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Abstract. We report on a near-infrared adaptive optics survagey words: stars: binaries: visual — stars: formation — stars:
of a sample of 66 low-mass members of the pre-main sequeimaging — stars: pre-main sequence — Galaxy: open clusters and
stellar cluster IC 348. We find 12 binary systems in the sepssociations: individual: IC 348 — infrared: stars

aration range)/1-8", excluding 3 probable background pro
jected companions. An estimate of the number of faint unde-

tected companions is derived, before we evaluate the binaryintroduction

frequency in this cluster. In the rangg; P =5.0-7.9 days, the o o

binary fraction in IC 348 ig9-5%. This is similar to the values Several studies in the early 90s ha\(e shown that binarity is a very
corresponding to G- and M-dwarfs in the solar neighbourho§§Mmon property of low-mass main sequence stars: about 53%
population 3 + 3% and~ 18%, respectively). Furthermore,Of G-type stars, 45% of K-dwarfs and 42% of M-dwarfs are in
the distribution of orbital periods of IC 348 binaries in this rangi@ct multiple in the sola.r nelghbour’hoodc(Dl.Jqu.ennoy & Mayor

is consistent with that of field binaries. We conclude that thed@93, hereafter DM91; Mayor et al. 1992; Fischer & Marcy
is no binary excess in IC 348. 1992). An important issue for current star formation models is

Substellar companions are found to be rare, or even missi%@cpount for the high number of binaries, and to predict their
as companions of low-mass stars in the separation range RR¥Sical properties. _
surveyed. Also, the mass ratio distribution is not peakegrat 1 n€ relative number of binary systems may be even larger
1in IC 348, and it is unlikely that an observational bias caf™m°ng much younger stellar populations. One of the best stud-
account for that. ied low-mass SFRs, the Taurus-Auriga dark cloud, hosts almost
We do not find any evidence for an evolution of the binarVViFe as many binaries as the solar neighbourhood in the sepa-
frequency with age within the age spread of the cluster of abd@fion range 2-2000 AU (Leinert et al. 1993; Ghez et al. 1993;
10 Myr. Comparing the binary frequency in IC 348 with that opimon etal. 1995). Yet, subsequer_1t surveys ofa number of other
other star forming regions (SFRs) and young open clusters, %Rs have led to somewhat conflicting results: while some ex-
conclude that there is no significant temporal evolution of tliPIt binary excesses comparable to that of the Taurus cloud
binary fraction between a few Myrs after the formation proce§g2dgett et al._1997; Ghez etlal. 1997), others appear to have
and the zero-age main sequence (ZAMS) and field populatioﬁ@.‘"_ar binary fractlo_ns as field _dwarfs (Brand_ner et al. ]_.996_3.
We find instead a trend for the binary fraction to be inversely cdfo" instance, the Orion Trapezium shows a binary fraction in
related with stellar density, with dense clusters having a bind#§0d agreement with that on the MS (Petr el al. 1998; Prosser
fraction similar to that of field dwarfs and loose associations e&t 8/ 1994). Ducéne (1998) recently reanalyzed in a consistent
hibiting an excess of binaries. Two scenarios can be sugge@y these various studies and confirmed that the binary frac-
to explain these differences: either all SFRs, clusters and adij? appears to vary from one SFR to the other, with the main
ciations alike, initially host a large number of binaries, whicf*Ception of all Orion clusters whose binary fraction is similar
is subsequently reduced only in dense clusters timescale O that of the field.
of less than 1 Mydue to numerous gravitational encounters, S€veral proposals have been made to account for these re-
or specific initial conditions in the parental molecular cloud®!!ts- It has been suggested that the fragmentation process dur-
impact on the fragmentation process leading to intrinsically diffd the protostellar collapse yields a high fraction of multiple

ferent binary fractions from one SFR to the other. systems which, however, steadily declines over time as mul-
tiple systems are disrupted during their subsequent evolution
Send offprint requests 16. Ducténe (Ghez et al.”1993). Then, the binary fraction would depend on

* Based on observations made with the Canada-France-Hawaii T&i& age of the stars and would vary over a timescale of several
scope, operated by the National Research Council of Canada, the G&2 Myr (Patience et al. 1998). Alternatively, it is conceivable
tre National de la Recherche Scientifique de France and the Univer#@t the binary fraction of a cloud is established at the very
of Hawaii beginning of the cluster history. Kroupa (1995a, 1995b) has re-



832 G. Ducléne et al.: Low-mass binaries in the young cluster IC 348

i
I\

il i

i

‘“0 H i
"‘m “‘i“ l\l
Iy

i )
I

@ (o) () (d)

Fig. 1a—d.Examples of images obtained in our survey. Each bd{ % x 1775. a: IfA 166 is a bright star @ = 11.2), allowing diffraction-
limited images, with high Strehl ratios & — b: the fainter & = 15.8) binary IfA 119 is still resolved a with a separation of’’25 — ¢

IfA 192 is too faint (R = 16.5) to be resolved as a binary (separatiory6f3), but it is clearly elongated at, H and K, and a deconvolution
process was used to obtain the relative photomettylfA 184 illustrates the limit for the detection of close, faint companions (the image is in
the J band).

cently shown fromV-body simulations that in regions as denseonducted an H survey, and discovered over 110 emission-

as the Trapezium cluster the binary fraction could decrease frbne stars in &’5 x 15’ area centred on the cluster; all of these

100% to about 50% in less than 1 Myr due to gravitational estars are very likely to be young, active cluster members; about

counters. Still another possibility is that the binary frequency ™ of them have independently been confirmed as members on

sensitive to environmental conditions in the parental molecultie basis of colour-magnitude diagrams. Preibisch et al. (1996)

cloud. In a qualitative study, Durisen & Sterzick (1994) foungderformed a systematic X-ray survey of the area, detecting over

that both the current fragmentation models and disk instabili10 sources within a°tradius circle.

ties are compatible with a lower binary fraction in clouds with  We report on our adaptive optics observations of IC 348 in

higher temperatures. Sect[2, and estimate the binary fraction in the cluster in Bect. 3.
In order to distinguish between these alternatives, we startadsect[4 we discuss various other binary properties (especially

a long-term project aimed at studying binaries in clusters thie scarcity of brown dwarf companions in our survey), and

different evolutionary stages, from the birthline to the MS. IBect[b presents a discussion on the link between the binary frac-

Bouvier etal.[(1997), we already found that the binary frequentipn and environmental conditions in SFRs. Selct. 6 summarizes

in the 100 Myr old Pleiades cluster is similar to that of the MSur conclusions.

We report here the results obtained in the pre-main sequence

(PMS) cluster IC 348. This cluster was selected on the basis of )

its age being similar to that of the Taurus cloud (about 2 Myr§; Observations

but its stellar density being much larger (about 500 star$ pcoyr sample was selected from H98's list: all stars brighter
compared to a few starsp¢ for Taurus). than R ~ 15 were observed, with a 75% completeness level
IC348 is a young cluster located in the Perseus molecyr — 16.5; overall, the survey is two-third complete at the
lar cloud, at a distance of about 320 pc (Hefbig 1998, hereafigr_ 1 |imit. Mosaicing with small offsets from the brightest
H98). It hosts a B5 V star (BD+3843), about 100 optical giars, about 25 additional fainter stars were surveyed. In total,
sources (Trullols & Jorci 1997), as well as a few hundred iye opserved 70 of H98’s members (within 66 independent sys-
frared sources, which are probably embedded young stars (Lggdfs): we also observed 24 stars for which H98 could not assess
&Lada 1995). The age of this cluster has been estimated by Sg\smbership. Ten of these stars are considered as members by
eral methods: Lada & Lada, by fitting the IMF, estimate that stag, on the basis of the detection of theXd707 A absorption
formation is still going on after a burst5—7 Myr ago; Luhman jine and of spectral classification (for late M stars).
et al. [1998), hereafter L98, found that a major b_urst occured The observations were obtained during four nights in De-
~ 3Myrago, butthatstars as old as 10 Myr also lie in the clust@lemper 1997 atthe Canada-France-Hawaii Telescope on Mauna
S|m|larly, from a dere_ddened colour-magnitude diagram, H$&5 we performed near-infrared § K), high angular resolu-
estimates ages ranging from less than 1 Myr and up to abgy, jmaging using the Adaptive Optics Bonnette and the new
10 Myr for about 100 members, with a median age-af Myr.  infrared camera KIR, &024 x 1024 HAWAII detector. The pixel
From a deep near-infrared survey, Lada & Lada estimated@e jgy/0351/pix, yielding a total field-of-view 06" x 36"
stellar density of about 500 starspor 220V, pc™* (Within - Most of the images are diffraction-limited if and K, but the
the half-mass radius of 0.47 pc), and a projected surface dgfages of the faintest stars or those observed at large offsets
sity of about 1000 stars pé in the central 0.1 pc, similar to from the wavefront starX 20”), have FWHM as large a¥'2;
the NGC 2024 cluster in Orion. H98 also evaluated masses fqg 1 jllustrates the image quality in our survey. We surveyed
the members, and found that the median mass is abol .5 each target irif, and all resolved systems were also observed in
in agre_er_nent with the IMF estimated for this cluster (which i$ gnqx (with the exception of pairs formed by two stars already
very similar to the IMF from Scalb 1986). Furthermore, H98,own as members). A typical observing sequence consists of
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16 images, at 4 positions, with individual exposure times rang- ° | o .
ing from 2 to 30 seconds to avoid saturation of the sources. On | - . oo |
the first night, the observing procedure was different, since we ° . o
produced!’5 x 1’5 mosaics centred on the brightest stars close 2 -
tothe cluster centre. In these images, the exposure time was such
that no star was saturated; the Sletection limit in these im- o
agesis aboull = 15.5. For all but two H98 members (IfA 134 g . I h
and 163), this leads to a detection limit of at leas8 mag for T | \
separations larger thay{s. R
UKIRT photometric standards were observed every night for
the flux calibration. Data reduction was performed with IRAF © -
packages. Astrometry and relative photometry of binaries were |
obtained by PSF fitting and then combined with large-aperture | o bock?
photometry to get the absolute photometry of each component. ‘ E— ‘ —

In two cases (IfA100, 102) deconvolution had to be applied separation (")

to Ob_ta'n the rel_at“_/e photometry; W_e used the_ lterative _Decoﬁg. 2. The observed binaries in our sample, including the probable
volution Analysis in C (IDAC) routine (Jefferies & Christoupackground stars (labelled “back ). Open circles represent L98's mem-
1993), and cross-checked with the Lucy algorithm. In the cas&s detected as binaries. The error bars are smaller than the symbol
of IfA 184, deconvolution was unsuccessful in tHeband, and size, except for IfA 184 (see text). The dashed line is an estimate of the
we consider here the results from PSF fitting, although we thidktection limit: it is the 3 noise level in the averaged radial profile of
that this method leads to an underestimate of the flux ratio in thisingle star. The histogram is another estimate of this limit, obtained
specific case. Estimates of the uncertainties are 0.05 mag Bwartificially adding faint companions close to single stars.

0.02mag for absolute and relative photome€$005 for the

separation an@2 for the position angle. The errors are slightly

larger when deconvolution was applied; when the adaptive gfrlarge distances from the primaries ('), companions can be
tics system was locked on a binary system (e.g., IfA 139-14@ktected down te- 6.5 mag fainter than the primaries. In some
the PSF was substantially deformed, leading to increased HAses, even somewnhat fainter stars can be detected. The fainter
certainties on the centroid locations. stars observed in the mosaics on the first night were observed
with smaller signal-to-noise ratios. The detection limit at large
separations is thus poorer for these stars than irCFig. 2; close
to the primaries, however, the detection limit remains roughly
Our binary candidates are listed in Table 1, together with theinchanged, since the limitation comes primarily from photon
astrometric and photometric measurements. To accept two staise.
as a binary candidate, we have set an upper limit for the separa-Despite a large dynamic range in ourimages, we found only
tion of 8’, corresponding te-2500 AU. This limit should avoid 3 secondaries witth H > 2.5, with in fact AH > 5. The lo-
confusion between real companions and background stars (s&ton of the widest of these companions (marked “back.” in
discussion below). A case-by-case study has been done, hBwr[2) in a/—(J — H) diagram indicates that it is a background
ever, for each binary candidate. All the stars that appearedsta, lying well away from all known cluster members. The two
singles are listed in Taklé 2. The astrometry for the binaries dether very faint companions (marked “back.?”) are also likely
tected by H98 in thd band agrees with ours to withidf 15 background stars, although we lack multicolour photometry to
and 2, even for the closest pairs (IfA 136 and 211). We failegrove it. For the binary IfA 139—-IfA 140, we only havé pho-
to detect the faint companialf3 away from IfA 159, because tometry available; we believe itis a physical binary, however, be-
the latter is a faint star = 18.7, H = 12.19), which was cause of its close separation. The membership of IfA 140 could
observed in a mosaic on the first night, with a more limited dyot be determined by H98 since idband photometry was ob-
namic range compared to that usually achieved on other staaned for this star; L98 classify it as a member. Similarly, IfA 82
At the 50 level, the companion is fainter thah = 16.2 and lacksV measurement in H98'’s study, so that its membership is
H = 15.2mag or, equivalently, the binary flux ratio is largenot decided. We consider, however, the pair IfA85-IfA82 as a
than 2.9 mag in both bands. physical binary, because of the late spectral type of IfA 82 (M4,
Figl2 shows the magnitude difference in theband as H98). For all other systems, the location of the companionsin a
a function of separation for detected binaries. The solid aifl-( H — K) diagram suggests membership and thus physical
dotted lines show the detection limit of our survey, estimatedsociation with the primary.
in two different ways: the solid histogram was established by Close to the primaries, itis difficult to detect very faint com-
adding faint stars around single targets and visually inspectipanions, because of the wings of the PSF: bel® only bi-
the images. Since it corresponds roughly targfeak detection, naries with flux ratiosAH < 2 can be resolved. To calculate
itlies 0.5to 1 mag above the dotted line, which representsshe ghe actual binary fraction in IC 348, we need to estimate the
noise level as measured on the PSFs of single stars in ourimagember of fainter, undetected secondaries at these separations.

3. Binary fraction in IC 348
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Table 1. Astrometry and photometry for binary candidates in IC 348. Position angles are given East from North. Boldface entries in the first
column are H98's members. The primary mass is from Herbig (priv. comm.), and takes into account individual ages; the mass-ratio is estimated
from A H and the mass-luminosity relatiddy = —3.25 log(M/Mg)+2.19for M < 1M, Baraffe etal[(1998). Both methods are somewhat
uncertain but are independefitl 81=BD+31°643 does not have an IfA number, but is designed by its Trullols & Jordi (1997) identification.

IfA | Jiot  Hiot  Kiot | AT AH AK [ p(") PA.C) [ Ma(Mo) Ms/Ma
Probable member binaries

48-49 12.41 0.99 1.343 112.4 0.2 0.50

85-82 11.70 1.89 3.086 289.2 0.4 0.26

102" 12.29 11.25 11.1Q 0.69:0.05 0.640.05 0.620.05| 0.26£0.01 357.&¢0.5 0.4 0.62

119 12.16 11.30 11.0Q0 0.63 0.67 0.65 0.249 254.0 0.3 0.62

136 13.43 12.63 12.33 0.74:0.04 0.75:0.04 0.71#0.04 | 0.70£0.03 214+1 0.2 0.59

139-1402 9.17 0.26+0.04 1.23+0.03 86t1 14 0.83

144143 9.99 921 1.01 0.73 5.371 338.3 14 0.60

157-158 10.32 952 9.01| 0.95 0.72 0.46 4321 101.0 0.5 0.60

166' 9.09 833 811 | 2.04 1.49 1.24 0.559 151.3 0.35

184 9.95 9.07 870|255 1.849%3%  2.08 0.409 349.7 0.4 0.27

192' 1297 1241 1.35-0.05 0.870.05| 0.13£0.01 186.60.5 0.2 0.38

211 12.23 10.84 10.44 1.52 1.48 1.40 1.028 155.6 0.7 0.35

261-104 8.63 1.46 6.529 312.6 1.9 0.36

TJ81? 6.76 6.53 6.51 | 0.20£0.04 0.14:0.04 0.14:0.04 | 0.61+0.03 16t1 0.91
Probable background companions and non-member primaries

20-21 9.63 1.88 2.129 112.4

100" 1463 13.71 1349 - - 0.62+0.05 | 0.13+0.01 100.Z0.5

124 10.92 5.38+0.07 2.536 103.2

137 10.63 9.86 5.86+0.09 5.03:0.08 6.734 3145

LkH 86" 11.03 7.44+0.09 2.588 339.2

! deconvolved images A0 locked on a binary system®poor PSF fitting inif —* background companion Lstars identified as members
by L98.

Table 2. Stars that are unresolved in our survey; boldface entries are for H98's members.

IfA numbers of single stars

14 41 43 57 61 67 70 78 80 83 89 93 94 103 106 107 114
116 118 121 1260 127" 128 131 134 142 145 146 147 148 152 154 155 156
159 160 163 165 167 169 170 171 173 178 179 181 182 183 185186 187
190 1917 193 197 205 206 210 2200 252 253 254 255 LkH 96 LkH a97

LkH @98  LkH«100 TJ 89

t stars identified as members by L98.

The method we use, fully described in Bouvier et[al. (1997) fabout 4% of the companions missed. We estimate the number
their survey of the Pleiades, consists in estimating the detectafrsuch companions per bin of separation in Table 3. The mass
limit in several separation bins (chosen such that it is roughigtio distribution of M-dwarfs may be flatter than that of G-
constant within each bin); this flux ratio limit is then convertedwarfs (Fischer & Marcy 1992; Reid & Gizis'1997a), leading
into a limiting mass ratio using the mass-luminosity relatiorte a different estimation of the completeness correction. How-
ship for 2 Myr-old stars from Baraffe et al. (1998). Finally, it isever, a flatter distribution implies that we have missed even less
assumed that the mass ratio distribution observed by DM91dompanions (the number of binaries with smgl smaller), so

the solar neighbourhood for G-dwarf binaries applies to IC 34at our estimate of the number of missed companions can be
binaries. Then, the limiting mass ratio can be transformed intonsidered as a conservative upper value.

a fraction of missed companions. Because of the young age In Table[3, we also estimate the MS binary fraction (“G-
of the cluster: a mass ratio gf = 0.1, which is the limit of dwarffraction”) in different separation ranges by integrating the
the DM91 survey, corresponds t8"H ~ 3mag at 2Myr. It binary distribution from DM91. This is the number of binaries as
can be seen, from Figl. 2, that we reached this flux ratio owefunction of the orbital period. For IC 348 binaries, we only have
almost the entire range of separation considered. For the inrthe angular separation between both components. Therefore,
most(’3, where the limiting flux ratio of our observations isve need to convert these separations into orbital periods. We
slightly smaller, companions close to the= 0.1 limit remain use the distance to the cluster and a statistical correction for the
undetected. Therefore, the overall correction is small, with onpyojection of the semi-major axis on the skyfa = log p+0.1,
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Table 3. Completeness correction for this survey. “fraction missed” is the ratio of the number of undetected companions to the total number of

companions. The last column summarizes the overall figures. Only H98 members are considered here.

sep. range’() 0.1-0.2 0.2-0.3 0.3-0.5 0.5-0.75 0.75-1.0 1.0-2.0 2.0+8.0.1-8.0
orbital period (log(d)) 5.0-54 5457 57-60 6.0-63 6.3-65 65-69 6.9-7380-7.8
AHy;m (Mag) 2.0 25 3.0 4.0 5.0 6.0 6.5

Gmin 0.24 0.17 0.12 < 0.1 <0.1 <0.1 <0.1

fraction missed 22% 9% 3% - - - - 4%
detected companions 1 2 1 1 0 3 4 12
corrected companions 1.3 2.2 1.0 1 0 3 4 125
IC 348 binary fraction (%) 683.4 6.13.0 6.13.0 | 18.9+5.3
G-dwarf fraction (%) 10.61.2 7.4£0.8 5.2£0.6 | 23.1+2.6

whereq is the actual semi-major axis andis the apparent
separation, Reipurth & Zinnecker 1993). We also assume that |-
the average total mass of a system j&¥d (mean value for & *'[ i
the observed binaries); a typical mass @f/5 was assumed s
for BD+31°643. Small changes in the assumptions about tf§e
distance to the cluster, the projection correction, and the steliar
masses do not change the results significantly, since the MS
orbital period distribution is very broad: a small shift in thg; o0s
integration boundaries does not significantly modify the binary
fraction in this range. ;
The overall binary fraction (number of companions per okg
served target) in IC 348 i39 + 5% in the separation range®
40-3200 AU; here, linear separations have been corrected to e
account for projection effects. It is not modified if L98’s mem- 5 6
bers are included. From DM91, we evaluate that the MS G-
dwarf binary fraction over the same range@ist 3%. M-dwarfs Fig. 3. Orbital period distribution in I1C 348 (solid histogram), com-
have a binary fraction of about 18% over the same Separatnﬂﬁed to the empirical distributions for G- (dOttEd curve, DM91) and
range (Fischer & Marcy 1992), again very similar to IC 34g\_/_l-type (da_shed line, Fischer & Marcy 19_92)MSstars.TheIong_—dashed
We checked that the presence of a few stars with early Specfpa]ogram includes L98’s members, \_/vhlle the dotted-dashed histogram
type (earlier than KO) in our sample does not bias our resul pr.esent the subsample of stars with speptral type later than KO. For
) . . clarity, error bars are only drawn for one histogram.
the binary fraction in the subsample of stars with spectral type
later than KO isl7 4 7%, indistinguishable of that of the whole

sample. in this separation range for which we have two-colour photom-
The orbital period distribution of IC 348 binaries is shown "étry appears to be a background star. This supports our choice

Fig.[3. The comparison with the MS for each bin of the histograggy the upper limit: larger values would imply a non-negligible

is also given in TablB]3. Both the plot in Fig. 3 and the similagackground star contamination (unless the period distribution

values for the binary fraction in the three separation rangesjre different from that in the MS, with a peak at much larger

Table[B demonstrate that the observed distribution is rather g@barations). Using the stellar density in fieoff-field image

and, within the errors, not different from the MS distribution. .om [ada & Lada (1995) without any correction for extinction

is again noticeable that the results are not strongly modifie ii.fe., overestimating the number of background companions),

we include or exclude higher mass stars or L98's members. Wg expect about 4 false detections, similar to our findings. On

will now only consider H98 members, for which masses anfe other hand, one has to determine the occurrence of projec-

ages have been de.termlned. . tion pairing of two members. The projected stellar density of

~ Toevaluate the impact of possible background stars, we g$s cluster can be crudely estimated from Lada & Lada (1995)'s

timated the binary fraction over a smaller separation range, Wifirvey. Once field star contamination is subtracted, they are left

anupper limit setat’2(640 AU). In this case, the binary fractionyith an average density af5 10~ stars’?2, implying a total of

for IC 348 and the MS are respectivély+5% andl9+2%, i.e. spout 3 members chance projection in the raditje-8”. The

similar values, possibly with a small deficiency in IC 348. Thiﬁair IfA 261—IfA 104 is a good candidate for such a projection

suggests that the number of false detections is small in the Sefisct, since two other members (IfA 106 and 107) lie within

ration range we selected. On the other hand, in the range'8-165" away from IfA 261. We do not try to correct for this effect

we find 6 “companions”, thatis abinary fraction®af 4%, while  since we lack a local estimate of the stellar density around each
the MS value isl.8 + 0.2%. Furthermore, the only companioninary candidate.

7
log P (days)



836 G. Ducléne et al.: Low-mass binaries in the young cluster IC 348

4. Binary properties in IC 348 Table 4. Comparison of the overall and binary samples regarding their

. . . . X-ray and Ry emission. A binary is considered as emitting if at least
Various properties of stars, especially of PMS objects, depeg, of its components shows emission.

on the stellar environment. The presence of a companion in the
vicinity of a star modifies this environment in a non-negligible
way. Potentially, this can affect the physical properties of the

observed binaries

stars in multiple systems. In Sdct. 4.1 we first consider the faRc?SAT zzggiit ed ?é% %
that we have not found any triple or higher order multiple sys-

tem. Then, the activity properties of binaries are comparedHo emission 31 6
those of single stars (SeCt.4.2). Finally, our non-detection of unknown or abs. 35 6

very small mass ratiog;(< 0.25) is discussed in Se€t. 4.3, as

well as the absence of candidate brown dwarfs. . ) o .
Various estimates of this bias were obtained by Brandner et

) ) al. (1996) and Khler & Leinert (1998), but it appeared that
4.1. High order multiple systems it is not an important effect. This is confirmed by the absence

In our survey, we have found 12 binaries, but no triple or quadr@f & significant difference in the binary fraction &0SAT-
ple systems. Does this mean that there is a deficiency of hig&fected and undetected stars in a single cluster (Leinert et al.
order multiple systems in IC 3487 1993; Kohler & Leiner{1998). Sw_mlarly, in IC 348, the X-ray
In the solar neighbourhood, G-dwarfs host roughly 10 bing0urce sample does not show a higher binary frequency than the
ries for 1 triple system, and 4 triple systems for each quadruffgole sample. . _
system (DM91). Systems with more than two stars are thus quite Because i emission is likely linked to the accretion phe-
rare. For Taurus PMS stars, Leinert et@l. (1993) find a ratio @pmenon on T Tauri stars (e.g., Edwards et al. 1994), it also
binaries to higher order multiples of about 8:1, showing that tf@Pears that binary members in IC 348 are surrounded by ac-
number of triples and quadruples does not seem to evolve gtion disks in the same proportion as single stars, i.e., that
nificantly from PMS to MS stages. If we assume that this ratio Bfnaries do not disrupt disks more rapidly than singles. Indeed,
10to 1 is also relevant for IC 348, then we would have expectédWo stars are separated by a few tens of AU, inner disks can
to find one triple system, which is not statistically different froff@Main unaffected around these stars. This is enough to support
our findings, given the small numbers involved. accretion onto the stars and to emit Balmer lines. S|m!lar'ly,
There may be a second reason why we failed to detect triflEAt0 & Simonl(1997) showed that the near-infrared emission
systems. These systems are usually hierarchical (in both [igiccretion disks is the same in multiple systems and in single
and PMS populations), with a close system surrounded by iﬁgaun stars in the Taurus-Auriga SFR, provided the compan-
orbit of a third star lying further away. Usually, the ratio of thdOnS are separated by 40 AU or more.
two semi-major axes in triple systems is at leaSt(Tokovinin
1997). Given the distance to IC 348, the peak of the orbital pg3. Binary mass ratios and very low-mass companions
riod distribution corresponds roughly to the smallest separation ) ) ) ) )
we can resolve (see Fig. 3), and most of the triple systems th esfumate of th_e mass ratio for_ each binary candidate is
have been detected in other SFRs have their orbits on both s@i¥gN in Table L it has been obtained from theband rel-
of this peak. Therefore, in IC 348, triples may just appear as wiive Photometry, using the 2 Myr mass-luminosity relation-
binaries, with the close binary system remaining undetectedSNiP from Baraffe et all (1998), which can be approximated by
The absence of any triple system from our sample md¥tsr = —3:25log M + 2.19 for low-mass stars/ < 1M),
likely is not an indication for a different binary-to-triple ratio2nd assuming that both stars are coeval and equally extincted.

between IC 348 and the MS; it is probably due to the distanB&cause of the time dependency of the mass-luminosity rela-
to the cluster and to statistical uncertainties. tionship, these estimates are somewhat uncertain. We used the

median age determined by H98 as a typical value for the whole
S cluster. Also, the extinction along the line of sight of the pri-
4.2. Stellar activity in binary systems mary and the secondary are unknown and might be different

Several indicators of T Tauri star activity have been identifid!is effect should be rather small at 1/4%, however), and
so far. X-ray and Balmer line (e.g.,dJ emission are some of mfrared excesses can represent a significant part of the flux_at
these indicators. We have searched in our sample for a possiBlé wavelength. In two cases (IfA 144 and 157), the mass ratio
impact of binarity upon this activity (see TaBle 4). Although theStimated fromA.J is significantly smaller than fromh 7, in-
samples are rather small, it appears that binaries and single fiting that at least one component shows a significant excess
have roughly the same fraction of emitting stars. (IfA 143 and 158 secondaries actually show larger H ex-

It seems, from our survey, that the magnetic activity of PMEESSes than their primaries by about0.2 mag); in the other cases,
stars is not dependent on the presence of a companion. Bir2@§ values are similar. Also, thé band relative photometry
surveysin X-ray selected samples had to face the bias induceffin!fA 184 is somewhat uncertain. However, we assume that

their target selection by the fact that both stars can be emittéhr_@ﬁe rrlwass ratios are not systematically biased towards low or
igh values.
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We did not find any companion fainter thaxw{ = 2 mag,
although it would have been easily detected, provided that the
separation of the systemis larger thiéa (see FiglR). This flux
ratio corresponds to a mass ratiogoE= 0.25 at 2 Myr. For an
average primary mass of Qih,, this could point to the absence B
of very low-mass stars and brown dwarfs as secondaries. Alter- | o
natively, a statistical fluctuation cannot be excluded given theq) |
small number of detected binaries. I L E TS Tp—

In order to test the significance of this result, we performed ‘
Monte-Carlo simulations to compare the observed mass ratio
distribution in 1C 348 with that obtained assuming that each |
companion has a mass (lower than its primary) taken at ran- | i
dom from a given initial mass function (IMF). Each simulated I R
histogram is the average of 1000 simulations, so that statistical 0 0.5
uncertainties can be neglected; the exclusion of binaries with 9
g < 0.1 does not modify the histograms by more than a fepig. 4. Mass ratio distribution for binaries in IC 348 wiftf 4 < 1Mo,
hundredths in each bin. First, we used the Kroupa €t al. (199®)ck histogram compared to distributions simulated by taking at ran-
IMF, with a; = 1.3 and stellar masses in the range 0.08& dom the masses of the companions from some IMBted Kroupa et
The number of predicted binaries in the range- 0-0.25 is al. (19938) witha; = 1.3; dashedReid & Gizis [1997) in their 5.2 pc
about one. We also used the Reid & Gizis (1997a) IMF withi#@mple, without brown dwarfstotted-dashedReid & Gizis (1997a)
the 5.2 pc solar neighbourhood, with and without brown dwal’féth brown dwarfs dgwn t0 0.08/ and with a'flatmass distribution in.
(i.e., with a minimum mass of 0.05 and 0.0i75, respectively). the SbeStel!ar dc_>ma|n. The !atter_model predicts a h'g_h r_1umber c.’f t_nna-

ries in the first bin, contrasting with the observations; it is very similar

In the first case, the mass function was chosed flat in the bmy(\)lrt]he observed mass ratio distribution in the MS (DM91). The shaded

; 0 : f i T .
dwarf domain {(M) o M7), following Reid &_G'Z's (1997b); histogram represents the subsample of low-mass stars (0.3M¢)
we checked that the slope of the mass funtion does not mggy- 345

ify significantly the results. Without brown dwarf companions,

we again predict about one companion in the first bin ofiHig. 4,

while this number is increased to almost three if we include low-mass stars. This absence of brown dwarfs is also found in

substellar objects. In all three cases, the number of detectadld, where all companions have stellar masses, with the pos-

companions in the range= 0.5-0.75 is about twice as largesible exception of the companion of IfA 1924(z ~ 0.075M).

as that predicted by our simulations. In F1. 4, only binaries witWe caution again that these estimates are somewhat uncertain,

M, < 1M, are plotted, because Reid & Gizis's IMF is onlydue to age effects, infrared excesses and, in some cases, un-

defined below 1/, . It should be noted that the random pairinggnown extinctions; spectra of the candidates should be obtained

assumption together with the latter IMF leads to a mass-ratmdetermine their stellar/substellar status (IfA 49, 82, and 184B

distribution significantly different than that observed by Reid &ave masses below 0.18; from our results).

Gizis (1997h). If this absence of brown dwarfs is not due to statistical fluc-
Despite the small size of our small binary sample, the otuations or to systematic errors in the estimate of the mass ratio,

servations indicate that binaries in IC 348 are not preferentiathis suggests that brown dwarfs cannot form in IC 348 at sep-

equal mass systems, since no binary appears intliebifd.75— arations larger than: 50 AU from stars. The results of Reid

1. According to DM91, the mass ratio distribution for solar-typ& Gizis (1997b) indicate that this limit is smaller than 5 AU in

field stars peaks negr= 0.2-0.3. On the other hand, in theirthe Hyades. This apparent lack of very low-mass companions

studies of low-mass stars in the solar neighbourhood and thay result from dynamical biasing during the early evolution

Hyades cluster, Reid & Gizis (1997a, 1997b) concluded that Mf small subclustersV-body simulations of Sterzik & Durisen

dwarf binaries have a mass ratio distribution peaking=at1, (1998) show that, in most cases 00 %), the dynamical evo-

which contrasts with our findings fot IC 348. It is unlikely thatution of smallZV systems result in the association of the two

our observations have missed some equal mass systems; umesg massive stars in a binary system and to the ejection of the

infrared excesses introduce a systematic bias against equal litwxer mass components. However, in the solar neighbourhood,

binaries, this deficit is real. very low-mass secondariedf( < 0.1M) can be found, at
The absence of small mass ratigs< 0.25) in our obser- separations varying from 4 to 1800 AU (Reid & GiZis) 1997a).

vations is only marginally significant, given the sample size.

It is however more consistent with the models without brown i . , ,

dwarf companions. Reid & Gizis (1997b) concluded from thei- ENVironmental conditions and binary formation

Hyades study that the mass function is flattening, maybe ev@rorder to investigate evolutionary effects, we first compare
decreasing, in the substellar domain. However even a flat mggs binary fraction we have determined in Sekt. 3 with that of
function probably predicts too much companions with 0.25  other SFRs (Se¢f.8.1). The possible temporal evolution of the
in IC 348. It rather seems thab brown dwarfs are companionspinary fraction is discussed in Sdct]5.2, before we argue that

oL .




838 G. Ducléne et al.: Low-mass binaries in the young cluster IC 348

Table 5. Evolution of the binary fraction with primary age, as estimatedow including 1C 348, with no binary excess indicates that this
by H98. There are afew stars in our sample with no age estimate (IfABs is not responsible for the observed overabundance of PMS

and 89, and the Wi stars). binaries in some regions.
The binary fraction that seems to differ between SFRs re-
t<10° 10°<t<10%° ¢ >10%° lates to binaries which cover only a limited separation range. If
observed 20 29 16 the separation distribution was different from one SFR to an-
binaries 5 3 4 other, the overall binary fractions could still be the same for all

of them: an excess observed in a given separation range could
be balanced by a deficiency of binaries with shorter or longer
environmental conditions and binary frequency may be tightBeriods. There is currently no such evidence, except perhaps
linked. for the study of theROS AT population in Upper Scorpius by
Brandner & Kohler (1998). Several arguments indicate that the
. . ) orbital period distribution does not vary significantly between
5.1. Comparison of binarity in IC 348 with other SFRs PMS and MS binaries: the number of spectroscopic binaries in

Given that the stars in IC 348 have a median age of 2 Myr, we chUrus is at least as large as that of the MS (Mathieu 1994),
compare them directly with other SFRs like the Taurus-Aurigdnar occultation surveys in this SFR have shown that the bi-
complex and the Orion Trapezium cluster, without introducin@ry excess was present downtd AU (Richichi et al/ 1994;

an evolutionary bias in terms of age. The binary excess observe@non et al. 1995, and Pleiades binaries have a similar period
in Taurus, Chamaeleon and Ophiuchus is of the order of a fac#stribution as dwarfs (Mermilliod et &l._1992; Bouvier et al.
of 1.6 (Ducleéne 1998). A similar excess, if existing in IC 3481997).

would yield a binary fraction 037 & 5% in our surveyed sepa-

ration range. This is different from our observed binary fractiag o Binary fraction and environmental conditions

ata 2.5 level, and can be excluded with a high confidence level

(>98%). This means that the Taurus-Auriga SFR and IC 34@nsidering IC 348, the Trapezium (Prosser et al. 1994; Petre
most likely harbor different binary fractions. From this we corft al.[1998) and Pleiades (Bouvier etlal. 1997) clusters, and
clude that not all SFRs have a unique binary fraction, severaltB¢ solar neighbourhood stars (DM91), we have four samples
them exhibiting excesses (Taurus, Ophiuchus, Chamaeleon) With no binary excess at different evolutionary stages (PMS,
others showing binary fractions similar to that of the MS (théAMS and MS). We thus conclude that the binary fraction does
Trapezium cluster, IC 348, as well as other clusters in OrioR®t evolve with time between these stages. Any evolution of
NGC 2024, 2068 and 2071, Ghez et[al.1997). Consequentiig binary frequency would have to occur within the first Myr
we are led to the conjecture that the age, which is the saafter the formation process. Furthermore, the differing binary
on average for the above-mentioned SFRs, is not the only j@ctions between the various SFRs of the same age have to be
rameter governing the binary fraction in a young cluster orexplained, and a global time effect cannot be responsible for this.
T-association. One common property of all the clusters without binary excess

The stars we observed in IC 348 represent a rather large igf@at they are all rather dense: IC 348 has about 500 stafs pc
spread, from a few0° to about107 years. This allows a com- and the Trapezium is about 10 times denser. The older Pleiades
parison of the binary fraction with stellar age, which is showgluster, whichis still dense nowadays, was probably even denser
in Table[B. We selected all stars in our samples with known agé)en younger, perhaps similar to the Trapezium. On the other
which excludes the stars only detected in theddirvey, as well hand, the SFRs with high binary fractions (Taurus, Ophiuchus,
as two other members which la¢kphotometry in H98's study Chamaeleon) are rather loose, with no more than a few stars pc
(IfA 83 and 89). It appears that all three subsamples have sim#faghe Taurus aggregates. This seems to indicate that a link exists
binary fractions, although we are limited by the small sampketween the binary fraction and the cluster density.
sizes; a rank order test does not indicate any difference betweenSeveral physical processes could be the reason behind such
the single and binary stars age distributions. This indicates tRdtnk. The impact of the average cluster density on the binary
the binary fraction does not evolve Signiﬁcant'y with time’ gfaction could be dil’eCt; for instance, indense ClUSterS, the num-
least on a timescale of a few Myrs. We also verified that tier of gravitational encounters is high and the binaries could be
binaries in the three subsamples defined in Table 5 are rougmyssively disrupted in such clusters over shorttimescales. From
equally represented at all separations. This means that we/tdody simulations, Kroupa (1995a, 1995b) has shown that in
not see any indication for an evolution of the binary separatiofiisters as dense as the Trapezium cluster the binary fraction
over the timescale of the age range covered by these stars. could decrease from 100% to about 50% in less than 1 Myr.

As an alternative to an evolutionary process, it has beéRen, a model where all SFRs form with a high binary fraction
proposed that the binary excess observed in various SFRs {i&s, close to 100%), and where gravitational interactions be-
the result of an observational bias: since the mass-luminodityeen multiple systems are responsible for the decrease of the
relationship is shallower for younger stars, it is easier to deumber of binaries, would be in qualitative agreement with the
tect companions around PMS stars than in the MS popu|ati@,hservational results: in all dense clusters, the binary fraction
(Zinnecker, priv. com.). The fact that we know several SFR&ould have already decreased down to the MS level even for
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the youngest clusters in which binary fractions have been méaarinsic differences exist between SFRs regarding their binary
sured so far, while it would have remained high in loose PM&®ntent.
associations. In spite of the large dynamic range of our images, no brown
Alternatively, it is possible that the density is not the maidwarf companion is found in IC 348 binaries (to the possible
parameter governing the binary fraction, but that another phgscception of IfA 192B). The mass ratio distribution we find is
ical parameter, during or even before the star formation proensistent with the absence of brown dwarf companions to low-
cess, drives the subsequent evolution of the cluster, includimgss members of this cluster; a similar conclusion was drawn
its stellar density and binary fraction simultaneously. Durisenfr the Hyades cluster. Also, the mass-ratio distribution is not
Sterzik [1994) have shown that the current models of fragmegreaked towardg = 1, in possible contradiction with what has
tation and disk instability may imply higher binary fractiondeen proposed for the solar neighbourhood M-dwarfs popula-
when the initial cloud temperature is lower. In general, cold giton. Further studies with larger telescopes will allow a better
ant molecular clouds may not be very efficient in forming stardetermination of this distribution.
if the output of their fragmentation is small aggregates, with Comparing the results obtained on IC 348 to similar studies
low densities (like Taurus). Regions creating high-mass starspther clusters, it appears that the binary fraction may be in-
on the other hand, have rather high cloud temperatures; tlveysely correlated with the average cluster density, with dense
usually from dense clusters, such as the Trapezium cluster. Thesters showing low binary fractions (similar to field dwarfs),
link we find between binary frequency and cluster density couds opposed to the loose T-associations like the Taurus-Auriga
then be an intrinsic output of the fragmentation process. Ottard Chamaeleon complexes where the binary fraction is larger.
characteristics of the cloud before star formation occurs coullth the basis of this qualitative trend, at least two scenarios
as well be responsible for the observed linked between densitgy explain the observed differences in binary fractions: either
and binary fraction. For instance, the nature of the pre-collapgbe formation mechanism always leads to an initially high bi-
equilibrium in the parent cloud may influence the mass, size amary fraction (of the order of 100%) and frequent gravitational
angular momentum of the fragmented cores, leading to differirgcounters in dense clusters disrupt binaries on a timescale of
binary fraction and cluster density. 1 Myr or less, or specific initial conditions in the parent molecu-
Environmental conditions at the time of star formation thuar cloud, such as the gas temperature, metallicity, angular mo-
could have an impact on the resulting binary population (i.enentum, etc..., lead to different output of the star formation
the total number of multiple systems). At the present time, it gocess and govern simultaneously the binary frequency and
not possible to distinguish between a very rapid temporal ewbe cluster density. High resolution studies of embedded clus-
lution of the binary fraction, during the first Myr, or an intrinsicters even younger than those investigated so far are still needed
dependence of the binary fraction on these conditions. Obgsersettle these issues.
vations of even younger populations in embedded clusters, as
well as determination of accurate orbital period and mass rafigknowledgementsNumerous comments by J. Efflel have signif-
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formation and evolution. early version of this work and for providing us with his members list

prior to publication and mass estimates, as well as |. Baraffe for making
her evolutionary models available. Observing support from CFHT is
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6. Conclusions and D. Woodworth.

From a high-angular resolution study of IC 348 low-mass mem-

bers we find that the binary frequency in this very young cIustBFferenCES

(~ 2Myr) is similar to that of the Pleiades« 100 Myr) and Baraffe I., Chabrier G., Allard F., Hauschildt P., 1998, A&A 337, 403

of low-mass field dwarfs{ 1 Gyr). We therefore conclude thatBouvier J., Rigaut F., Nadeau D., 1997, A&A 323, 139

the binary frequency does not significantly evolve over time orBaandner W., Alca J., Kunkel M., Moneti A., Zinnecker H., 1996,

timescale of several 100 Myr. Instead, it appears that the binary A&A 307, 121

frequency among low-mass stars is already established at V@igndner W., Kohler R., 1998, ApJ 499, L79

young ages, i.e., withir-1 Myr after the formation process. Ductene G., 1998, A&A, in press

In particular, a long-term evolutionary effect cannot be r@ﬁﬂ:‘g:?y gfér,\:iiyhc/)lr '\ig 914?9,&28;2 624:4 485 (DM91)
Sponsile fo the dfeing binery fracions fourd g;h?;j{fg?gg&wamss_, HatiganP. Ghandour L., Anaruls ., 1984, AJ 108, 1056
T

. herD., M G., 1992, ApJ 396, 178
excesses, on the other, the Trapezium and IC 348 clusters chthZEX Neug::gauer G MatFt)hews K. 1993. AJ 106. 2005

Yet, all these regions have similar ages~df—2 Myr. Further- .. A., McCarthy D., Patience J., Beck T., 1997, ApJ 481, 378
more, in the IC 348 sample, we do not find evidence for afuhig ., 1998, ApJ 497, 376 (H98)

evolution of the binary fraction or the orbital period distributioneferies S., Christou J., 1993, ApJ 415, 862
within the age spread of the cluster of about 10 Myr. A timgghler R., Leinert Ch., 1998, A&A 331, 977
evolution of the binary frequency, if any, is thus constrained tQoupa P., 1995a, MNRAS 277, 1491
occur within the first 1 Myr of stellar evolution. After this time Kroupa P., 1995b, MNRAS 277, 1522
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