et al. from their photometry: 0.2277135(16) d an

1.30550(4) d, though their figure for the detached binargs p3 . Radial velocities and spectroscopic parameters

riod is based on a single measured primary eclipse time aad th

secondary eclipses. Koo et al. measured radial velocities for JO93010A by fitting
No period change was detected within the SuperWASP déliéiee Gaussians simultaneously to five isolated absorfities

for either binary; extrapolating forward from the most psety in their spectra, in the range 6400-6800 A. Our longer wave-

measured times of minimum for the SuperWASP data, using dangth range contained such a profusion of blended lingdtilsa

periods, gives an ©C value of just-30 s for the Koo et al. pri- approach would have been impossible; indeed, it was hare-to d

mary minimum for the detached system, ane200 s for their tect three-way line splitting from visual examination oétspec-

primary minima for the contact system. The small size of¢hetra over most of the range (Fig. 2 illustrates a small regibeng

discrepancies further supports both the absence of signiffe- the triplets are relatively isolated). However, crossrelation

riod change (especially in the detached system) and trabikli revealed three extremely clear correlation peaks for espeg-

ity of our periods, calculated over long base lines usingleshotrum (e.g. Fig. 3), allowing preliminary radial velocitiés be

light curves, rather than minimum timings alone. We themefomeasured easily for the system.

prefer our periods for the remainder of the analysis, butime Spectral disentangling was then achieved for three subre-

et al.’s more precise and recent primary minimum timingsale ¢ gions of our spectra containing narrow and well-definedsline

culate phases. and converged on consistent values for mass rgtie 0.806 +
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Fig. 4. Radial velocity curves for JO93010A. The primary’s measure saso 8500 EEEO 2600 BEEO 8700
ments are indicated by squares, the secondary by diamonds and the- Wavelength {angstroms}

component by triangles. Data from Koo et al. (2014) is in fainter print

(orange and light blue in the online version of the paper) and our néwg. 5. Extract of WHT spectra for J093010B at approximate phases
results are in bold print (red, dark blue and green). Phase-foldieg u®.24, 0.66, 0.88 and 0.99 (top to bottom). The Call triplet of absorp-
Koo et al.’s primary minimum time of HID 2456346.78443 and our opion lines at around 8498, 8542 and 8662 A exhibit clear splitting and
timum period. PHOEBE model fits are overplotted (solid black curveshifting between phases.

and the location of the modelled system velocity is shown by the dashed

line.

| kgl LY MW WAJWFMM |
0.007) and semi-amplitude of the primary’s radial velocityvau A O N NN . I N
(K1 = 99.4 + 0.7 km s?). The resulting radial velocities were AF E

corrected to heliocentric values by disentangling tetldimes

observed in the region 8250-8320 A, and are given in Tablet -3

(These are very close to those found by the cross-corralat®

method, but with smaller uncertainties.) Fig. 4 shows osults, =  -2f

together with those of Koo et al.: where our observationslape - :

with theirs (around phases 0.15 and 0.65) there is closeagr:  .tf

ment in both the amplitudes and absolute values of the curvr w

we have also fortuitously been able to observe the systeomdro of

its secondary maximum (phase 0.75) where Koo etal. hada g R I T T T
Also notable is our confirmation of the third strong and nea -1000 -500 0 500 1000

static component of the detached system spectra: Koo st ¢ Pixel Shift

fifth star. Since we have obtalne(_j separate specira for 10230 Fig. 6. Cross-correlation plot for J093010B at phase 0.24, exhibiting

and JO93010B, we can be certain that this additional source g; strong peaks corresponding to the binary components (primary on

curs at the same location on the sky as the detached eclipsiieft, secondary on the right). The two broadest calcium lines at 8542

binary, rather than being near the contact system or midb&ay and 8662 A were excluded from the cross-correlation to minimize the
tween the two. There is also very good reason to regard it @gertainty in the radial velocity measurements.

part of a gravitationally bound system including the detathi-
nary: its radial velocities (averagel 1.6+ 1.5 km s?) are visibly
very close to the cross-over system velocity of the binargdm by cross-correlation (Table 1). A mass ratio @7+ 0.006 and
elled as-123 + 0.2 km s?). While longer-term radial velocity K; = 1051 + 1.3 km s* were converged upon by disentangling;
and astrometry measurements would be required to demtnsteaslightly diterent value of reference minimum was also implied
convincingly that the fifth star forms a triple subsystemhviiie by the spectra: HID 2456288.87687, where Koo et al.’s neares
detached binary (rather than, for example, the two bind&eésy minimum (based on photometry) was HID 2456288.87879.
more closely bound to each other), the coincidence of its-spe Our results are shown in Fig. 7: we have managed to capture
trum with that of the binary in J093010A (see Fig. 1) makes ththe system around its primary maximum (phase 0.25) and on
a more plausible hierarchy. each side of its secondary maximum (near phases 0.6 and 0.9),
We were also able to measure radial velocities from magiving suficient phase coverage for decent modelling (though
of the spectra for the candidate contact system in J093010&ther observations around phases 0.4 and 0.75 wouldbstill
Here, splitting and shifting of the strongest lines (priityathe desirable). The cross-over velocity of the two curvesid.3 +
Call triplet) was apparent from visual inspection of thecspe0.7 km s: very close to the detached binary system velocity and
tra alone (e.g. Fig. 5), confirming this system as a doubledli the third component velocity in JO93010A, strongly supiport
spectroscopic binary also. The results from cross-cdiogla the hypothesis that the two binaries and the fifth star arétgra
(e.g. Fig. 6) again provided starting values for spectrakéai tionally bound within a quintuple system with a common motio
tangling, and here we were able to disentangle the full speelative to the Sun.
trum as a single region, giving much smoother radial veyocit The disentangled spectrum for the primary component of
curves with much smaller uncertainties than had been aethie093010B was best fitted by a PHOENIX synthetic template




M. E. Lohr et al.: The doubly eclipsing quintuple low-mass star systerBQI®

9.45

200F

o
o

Radial velocity (km/s)
V magnitude

—100F

i
RS Ee ¥ 2.8 G |

73005 P S S S S S
-1.0 -0.5 0.0 0.5 1.0 -0.5 0.0 0.5
Phase Phase

o

Fig. 7. Radial velocity curves for J093010B, based on our WHT olig. 10. SuperWASP folded light curve for J093010B, converted to V
servations. The primary is shown with red squares and the secondaggnitudes. The maximum magnitude is that of the quintuple system
with blue diamonds; uncertainties are generally smaller than the syas-a whole.
bol size. Phase-folding uses HID 2456288.8780, found by PHOEBE
modelling of radial velocity and light curves simultaneously, and our
optimum period. The dashed line shows the location of the (modellggh, T = 4700+ 50 K and logg=4.5 (Fig. 8). The secondary
system velocity. component’s spectrum was of very similar shape, but had far
lower SN and so was not used to assess the common temper-
100 [T ature of the contact binary. The temperature found here-spec
YL TR AV IVAEN bW Y troscopically is entirely consistent with that suggestgdbo
Y | v KV et al.'sB -V colour for J093010B during secondary eclipse i.e.

095 T '] B 4680+ 50 K.
x ol ] The three components of J093010A werdidilt to dis-
2 ooof ! ‘ ! . entangle convincingly owing to heavy blending of strongetin
g i : ‘ ‘ 1 and our rather limited phase coverage; however, a reasonabl
g 0850 B good fit to the tertiary component was achieved, since itkexhi
S T 1 ited narrower, deeper lines than the detached binary coemsn

i 1 presumably owing to greater rotational broadening in ttterda
0.80 - Templates withT = 5100+ 200 K and logg=4.5 (Fig. 9) pro-
i 1 vided the best matches, suggesting an early K spectral type f

075 Lt this star. Measurements of the equivalent widths of seisal

8400 8500 8600 8700 8800 tinct triplets of lines in the original spectra also indedtthat
Wavelength /' Angstroms the primary’s lines were somewhat stronger than those of the

_ _ ) _ tertiary, which could imply a slightly higher temperatumng

Fig. 8. Disentangled renormalized spectrum for primary component mass)' Spectroscopy with better phase coverage would e des

J093010B (black solid lines), with best-fitting PHOENIX syntheti . : L
template overplotted (red dotted lines). The prominent absorption Iir%e‘ le in future to allow direct determination of the temperes

are Call, Mg, Fel, Til and All. of all three components in JO93010A. However, we were able
e to estimate temperatures for the detached binary comp®nent
from the photometry, during the modelling process desdrihe

3.3. Light curve characteristics

AT ‘.:VU:‘:V;’WE vv |

Moving to the photometric results, we can compare the light
f ] curves obtained by Koo et al. (2014) for J093010A and B sepa-
0.8 E rately with the SuperWASP light curves extracted from the€o
F ] bined light variation for the whole system. In each case, the
g ! 1 SuperWASP amplitudes are smaller, and the magnitudes lower
07k E because there is arfective third light included containing the
F ] (maximum) contributions from the other three stars. Forctire
g : 1 tact binary the SuperWASP curve (Fig. 10) is evidently thaesa
060 — : : : : L general shape as the BV curves (Fig. 2 in Koo et al.): the sec-
B0 O veloncth / Angstroms 0 540 ondary eclipses are visibly flat-bottomed with the primaigim
mum fractionally deeper than the secondary; the secondaxy m
Fig. 9. Part of disentangled renormalized spectrum for tertiary compBnum is also slightly lower than that of the primary, thougist
nent of JO93010A (see caption to Fig. 8). effect is perhaps stronger in Koo et al.’s curves, which would
support the presence of a long-term static spot on one of the
components.

Normalized flux
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Fig.11. SuperWASP folded light curve for the detached binary ifrig. 13. Normalized diferential PIRATE light curves for J093010 in
J093010A, converted to V magnitudes. The maximum magnitude is tiggader R (red, top), G (green, middle) and B (blue, bottom) filters.
of the quintuple system as a whole.

HJD 2454820 and phase 0.3 near HID 2454870 i.e. apparently
moving negatively in phase at a rate of (very) roughly ondecyc
every two years. The superposition of these three (fairlyctim)
curves produced the apparent scatter in the curve of FigiHel.
most plausible explanation for this moving profile wouldeed
seem to be a spot on the surface of one of the detached system
components, rotating at a slightlyfiirent rate from the star as

a whole, perhaps because offdrential rotation.

Finally, Fig. 13 shows the PIRATE RGB photometry ob-
tained for the whole system during one night. As predicted by
the SuperWASP ephemeris, contact binary primary minima oc-
cur around HJD 2456292.519 and 2456292.748, while the two
3 eclipsing systems’ secondary minima overlap in betweeés igh
o os oo T T ,o———, mostclearly seeninthe G curve, where the detached system se

Phase ondary minimum occurs around HJD 2456292.60 and the con-
tact one around HID 2456292.63). The second night of our WHT
Fig. 12. Koo et al. light curves for the detached binary in J093010A, ipectra begins just as this photometry ends, and covergphas
V (top) and B (bottom), converted fromfiérential instrumental mag- ~0.07-0.25 of the contact system, which is entirely constste
nitudes to standard magnitudes using normalization indices providedyith the light curve. Additional nights of photometry woube
Koo et al. (their Table 6). useful to establish the average shapes of the three-cothr |
curves; however, we note that the three curves have very simi
lar shapes. The primary eclipses of J093010B are perhaps fra

For the detached binary light curves in J093010A (Figs. 1ibnally deeper in B than R, with G intermediate. Similarly,
and 12), the relative depths of the two eclipses are com[gairab Koo et al.’s standardized BV magnitudes for JO93010A intica
the SuperWASP data and Koo et al.’s data, and together véth that the primary eclipses are deeper in B, while the secgndar
sharp ingresses and egresses of the eclipses they suppeltt a @clipses are deeper in V i.e. the primary is hotter than the av
detached EA-type system. The eclipses are equally spadexf arerage of JO93010As three components, while the secondary i
the same duration, indicating no significant orbital ecdeity. ~ cooler.

The primary eclipse appears flat-bottomed while the seagnda

eclipse’s shape is arguably more curved; if taken at faceeval
this would suggest that the secondary’s radius is (surfig)
greater than that of the primary. The out-of-eclipse regionld We can make further estimates of the relative flux contribu-
be expected to be essentially flat in an EA-type light curwg, btions of the five stars from the photometry and spectroscopy.
is not. In the SuperWASP curve, the region between phases 8tarting with the SuperWASP light curves in SuperWASP flux
and 0.4 is far more scattered and noisy than the region batwesits, if we assume that J093010A and J093010B’s angles of
phases 0.6 and 0.9; moreover, the maximum is near the primaglination are close to 90(since both systems contain flat-
minimum, while it occurs just before the secondary minimam ibottomed eclipses supporting near-totality), the deptleadh
Koo et al.’s curves; they suggest that this latter featusellte component’s eclipse gives a minimum value for its flux cdmifi
from a moving spot on one of the components. tion (JO93010A primary: 38, secondary: 15; J093010B prymar

To explore this idea further, we split up the SuperWASPR5, secondary: 23). Adding these four fluxes and subtracting
detached binary curve by time, into three sections of cantigthem from the total flux (160) when no component is eclipsed
ous data covering several months. The profile of the out-gfives us a maximum flux estimate for the fifth component (59).
eclipse region clearly changed over time, with its minimuen 0 These values would suggest that the tertiary makes up at most
curring around phase 0.8 near HID 2454510, phase 0.4 ng3% of the flux in J093010A (in V), and the primary and sec-

Magnitude

3.4. Flux contributions
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ondary at least 34% and 13% respectively. Koo et al.’s V band
data similarly supports contributions of around 53%, 37% an
10% respectively, using the same approach; in B the prapuati
are 53%, 40% and 8%.

Furthermore, the SuperWASP fluxes allow us to estimate
J093010B:J093010A flux contributions at the former's maxi-
mum and primary minimum as 43% and 21%. These figures can
be compared with the spectroscopic fluxes, found from fitseo t
continua of the extracted spectra, evaluated at 8500 A aiddsc
to account for the dierent exposure lengths: near the maxima of
both systems (phase 0.75 of J093010A and 0.63 of J093010B)
the ratio is 44%, and near contact primary minimum (around
phase 0.18 of JO93010A and 0.0 of J093010B) it is 24%, show- .-
ing considerable similarity across optical and near-igftieob- 010 _0.05 0.00 0.05
servations. These consistent estimates provide a stagrtimy Phase
for further modelling of the five stars.

2.6

2.4

2.2

2.0

PHOEBE flux

1.6

L b b b b R

LI O 4 B

o
(@]

Fig. 14. PHOEBE best model fit (red solid curve) to primary eclipse of
J093010A in V, showing good match to eclipse width, shape and depth.

4. Modelling and Discussion

To determine parameters for the eclipsing components of ; ; ;
J093010, the two binaries were modelled separately usiag Eﬂis%r;\fgﬁ aisgrggggnotgi%gée ;:)nr:jrr&ary:hg gggi Ig\{)glegar? dius,
PHOEBE software (Ba & Zwitter 2005), built upon the COde(where Ko%) et al. fofmle _ 0757; 0.0dSP@ "and R, =

of Wilson & Devinney (1971). .. 0743+ 0.010Ry). Then, we made use of an eclipse modelling
The starting assumptions for J093010A, based on Its lig%tideline fromRDWilson (1994): “the ratio of the depth of the-a
curve, were that it is a detached binary in a circular ortBted 151 eclipse to the light remaining in the total eclipseriprx-
nearly edge-on, wittMy > My, Ty > Tp, a third light con- nately the square of the ratio of smaller to larger staritadie
tributing up to half the total flux, and a spot on one compg o qired the depth of the annular (primary) eclipse in V and

?oeunrdeOhg 4Ta§; rrr?ct)i(%(lﬁngjs%eu’ngr}%?nKsopoe((:ettrsll' d(iice)ﬁgr;;?iﬂla (in PHOEBE flux units) from the light curves, and combined
was set .as a non-adjustable parameter; the period was aslo f&nshwnh tr;e ratio %)2 N esltllmate.fthhe flux which Wﬁ.u Ldﬂremaln
at 1.3055428 d (from the SuperWASP results) and the referedig the total (secondary) eclipse, if there were no thirdtigtn-
HJD, at 2456346.78443 (from Koo et al.'s single primary mintribution: this would be the true contribution of the primatar

imum timing); data was not binned or converted to phases prﬂ33 i,o'lfl)g units in V ag.d CBI6 * O'O?j l;]nits in B)h The sec-
to modelling. With the angle of inclinatidirset to 90, the radial °ndary’s flux was given directly — and hence with greater pre-

velocity curves were first fitted faasini (a proxy to the semi- €iSion — as the depth of the total eclipse2(b+ 0.011 units

major axis) and system velocityy simultaneously, and the op-In V and 0090+ 0.007 in B). By subtractjng thg primary and
timum values found were not adjusted subsequently, sigbe sec.ond’ary fluxgs f'rom the maximum qux. in the light curves, the
curves are largely insensitive to these parameters. tertiary’s contribution could then be_esnmatedomore ey
Fig. 4 shows the best fit obtained for the combination ¢f-20= 0-09 units in V and (87 0.04 in B) as 36%: 4: some-
our radial velocity data and that of Koo et al.. Similar retes;uIWhat Iarger_than the fitted values fom_md_by Koo etal. Of.31/° n
were found when modelling our data sets separadyni of V and 32% in B. These values for third light were then fixed for
5.765+0.014 Ry and 5607+ 0.014 R, for us and them respec- the rest of the modelling. I
tively; andyo of ~123 + 0.2 km s! and—104 + 0.2 km s, The Kopal potential€2,, for the two eclipsing stars were
Combining the data sets reduced the formal uncertainties B Set to values which would reproduce the radii deterchine
the two parameters in comparison with each data set coeside?b,ove (7.74 and 8.04 respectively), indicating stronglyatiee
alone @sini = 5.759+0.010 Ry andyg = —12.24+0.17 km s?), illing factors, as expected for a well-detached system.s&he

and this combination of radial velocity data was used foréhe Values gave excellent matches to the widths of the eclipses
mainder of the modelling. (e.g. Fig. 14). The féective temperatures of both components

To model Koo et al.’s light curves, a valid third light contri Were aiso estimated from thel8 — V colours, using the indi-
bution needed to be included, more precise thanxtiig% es- Vidual fluxes found above: these were 487K for the pri-
timated above. While Koo et al. seem to have fitted their curvg3ry and 447G 160K for the better-determined secondary (by
treating third light as a free parameter, we feared therditig [N€ same T7%th°d' the third component was estimated to have
strong correlations between this and other fitted parameied 13 = 49003, consistent with the value found from its disen-

—-310’
S0 sought to constrain the value of the third light indepetigie

tangled spectrum earlier). Using these valuesTfoandT, gave
Since the eclipses of J093010A appear total-annular, wielcoft Model which had too shallow a primary eclipse and too deep

4 secondary eclipse; their ratio was therefore increaseid-by

(¢1.23.4) quite precisely for the primary eclipse (see Fig. 14), ugrements until both eclipses were equally well reprodudeid:

ing Koo et al.’s BV photometry, and then estimate the radiigs °ccurred afl1 = 5185K andT, = 4325K. The angle of incli-
these formulae from Hilditch (2001): nationi also required a slight decrease fronf 96 match the

depths of both eclipses simultaneously (hea@ndQ; » were

2R, also fractionally adjusted). As a further check on these-tem
(¢2 —¢1) = (¢4 - ¢3) = ora @) peratures, we may note that the ratio of primary to secondary

2R, eclipse depths matched the corresponding ratio of the stars
(p3— 1) = (da— ¢2) = o (2) face brightnesses, as would be expected (Wilson 1994).
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Fig. 15. Top: V band light curves for J093010A (data from Koo et alFig. 16. B band light curves, fits and residuals for no-spot and one-spot
(2014)) expressed in PHOEBE flux units, with best-fitting PHOEBEodels for J093010A (see caption to Fig. 15).

model curves overplotted (dashed red lines indicate model with no spot,
solid blue lines indicate one-spot example model). Middle: residue'~
from no-spot model, showing out-of-eclipse semi-sinusoidal light vai
ation unaccounted for. Bottom: residuals from one-spot model, large
correcting for these variations.

As noted earlier, the apparently flat-bottomed primat
eclipse could alternatively suggdst > Ry, and so this possibil-

ity was also explored in the modelling. Using Equations,ﬁd a Fig.17. Image of best-fit PHOEBE one-spot model for J093010A at
(2) with the roles oRR, andR; reversed, the components’ radii,phase 0.25. The large cool spot is visible on one limb of the (smaller)
third light contribution,Q; > and temperatures were again estiprimary at quadrature.

mated as described above; however, no appropriate ratroef t

peratures could be found which would fit both eclipse depths u

less the uncertainties dn » were exceeded. Moreover, the best ) o

fit produced an inconsistency between the eclipse depthaati  component Would_ also'achleve similar results. Koo et alduse
the surface brightness ratio. In view of these problems,taad two cool spots with quite dierent parameters from ours, one
mass-radius mismatch (which would be challenging to erpla®n €ach component in their preferred model, to achieve a very
in a well-detached system), we prefer the original modettier close fit to the light curve; however, by appropriate placetaé
remainder of the analysis. However, improved photomesy, @nultiple spots, any light curve features whatsoever carepeor
pecially of the primary eclipse, would be desirable in fettw duced, and we did not wish to include more components in our
confirm it more fully. model than were justifiable. That said, it is very likely thtzre

The full optimal light curve fits and their residuals are showare multiple spots on this system, or non-circular spots;seh
in Figs. 15 and 16. It is apparent that, while the eclipseserg modelling would produce an even better fit to the light curve,
well-fitted by this model, the out-of-eclipse portions amogy Put a method such as Doppler tomography would be required to
fitted (reduced? = 17.1inV, 2.62 in B). This is almost certainly determine their nature more rigorously.
due to the presence of the assumed moving spot discussed earTable 2 gives the final parameters determined for JO93010A,
lier. To test this explanation, a single large cool spot wasex Uusing the no-spot model (there is almost no change to any of
on the primary and its four parameters varied manually wntilthese under the one-spot model). The uncertainties gnand
fair match to the light curve was achieved (colatitudé,96n- i are formal errors generated by PHOEBE; the uncertainties on
gitude 29, radius 98and temperature 0.9836 mean primary 0, T12, Ri2 andQ; , were obtained from independent measure-
temperature). The resulting light curve fits and residuadsasiso ments as described above; and the uncertaintiespnwere
shown in Figs. 15 and 16, and an image of the model systemf@und using the formula prescribed in the PHOEBE manual:
Fig. 17. These models reproduce the light variations mutteibe

2=886inV, 1.18in B).

It should be emphasized that we do not regard this as tA#:
only possible spot configuration which would reproduce the o o
served light curve variations: a cool spot on the opposite ef om, = M (32 + 2@ + g ) (4)
the secondary also works passably well, and hot spots oereith a P aa+1)

_ Ja ,0P Yq
—M1(3a+2p+q+1) 3
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Table 2. System and stellar component parameters for JO93010A

0.22 -

Primary Secondary b 1

Orbital period (S) 11279890+ 0.16 020p E

Semi-major axis (B) 5.762+ 0.010 x g8k ]
Mass ratio 0.806+ 0.007 - g
System velocity (km$) -1224+0.17 g 0161
Angle of inclination () 882+03 g 014
Kopal potential 7.74+0.15 804+ 0.18 F
Filling factor -94 -100 0.12F
Mass (Mp) 0.837+0.008 Q674+ 0.007 ook
Radius (R) 0.832+0.018 Q669+ 0.018 .
Temperature (K) 518522 43252 0.04F
Surface gravity 4.52 4.62 0.02F
Bolometric luminosity | 5.66+ 0.02 692+ 0.02 E
Flux contribution (V) 0.532+0.036 0110+ 0.004 F
Flux contribution (B) 0.552+0.040 Q089+ 0.007 —0.02¢
B84
0.02F

0.55
0.50 ]

—0.5 0.0

Phase

0.5 1.0
0.45

0.40 Fig. 19. B band light curves, fits and residuals for no-spot and one-spot

models for J093010B (see caption to Fig. 15).

PHOEBE flux

0.35

A i e b e b

-0.05

0.5 1.0

-0.5

0.0

Phse Fig. 20. Image of best-fit PHOEBE one-spot model for J093010B at

phase 0.25. The large cool spot is visible at the limb of the (larger)

Fig. 18. V band light curves, fits and residuals for no-spot and one-spdimary-
models for J093010B (see caption to Fig. 15).

variation of the light curve meant that the approach takdmtb

J093010B was simpler to model. We started with the ag093010A's radii was impossible here). The best fits are show
sumptions that it is a contact system (ifg. = T, = 4700K, in Figs. 18 and 19. The Kopal potential corresponding tofihis
Q; = Q) in a circular orbit seen nearly edge-on, with > M,, (2.63+0.08) indicates a positive filling factor of 0.19 as expected
R; > R, and no third light. The period was set to 0.2277138 dor a contact system. The angle of inclination found istS#,
the mass ratio to.897 + 0.006, and the referencElJDg to which we note is consistent with that found for J093010A -sug
2456288.8780 (an average of the preferred values for radial gesting that the two binaries may share an orbital plane and
locity curves and light curves, since the continuous viemabf perhaps originally fragmented out of a single protostediak.
J093010B’s light curves made estimation of the time of primaHowever, measurements of the longitude of the ascending nod
minimum less reliable from photometry alone). We first fittetbr both binaries would be required to prove a common plane.
the radial velocity curves alone farsini andvyg, as we did for Again, a better fit can be achieved if a spot is modelled, to ac-
JO93010A, and found the best fit shown in Fig. 7, which gaw®unt for the diferent heights of the maxima. An example spot-
asini = 1.661+0.009R; andy, = —11.3+0.7 km s’. Here, we ted model is shown in Figs. 18 to 20; this uses a spot on the
note that Koo et al. (2014) also advanced a model for J09301pBmary with colatitude 99 longitude 60, radius 110and tem-
based purely on its light curve, which used a value for thesmaserature 0.97% mean primary temperature. As with J093010A,
ratio of 0468 + 0.005 found via the “g-search” method: somave emphasize that this is only one of several possible ways to
distance from the value found here. model the light variations using a single spot; Koo et alduse

Then, using Koo et al.’s BV light curves, and again adjustingpool spot on the primary and a hot spot on the secondary mhstea
amanually to keegsini at the value found earlierandQ were Our resulting parameters for the system, shown in Tablees, ar
allowed to reach their optima simultaneously (the contiraio not gfected by the presence of the spot. The uncertainties on
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Table 3. System and stellar component parameters for J093010B

(O R R R R IR IR
Primary Secondary e ]

Orbital period (s) 1967447+ 0.03 [ ]
Semi-major axis (B) 1665+ 0.012 Eo g

Mass ratio 0.397+ 0.006 L j
System velocity (km'3) -113+0.7 o6 0 ]

Angle of incl. () 86+ 4 r ' : 1

Kopal potential 2.63+0.08 _ ot ' N 1

Filling factor 0.17 3t 0 ]

Mass (Ms) 0.86+0.02 0341+0.011 F S 1
Radius (R) 0.79+0.04 052+ 0.05 > o5k NN . ]
Temperature (K) 4700+ 50 g [ . . ]
Surface gravity 4.58 4.53 E I 905 Gyr ]
Bolometric luminosity | 6.20+0.05 712+ 0.05 = R %J-gg gy " ]

r S \9\.0 Gyr 1

d, vo, I and M1, were found as for JO93010A; that far was 0'4; ]
estimated from the fitting to the disentangled primary spect r ]
that forQ is a formal output of PHOEBE; and those Ry, were r ]
found by settingg, g andQ to their extrema in appropriate com- r ]
binations, which may be expected to overestimate theseserro R T T T TR T P

Somewhat. 5400 5300 5200 5100 5000 4900
For both systems, distances were estimated by a similar Temperature / K

method to that outlined in Koo et al.: absolute bolometrigma

nitudes (outputs from PHOEBE) were converted to absolute

magnitudes using bolometric corrections as tabulatedowét

(1996), and then combined using the formula (Hilditch 2001)

F\'yg. 21. Temperature-luminosity plot for primary of J093010A binary,
compared with Dartmouth stellar evolution model isochrones. Each
short curved line is a section of a model isochrone corresponding to
masses between 0.829 and 0.84p, . the range of likely masses
found from our modelling. The sections in the middle (black) have so-
lar metallicity; those on the right (red) have [F§=0.2 and those on

Apparent V magnitudes of the maximum brightness of the sy%ﬁhl‘f&(glrlijrﬁgpﬁg ;gzﬁr%;_e?éogeﬁﬁgiscgeﬁur isochrones consistent

tem were determined from Koo et al.’s V light curves at their
maxima for J093010B; for JO93010A the contribution of the
third star had to be removed first, using the component light freach binary component overlaps with the range of values ex-
tios obtained during analysis. The formula (Hilditch 2001)  pected for a star of its mass, assuming solar metallicitys(F21

and 22). A very tiny negative value of [A4] is perhaps im-
V= Av = Myoal = 5l0g;od -5 (6) plied for each, but nothing like the0.25 found by Koo et al..

was then used to obtain distance estimates in parsecsg{tal(anj? optimal average age of =+ 0.7 Gyr is indicated by this

Ay = 0.03). For J093010Ad = 78 + 3 pc was found, and for method. Then, plotting masses against radii, both compenen

: istent with solar metallicity isochrones betweenrad
J093010Bd = 73 + 4 pc; the ranges overlap substantially re consis . AP :
75-77 pc. Koo et al. found a consistent, if more uncertaiue/alagl and 10 Gyr (Fig. 23); this implies an optimal average age of

: 9.2+ 1.0 Gyr.
for J093010B of 79 pc, but a shorter distance of 66 pc for . s
J093010A, probably due in the main to their handling of theith _ 719- 23 also shows that J093010As binary components be-

; S : P - have very similarly to Torres et al.’s collection of low-nsagtars
star’s contribution to system light. The similarity of ousthnce . e L= : .
estimates lends further support to the reality of the astioci in detached eclipsing binaries with well-determined patars
between the two binaries. (2010). The components of J093010B, however, do not sit on

An approximate distance was also estimated for the fifth stdr single isachrone, presumably because of their interastio

. : - ontact: the primary has a smaller radius than its mass would
its apparent V magnitude was found similarly to those for th|Cﬁ1pIy assumFi)ng anyage of 9 or 10 Gyr, while the secondary’s
binaries, from its fractional light contribution to JO93 and éadiué is much greater (and is inconsi,stent with any possibl
e oL i bl e Focone) Comparsonvth e parametrs o shor e
solar metallicity andl' = 5000+ 100 K (combining the two in- act binary components collected by Stép& Gazeas (2012),

dependentfective temperature measurements obtained earliefﬁpplememed by two determined in Lohr et al. (2014a), ssigge

and was taken from Dartmouth stellar evolution models (Qotturzttighr:,s :I(Iart]r?glcs)g{:ésnggﬁzreeslit?]%rsrga\lvfig: ?’;;ig‘ss gélg]\;\?% M
et al. 2008}. The formula above then gawk= 81*3 pc for a '

- X lie in this region of the mass-radius diagram, with clearly i
5 Gyr star, ord = 83+ 9 pc for 10 Gy, both ranges are Cort]\pgted radii, while the primaries in most cases have radisson

sistent with the 7577 pc distance estimate found for the ith ller than th f
binaries. Although less reliable than the binary distantas entwith or even smaller than those expected from normiléste
: yevolut|0n models.

finding adds some support to the claim that the fifth star isph
ically associated with J093010.

The parameters for JO93010A are fully consistent with conclusion
Dartmouth models. Plotting temperature against lumigpsit
After our initial discovery of J093010 as a probable doubly
3 httpy/stellar.dartmouth.egdmodelg eclipsing quadruple system, and Koo et al.’s follow-up obse

Mot — Myz2 = —2.5log;o(1 + 10704Ma-Mu2)y ©)

10
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Fig. 22. Temperature-luminosity plot for secondary of J0O93010A biFig. 23. Mass-radius diagram for binary components of J093010, com-
nary, compared with sections of model isochrones correspondingp@ared with Dartmouth model isochrones for solar metallicity (dotted
masses between 0.667 and 0.68% Kéee caption to Fig. 21 for fur- lines, corresponding to 1, 8, 9, 10 and 14 Gyr from bottom to top),
ther explanation). and with empirical masses and radii for collected detached (red dia-
monds) and contact (blue triangles) eclipsing binary components. The
binary components of J093010A are indicated by larger bold-face red
vations which confirmed JO93010A as a double-lined spectmdiamonds, and those of J093010B by larger bold-face blue triangles.
scopic binary and revealed the presence of a possible fifth co
ponent, we have carried out further spectroscopic and photo ) . ) )
metric observations of the whole system. We have confirmé@nally bound in a single system. The consistent anglesiof i
J093010B as a double-lined spectroscopic binary also, and cclination of the two binary systems also imply likely forriuat
firmed the association on the sky of the fifth component withiy fragmentation from a single protostellar disk, withoubs
J093010A. Radial velocities were measured for the first fome Seduent significant disruption to their orbital plane. Tige af
J093010B, allowing a more reliable determination of itssras  the system is around 9-10 Gyr, and it has approximately solar
tio; the effective temperature of its primary, and of the assuméetallicity. ) o
tertiary in JO93010A, were also estimated from their digent ~ This bright, close, highly unusual star system, contairsing
gled individual spectra. Reanalysed SuperWASP photoniretry VEry short-period contact eclipsing binary, and a tripletegn
dicated the presence of a moving spot on one component of #guding alow-mass detached eclipsing binary, would dess
binary in JO93010A, with an apparent speed relative to its hdepay further investigation.
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Table 1. Spectroscopic observations and heliocentric-corrected radial vefoftitid093010.

HJD Exp.timg/s (A) Prim. RV/kmsT  §Prim. RV (A)Sec.RV ¢6Sec.RV (A)Ter.RV ¢Ter.RV (B)Prim.RV ¢Prim.RV (B) Sec. RV ¢ Sec. RV
2456283.7679 5 87.5 1.0 -132.3 1.2 -11.8 0.5 28.9 15 -116.4 15
2456283.7704 30 90.1 0.7 -132.5 1.1 -11.1 0.6 40.4 1.5 -138.1 15
2456283.7710 30 88.6 1.6 -133.0 1.3 -11.1 0.3 39.2 15 -143.4 15
2456283.7716 30 89.7 0.6 -130.9 0.5 -11.3 0.9 44.5 1.5 -141.7 15
2456283.7749 180 88.3 0.5 -133.3 0.9 -11.4 0.6 515 15 -162.8 15
2456283.7773 180 88.7 0.8 -133.2 0.3 -11.0 0.3 52.6 1.5 -179.0 15
2456283.7796 180 88.4 0.4 -133.3 0.3 -10.98 0.25 55.9 15 -180.8 15
2456283.7853 360 89.1 0.4 -133.0 0.8 -11.2 0.8 69.2 1.5 -203.4 1.5
2456283.7897 180 89.0 0.5 -1334 1.2 -11.5 0.4 711 15 -219.4 15
2456283.7921 180 88.7 0.3 -133.0 0.9 -10.58 0.14 74.1 15 -237.1 1.5
2456283.7979 360 86.8 1.0 -134.2 2.0 -13.0 1.6

2456292.7661 60 58.01 0.18 -102.3 15 -12.35 0.18 —-64.6 15 124.7 15
2456292.7671 60 60.3 0.7 -101 3 -12.3 0.6 -63.3 15 125.4 15
2456292.7680 60 59.0 0.6 -99.6 1.3 -11.8 0.5 —-66.7 15 132.3 15
2456292.7710 10 58.8 1.6 -98 5 -13.3 1.1 -79.4 1.5 147.3 1.5
2456292.7743 10 55.9 1.3 -102.5 22 -13.1 0.3 -84.1 15 163.5 15
2456292.7758 60 59.4 0.8 -106.4 0.8 -13.39 0.19 —-88.6 15 170.3 15
2456292.7767 60 59.7 0.8 -106.1 25 -13.1 0.5 -88.7 15 173.2 15
2456292.7777 60 59.33 0.12 -107.54 0.18 -14.3 0.7 -93.9 15 176.0 15
2456292.7822 360 61.2 0.5 -106.6 0.4 -13.2 0.4 -100.4 15 197.7 15
2456292.7866 360 62.5 0.6 -107.6 0.5 -13.2 0.5 -107.0 15 213.8 15
2456292.7911 360 63.8 0.4 -110.5 0.7 -13.16 0.18 -109.8 15 229.5 15
2456292.7948 60 67.2 15 -113.0 0.6 -16.8 1.8 -118.7 15 237.3 15
2456292.7957 60 68.8 2.3 -110.2 0.6 -10.9 0.7 -116.4 15 239.8 15
2456292.7967 60 69.3 0.8 -112.5 0.9 -12.8 0.9 -114.4 15 246.6 15
2456292.7992 300 66.4 0.7 -112.4 0.8 -13.6 0.4 -116.0 15 247.1 15
2456292.8029 300 67.7 0.4 -112.2 0.9 -12.83 0.13 -119.0 15 2475 15
2456292.8066 300 68.49 0.06 -114.9 0.9 -13.1 0.3 -117.5 15 247.6 15
2456294.7665 60 -91.7 0.8 96.0 17 -9.05 0.13 67.1 1.5 -209.4 1.5
2456294.7674 60 -91.4 1.4 96.3 2.2 -9.1 0.3 66.6 1.5 -196.4 1.5
2456294.7684 60 -93.6 0.6 94.4 11 -9.6 0.5 64.0 1.5 -197.0 1.5
2456294.7707 120 -94.4 0.6 94.9 0.9 -10.25 0.10 67.8 15 -178.5 1.5
2456294.7724 120 -94.4 0.7 95.9 0.3 -9.67 0.15 58.6 1.5 -179.1 1.5
2456294.7740 120 -95.4 0.4 95.7 0.4 -10.40 0.06 56.1 15 -171.7 1.5
2456294.7783 110 -95.59 0.14 97.0 1.2 -10.07 0.21 45.0 15 -143.4 1.5
2456294.7799 110 -97.0 0.4 96.4 11 -10.8 0.5 37.4 1.5 -143.4 1.5
2456294.7814 110 -96.6 0.5 96.6 1.2 -10.22 0.20 37.4 15 -126.2 1.5
2456294.7829 110 -97.8 0.3 96.7 0.3 -10.69 0.09 32.7 15 -128.3 1.5
2456294.7845 110 -97.2 0.4 98.1 0.6 -10.2 0.3 31.0 1.5 -108.3 1.5
2456294.7860 110 -98.2 0.5 96.9 15 -10.85 0.08 19.9 15 -95.7 15
2456294.7885 110 -99.0 0.4 96.5 0.7 -11.03 0.12 13.6 15 -76.9 15
2456294.7901 110 -99.2 1.0 97.3 1.0 -11.02 0.24 13.5 15 -73.1 15
2456294.7916 110 -98.8 0.4 97.8 1.0 -10.53 0.21 7.9 1.5 -56.5 15
2456294.7931 110 -100.02 0.16 96.9 0.4 -11.25 0.24 -1.4 15 -41.4 15
2456294.7947 110 -99.4 0.4 98.3 0.8 -10.61 0.22 -2.3 15 -35.0 15
2456294.7962 110 -100.3 0.4 97.7 14 -11.39 0.20 -5.2 15 -29.5 15
2456294.7986 60 -99.7 0.6 100.5 1.3 -10.5 0.6 -16.1 15 -3.7 15
2456294.7996 60 -100.5 11 98.7 1.6 -10.8 0.3 -10.2 15 -20.6 15
2456294.8005 60 -102.0 0.7 99.6 0.5 -11.9 0.3 -17.3 15 -5.8 15
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