Universiteit

4 Leiden
The Netherlands

Millimeter emission from protoplanetary disks : dust, cold gas, and

relativistic electrons
Salter, D.M.

Citation

Salter, D. M. (2010, November 25). Millimeter emission from protoplanetary disks : dust, cold
gas, and relativistic electrons. Leiden Observatory, Faculty of Science, Leiden University.
Retrieved from https://hdl.handle.net/1887/16175

Version: Corrected Publisher’s Version
License: Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/16175

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/16175

Chapter 6

Hunting for Millimeter Flares from Magnetic
Reconnection in Pre-main-sequence
Spectroscopic Binaries

Recent observations of the low-mass pre-main-sequenc&)Pdtcentric spectroscopic binaries
DQ Tau and V773 Tau A reveal that their millimeter spectrunodsasionally dominated by flares
from non-thermal emission processes. The transient gcts/believed to be synchrotron in nature,
resulting from powerful magnetic reconnection events wiinenseparate magnetic structures of the
binary components are briefly capable of interacting andefdito reorganize, typically near perias-
tron. We conducted the first systematic study of the millengariability toward a sample of 12 PMS
spectroscopic binaries with the aim to characterize théferation of flares amongst sources likely
to experience interbinary reconnection events. The saaogle consists entirely of short-period,
close-separation binaries that possess either a highabguitentricity € > 0.1) or a circular orbit
(e~ 0). Using the MAMBO2 array on the IRAM 30m telescope, we @rout continuous moni-
toring at 1.25 mm (240 GHz) over a 4-night period during whatltof the high-eccentricity binaries
approached periastron. We also obtained simultaneousabplRI measurements, since a strong link
is often observed between stellar reconnection eventseflraia X-rays) and optical brightenings.
UZ Tau E is the only source to be detected at millimeter wanggles, and it exhibited significant
variation 1.25mm=87-179mJy); it is also the only source to undergo strongikaneous optical
variability (AR~ 0.9 mag). The binary possesses the largest orbital eccigntni the current sam-
ple, a predicted factor in star-star magnetic interactianés. With orbital parameters and variable
accretion activity similar to DQ Tau, the millimeter behawbf UZ Tau E draws many parallels to
the DQ Tau model for colliding magnetospheres. Howeverhenbiasis of our observations alone,
we cannot determine whether the variability is repetitorgf it is due to variable free-free emission
in an ionized wind. UZ Tau E brings the number of known millierevarying PMS sources to 3 out
of a total of 14 monitored binaries now in the literature. \&edr a model whereby repeated mag-
netospheric interactions near closest approach are reifp@for the millimeter-wave variability of
UZ Tau E, analogous to the model for DQ Tau. However, giversthall number statistics, we cannot
exclude powerful interbinary reconnection events as g stoehastic phenomenon.

A. Késpal, D. M. Salter, M. R. Hogerheijde, A. Moor, and G. AaRe
Astronomy & Astrophysi¢submitted (2010)
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6.1 Introduction

Recent observations of young stellar objects (YSOs) arbeciging the long-standing notion that the
millimeter continuum emission characterizing these dijecalways dominated by the quiescent thermal
emission from passively-heated circumstellar dust. Phueransient millimeter flares attributed to
synchrotron continua have now been reported toward two dddukprotostars in the Corona Australis
cloud (Choi et al. 2009 one protostar in the Orion BN/KL star-forming regidrofbrich et al. 2008
the embedded YSO GMR-A in Orioower et al. 2003Furuya et al. 2003 the classical T Tauri star
(CTTS) DQ Tau in Taurus (Chaptedsand5, Salter et al. 20082010, and the weak-line T Tauri star
(WTTS) V773 Tau A, also in TaurudMassi et al. 20022006 2008.

These millimeter flares are thought to be more powerful exasnpf the prevalent, lower-energy
radio activity observed toward YSOs, and are not unlike flaecurring on the Surg(ine et al. 1988
White et al. 1992 The emission is attributed to a combination of gyrosyation and synchrotron
radiation powered by magnetic reconnection events in #lastoronae, which occur when oppositely
directed magnetic field lines intera@dstian et al. 1998 The radio flare resulting from this magnetic
activity is also expected to be accompanied by an X-ray flaggra@portional luminosty according to
the Neupert effectNeupert 1968Gudel 2002. In this way, large X-ray surveys are contributing to the
characterization of the magnetic activity during the T Talnase (e.gGetman et al. 20055udel et al.
2007, which represents the period during the formation and eeduence life of a solar-type star when
magnetic activity levels are highest and when reconneetiamd not accretion—is believed to be the
primary X-ray production mechanisn®ieibisch et al. 2005Stassun et al. 200@007 Forbrich et al.
2007 Feigelson et al. 2007 The X-ray data confirm analogous solar-type coronal agtitbut with
luminosities 18-1@ times higher Testa 2019 Uninterrupted, long-duration observing campaigns of
star-forming regions also document a once-a-week statisiccurrence of giant X-ray flares, represent-
ing the most powerful events and an estimated 1% of all fl&@gata et al. 20Q055etman et al. 2008a).

If magnetic activity is indeed the trigger, then these X-exgnts are most likely to be associated with
synchrotron emission processes extending into the milénegime.

It is noteworthy that in the two best-studied millimeter darases, both DQ Tau and V773 Tau A
are close-separation, eccentric, pre-main-sequence X\BM&ries with similar orbital characteristics.
In addition, their flaring was recurring, leading the authior the latest study to conclude that DQ Tau
could display excess millimeter flux as much as 8% of the twith consistency near periastron. One
can thus speculate that in close binaries, in addition tcsihgle-star coronal activity described until
now, two additional magnetic activity scenarios might exién example of the first is V773 TauA,
where interbinary interactions due to chance alignmentsobw extended coronal features, like helmet
streamers, cause the flares. The second binary-specifiomlesion is the current model for DQ Tau
where colliding dipolar magnetospheres represent a siggenetric scenario for periodic events, with
two primary determining factors: a periastron approachliemthan twice the magnetospheric radius
(R~5R,) and a high eccentricity. In this arrangement, the closelbstmagnetospheres must overlap
near periastron, but only temporarily.

Again, X-ray studies can provide constraints on the cor@xént of PMS stars, with the result
that typical inferred loop lengths are 4-R0for the most powerful outbursts. This is much larger than
any coronal structure observed toward more evolved skargafa et al. 2005 and consistent with the
T Tauri stage being the most magnetically active phase of@taation. In the case of the WTTS binary
system V773 Tau A, two separate coronal structures extgridier 15R, each are necessary to bridge
the interbinary gapNassi et al. 2008 Toward DQ Tau the derived loop lengths from both X-ray and
millimeter analyses are R, in height (Getman et al. 2010, submitted; ChapteBalter et al. 2010).

If the X-ray statistics predict correctly a common once-eelw occurrence with consistently large loop
lengths, then more interbinary collisions might be expgdtea number of close-separation binaries, in
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addition to any single-star events that may occur. Binastesys also occur frequently, representing
65% or more of the local field population in the middle of theimsequenceuquennoy & Mayor
1997). The fraction increases to up to 75% for the population exTaurus star-forming regioh.¢inert

et al. 1993Ghez et al. 199/Kohler & Leinert 1998 Luhman et al. 201)) suggesting that more systems
could start out as binaries. Thus, candidate millimeteialze systems are worthy of investigation.

To assess the proliferation of significant millimeter vaility among PMS binaries, we report here
on a targeted millimeter variability survey of 12 PMS spestiopic binaries that are most likely to expe-
rience millimeter flares, based on predictions by the ctiirgerbinary magnetic reconnection models,
either following the V773 Tau A scenario and exhibiting sfydlares at many orbital phases, or exhibit-
ing the DQ Tau phenomena showing flares with more regularityrad periastron. Since in both the
DQ Tau and UZ Tau E cases, optical brightenings are commanpeestron due to periodic accretion
events Jensen et al. 200,7and because the optical light curve of DQ Tau was found tamits mil-
limeter flare activity in both time and duration (Chap&rSalter et al. 201)) we complemented our
millimeter data with simultaneous optical monitoring of eargets.

6.2 Observations

6.2.1 Target Selection

The study of PMS binaries is a relatively young field, due igdgpart to the difficult and time-consuming
nature of spectroscopic observations, while sometimelduimpeded by a complicated circumstellar
environment. To date, orbital parameters have been peloli&ir only a few dozen young spectroscopic
binaries. These parameters include tleeessarselection criteria for the present study: known eccen-
tricity (e), orbital period P), projected semimajor axiséini), and the epoch of periastron passage.
From the available sources in the literature, we selectgectsbthat are observable from the north-
ern hemisphere (located primarily in Taurus and Orion), #wad possess an orbital period of less than
50 days. The latter constraint means that the periastréandiss for these objects are in the range where
magnetospheric or coronal interactions have occurredniilasi systems. In addition, shorter periods
make it easier to observe large numbers of binaries as thaplete periastron passage around the same
time.

The resulting list of targets, along with their most impattarbital parameters, can be found in
Table6.1 Our sample is comprised of two separate groups. In the ficgtpg we specifically target
short-period binaries of high orbital eccentricitg> 0.1) and small periastron separations similar to
DQ Tau and V773 Tau A. In this half of the sample, the binary ponents are suspected to undergo a
change in their large-scale magnetospheric topology asitizey separation distance varies greatly and
rapidly near periastron. This group is most likely to expede a merging of the two magnetospheres
near closest approach with a subsequent detachment atseggrations—much like the current picture
for DQ Tau (Chapteb, Salter et al. 2010 Although we note that none of the targets quite approach
the exceptional combination of large eccentricity and elapproach as DQ Tau (with ies=0.556 and
dmin=13R:). The second group serves as a “control sample” and inclaldsg-separation binaries
with circular orbits €~ 0). Since the binary separation in these systems remairggasanthere is no
variable compression or relaxation of the component magpéeres throughout the orbit, and therefore
the global magnetospheric topology is relatively unchangeconnection is not expected to occur except
sporadically in chance collisions of extended coronaluiest due to the stars’ close proximity—similar
to the current model for V773 Tau AMassi et al. 2008
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6.2.2 Observations and Data Reduction
Millimeter Observations

We obtained millimeter data with the IRAM 30 m telescope onoPVeleta (Spain) between 17-21
November 2009. We used the 117-pixel Max-Planck Millimédetometer array (MAMBO?2) in the
standard ON/OFF mode, using &'3Bobbler throw, and making sure that the target fell on thetrses-
sitive pixel (pixel #20) during each on-source exposuree &can consisted of four (on the first night)
or eight (on the remaining three nights) subscans of 60 ssexpdime. The MAMBO2 bandpass was
centered afA =1.25 mm ¢ =240 GHz). At this wavelength, the half power beamwidth i§ afhd the
pixel spacing is 20.

We monitored our targets for four consecutive nights, dogealso the periastron events for most
of the high-eccentricity binaries. We observed each tatg8ttimes per night depending on weather
conditions. The atmospheric transmission at 1.25 mm waallysgood, with the zenith atmospheric
opacity being monitored with sky dips every 1-2 hours. Oawsas consistently found to be between
0.1-0.4, except for a few peaks on the night of November 1BR@ noise levels were typically very low,
except again for a few hours on the night of November 19/20tsMad Uranus were used for focusing
and gain calibration every 3—4 hours. Pointing was checkedyel—2 hours using Mars, Uranus, or a
nearby quasar. Occasionally, high wind velocities duringabserving run resulted in a lower pointing

Table 6.1 — Orbital parameters for the binaries.

Name D e P asini i dmin Ref.
[pc] [days] [AU] [°] [Re]
High-eccentricity binaries
EKCep 164 0.109 4.43 0.077 893 14.7 1,2
UZTauE 140 0.33 19.13 0.124 54 22.1 3
RX J0530.70434 460 0.32 40.57 0.336 785>49.1 4,5
Parenago 1540 470 0.12 33.73 0.188.-- >35.6 6
Parenago 2494 470 0.257 19.48 0.146-- >23.3 7
GG Ori 438 0.222 6.63 0.116 89.2 194 8
Circular binaries

RXJ0350.5-1355 450* 0 9.28 0.115 --- >24.7 4
V826 Tau 150 0 3.89 0.013 13 12.6 9
RX J0529.4-0041 325 0 3.04 0.053 865 11.5 10
Parenago 1802 420 0.029 4.67 0.050 78.110.7 11
RXJ0541.4-0324 450* 0 499 0.074 --. >15.9 4

NGC 2264 Walk 134 913 0 6.35 0.099<73 >21.3 12,13
Binaries already known to exhibit flares

DQ Tau 140 0.556 15.80 0.053 23 12.9 14
V773 Tau A 1484 0.272 5110 035 66.0 60.0 15

Notes.eis eccentricityP is orbital perioda is semimajor axisi is inclination;dm, is separation during periastron
(or a lower limit for systems with an unknown inclinatiorf)indicates eclipsing binarie$; means the average
distance to Orion was usedReferences.(1) Gimenez & Margravé€1985); (2) Torres et al(2010; (3) Jensen
et al.(2007); (4) Covino et al(2001); (5) Marilli et al. (2007); (6) Marschall & Mathieu1988); (7) Reipurth et al.
(2002; (8) Torres et al(2000; (9) Reipurth et al(1990; (10) (Covino et al. 200% (11) Stassun et al2008;
(12) Padgett & Stapelfeldt1994); (13) Baxter et al(2009; (14) Mathieu et al(1997); (15) Boden et al(2007).
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precision for some of the scans. As a result, we have detedriimat the absolute flux calibration for all
data points is accurate to within20%.

The data were reduced using the MOPSIC pipeline (develogeR.lZylka), and included steps
to remove the atmospheric emission (using the two wobblsebpositions), to correct for extinction
due to atmospheric water vapor (using the skydips), to parfgain calibration (using the calibration
observations of bright sources with known 1.25 mm flux), andaiculate a noise-weighted average of
the subscans. The obtained flux densities usually have aneah square noise of 2-3 mJy bhmand
are listed per source in Tabkel.

Optical Observations

Simultaneous optical monitoring of our targets was corgllidtom two telescopes: the 60/90/180 cm
(aperture diameter/primary mirror diameter/focal lepghhmidt telescope of the Konkoly Observatory
(Hungary), and the 80 cm (primary mirror diameter) IAC-8l@$eope of the Teide Observatory in the
Canary Islands (Spain). The Konkoly Schmidt telescope ispped with a 1536< 1024 pixel Photo-
metrics AT 200 CCD camera (pixel scale: 1'D3and a Bessel UBV(RYfilter set. The Teide IAC-80
telescope is equipped with a 2048048 pixel Spectral Instruments E2V 42-40 back-illumida@CD
camera ‘CAMELOT’ (pixel scale: 0.304, and a Johnson-Bessel UBV(Rf)iter set. Images with the
Schmidt telescope were obtained on 9 nights in the periogdset 13—-26 November 2009, and with the
IAC-80 telescope for 3 nights between 18—-22 November 200&h e IAC-80, only R-band images
were taken, whereas with the Schmidt, R and I, and addilipihad the brighter stars, V, images were
also obtained. One of our targets, UZ Tau E, was observedthéthAC-80 telescope using VRI filters
also between 25 October and 7 November 2009.

The images were reduced in IDL following the standard prsiogssteps of bias subtraction, dark
subtraction (for the Photometrics camera on the Schmiest¢epe only) and flat-fielding. On each night,
for each target, images were obtained in blocks of 3 or 5 feapee filter. Aperture photometry for the
target and other field stars were performed on each imagg Uslds cntrd andaper procedures. For
the Schmidt images, we used a 5-pixel radius aperture, akgt armulus between 10 and 15 pixels.
For the IAC-80 images, the aperture radius was 8 pixels, hadky annulus was between 30 and 40
pixels. In the case of RXJ0529.4+0041, a hierarchicaldrglstem, the spectroscopic binary and the
tertiary component were partially resolved, so we incrégbe Schmidt aperture to 10 pixels and the
IAC-80 aperture to 30 pixels, in order to make sure that tlegtape included the total flux from all three
components. In the case of UZ Tau, a hierarchical quadrysies, we obtained separate photometry
for UZ Tau E and UZ Tau W in the following way. The small pixeb#e and the good seeing at the IAC-
80 telescope made it possible to obtain separate photorfethoth the E and the W components, by
using an aperture radius of 4 pixels. The results indicatet the W component was constant within
0.02 mag. For the Schmidt images, we used an aperture rddiOpixels (encompassing both UZ Tau E
and W), and we subtracted the contribution of the W compo(maitulated as the average magnitude
measured on the IAC-80 images).

For the purpose of differential photometry, we selected mparison star for each of our targets.
Our main selection criterium for the comparison stars wasstamt brightness during our observing
period (compared to other stars in the field). The selectedpeoison stars are listed in Tale2.
We calculated the magnitude difference between our tanggtttee comparison stars for each frame.
Then, these differential magnitudes were averaged for eatt, while their standard deviation was
quadratically added to the formal photometric uncertairiue to the different filter sets on the two
telescopes, the resulting magnitudes were slightly differespecially in cases where the comparison
star was much redder than the target star. In these casesifteel she IAC-80 magnitudes by 0.03—
0.08 mag so that they overlap with the Schmidt magnitudesirdéd on the same nights. The resulting



120 Chapter 6. Hunting for Millimeter Flares from PMS Spectrogic Binaries

(shifted) values can be found in Tale3, and the light curves for the R filter are plotted in the topgian
of Figure6.1 The light curves for the other filters look very similar, lmften have fewer available data
points.

6.3 Results

In Figure6.1 we show the optical and millimeter light curves for all of aargets, as well as the
separation distances between the binary components, astofu of time. The optical light curves
indicate that most of our targets showed variability at aaterlevel throughout our observing cam-
paign. By far the highest amplitude in our sample was digaayy UZ Tau E, (withAR= 0.9 mag),
but NGC 2264 Walk 1344R~ 0.2 mag), and GG Ori;AR~ 0.3 mag) also varied significantly. The rest
of the sample were either constant (EK Cep, RX J0529+004Bhawved slight variations 6f£0.1 mag.
While UZ Tau E and NGC 2266 Walk 134 show variability on a déityescale, the light curve for GG Ori
exhibits only one dip, corresponding to an eclipse shorfipte periastron. The sparsely-sampled opti-
cal light curves do not display any obvious periodicitieshieir own right, even with the broader optical
monitoring period of 12-14 days and covering multiple abijteriods for some sources. However, in
many cases the shapes and amplitudes may be consistenbtaitiomal modulation of the light curve
due to stellar spots (RXJ0530-0434, Parenago 1540, Parenago 2494, RX JO35IB55, V826 Tau,
Parenago 1802, and RX J0544@324). Thus, a brightening of an eccentric source duringagton
may be a chance coincidence. A more detailed analysis offitieabdata on a source-by-source basis
is given in Sectior®.4.3

At millimeter wavelengths, only one of our targets, UZ Tagsndetected. The other sources re-
mained undetected with typicab3upper limits between 4 and 11 mJy. Apparently, UZ Tau is tHg on
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Figure 6.1 — Optical (top) and millimeter (middle) light curves for eashthe spectroscopic binaries, as well as
separation distances for the binary components as a funatittme (bottom).Filled dots: Rc-band observations
from the Konkoly Schmidt telescope in Hunga®pen squaresRj-band observations from the Teide IAC-80
telescope in SpairFilled asterisks:1.25 mm observations with the IRAM 30 m telescope in Spammows: 30
upper limits for the 1.25 mm fluxes. Note that the millimetex#és of UZ Tau E contain av20 mJy contribution
from UZ Tau W. For the high-eccentricity binaries, a vettidae indicates the time of periastron, while for the
circular binaries, thick horizonal lines indicate the léngf the orbit.
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Figure 6.1 — (Continued)

source for which a potentially significant outer circumistetiisk may still be present. The other sources
in our sample are more similar to V773 Tau A, with little to renraining circumstellar material. We
derive upper dust mass limits for the small-grain poputati < 3.0x 10~> M, (0.003M,, for the total
gas plus dust mass) for the sources in Taurus<a@dbx 104 M, (0.025M, for the total gas plus dust
mass) for the sources in Orion, on average. To make theserdisst estimates, we used the basic mil-
limeter flux—mass relation dutrey et al (1996 and takex, = 0.02 g cnT? andTyust= 45 K. These upper
limits are consistent with the optical-near infrared SE@4Hiese sources, which are usually fit well by
a single-temperature stellar photosphere in the availabtature.

The fact that 10 out of 12 of our sources are WTTS is largelylecten effect, due to the orbital
parameters being easier to determine when stellar phatdsgines are not obscured by circumstellar
material. In reality, the multiplicity ratio for CTTSs andWSs in Taurus is essentially identic&dhler
& Leinert 1999. Interestingly, WTTSs tend to dominate the X-ray sky infTsuNeuhaeuser et al. 1995
Gudel et al. 200); suggesting that they are more magnetically active. If \83 Rre also more likely
to experience the most powerful magnetic outbursts, oweguiailed to detect an example of such an
event.

Instead, it is the CTTS UZ Tau that exhibits millimeter vaiidgy. We detected UZ Tau at a level of
38-10% over the course of our monitoring program, with its 1.25 mnx flarying between 107 and
199 mJy in a period of less than 4 days, a clear indication égrifecant contribution of non-thermal
emission processes. The millimeter light curve in Figufeshows two peaks: one at around periastron,
and another one about two days later, with a deep minimuneiwd®en the two maxima. Since UZ Tau
is composed of two binaries, the telescope was always @shtmT the spectroscopic binary UZ Tau E,
but UZTauW, at a distance of 3.8also had a contribution to the measured flux. As discusded la
we can assume that UZ Tau W is not brighter than UZ Tau E, antdttheillimeter flux is constant in
time, thus we attribute the observed variability to UZ Tadl& rule out any instrumental artifacts (due
to severe winds during the observing run), we re-checkegdiaing, which we found to be good to
within 2” during all seven UZ Tau observations. Therefore, the abesdlux calibration for UZ Tau is
precise to within 15%, which is better than the reported evéitwr the entire sample. To produce a factor
of 2 decreasen the flux—since a mispointing can only reduce the measuted-fthe pointing error
would have to be§ which is clearly not the case. Moreover, the highest fluxeohserved are higher
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than values reported elsewhere, which cannot be createddppimting. Thus, we take the flux changes
reported here and in Figuéelto be real.

6.4 Discussion

6.4.1 Event Statistics

Our goal was to understand the proliferation of millimetardlevents and variability within the context
of a model for colliding magnetospheres, a phenomenon thétesurface appears fairly regular, is well
described by a simple geometric model for overlapping fieddsl has a relatively clear combination of
parametersganddnmin) that are predicted to lead to powerful reconnection eveisible at millimeter
wavelengths. The idea is that the two stars at apoastroreg®strong independent magnetospheres,
but near periastron, the fields are more inclined to mergat l@ast stretch or compress in the presence
of one another, leading to reconnection events. This iotieraradius is typically estimated to beR%
based on a dipole magnetic topology and inner disk truncatiodels. However, in a binary system with
a dynamically cleared inner disk and reduced magnetic bgadi the stellar rotation from star-disk field
lines, the fields may become stronger and extend furtheraodsy In our subsample of high-eccentricity
candidate systems, we observed 1/6 sources to be activenilimeter; and 0/6 sources for the circular
orbits. This brings the number of documented millimetenalzle binaries to 3 (or 21%) of the combined
14-source sample, and includes V773 Tau A, DQ Tau, and nowduZET{see Sectior4.9.

We begin our analysis with the high-eccentricity sourcespibceed, we must make use of several
derived quantities from the DQ Tau study to establish sontectien constraints by generalizing all
flares due to interbinary, large-scale magnetosphericsimil events (Chaptes, Salter et al. 2010 The
borrowed properties include: the flare duratien3Q hours), peak brightness (100-500 mJy at 3 mm),
occurrenceA2 events per orbital period), and decay timé(5 hours). All of our sources were observed
approximately twice per night over a 4-day period, with a imaxn average gap in the sampling of
16 hours. For DQ Tau, a typical event is estimated to mairgdinx >2 times quiescence for75% of
a flare (or~23 hours for the largest outbursts), meaning that our twh-bigeentricity sources located in
Taurus (140-160 pc away) were reasonably well sampled. Mewior the four sources located in Orion
(440-470 pc), at a distance 3 times further away where thaigusity falls off a2, our detection limit
is reduced by a factor 9, meaning that a large flare may hayebm@n detectable for about 5-6 hours.
In these systems, flares might have been missed by the spangdirey. This effect might explain the
non-detection toward Parenago 2494, which is remarkalpiylai, in terms of orbital parameters, to
UZTauE.

For the circular binaries, statistics are more difficult tecdrn since the phenomenon is based on
chance collisions of extended coronal structures. Statsaile more magnetically active are likely, in
theory, to exhibit statistically more common events, big tequires a large sample and an uninterrupted,
long-duration monitoring program. If, instead, we consithe once-a-week statistical occurrence of gi-
ant X-ray outbursts (assuming these are magnetically mkivken having monitored the circular sources
for half a week, we might have expected half of (all) the sear have flared; instead, we detected no
flares toward the circular binaries. Again, distance effectd sampling may have affected the five most
distant (> 400 pc) sources.

Our study highlights the challenges of establishing asdtedilly significant sample of well-parameterized
spectroscopic binaries and carrying out sufficient moimigpof the sample. In Sectidh4.3 we discuss
the systems on a source-by-source basis and we are ablaliotattnany system and stellar properties
to our non-detection statistics, including: the senditiaf our observations (which is a combination of a
flare’s flux density, the source distance, and amid@tection threshold), binary separation, orbital eccen-
tricity, duration of the flare, spectral peak wavelengthhaf synchrotron emission, stellar magnetic field
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strength and activity levels (also a function of spectraglely magnetosphere topology, and flare decay
time (a function of field strength and separation distanthgse factors may act to reduce our detection
statistics, but not the actual rate of occurrence.

In the combined 14-source sample, it is the 3 most extremadgreric, close-separation binaries
that seem to experience very powerful magnetic events. efdrey, while a well-defined subclass of
millimeter-flaring binaries may be taking shape, we alsoncaexclude the detected flares as a poten-
tially rare phenomenon amongst high eccentricity binaries

6.4.2 UZTau

UZTau is a hierarchical quadruple system consisting of timardy systems UZTau E and UZ Tau W.
The E component is a spectroscopic binary with an orbitabdesf 19.1 daysathieu et al. 1995 and

at an angular separation of 3.8 the W component, which is itself a 0/3Binary Simon et al. 1995
Prato et al. 2002and references therein). For the primary component of WiZElTdensen et a(2007)
give a spectral type of M1 and a photometric radius ofR,9 The UZ Tau E system is a CTTS system
with ongoing accretion and clear infrared excess, indicgtinat warm material can be found close to the
stars (see e.dgrurlan et al. 2006

The Millimeter Picture

At millimeter wavelengthsSimon & Guilloteau(1992 observed UZ Tau with the IRAM PdBI in con-
tinuum at 2.7 mm and found that the resolved E and W compomactequal fluxes of 181 mJy. Later,
Dutrey et al.(1996 observed the system again with the IRAM PdBI at the same kemagh, only to
report that the E component had a flux of 256156 mJy, this time about 3 times brighter than the W
component, which measured a more consistett @Jy. These contrasting observations suggest that the
E component is highly variable, whereas W is more or lesstaohsWe note that in both papers, data
obtained at different orbital phases of the E component wengbined to obtain one single flux value.

In our own survey, the UZ Tau source flux varied between 1071&89dmnJy, over a period of 4 days,
and between orbital phases ©0.07 and 0.09. Although the IRAM 30 m telescope was centered o
UZ Tau E, we did not completely resolve the system, theretfoed/V component had some contribution
to these values¥ 70% of its flux may be included in the beam). Thus, we conclbdeWZ Tau E varied
between approximately 87 and 179 mJy at 1.25mm. In compariz@vious 1.3 mm resolved fluxes
from Jensen et al1996 andlsella et al.(2009 are respectively: 13%#28 mJy and 12612 mJy for
UZTauE, and 329 mJy and 388 mJy for UZ Tau W. The sum of these are roughly centered betwee
our most extreme values. These 1.3 mm flux values are verjaesigiven the earlier 2.7 mm variability
observed and the 13-year gap in time.

If we quickly compare these multi-wavelength fluxes for UZi Vi, then for an averad® zmm~ 31 mJy
and R 7mm~ 10.5 mJy, we find a millimeter spectral slopeaf: 1.5, which is consistent with an op-
tically thin circumstellar (or circumbinary) disk. Perfoing a similar analysis on UZ Tau E, with
F13mm=131.5mJy and &;7mm~ 20 mJy, we derive am = 2.6, which is steeper but not unreason-
able. We remark that our minimuf »smm of 107 mJy (or~ 87 mJy without the W component) gives
ana ~ 1.9 that is also consistent with an optically thin disk, adlas the apparent dust evolutionary
state of its neighboring W component, which likely formedta same time and in the same local en-
vironment. Of course, due to the different geometry andesygparameters, they might have evolved
differently. In the end, what is most apparent, is how UZ TaaeEms to be characterized more often
than not by excess non-thermal flux. Given the observatmdate, our minimum UZ Tau E observation
of 87 mJy represents our best measurement for the true guietbtermal dust emission at 1.25 mm.

The example of UZ Tau E shows that large variations in milten&rightness do occur, but they may
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have many explanations. UZ Tau E was perhaps the most prapiigary in the initial list because of
its many shared traits with fellow spectroscopic binary BQ.TThis includes of course the highest ec-
centricity in the sample and a close periastron approadhglbo bipolar outflows and episodic accretion
bursts from its own circumbinary disiBésri et al. 1997Jensen et al. 20QHirth et al. 1997. In the
following paragraphs, we shall attempt to analyze the UZHaata within the context of the DQ Tau
model for colliding magnetospheres to see if this scenarghtyplausibly explain the active millimeter
light curve.

In such a scenario, the apparent double-brightening préseéhe UZ Tau E millimeter light curve
must represent two sequential events occurring two days. gpalter et al(201Q Chapters) also cap-
tured a secondary brightening toward DQ Tau within an eg8thd5 hours of the first. In fact, there
the authors predict a minimum of two events per periastrao@nter in a scenario for colliding mag-
netospheres, corresponding to first the joining, and therséparation, of the two magnetospheres; a
phenomenon that their restricted monitoring window washien¢o test fully. In this work, covering a
period of 4 days (or an observing window 6 times broader), meifireasonable that the first break might
occur more suddenly and closer to periastron, while thengynaif the second event is likely to occur at
a much larger separation distance as the magnetosphevdg steetch and pinch off (see Figure 8 in
Chapterb, Salter et al. 2010 This would then result in an asymmetry of events aroundéapgon. The
UZ Tau E data show exactly this, where the first event occuyarat the predicted periastron, and the
second event seems to peak two days after periastron.

The two brightenings toward UZ Tau E possess similar recbndaximum fluxes, unlike the sequen-
tial events captured toward DQ Tau where the secondary ssbieght. However, our sparse sampling
means that in all likelihood we have missed the true maxinrathé second, third, and fourth data
points represent a single, smooth decay, the duration dirgtérightening appears comparable to those
characteristic of DQ Tau~30 hours). The second event is much more abrupt, with theMastlata
points being separated by only 4 hours, during which thecsoflux dropped by 73 mJy. The first peak
observed toward UZ Tau occurs when the E component starepagated by-22R., and the second
peak occurs when they are at a distance-87 R.,. If reconnection occurs halfway between the stars in
both cases, equivalent to stellar heights of.&nd 7.R,, then the synchrotron decay profiles should
possess a factor of 2.5 difference in decay times, with tfuddgag time for the first event approximately
4.3 hours and for the second event about 10.6 hours (seedhesiarofMassi et al. 2006 The sampling
of our data is too coarse to verify this.

The Optical Picture

Jensen et al2007) obtained BVRI photometry of UZ Tau E between 2003 and 2006, @daimed that
its light curve is periodic on timescales equivalent to thigital period. They interpreted these results
as pulsed accretion from a circumbinary disk, accordindgnégomodel byArtymowicz & Lubow (1996);
an accretion model that, incidentally, was first tested olagi®nally on data from DQ Tau (sédathieu
et al. 1997. In this model, the circumbinary disk is periodically pelied by the eccentric binary
components, causing the disk material to cross the gap battfe disk and the stars and fall onto
the stellar surfaces. The model predicts a smoothly vargizgyetion rate which can be more or less
strongly peaked at periastron depending on the orbitalnpatiers of the binary, and fits well the light
curve presented idensen et a(2007). They note, however, that the significant scatter in thiet loyrves
indicate that pulsed accretion does not occur during evier orbit. Based on arguments concerning
the amplitude and timescale of the variabililgnsen et a[2007) discarded the possibility of rotational
modulation due to stellar spots.

Our optical light curves obtained during the time of the mmiéter observations indicate two peaks:
one at periastron and the other about 3 days later. The peadéak amplitude is 1.19, 0.96, and 0.57 mag
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Figure 6.2 — Phase-folded optical light curves of UZ Tau E, and the sejmaraf the binary components. A peak
at an orbital phase of 0.00 and another one at 0.15 are cheaible in the light curves, but the source was not
completely quiescent even far from periastron.

in the V-, R-, and I-band, respectively indicating an amyolé decreasing with increasing wavelength.
Additional optical observations obtained during the poegi periastron show a very similar double-
peaked light curve shape, suggesting that—at least for tjazant periastrons—the optical light curve
is periodic. Figuré.2 shows the light curves folded with the orbital period of B Hays, clearly
showing the two peaks: one at around 0.00 orbital phase, reottiexr one at around 0.15. Although the
light curves are not very well sampled far from periastrois evident that the source was not quiescent
even when the binary components were far from each other.

Our results indicate that apart from varying accretion,ratgecondary contribution to the brightness
changes can also be considered. The similar shape of thmet#r and the optical light curves suggest
the possibility that optical flux changes may also be fuelgdtbong magnetic activity.

6.4.3 Other Sources

In the following paragraphs, we briefly discuss our resutstifie rest of the binaries within the context
of the available literature data and our current analyste®@proliferation of powerful star-star magnetic
reconnection events.

EKCep is an eclipsing binary consisting of an A1.5V primary and a/@Secondary, with radii of
1.58 and 1.3R., respectively Torres et al. 2010 While the primary is already in the main-sequence
phase, the secondary is still a PMS stdiafques et al. 2004 When referencing published photometry
and the AKARI/IRC mid-IR all-sky surveylghihara et al. 2070 we found no evidence for infrared ex-
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cess emission that is typically associated with ongoingetion or warm inner circumstellar dust. Pho-
tometric observations bfntonyuk & Rostopching2009 indicate that, outside of the eclipse, no trends
are noticeable in the light curves, although the scatteatd doints does exceed their photometric uncer-
tainty (+0.04 mag) Antonyuk & Rostopching2009 detected variable polarization, which they attribute
to surface magnetic activity of the secondary component.optical photometry shows that EK Cep was
constant within our measurement uncertaintie6.02 mag), and the source was not detected during our
millimeter observations. Our millimeter non-detectiofieo$ an upper limit oMgisk < 0.003M,, for the
amount of material in the cold outer disk, if we use the basix-fhass relation obutrey et al.(1996.

EK Cep appears to be a fairly quiescent source from opticatittimeter wavelengths, and absent of
very powerful star-star magnetic interactions througtesuentire orbital period.

RXJ0530.7-0434 is a WTTS binary consisting of two identical, K2-K3 type stavith photometric
radii of 3.40R., (Covino et al. 2001 Marilli et al. 2007. Optical photometry byCovino et al.(2007)
revealed photometric variations with a periodicity of 182ys (cf. the orbital period of 40.57 days). They
interpret these results by supposing that the periodidity@ light curve is the rotation period (which
is assumed to be similar for the two binary components)catdig non-synchronous rotatioMarilli

et al. (2007 give a V-band amplitude of 0.22 mag and a rotational perib@d209 days. We found no
evidence in the literature for infrared excess to indiché&egresence of warm circumstellar material. Our
optical light curve shows slight variations with amplitsdef 0.12, 0.10, and 0.08 mag in V-, R-, and |-
band, respectively, with the observed peaks approximatdlys before and 3 days after periastron. The
source was not detected during our millimeter observatigiving an upper limit ofMgjsk < 0.024M,

on the disk mass.

Parenago 1540 is a WTTS binary consisting of a K3V primary and a K5V secogndaith no evident
infrared excessMarschall & Mathieu 1988 Manset & Bastier(2002 detected photometric variations
with a V-band amplitude ok 0.5mag, as well as periodic variations in the polarizatwhjch they
attribute to the orbital motion and the fact that there i$stiough dust in the environment of the binary
to produce polarization, despite the lack of infrared exc&svata et al(2005 reported the detection
of an X-ray flare from this source observed during the COUResuof the Orion Nebula Cluster. Our
optical light curve shows a gradual brightening before gs#ron, and a fading after periastron. The
amplitude of the variability is very similar in all bands 19.mag in V, 0.18 mag in R, and 0.13 mag in I).
The source was not detected during our millimeter obsematMgisk < 0.025M..).

Parenago 2494 is a WTTS binary, the primary being an KOIV/V st&R€ipurth et al. 2002 (Reipurth

et al. 2002 found that the star shows periodic variability in the V-Bamith an amplitude of 0.10 mag
and a period of 5.77 days (cf. the orbital period of 19.48 flayi$ey interpret these variations as the
result of large stellar spots on the primary component (Wwiscassumed to dominate the optical light
curve). We found no evidence in the literature for infrara@dess. Our optical light curves also show
variability with amplitudes of 0.12, 0.06, and 0.06 mag inR-, and I-bands, respectively. Our coverage
is not enough to do a period analysis, but the shape of thedighies is not inconsistent with a period of
about 6 days. The source was not detected during our miinoétservations. Other than the absence of
a significant circumstellar dust reservdil sk < 0.028M,,), Parenago 2494 possesses extremely similar
orbital parameters to UZ Tau E. Located at a distance 3 tiomtiser away, a similar outburst as the one
observed towards UZ Tau E would appear 9 times weaker, ahd fesv times the noise level.

GG Ori  isaPMS eclipsing binary consisting of two nearly identiBal5-type stars with radii of 1.852
and 1.83(R;, (Torres et al. 2000 B- and V-band light curves bYorres et al(2000 display a scatter that
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is significantly larger than the photometric errors, thusrnsic variability of one or both components is
suspected. We found no evidence in the literature for iattaxcess to indicate warm material close to
the stars. Our optical observations show that GG Ori wastaohwithin the measurement uncertainties
outside of the primary eclipse recorded on the night of 20d@¥ember 2009, shortly before periastron.
The source was not detected at all during our millimeter nlagi®ns Mgisk < 0.023M.,). We do remark
how an eclipse that lasts longer than the flare event itsekaly to completely obscure it, assuming the
trapped electron population lies within the eclipsing plain the case of GG Ori, at a distance 3 times
further than our outbursts in Taurus, the detection wind®wal$o shortened as it is for Parenago 2494.
Moreover, B-type stars are reported to be less magnetiaeliye than later spectral types (their magnetic
fields are below a few hundred G, and their X-ray emission isine to magnetospheric reconnections
but shocks in the stellar win@amiani et al. 1994Hubrig et al. 2009

RXJ0350.5-1355 is a WTTS binary consisting of a KO-K1 primary and a K1-K2 ssdary Covino

et al. 200]). Covino et al.(2001) andMarilli et al. (2007 found modulations in the optical light curve
with a periodicity close to the orbital period. They atttduhe 0.2 mag amplitude photometric variabil-
ity to rotational modulation due to stellar spots, suggesthat the rotational and the orbital period is
synchronized. They also note that the spectral lines of thmgpy indicate faster rotation and strong
magnetic activity. We found no evidence in the literatureifdrared excess. Our optical observations
show variations with amplitudes of 0.08, 0.09, and 0.12 nmay-j R-, and I-band, respectively. Our
coverage is not enough to do a period analysis, but the stidpe light curves are not inconsistent with
a period of about 9 days. The source was not detected duringnidiimeter observations, which cover
an entire orbital periodMgisk < 0.030M.,). If the primary is magnetically active, then the reconiuett
events may not be powerful enough or frequent enough to leeteet in the millimeter.

V826 Tau is a WTTS binary consisting of two very similar K7V-type stawith radii of 1.44R;
(Reipurth et al. 1990 Reipurth et al.(1990 found sinusoidal light variations with an amplitude of
0.06 mag and a period that is slightly smaller than the drpi&&od. They attribute the variability to ro-
tational modulation due to stellar spots. We found no ewden the literature for infrared exce$3jrlan

et al. (2009 classifies it as a Class Il (diskless) source. Using XMMaln observationsGiardino

et al. (2006 detected significant X-ray variability with a factor of 2 plitude on a five-day timescale,
possibly related to coronal magnetic activity. Our lightvas show slight variations with amplitudes
of 0.05, 0.07, and 0.04 mag in V-, R-, and I-band, respegtivEhe source was not detected during our
millimeter observationsMgisk < 0.003M,), which cover 1.5 orbital periods.

RXJ0529.4+0041 is a WTTS triple system, consisting of RX J0528@D41 A, an eclipsing spectro-
scopic binary, and RX J0529:49041 B, a single star at a projected distance of {Cvino et al. 200%
The eclipsing binary consists of a K1V-type primary and aM@-secondary, with radii of 1.44 and
1.35R., respectivelyCovino et al.(2000 reported B- and V-band brightness variations unrelateteo
eclipses, possibly connected to rotational modulationtdstellar spots and other phenomena driven by
magnetic activity.Covino et al.(2004 found that the out-of-eclipse JHK light curves of the seucan

be best fitted if stellar spots are included in their moddrilli et al. (2007) also observed out-of-eclipse
variations with a V-band amplitude of 0.1 mag. Our VRI lighiees show that this source was constant
within 0.03 mag in all three bands. A possible explanatioth& the stars experienced a less active
period and had no spots on their surface during our opticséming campaign. We found no evidence
in the literature for infrared excess, and the source wagtested during our millimeter observations
(Mgisk < 0.011M,,).
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Parenago 1802 is a WTTS eclipsing binary consisting of two very similar Nyge stars with radii of
1.82 and 1.6R, (Stassun et al. 2008Cargile et al (2008 observed 0.05 mag peak-to-peak variations
in the out-of-eclipse I-band light curve, indicating imsic variability. They claim that these variations
have both a periodic and a stochastic component, suggekihgpots and chromospheric activity may
both be present in the system. Our light curves also showabidity with amplitudes 0.06 and 0.05 mag
in R- and I-band, respectivelyptassun et a(2008 found weak evidence for infrared excess-a&bum,
indicating the presence of a circumbinary disk and/or at flind component in the system. However,
the source was not detected during our millimeter obsematMgisk < 0.022M.,).

RXJ0541.4-0324 is a WTTS binary consisting of a G8 primary and a K3 second@gvino et al.
20017, with photometric radii of 2.8 and 1R, respectively.Marilli et al. (2007 observed rotational
modulation in the V-band light curve with an amplitude of thhag and period of 5 days, equal to the
orbital pediod, indicating a synchronous rotation. Our Viglt curves show slight variations with an
amplitude of 0.06 mag in all three bands, not inconsistetth &i5-day period. We found no evidence
in the literature for infrared excess. The source was natated during our millimeter observations
(Maisk < 0.024M,).

NGC 2264 Walk 134 is a PMS binary consisting of two similar G-type stars wittliraf 3.2R., (Pad-
gett & Stapelfeldt 1994 Koch et al.(1999 reported V- and R-band variability with an amplitude of
0.35 mag, but found no periodicity in the light curves. Thispdound that the V brightness of the object
is not correlated with the ¥R color. Using Chandra observatioi®amirez et al(2004) found that the
source is variable in the X-ray, but found no periodicity hie data, and the variability was not flare-like
either. Although its weak emission lines make it a WTTS, & hanear-IR excess that is more typical
of CTTS (Padgett & Stapelfeldt 1994 Archival Spitzer IRS spectra also indicates significaitared
excess up to 3@m. Our optical light curves show peak-to-peak variation8.a2, 0.19, and 0.18 mag in
V-, R-, and I-band, respectively. The source appears reaten fainter. This binary was not detected
during our millimeter observation®/isk < 0.088M..).

6.5 Summary and Conclusions

Using the IRAM 30m telescope, we have conducted a monitgingram covering 4 consecutive nights
to study the millimeter variability toward 12 PMS spectrogic binaries mostly in the Taurus and Orion
star-forming regions. Here we report that one source, th€SCUZ Tau E, experiences significant mil-
limeter flux variations [ 25 mm ranges from 87 to 179 mJy) on daily timescales, a clear itidicaf
non-thermal emission processes near periastron. The fréds¢ @ample, consisting mainly of WTTS
up to three times more distant, remain undetected in thareamh for the duration of the campaign,
defining upper flux limits of 5-10 mJy at 1.25 mm (240 GHz).

The motivation for our survey follows the recent discover@ recurring, bright (up to 27 times
quiescent values or peaking at about 0.5 Jy) millimeteruwstb toward the T Tauri binaries V773 Tau A
(Massi et al. 200Band DQ Tau (Chaptes, Salter et al. 2010 Attributed to synchrotron activity from
interbinary interactions of large magnetic structures, phenomenon toward V773 Tau A is described
as chance collisions between extended coronal featureseasit has been proposed that the geometry
of the DQ Tau system alone (specifically a lag@nd smalldy,) results in global interactions between
the two closed stellar magnetospheres near periadtfath{eu et al. 199;/7/Bastri et al. 199Y. Therefore,
our target list consisted of 6 close-separation binarigh wircular orbits €~ 0) that may experience
activity at any time (but apparently did not do so during observing run), as well as 6 geometrically
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favorable high-eccentricity systems with activity mo&ely to occur near periastron (where we detect
two possible events toward the source UZ Tau E).

In our sample, no system geometry is quite as extreme as D(altwough our detected source
UZ Tau E comes closest. Therefore, a positive detection ail{l-peaked) variability near periastron
toward UZ Tau E lends strong support to a similar global biteary interaction; but does not confirm it.
Instead, this detection brings our total millimeter-vhl&asource statistics to 3 (i.e. V773 Tau A, DQ Tau,
and UZ Tau E) out of 14 observed sources, and means that we esalyta consider that millimeter
flares are not so uncommon. In addition, as we examine the syiséeems in much greater detail, it
becomes clear why we might not have expected to see, or may missed, evidence of flares in
these systems. The most important factor seems to be théifitaace inverse relation, which affects
our detection limits and sampling coverage. The studyfitsak also limited by the number of close-
separation binaries that have been both identified and Wwatbcterized.

UZ Tau E should certainly be considered for follow-up obaéions to help characterize the light
curve profile, also on orbital timescales, and to assesaitecontributions from strongly varying
free-free emission processes. We must also strongly caatiainst the reliability of any disk model
for UZTau E that is based on continuum flux measurements th&iktrue quiescent flux level can be
established. In the future, ALMA will allow better monitog of these systems, leading to a more
complete analysis of the proliferation of strong millinregetivity in low-mass PMS binary systems, as
well as how much energy can be released during a millimetuost and the magnetic field regeneration
timescales possible in systems known to experience reguotitbursts.
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Appendix A

A.1 Millimeter and Optical Data

Table A.1 — Millimeter photometry

JD—2,450,000 F25mm[mJy]  01.25mm[mJy]

EKCep
5152.91 0.04 2.48
5153.96 -6.31 2.30
5154.08 1.14 3.33
5155.13 -0.85 2.20
5155.89 -0.22 1.64
5156.05 -3.61 2.66
RXJ0350.5-1355
5153.02 -1.13 2.78
5154.00 0.47 2.21
5154.12 -0.86 3.47
5155.14 -1.21 1.94
5155.93 -1.82 2.03
5156.09 4.86 2.54
V826 Tau
5152.93 -1.16 251
5153.98 0.46 1.94
5154.15 -2.02 2.12
5155.23 -3.84 1.76
5155.91 191 1.73
5156.06 1.20 1.79
5156.22 -2.82 3.56
UZ Tau
5152.93 174.3 2.7
5153.99 181.9 2.0
5154.15 154.5 2.0
5155.24 107.4 2.0
5155.91 172.7 1.6
5156.07 198.7 2.0
5156.23 1255 3.3
RXJ0529.4-0041
5153.04 -0.66 2.38
5154.02 -2.61 2.00
5154.18 -0.58 2.55
5155.16 -1.00 1.40
5155.93 -2.56 2.03
5156.11 -1.82 1.92
RXJ0530.70434
5153.04 2.74 2.51

5154.02 2.78 2.04
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Table A.1 — continued.

JD—2,450,000 F25mm[mJy]  01.25mm[mMJy]

5154.19 2.23 2.95
5155.17 0.81 1.49
5155.94 0.79 2.25
5156.12 -2.16 1.88
5156.19 3.67 2.92
Parenago 1540
5153.04 -2.35 2.50
5154.03 -0.64 2.17
5154.19 9.87 2.94
5155.18 0.22 1.47
5155.95 1.45 2.20
5156.12 5.12 2.09
5156.20 2.65 2.97
Parenago 1802
5153.05 0.07 2.33
5154.05 4.97 2.05
5154.20 411 3.08
5155.19 4.58 1.60
5155.98 1.06 1.93
5156.13 10.7 2.2
5156.20 11.1 3.0
Parenago 2494
5153.05 3.86 2.30
5154.10 -0.06 2.13
5154.21 2.27 3.51
5155.20 0.71 1.62
5155.99 1.12 191
5156.14 1.42 2.23
5156.21 -5.40 3.26
RXJ0541.4-0324
5153.05 0.14 2.25
5154.11 -1.88 2.06
5154.22 0.84 3.29
5155.21 0.25 1.56
5156.00 1.19 1.98
5156.15 5.00 2.15
GGOri
5153.06 2.11 2.22
5154.11 -2.09 2.06
5154.22 -5.52 3.16
5155.21 -0.81 1.54
5156.00 -3.06 1.89
5156.15 -1.94 2.06
NGC 2264 Walk 134

5153.06 -2.41 2.19
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Table A.1 — continued.

JD-2,450,000 F25mm[mJIy]  01.25mm[mMJy]

5154.14
5154.23
5155.25
5156.02
5156.16

251 2.07
-1.56 2.25
3.18 1.36
-0.99 1.88
-2.00 2.07

Table A.2 — Comparison stars used in the optical photometry

Target Comparison

EKCep 2MASS J214028046940328
RXJ0350.5-1355 2MASS J035018561354489
V826 Tau 2MASS J043203581806038
UZTauE 2MASS J043230232552413
RXJ0529.4-0041 2MASS J052917380042581
RXJ0530.70434 2MASS J053031500434536
Parenago 1540 2MASS J0534398826420
Parenago 1802 2MASS J0535123%36403
Parenago 2494 2MASS J05370943606445
RXJ0541.4-0324 2MASS J054128620326581
GGOri 2MASS J054315530036546

NGC 2264 Walk 134 2MASS J06405788956299

Table A.3 — Optical photometry. The magnitudes are differential mag-
nitudes with respect to the comparison stars in TAlkke S is for the
Konkoly Schmidt Telescope (Hungary) and | is for the Teid&480

telescope (Spain).

JD-2,450,000 AV [mag] AR|[mag] Al[mag] Tel.

EKCep

5149.28 —4.22(4) —3.91(3) S
5151.27 —4.61(6) —4.25(2) —3.89(5) S
5154.24 —4.56(11) —4.23(13) —3.91(13) S
5155.35 —-3.76(5) —3.44(1) -—-3.18(7) S
5155.41 —4.26(4) [

5156.34 —4.22(4) —3.89(2) S
5157.38 —4.62(6) —4.22 —3.89(3) S
5159.24 —4.61(4) —-4.21(2) —-3.90(7) S
5161.26 —4.61(8) —4.28 —3.96(5) S

RXJ0350.5-1355

5149.42 —-3.82(1) -—3.84(10) —4.03(7) S
5151.47 —3.75(11) —3.84(1) -3.88(28) S
5154.37 —-3.77(5) —3.84(1) —-3.98(4) S
5155.44 —-3.81(1) —3.89(2) —4.00(2) S
5155.50 —3.92(2) [

5156.40 —3.80(1) —3.89(1) —3.99(2) S
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR[mag] Al[mag] Tel.

5157.45 -3.82(1) —-3.93(1) -4.01(1) S
5157.52 —3.92(2) I
5159.37 -3.80(5) —3.86(1) —3.98(3) S
5161.44 —-3.76(6) —3.88(1) —3.91(6) S
V826 Tau
5149.40 —3.18(6) —2.65(3) —2.16(3) S
5151.38 -3.21(4) —-2.70(1)) —-2.15(1) S
5154.35 —-3.24(3) —2.70(3) —-2.17(3) S
5154.59 —2.69(1) I
5155.40 —-3.20(1) —2.69(1) -—-2.16(2) S
5155.50 —2.67(2) I
5156.36 -3.17(1) —2.66(1) —2.14(2) S
5157.42 -3.20(1) —-2.68(1) -—2.16(1) S
5159.35 -3.27(4) —-2.70(2) -2.17(1) S
5161.36 —-3.25(8) —2.71(2) -2.16(3) S
UZTauE
5129.62 —-1.57(1) -—-1.51(1) -1.65(1) I
5130.55 —-1.26(1) —1.28(1) -—-1.47(3) I
5133.63 —-1.11(1) -—-1.09(1) -1.37(3) I
5134.48 —-1.71(1) -—-154(3) -1.63(2) I
5135.58 —-1.80(1) -—-1.72(7) -—1.76(2) I
5136.58 —-1.42(4) —-1.34(2) -1.47(4) I
5137.57 —-1.61(1) —-1.49(1) -1.50(3) I
5142.58 —-1.36(1) —1.32(1) -1.47(4) I
5143.57 —1.59(1) —-1.53(1) -1.57(1) I
5149.38 —-1.47(36) —1.37(9) —1.68(2) S
5151.39 —0.90(5) —-0.95(2) -1.21(3) S
5154.36 —-1.65(2) —-1.46(12) -1.47(1) S
5154.60 —1.55(2) I
5155.37 —-1.26(2) —1.28(1) -—-1.42(1) S
5155.50 —1.26(2) I
5156.32 —1.51(1) -—-1.43(1) -1.47(Q) S
5157.40 —2.09(3) —1.85(1) -—-1.78(1) S
5157.54 —1.86(2) I
5159.36 —-1.63(7) —1.51(2) -1.49(1) S
5161.34 —-1.01(7) —-1.11(3) -—-1.23(2) S
UZTauW
5129.62 -1.21(1) -—-1.22(1) -1.60(1) I
5130.55 -1.17(1) -—-1.21(1) -1.56(1) I
5133.63 -1.27(1) -—-1.27(1) -1.66(3) I
5134.48 —-1.27(6) —1.24(2) —-1.59(3) I
5135.58 —1.25(2) —1.34(8) -—1.65(2) I
5136.58 —-1.30(5) —1.32(3) -—-1.70(2) I
5137.57 —-1.27(1) —-1.29(1) -1.62(2) I
I

514258  -1.19(1) -1.22(1) -1.60(3)
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR|[mag] Al[mag] Tel.
5143.57 —-1.22(1) —-1.26(1) —-1.59(1) [
5154.60 —1.16(2) [
5155.50 —1.25(1) [
5157.54 —-1.17(2) [

RXJ0529.4-0041
5149.44 0.64(2) 0.37(2) 0.12(2) S
5151.41 0.65(3) 0.36(2) 0.10(2) S
5154.38 0.62(2) 0.34(2) 0.09(1) S
5154.61 0.33(2) I
5155.42 0.64(2) 0.37(2) 0.10(2) S
5155.51 0.37(2) I
5156.38 0.62(1) 0.35(1) 0.09(1) S
5157.43 0.64(1) 0.36(12) 0.11(2) S
5157.54 0.36(2) I
5159.38 0.61(1) 0.34(1) 0.08(1) S
5161.45 0.63(2) 0.36(5) 0.10(2) S

RXJ0530.70434
5149.45 —1.05(2) —0.53(3) 0.10(2) S
5151.42 —-1.12(1) —-0.56(1) 0.07(2) S
5154.41 —-1.02(1) -0.46(2) 0.12(2) S
5154.62 —0.46(2) [
5155.48 —1.00(1) —0.46(2) 0.15(2) S
5155.51 —0.46(2) [
5156.44 —-1.01(1) -0.46(2) 0.14(2) S
5157.48 —-1.04(1) -0.50(2) 0.11(2) S
5157.54 —0.50(12) [
5159.39 —1.06(1) —0.51(1) 0.10(2) S
5161.46 —1.03(1) —-0.50(1) 0.12(2) S

Parenago 1540
5149.51 -0.92(1) —-1.08(1) —1.19(2) S
5153.49 -1.04(7) —1.13(1) S
5154.44 -1.02(1) —-1.16(1) -1.26(2) S
5155.52 —1.15(2) [
5155.60 -1.02(1) —-1.17(1) —-1.26(3) S
5156.55 -1.06(1) —1.20(1) —1.29(2) S
5157.56 -1.11(1) —-1.25(1) -1.32(2) S
5161.38 -1.08(1) —1.19(1) -1.30(5) S
Parenago 1802

5149.52 0.60(1) —0.26(2) S
5154.43 0.56(1) —0.30(2) S
5154.65 0.61(2) I
5155.52 0.60(2) I
5155.58 0.59(1) -0.27(2) S
5156.52 0.61(1) —0.26(2) S
5157.55 0.57(1) —0.28(2) S
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Table A.3 — continued.

JD—2,450,000 AV [mag] AR[mag] Al[mag] Tel.

5157.55 0.58(2) I
5161.37 0.62(1) —0.25(2) S
Parenago 2494
5149.50 —2.78(1) —2.52(1) -2.36(2) S
5153.47 —2.70(2) —2.49(1) -2.34(2) S
5154.42 —2.73(3) —2.50(1) —2.35(3) S
5154.66 —2.54(1) [
5155.50 —2.78(1) —2.53(1) -2.37(2) S
5155.53 —2.52(1) [
5156.46 —2.82(1) -—2.56(1) -—2.40(2) S
5157.50 —2.77(2) —2.53(2) -2.39(1) S
5157.56 —2.52(2) [
5161.39 —2.79(2) —-2.52(2) —-2.39(4) S

RXJ0541.4-0324
5149.49 —0.60(1) —-0.76(2) —0.90(2) S
5151.44 —0.55(1) -0.70(2) -0.84(2) S
5154.40 —0.59(1) -0.73(4) —0.90(2) S
5154.67 —0.72(2) [
5155.46 —0.58(1) -0.73(1) -0.88(1) S
5155.53 —0.72(2) [
5156.42 —0.54(1) -0.70(1) —-0.85(1) S
5157.47 —-0.57(1) -0.72(1) -—-0.86(1) S
5157.56 —0.71(2) [
5159.47 —0.60(1) -0.76(1) —0.88(1) S
5161.47 —0.55(1) -0.70(1) -0.84(2) S
GGOri
5151.48 —0.10(2) —0.06(3) S
5153.44 —-0.31(1) -0.13(2) -—0.05(2) S
5154.67 —0.10(2) I
5155.54 0.19(2) I
5155.54 —0.03(3) 0.15(3) 0.22(2) S
5156.49 —-0.31(1) -0.12(1) -—0.05(2) S
5157.52 —-0.30(1) -0.11(1) -0.05(2) S
5157.55 —-0.11(2) [
5159.48 —-0.29(1) -0.10(1) -0.01(2) S
5161.42 —0.29(2) -0.10(2) —0.04(2) S
NGC 2264 Walk 134

5149.53 0.10(1) -0.07(1) —0.23(1) S
5151.45 —-0.01(1) -0.15(1) -0.31(2) S
5155.52 0.15(1) -0.01(1) —-0.19(2) S
5155.54 —0.02(2) I
5156.48 0.22(2) 0.04(1) -0.13(2) S
5157.51 0.04(1) -0.12(1) -0.28(1) S
5157.51 —0.12(2) [
5161.40 0.02(1) -0.14(1) -0.29(1) S
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