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The formation of a binary system surrounded by disks is thetrnommon outcome of
stellar formation. Hence studying and understanding thadtion and the evolution of binary
systems and associated disks is a cornerstone of star fomsatience. Moreover, since the
components within binary systems are coeval and the sizésofdisks are xed by the tidal
truncation of their companion, binary systems provide aaidlaboratory” in which to study
disk evolution under well de ned boundary conditions.

Since the previous edition of Protostars and Planets, liegeeter (8 10m) telescopes have
been optimized and equipped with adaptive optics systeragiding diffraction-limited obser-
vations in the near-infrared where most of the emissioneflisks can be traced. These cutting
edge facilities provide observations of the inner partsmafuenstellar and circumbinary disks in
binary systems with unprecedented detail. It is therefdimaly exercise to review the obser-
vational results of the last ve years and to attempt to iptet them in a theoretical framework.

In this paper, we review observations of several inner diagmbstics in multiple systems,
including hydrogen emission lines (indicative of ongoinccration), K L andK N
color excesses (evidence of warm inner disks), and potaizgindicative of the relative
orientations of the disks around each component). We exatoiwhat degree these properties
are correlated within binary systems and how this degre®@wélation depends on parameters
such as separation and binary mass ratio. These ndingsbeiihterpreted both in terms of
models that treat each disk as an isolated reservoir ané thoghich the disks are subject to
re-supply from some form of circumbinary reservoir, theaslational evidence for which we
will also critically review. The planet forming potentiaf multiple star systems is discussed
in terms of the relative lifetimes of disks around singlerstebinary primaries and binary
secondaries. Finally, we summarize several potentiallgakng observational problems and
future projects that could provide further insight intoldévolution in the coming decade.

1. INTRODUCTION evolution, and perhaps the possible formation of planets,

It tter of K ledge that th ._radically affected by the binary environment and, if so, how
i f|stnowa Ta fer otcommon kKnow ebge a h_err]najoraoes this depend on binary separation and mass ratio? Al-
Ity o stars in starforming regions are in binary orhig erorternatively, if the in uence of binarity on disk evolutios i

der multiple systems3hez et al.1993;Leinert et al, 1993;

) Lo . rather mild, we can at least use binary systems as well con-
Simon etal.1995). Likewise, it is undisputed that many Of_trolled laboratories, constituting coeval stars with disiter

the younger stars in these regions exhibit evidence for ClFadii set by tidal truncation criteria, to study disk evadut
cumstellar disks and/or accretion. Putting these two fac X a function of stellar mass '

together, an ine;capable .conclusion Is Fhat disks_tygical However, it is not possible to address any of these issues
form and evolve in the environment of a binary/multiple stal, less we can disentangle the disk/accretion signatuees pr

sys_l'fﬁ_m. N ber of obvi i c thduced by each component in the binary. Given that the sep-
_ TS prompts & hUmBET of 0bvIous questions. “Lan &4 gistribution for binaries in the nearest populdas s
distribution of dust and gas in young binaries provide ?’orming regions, such as Taurus-Aurigae, peaks #3%

“smoking gun” for the binary formation process? Is disli 40AU; e.g., Mathiey 1994), this necessitates the use



of high resolution photometry and spectroscopy. Such asensitive to the presence of accretion processes, inaicati
enterprise has only become possible in the past decade. that material is owing from a disk onto the central star, and
We review what has been learned in recent years abathius betraying the existence of the disk indirectly. The end
the distribution of dust and gas within young binary sysef this section summarizes the database that we compiled in
tems. We mainly highlight observational developmentthe process of writing this chapter.
since PP IV, for example, the discovery of a population of An excellentinner disk diagnostic that we do not explore
so called passive disk§/cCabe et al. 2006) in low mass is the emission of molecular lines. This topic is reviewed in
secondaries and the use of polarimetry to constrain the othe PPV paper oNajita et al. as well as inNajita et al.
entations of disks in young binaries (e.densen et al. (2003) and references therein. Outer disk diagnosticé, suc
2004; Monin et al, 2005). We also discuss circumbinaryas sub-millimeter and millimeter observations, and more
disks and pro le in detail a few systems that have been thearrowly applied accretion diagnostics, such as forbidden
subject of intense observational scrutiny. In additionsit line emission and ultraviolet excesses, are also neglected
timely to examine the statistical properties of resolved bihere because they do not appear in our analysis. These
naries that have been accumulating in the literature oer ttools are either not as relevant to our component resolved
past decade. We have therefore combined the results fronstadies or have not yet been widely applied to many binary
number of relatively small scale studies in order to assenobservations. Relevant references may be fourlditrey
ble around0resolved pairs and use this dataset to examingt al. (1996) andlensen et al(1996) (sub-millimeter and
the relationship between binarity and disk evolution. millimeter), Hartigan and Kenyor(2003) ([OI] emission
In this Chapter we progress through a description dfnes), andGullbring et al. (1998).
disk/accretiordiagnosticgand their application to resolved
binary star studies; Section 2) to highlighting some recer-1. Background
results on diskstructurein binaries (Section 3) to a statis-  Lynden-Bell and Pringle (1974) prescient disk model
tical analysis of the relationship between binarity anddisfor classical T Tauri stars (CTTs) accounted for a number
evolution(Section 4). In Section 4.5 we brie y consider of characteristics of these objects, including atomic emis
how the insights of the preceding section can be applied &lon lines and the relatively atF  distribution of light
the question of planet formation in binaries. Section 5 exat infrared wavelengths. Pioneering infrared observation
amines future prospects and potential projects to advangg¢ young stars indicated the presence of a strong excess
our understanding of disk structure and evolution in youngviendoza1966, 1968) above expected photospheric values
binaries. (Johnson1966) for T Tauri stars. These were largely inter-
preted as indicative of either a spherical dust shell around
2. INNER DISK DIAGNOSTICS IN YOUNG BINA- the young stars studie®from et al. 1971; Strom 1972;
RIES Strom et al, 1972) or free-free emission from circumstel-
How do we know when either circumstellar or circumbi-l2r 9aseous envelopeBreger and Dyke1972; Strom et
nary disks are present in a young multiple star system? ., 1975), althou_gh the suggestion of a circumstellar disk
took over a decade of observations to con rm the existenc’Ucture was raised as early as 198ir¢m et al, 1971,
of simple circumstellar disk structures after the origiold ~ 1972). Early analysis of the IRAS satellite data (eRicin-
servational and theoretical introduction of the concept ifKb 1985) and directimaging of disk-like structures around
the early 1970s (e.gStrom et al, 1971, 1972;Lynden- HL Tau and L 1551 IRS SGrasdalen et al. 1984; Beck-
Bell and Pringle 1974). The paradigm is yet more compli-With et al, 1984; Strom et al. 1985) provided ultimately
cated for a binary systems with multiple disks. Over the lagonvincing evidence in support of disks.
two decades, direct means of imaging circumstellar dis
have become available to astronomers, beginning with mil-
limeter observations in the mid-1980s and ending with thé.2.1. Near- and Mid-Infrared Excesses

recent development of high angular resolution laser guide Qptically thick but physically thin dusty circumstellar
star adaptive optics. Most critically to this chapter, thstl disks around T Tauri stars reprocess stellar ux and give
decade has witnessed unprecedented improvements in gide to excess thermal radiation at wavelengths greatar tha
ability not only to directly image disks and to indirectlyin 1 micron. At larger disk radii, the equilibrium dust tem-
fer their presence, but to detect disks around both Ste”@érature is lower; thus, different circumstellar disk oegi
components of extremely close binary systems, as well @%e studied in different wavelength regimes. For low-mass
larger, circumbinary structures. stars, theJHK (1 2 m) colors sample the inner few

In this section we summarize the methods used to detggnths of an AU, thé. -band B:5 m) about twice that dis-
mine the presence of circumstellar and circumbinary diskgnce, theN -band 0 m)theinner 1 2AU.IRAS and
in multiples. The section is divided into two parts: disk di'Spitzer data Samp|e radii of several to tens of AU. The ex-
agnostics and accretion diagnostics. In this manner we digct correspondences depend on the luminosity of the central
tinguish between observations that detect the disks ther@mr and the disk properties and geometry (e.g., scaletheigh
selves, directly or indirectly, and the observations that a of the dust, degree of aring, particle size distributioegs

.2. Disk Diagnostics



e.g., D'Alessio 2003; Chiang et al. 2001; Malbet et al. 20 m (e.g.,Strom et al. 1972;Knacke et al. 1973;Strom
2001). This results in a spectral energy distribution wheret al,, 1975; Rydgren et al. 1976; Skrutskie et aJ.1990;
the disk and star contributions can be disentangled (Fig. 1$tassun et al2001), but, with few exceptions (e.ghez et
For the nearby star forming regions, binary separation disl., 1994 high angular resolution mid-infrared observations
tributions typically peak at 0:3°°(Simon et al. ,1995; required the development of a new generation of cameras in
Patience et al.2002); for a distance of 150 pc, this corre-the late 1990's for the largest existing (80 m class) tele-
sponds to 45 AU. Therefore, most stars in binaries shouktopes. The Keck telescopes, for example, provide &£9.25
have a direct impact on the circumstellar environments dfiffraction limit at 10 m. Over 80% of the known, an-
their companions, at least at radii of several to a few dozegularly resolved, young binafy -band measurements, and
AU from the individual stars. most of the angularly resolve@-band ( 20 m) mea-
surements, have only recently been publishetMaCabe
et al. (2006). Although far-infrared space-based obser-
vations do not provide the requisite angular resolution to
distinguish between close binary componer@pitzer%
diffraction limit at 160 m is about half a minute of arc),
ALMA will provide unprecedented resolution in the far-
infrared/sub-millimeter regime (see section 5).

2.2.2. Polarization

Linear polarization maps of young stars typically show
an axisymmetric, or "centrosymmetric” pattern. By the late
1980's, these observations were interprete@bgtien and
Ménard(1988, 1990) as the result, in part, of light scattering
from optically thick circumstellar disks. A prescient rerka
from the PP Il paper oBasri and Bertouf1993) notes that
"High resolution near-infrared polarization maps are, how

Fig. 1.— SED of a at reprocessing disk frohiang and  €Ver becoming possible with the advent of 256x256 detec-

Goldreich(1997). The dashed line corresponds to the disfers and AO..." Indeed, by the late 1990's, stunning detail

emission, the dot-dash line to the stellar photosphere, alftithe polarization maps dtlose et al. (1998), Potter et
the solid line shows the total ux. al. (2000), ancKuhn et al. (2001) illustrated the power of

polarization observations for the study of circumsteliad a

The shortest wavelengthHK colors, although useful Circumbinary disksMonin et al. (1998) applied the tool of
(e.g.,Hillenbrand, 1998), are susceptible to contaminatiorP0larization to a sample of wide (&10°) binaries in Taurus.
from re ected light and are highly sensitive to the disk in-M0St recentlyJensen et al(2004) andvionin et al.(2005)
ner gap size (e.gHaisch et al, 2000).L -band data, where Mapped polarization around more than 3 dozen small sep-
the contribution from the T Tauri stellar photosphere de@ration ( 1 10°) binaries §3.1). Given that polarization
creases, offers a far more reliable indicator of the innestmo®PServations can identify the orientation of a circumatell
circumstellar dust (e.gHaisch et al) and reveals a much disk, this provides a unique way in which to test the align-

larger proportion of stars with disks. In the 1993 proceedMent of disks in binary systems.
ings from Protostars and Planets BHdwards et al.sum-
marized the relationships between the Kdisk colors and
the winds off of, and accretion ows on to, T Tauri stars.
This establishment of the usefulness of K colors as a  The proli c work in the 1940's of Joy (e.gJoy and van
disk diagnostic coincided with early studies of binary colBiesbroeck1944) and later of Herbig (e.g-erbig, 1948)
ors (Leinert and Haas1989;Ghez et al. 1991). Since the On'T Tauri type emission line stars laid the foundations for
mid-1990s this diagnostic has been widely used as a cofite study of emission lines in young binaries. Although the
venient indicator of circumstellar disks in small sepamati Source of hydrogen emission lines in young stars was vari-
binaries (e.g.Tessier et a].1994;Chelli et al, 1995;Geof- ously attributed as the result of free-free emission, clorom
fray and Monin 2001;White and Ghe2001;Prato et al, spheric activity, and stellar winds (e.&trom et al. 1975;
2003; McCabe et al. 2006). At 8 10 m class telescopes, Herbig, 1989; Edwards et al. 1987), by the late 1980's
an angular resolution of 0.1%%s achievable in thé -band. Bertout et al. (1988) and others had established a model
N -band observations are sensitive to dusty disk materif" magnetospheric accretiorstrom et al. (1989) canon-
that may surround a young star even in the absence of an i3€d the nominal 18 distinctioninH (= 6563A) line
nermost disk and a corresponding near-infrared excess (e gMmission between weak-lined (WTT) and classical (cTT) T
Koerner et al, 2000;Prato et al, 2001). For more than 30 Tauri stars, which is still - somewhat indiscriminately eds
years, observations have been made of young stars at 10 4@day; albeit with slight modi cations (e.gMart'n, 1998).

2.3. Accretion Diagnostics: Permitted atomic line
emission



As the high frequency of young star binaries became es- If a binary forms through the fragmentation of a disk,
tablished in the mid-1990's, hydrogren emission lines werthen the disks that form around each star are expected to
recognized as a useful approach for the study of circumstdde mutually aligned and also to be aligned with the binary
lar material around each star in the system (¢lgrtigan et orbit. The same is true for binaries that form through core
al., 1994;Brandner and Zinneckefl997;Prato and Simon fragmentation, provided the angular momentum vectors of
1997;Duchene et al, 1999;White and Ghe2001;Prato et the parent core material are well aligned and provided that
al., 2003). Infrared Br ( =2:16 m) observationsHrato the initial core geometry (or the result of any perturbation
and Simon1997;Muzerolle et al. 1998;Prato et al., 2003  inducing fragmentation) does not introduce any other sym-
provide a means of measuring emission lines with the bestetry planes into the problem. Althoudtapaloizou and
possible seeing at longer wavelengths, as well as a methderquem(1995) showed that tidal effects may sometimes
of detecting infrared components not readily seen in vésiblinduce subsequent misalignment of the disks and orbital

light. planes,Lubow and Ogilvig2000) show that the required
) conditions are unlikely to be metin practice. We shall there
2.4. The Young Star Binary Database fore assume that a binary that is created with all its planes

Observations of young binaries that resolve the circunligned will remain in this state throughoutits Class 0,sSla
stellar disk and accretion diagnostics of each component ihand Class Il phases.
volve access to large telescopes with adaptive optics capa-If any of the above conditions are not met, however, the
bilities or space based observatories. Limited accessto subinary will be created with some planes misaligned. For ex-
facilities has meant that the results of such studies have gimple,Bonnell et al.(1992) showed that if the initial cloud
ten been published in papers describing a relatively sma#i elongated and if the rotation axis is oriented arbityaril
number of objects, from which it has proved impossible tavith respect to the cloud axis, then the initial disk and bi-
derive statistically secure results. We have therefore-corary orbital planes are misaligned: in this case, the disk
bined many studies into a single database. In order to qu#ilanes (which re ect the angular momentum of the core)
ify for inclusion in the database, it is only necessary far thare parallel, and misaligned with the binary orbit (which re
binary components to be angularly resolved and located iacts the symmetry of the initial core). On the other hand,
a region with a distance estimate such that the separationaf planes may be misaligned either in the case that the an-
the pair in the plane of the sky is known. Because we restrigular momentum distribution of the initial core is complex
the database to resolved systems, we exclude systems withthat the fragmentation involves more than two bodies.
semi-major axisa < 14 AU. In order to avoid contamina- There are therefore a number of routes by which misaligned
tion with chance projections we also exclude systems witBystems can be created and may be manifest among Class
a > 1400AU. These limits correspond to binaries in the an0 systems. This does not, however, imply that these sys-
gular separation range 6f1  10:0%at the 140 pc distance tems will remain misaligned during subsequent evolution-
of Taurus. ary phases, owing to the fact that both tidal effects and ac-

Although the information available is incomplete forcretion onto the protobinary can bring the system into align
a number of objects, we have60 systems where the ment at a later stage. Therefore the detection of misaligned
spectral type of each component is known, as well as trfgystems is an unambiguous sign of misaligned formation,
presence or absence of disks and/or accretion for eawHiereas aligned systems may either have been created that
component. We shall return to the statistical propemay or else have subsequently evolved into this state.
ties of these systems, and the implications for disk evo- At the earliest evolutionary stages, it now seems in-
lution in binaries, inx4. The database is available atescapable that at least some systems contain misaligned
http://www.lowell.edu/users/Iprato/comgilnairescmc5.htmdlisks.  In these systems, jet orientation provides an ob-

We welcome additions, revisions, and comments. servable proxy for disk orientation since jets are always
launched perpendicular to the inner disk: the detection of
3. DISK STRUCTURE IN YOUNG BINARIES multiple jets emanating with different position anglesnro

a small region is thus an unambiguous sign of misalignment
(Reipurth et al. 1993;Gredel and Reipurth1993;Davis et

A binary system with disks possesses many more ded., 1994;Bohm and So}f1994;Eisloffel et al, 1996). In
grees of freedom than an isolated star. Both stars can hasicases, the parent multiple systems are either unregolve
a disk, they orbit around each other, and the entire systegn are known to be wide binaries (i.e. wigh> 100 AU).
can be surrounded by a circumbinary disk. This de nes 4ess directly, the observation of changes in jet position an
planes: 2 circumstellar disks, the stellar binary orbitd angle have been interpreted as the result of jet precession (or
the circumbinary disk. In a single young star system, onlfwobble”; Bate et al, 2000), induced by misalignment be-
one plane is potentially present, that of one disk. In this setween the disk and the orbital plane of a putative companion
tion we examine some recent observational and theoretiq@handler et al, 2005;Hodapp et al, 2005). The observed
results that shed light on the respective orientations ef tirates of change of jet position angle are thought to be con-
multiple planes present in a binary. sistent with the presence of unresolved binary companions
with separations in the range several t0100 AU. How-

3.1. Disk orientations in binary systems



ever, not all observed instances of changes in jet directi@tarlight is parallel to the equatorial plane of the dislq-pr
can necessarily be explained in these terHisl¢ffel and vided that its inclination is suf ciently large to mask the
Mundt 1997). direct light from the starNlonin et al, 2005). One caveat
The expected timescale on which strongly misalignedf this method is that it does not reveal the actual 3D orien-
disks should be brought into rough alignment by tidatations of disks; two disks with parallel polarization cdul
torques is abow0binary orbital periodsiate et al, 2000); be differently inclined along the line of sight. In princi-
it is thus only in rather wide binaries (i.e. witgh> 100AU)  ple, this other orientation angle can be obtained frosini
that we should expect misaligment throughout their Classnd rotation period measurements, but these are quite rare
0 and Class | stages. However, as the misalignment anglad dif cult to obtain in close binaries and are in any case
() evolves towards zero, the rate of alignment becomesibject to errors attributable to uncertainties in thelatel
proportional to and hence the system may be expectechdius. Howeven\olf et al. (2001) have shown from sta-
to remain in a mildly misaligned state over considerablyistical arguments that if the relative polarization piosit
longer periods. angle difference distribution peaks at zero, then the disks
How are these expectations borne out by observations tefnd to be parallel.
Class Il sources (with typical ages of a fewl(® years)?
The most obvious approach is through direct imaging of 14
disks in PMS binaries. Unfortunately, despite the recent de
ployment of a range of instruments offering high angular
resolution on very large telescopes, circumstellar digks i
TTS multiple systems have only been imaged in few cases
(HK Tau: Stapelfeldt et a).1998; HV Tau:Monin and Bou-
vier, 2000; Stapelfeldt et a).2003; LkH 263: Jayaward-
hana et al, 2002). In each of these systems only one disk 2
is detectable via imaging and is seen edge-on, a favorable®
orientation for detection. In all three systems, the observ
edge-on disk is oriented in a direction quite different from
the projection of the binary orbit on the sky: therefore we
see immediately thatt least some disks in binaries remain
misaligned with the binary orbital plane during the Class Il
phase
Several properties of these imaged systems are notewo
thy: rst, they are all wide binariesa( > several hundred
AU) and are thus consistent with the estimate given above
that disks in binaries closer than 100 AU should be
brought into alignment during the Class 0 or Class | phase.
Second, for HK Tau and LkH 263, the companion to the
star with the edge on disk is itself a close binary system.
Third, in each of these systems only one disk is detectabfdd- 2.— Adapted fromJensen et al(2004) andVionin et
through imaging, although there is some spectroscopic edl- (2005); binaries are plotted as empty circles and higher
idence that the other component does possess a disk. THger multiples as lled triangles. Note the suggestion in
fact that these other disks are not detected through dirdéte data that disks in triples and quadruples are propertion
imaging implies that they are not themselves viewed clos@lly less aligned than in pure binary systems.
to edge on and we can thus infer that the disks in these
systems are not parallel with each other. However, since The net result of these studies is twofold: disk polariza-
only a slight tilt of the other disk away from edge-on carfions tend to be close to (but not exactly) parallel in binary
abruptly reduce its detectability as the central star besomsSystems, but there exist systems with misaligned polariza-
visible directly, this observation only excludes an aligmt  tion, with a few objects having polarization position angle
between the disks to within 15 degrees. differences of 9(°. Jensen et al(2004) argue that it is
Since the publication of PP IV, various studies have beeghlikely that this result is compromised by dilution of the
performed to determine the orientation of binary disks-rela?0larization signal from each disk by interstellar polariz
tive to each other in the plane of the sky. Following the thelion, since, among other evidence, they note that disk po-
oretical computations bgastien and Mnard (1990), and larization tendsot to be parallel in the case that one or
the previous measurementsMbnin et al. (1998),Wolf et other of the two components is itself a close binary system
al. (2001),Jensen et al(2004), andVonin et al. (2005) (see Fig. 2 where we have merged the results flemsen
have used polarimetric observations to determine the relt al- (2004) andMonin et al. (2005)). This supports the
tive orientation of disks in the plane of the sky. The positio Notion that the polarization differences are intrinsicicsi
angle of the integrated linear polarization of the scatterethere should be no correlation between the degree of con-
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tamination by interstellar polarization and the multigiic  ever growing number of discoveries of PMS spectroscopic
of the system studied. On the other hand, there is a plau&iinaries, the number of putative circumbinary disks in ¢hes
ble physical reason for this result: owing to the much largezloser systems has increased. On the other hand, in the case
angular momentum contained in a close binary pair thanaf wide binaries, very few circumbinary disks have been
simple star-disk system, the timescale for torquing a lyinadirectly imaged and, moreover, the low upper limits for
into alignment with the orbital plane of the wider pair iscircumbinary disk masses from millimetre measurements
evidently much longer than that for the alignment of a disk(Jensen et al.1996; see als@4.4) suggest that circumbi-

All of the above discussion relates to binaries that areary disks are weak or absent in the majority of these sys-
wide enough to be imaged (typically wider thA60AU).  tems. However, this conclusion remains provisional on two
However, in the case of spectroscopic binaries, there is tlggounds. First, the very small number of circumbinary disks
possibility of determining the system inclination from thethat have been imaged might not be as surprising as origi-
orbital solution and then comparing this with the inclina-nally thought, when one considers also the relatively low
tion determined from direct imaging of the circumbinaryrate of detection of circumstellar disks by direct imaging;
disk (albeit on a much larger scale). In the small numbesnly when the system geometry is very favorable can the
of systems where this has proved possible, the evidencedisk be imaged easily (see section 3.1 above). Second, there
for alignment between the plane of the spectroscopic binary at least one case in which a circumbinary disk that has
and its circumbinary disk (sedathieu et al, 1997;Prato  beenimaged in CO lines is not detectable in dust as probed
et al, 2001;Prato et al, 2002;Simon et al.2000). by the millimetre continuum (see discussion of SR 24 N

Finally, amongmain-sequencsolar type binaries, it is below). We therefore cannot rule out that wide binaries ei-
found that the stellar orbital planes are aligned with théher possess low mass disks that escape detection in the dust
binary orbit for binaries closer tha#0 AU (Hale 1994), continuum (corresponding to disk massea Jupiter mass)
as one would expect, given the short predicted alignment else that some process, such as grain growth, is reducing
timescales for closer binaries. the dust emission in these systems. Such a process may be

In summary, we have plenty of examples (through imagat work in the GG Tau circumbinary disk (s&8.2.1 be-
ing and polarization studies) of misaligned systems amorgw).
wider binaries (i.e. witha > 100 AU or so), implying In the case of wider binariea ¢ 20 AU), the argument
that at least some of these systems must be formed inirafavour of circumbinary disks as a necessary reservoir for
misaligned state. By the Class Il phase, it would appedhe resupply of circumstellar disks has weakened since its
that binaries in this separation range constitute a mixaéire orginal proposal byPrato and Simor{1997): our analysis
aligned and misaligned systemdnin et al, 2005,Jensen described irk4 below shows that mixed systems (i.e. pairs
etal, 2004). This may imply that wider binaries are formedcontaining both a cTT and a wTT) are in fact common. Itis
in both aligned and misaligned states, or, alternativbbt t likely that, in wider binaries, circumstellar disks evolve
all such binaries are born in the misaligned state and arelative isolation, and resupply might not be a necesaity. |
brought into alignment through tidal torques (which shoulaloser binaries, resupply remains a necessity on the geound
operate on a roughlit®® year timescale for binaries of that the circumstellar disk lifetimes in these close system
this separation). In the case of closer binaries, where divould otherwise be too short to explain the incidence of
rectimaging is not possible, observational evidence fek di componentcTT stars. In these closer systems, circumbinary
alignment can be derived only in the case of spectroscopilisks, as evidenced by their contribution to the spectral en
binaries with imaged circumbinary disks and also througkrgy distribution, remain a good candidate for the resupply
the fossil evidence contained in stellar spin vectors withireservoir. Indeed, in various objects, signatures of accre
main-sequence binaries. Both these lines of evidence poiidn episodes from the circumbinary environment onto the
to close binaries being aligned during the main disk accreentral objects, presumably via their associated circelmst
tion stage. This is expected, given the short predictedhaliglar disks, have been detected. In this section we examine in
ment timescales for close binaries, and therefore gives usore detail several circumbinary disk systems and discuss
no information about thanitial state of alignment of these their properties in terms of disk evolution, circumbinacy a
systems. cretion, and potential for planet formation.

3.2. A sampling of circumbinary disks 3.21. GG Tau

Only a few circumbinary disks have been imaged di- Discovered bySimon & Guilloteau(1992), this cir-
rectly. Ménard et al.(1993) proposed a circumbinary disk cumbinary disk orbits the 0.9%separation pair GG Tau A
to explain NIR images of Haro 6-10, and in 1994, the cirand has been spatially resolved in the optical, (Krist et al.
cumbinary disk that still today remains the most impressive002; 2005), near-infraredkpddier et al. 1996;McCabe
to date was found biputrey et al.(1994) around GG Tau. et al, 2002; Duchéne et al., 2004and in the millimeter
The majority of the currently inferred circumbinary disks(continuum and?CO, e.g.Guilloteau et al, 1999). Beust
are proposed to explain SED emission from warm dust iand Dutrey(2005) investigated the GG Tau A orbit and the
disks with a central hole where the binary resides. With thiner ring gap and nd that a binary orbital solution with



a = 62 AU and e = 0:35 could be consistent with the that mass ratiog (M2/M1), 1, low-eccentricity binaries

data; in this study, the presence of the circumbinary disk should not experience accretion bursts. HoweS8&mpels

used to add dynamical constraints to the central binary syand Gahnm(2004) have recently observed spectroscopic fea-

tem. Using a collection of images at various wavelengthsyres that can be explained by the presence of gas concen-

Duchéne et al. (2004) have shown that grain growth istrations in corotation with the central binary. These gas ac

at work in the midplane of the GG Tau circumbinary ringcumulations might provide further evidence for accretion

within a strati ed structure. This shows that the processesom the circumbinary environment.

leading to planet formation might be at work in circumbi-

nary disks as well as in circumstellar disks. 3.2.6. AKSco

AK Sco is an eccentric spectroscopic binary withlg

3.2.2. SR24N and a separation of 0.14 AU. The circumbinary disk needed
The binary separation in this system is of the same ordés explain the spectral energy distribution possesses-an in

as GG Tau's,32 AU. Andrews and Williamg$2005) have ner hole of radius 0.4 AU within which the binary resides.

observed a 250 AU structure in this system, probably a ciiFhis is consistent with the prediction éfrtymowicz and

cumbinary disk. An interesting feature of their observasio Lubow(1996) for the inner rim of a circumbinary disk in

is that this disk shows no emission in the continuum, posssuch a system. Like DQ Tau, it also shows evidence of

bly as the result of a central gap inside the disk, and is seacretion bursts related to the orbital motion, but not near

only in CO line emission. This suggests that other wide cirperiastron Alencar et al, 2003). Indeed, the Hequivalent

cumbinary disks could have been missed by continuum olwidth peaks at the orbital phase when the stars are farthest

servations, and thus could be more frequent than previousipart.

thought. K-L measurements yicCabe et al.(2006) in-

dicate that both components of SR24N are themselves cTT These puzzling results show that the search for clear

stars. signs of circumbinary accretion onto the central system of
. young binaries is on-going. However, if circumbinary en-
3.2.3. GWOri vironment replenishment occurs only when the binaries are

GW Ori is a spectroscopic binary with an orbital pe-suf ciently close, imaging such systems will be very dif -
riod of 242 days Kathieu et al, 1991) and a separation cult. Future interferometric measurements might allow us
slightly more than 1 AU. These authors used a circumbinarp disentangle the various possible modes of accretion.
disk model to reproduce the mid-infrared excesgG@tm:

GW Ori is one of those spectroscopic binaries in which 4. DISK EVOLUTION IN YOUNG BINARIES

large emitting region is needed to explain the sub-mm Ux4 1 The Need for Resolved Observations of Young Bi-
With an estimated stellar separation of 1 AU, this re- naries

quires an extended circumbinary structure. The presence ) ] ) )

of circumbinary material was even con rmed bjathieu A problem with using ensembles of T Tauri stars for dis-
et al. (1995) who found that independently of any speci cC€MiNg evolutionary trends is that one has to make judge-

disk model, the extended (500AU) sub-mm emission of ments about the ages of the stars concerned. Some stud-
GW Ori was circumbinary in origin. ies have used premain-sequence evolutionary tracks to

ascribe ages to individual systems (elgartmann et al.
3.2.4. DQ Tau 1998; Armitage et al. 2003), whereas others simply as-
sumed that all stars in a given star forming region have a

Like GW Ori, this0:1 AU separation spectroscopic bi- =, .
nary possesses excess emission at longer wavelengths,sl'rq'-"lalr age (e.g.l,_-|a|sch et al, 2000). !n _each case, the as-
ignment of age is subject to uncertainties as a result of bot

dicating the presence of circumbinary material around th

central stars. Further observations have revealed e\kiadent € uncertainties in the pramain-sequence tracks and the

for accretion bursts near the binary periastron in the foirm Oadd|t|onal (cajrtrorls (ljr?trgdulc:etci by platﬂn?_'ll.l?n(;(_-:‘solved system
photometric variability athieu et al, 1997) and increased as Icr)1 pE%S;ie: Iﬂoxlevlfrl ?Nzrskr:gw eriori t&%r?hrg' com
veiling (Basri et al, 1997). These results are consistent ’ ' P

with the prediction byArtymowicz and Luboy1996), who ponents are °°e"5¥'* at least to within 10 years (i.e_. to
showed that accretion streams are likely to link the inn ithin a small fraction of the average ages of T Tauri stars).

edge of the circumbinary disk to the stars. Thus DQ Tauh's statement is based on theoretical models for binary for

s an exampleof  bnary where repenshment om  ofT 107 1 PeSSIL s e
cumbinary structure is at work. y pture.

ber of studies have however shown that this is likely to be a
3.2.5. V4046 Sgr very minor source of binary systems, even in dense environ-
ments like the Orion Nebula Cluste€larke and Pringle
I1’991; Scally and Clarke 2001). Therefore, without any
?eed to rely on the accuracy of preain-sequence tracks,

This pair has an orbital period of 2.4 days and an ecce
tricity close to zero Artymovicz and LubowW1996)'s mod-
els of accretion from the circumbinary environment predic



we can use binary stars as stellar pairs that are guaranteeénce of binarity on disk evolutioror use the binary en-
to be coeval. vironment as just representing samples of coeval stars of
In recent years, each of the diagnostics described in se@rious masses. We will return to this issue in section 4.3
tion 2 has been used extensively to study the timescale ahdlow.
nature of evolutionary processes in protostellar diskgi-Ty ) _ S
cally these studies have not separated the individual corft.2- Overview of the database: separation distribution
ponents in binaries closer than an arcsecond or so. Be- Of binaries and associated selection effects
cause closer binaries constitute more than half of the sys- We have classi ed the binaries in the database for which
tems in the best studied region, Taurus Aurigae, this meaag have been able to assess the presence of a disk in each
that conclusions on disk evolution based on these studiegsmponent as CC,CW, WC and WW. Here C denotes a
are subject to considerable uncertainties. cTT (accreting, disk possessing) star and W a wTT (hon-
For example, the designation of spectral types, and henggcreting, generally diskless) star. The rst and secotd le
masses, to unresolved systems is unreliable; likewise, ther refer to the primary and secondary, respectively. The
detection of a disk diagnostic in an unresolved system dog@gsignation of C or W for each component is based pri-
not in itself indicate whether it is the primary or the secmarily on the criterion oMart'n (1998) for the equivalent
ondary or both components that possess a disk. Theggdth of H as a function of spectral type. In the minority
two factors introduce considerable uncertainties when usf systems for which this is not available, the presence of
ing such data to investigate how disk evolutionary process@r is used instead. In the absence of information on ei-
depend on stellar mass. ther of these diagnostics a cut-off in near-infrared colfor o
Another potential problem resulting from using unrek L = 0:3or mid-infrared coloroK N =2:0isem-
solved data relates to the case in which the distribution Cpfloyed instead. We also consider two additional categories
some observed property in T Tauri systems is used to inf@p and WP, in which the primary is a cTT orawTT and the
therateat which systems pass through various evolutionaryecondary is a “passive disk” object; a non-accreting star
stages. Evidently, this analysis is compromised in the caggat while generally lacking any near-infrared excess also
that the observed property is the sum of quantities arisingossesses a signi cant mid-infrared excess, indicatireg th
from the individual binary components, whose evolutiorpresence of an inner dust disk hoMdCabe et al.2006).
may not be synchronized. For example, the distribution of Table 1 lists the numbers of objects of each type in the
T Tauri stars in the K-L, K-N two colour plane has beendatabase that satisfy certain criteria. The left hand calum
used to deduce the relative amounts of time that stars spelils the number of objects of each type that have the most
with disks that are respectively optically thick or optigal complete information (i.e. binary separation and spectral
thin (“transition disks”) or undetectabl&¢nyon and Hart-  type for each component). Objects in the left hand column
mann 1995). This study revealed the striking result thahave not been reported as possessing additional unresolved
very few systems were located in the transition region afompanions (ak 0:1" separation) to one of the compo-
the two colour plane, and has motivated the quest for diskents, a feature which would disrupt the accretion ow in
clearing models that can effect a rapid dispersal of therinnghat region. The second column (which includes those in
disk (Armitage et al. 1999;Clarke et al, 2001;Alexander the rst column) covers the larger sample of systems with
et al, 2005). Prato and Simor(1997) recognised that in- known separations but not necessarily spectral types for
terpretation of this diagram is complicated by the existenchoth components. Objects in this column also have no re-
of binaries and argued that the small numbers of system®rted additional close companions. The third column lists
with colours characteristic of transition objects implieat  the number of systems with additional close companions.
mixed binary pairs (i.e. one star with a disk and one with-
out disk) must be relatively rare. Our analysixi.3 below L )
shows that mixed pairs do in fact occur quite frequently id 20!€ 1: Numbers of binaries in the database according to
systems whose components have very disparate massesSf#FSi cation; see text for details.
this case, however, the infrared colours of the unresolved

system are then dominated by that of the primary and so C(::V(\:/ ﬁ fﬁ I
such systems do not frequently end up in the transition re- P 2 2 0
gion.

In summary, although studies of disk evolution based Vv\ég i i é
on unresolved systems are indeed valuable, they represent WwwW 12 21 1

a rather blunt instrument compared with that provided by
studies that resolve the individual components of binary
systems. The value of this latter data can only be exploited

if we rst use it to answer a fundamental question: to wha}.or-]rgl Zzgitixr:eenf:ég;se n;xt;e;snl]n ;al-)tl(-asl E)Zg%g?ﬁ;ﬂéa'
extent is disk evolution affected if the disk in question is' ’ : xample, 1t IS possi

located in a binary system? Depending on the answer Qiarles with W primaries are under-represented in this sam-

this question, we caaitheruse the data to explore the in- ple: comparison of in Table 1 with the total numbers of



stars in the Taurus aggregates that are classi ed as cThst occurring in the binaries in our sample, which are rarely
and wTTs, 100 and 70, respectively (Guieu, private concloser than 20 AU. On the other hand, as we mentioned
munication), suggests a mild de cit of binaries with wTT above, there is an observational selection effect agdipst t
primaries. Any under-representation is likely to resudinfr ~ discovery of closer systems with a W primary, so that this
the relative disincentive to make high angular resolutiomight mask any evidence for accelerated disk evolution in
observations of objects which show no obvious accretiocloser binaries.
signatures in their combined spectra. We would expect Fig. 3 also demonstrates that mixed pairs (WCs, and, to a
this under-representation to be more acute at small segasser extent, CWs) are more concentrated at larger separa-
rations (where resolved observations require more effortipns, although again the relatively small numbers of these
and, in the case of WCs, in low-mass ratio objects, whergystems yields a statistically insigni cant result. The KS
the accretion signatures of the secondary are not obviouspnobability of either the mixed binary samples having a dif-
the combined spectrum. In addition, relatively few objectéerent separation distribution from the CC or WW samples
have been scrutinized &t -band, so that further systemsis never less thaB5% We are less inclined to ascribe this
may subsequently be transferred from the CW/WW to theendency to an observational selection effect, since tisere
CP/WP category; we have been rather conservative in ono reason why WCs should be under-represented at small
assignment of passive systems in Table 1, and so have matli compared with WWSs, or why CWs should be under-
included several systems judged to be marginal passive caepresented compared with CCs at small separations.
didates according tMcCabe et al(2006). The numbers of mixed systems (CWs or WCs) com-
pared with CCs is a measure of the difference in lifetimes of
the disks around each component. Synchronized evolution
would imply mixed systems should be very rare, whereas
a large difference in lifetimes would imply that mixed sys-
tems should be abundant. Including also the 4 passive sys-
tems as mixed systems, the total numbers of CCs com-
pared with mixed systems is 37 compared with 24; we have
avoided the complicating factor of close companions by us-
ing the systems in the middle column of Table 1. This im-
plies that the average lifetime of the shorter lived disk is
60% of the longer lived disk. A further point to make
about the mixed systems is that the number of mixed sys-
| tems with a cTT primary compared with a wTT primary is
0 =00 1000 1500 17 compared with 7. Evidently, there is a tendency for the
a (AU) primary's disk to be longer lived, although this is not uni-
versally the case.
We therefore conclude that when one combines all the
available data from the literature, mixed systems are much
Fig. 3.— Cumulative separation distribution of the fourdif less rare than was previously thought. It would appear that
ferent binary category. the reason that we need to revise our conclusions is that the
incidence of mixed systems varies between different star
In Fig. 3 we plot the cumulative separation distributiongorming regions (see alsBrato and Monin 2001). Thus
of the binaries in the central column of Table 1, with theemong the CCs and WWs in the middle column of Ta-
histograms (in descending ordersat 500 AU) represent- ble 1, around half are located in Taurus. However, only
ing CCs, WWs, CWs and WCs. There is no statisticall20%of the mixed systems are located in Taurus. Thus early
signi cant difference between any of these distributioims: studies (e.g.Prato and Simon1997) whose targets were
the case of the two categories of binary with the largest sulmainly in Taurus contained relatively few mixed systems.
sample numbers, the CCs and the WWs, a KS test indicatéfe can only speculate as to why the fraction of mixed sys-
that in the case that the two sub-samples were drawn frotems should vary from region to region. One obvious possi-
the same parent distribution, the probability that the sanbility is if the mixed phase corresponds to a particular eang
ples would be at least as different from each other as obf ages and if different star forming regions have different
served i25%. There is some theoretical expectation thafractions of stars in the relevant age range.
disk evolution should be accelerated in closer systems (see o o
below), which might in principle lead to an excess of Wws#-3.  The distribution of binariesinthea  qplane
at small separations. Although the fraction of close besri To make further progress, we must examine how various
is somewhat higher for WWs (i.67%of WWs have sepa- categories of binaries are distributed in the plane of mass
ration less thad00 AU compared with onl\88%of CCs), ratio versus separation. This necessitates using the reore r

this difference is not statistically signi cant, possibiy-  stricted sub-sample listed in the left hand column of Table 1
plying that accelerated disk evolution at small separatisn

1

0.5

Fraction with separation < a




for which we have spectral type information for each comtral type, we nevertheless nd that both set of tracks are in
ponent. We have checked that the separation distribution bfoad agreement as to whether binary systems are high or
the sub-sample is consistent with that of the full sample; alow g. In the quantitative analysis of tlegdistributions de-
though the difference is not statistically signi cant, wate  scribed below, we usgyy as this is the only quantity that
that there happens to be a de cit of wide G00AU) CC s available for all systems in our sample.
binaries in the sub-sample compared with the full sample, There are several striking features in this gure. As we
which is manifest as the lack of solid dots in the right hanthave already noted, it rst demonstrates that mixed systems
portion of Fig. 4. are not rare and that many of the mixed systems are binaries
with low g. On theoretical grounds (see below), one might
S B — expect that systems where the secondary's disk is exhausted
1 e o 1 before the primary's (i.e. the CWs and the CPs) would be
R o low g binaries. This is borne out with marginal statistical
! I PN I b signi cance when one compares tlgedistribution of the
[ T N$ | CCs with the combined population of CWs and CPs. If we
. .« restrict our sample to binaries closer tHe00AU in order
J o | to reduce the risk of picking up chance projections in our
. . sample, we nd that a KS test reveals that the tgvdis-
1 ) st * ] tributions are different at th2 level. A KS test assesses
4 I the statistical signi cance of thenaximumdifference be-
: R b tween the two datasets, which in this case refers to the fact
| b that 11=28 CCs haveq < 0:6 whereas for CWs and CPs
: : the combined gure isl1=13. We also note that systems
a (AU) in which the primary's disk is exhausted rst are relatively
rare, i.e. fora < 1000AU the total number of WCs and
WPs is 4, compared with the 13 mixed systems with a cTT
primary in this separation range. From Fig. 4, we see that
Fig. 4.— Binaries from the left hand column of Table 1these 4 mixed systems with wTT primaries are not found
plotted in theq; aplane preferentially at lowg, in contrast to what appears to be the
case for the mixed systems with cTT primaries. However,
InFig. 4, lled circles representthe CCs, open circles thave caution that there may be a selection effect against the
CWs, lled triangles the CPs and open triangles the WCsetection of lowg mixed systems with wTT primaries at
We do not include the WWs in this plot since they contairsmall separations.
no information aboutlifferential disk evolution. We note Further analysis of this gure (i.e. division of th@; g)
that we expect the selection effects to be similar for all thdomain into different regimes) is rendered dif cult by the
binaries with cTT primaries and that we expect the selectiosmall total number of objects, so any trends that might ap-
bias against lovg and lowa systems to be more severe forpear to be qualitatively signi cant do not correspond to an
the systems with wTT primaries. impressively signi cant KS statistic. For example, we draw
We have placed binaries in Fig. 4 using the correlatioattention to the fact that for binaries closer tHA9AU, this
between spectral type and mass for stars of age 1 Myr givéaeing the canonical scale of disks around young stis (
in Hillenbrand and Whitg2004). The necessity of having cente and Alve2005;McCaughrean and Rodman2005),
an optical spectral type for each star means our sample thfere aranoexamples of pairs in which the primary's disk is
29 CCs and 11 CWs has excluded any binary containingkhausted rst (i.e. WCs or WPs) and tt2xt3 of the mixed
an infrared companion or Class | source. For each binasystems havg < 0:5 compared with onl2=10 of the CCs
we then calculatepy (i.e. the mass ratid ,=M;) using having such low values af.
the pre main-sequence tracks @fAntona and Mazitelli This behaviour is qualitatively consistent with what is
(1994). For a subset of systems for which both spectraxpected theoretically in the case in which the disks around
types are later than K3, we also compggean , using the each star evolve in isolation, with their outer radii set by
pre main-sequence tracks of Baraffe et al. (1998), alstidal truncation in the binary potential. Tidal truncatioh
listed inHillenbrand and Whitg2000). In Fig. 4, we plot disks occurs at a radius equal to a fad®gg, times the bi-
Oom In each case but linfpy to the corresponding value nary separation, whelqga is plotted in Fig. 5 Armitage
of ggcan in the systems where both components lie in thet al,, 1999;Papaloizou and Pringlel987).
range whereggcan can be computed. We use different Evidently, for binaries at xed separation, the sec-
dashes for different type of pairs. The length of the verendary's disk is always tidally truncated to a smaller ra-
tical lines gives some indication of the uncertainties inhe dius, but the difference only becomes signi cant fpless
ent in pre main-sequence tracks, although cannot in anthan abou®:5. In the case of disks that are not continually
sense be regarded as an errorbagorespite the strong replenished from an external reservoir, the tidal lim@ati
disagreement between the tracks in certain ranges of spef-the disks around secondaries at a smaller radius leads to
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spectively). Nevertheless, in the former system it is thee se
ondary that has lost its disk and in the latter it is the pri-
mary. Because we cannot appeal to non-coevality to explain
this difference, we must assume that the lifetime of isalate
disks is not a strong function of stellar mass in the range
0:1 1M , and, hence, that presumably the initial con-
ditions in the disk (such as initial mass or radius) instead
e : dictate disk lifetime.
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4.4. Implications for disk resupply
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Early studies of binaries in which accretion diagnostics
were separated for each component concluded that mixed
0§ystems are rare (see discussioRiato and Monin2001),
leading Prato and Simon(1997) to argue that the disks
around each component must be sustained and then dissi-
pated in a synchronised manner. It is hard to understand
a more rapid accretion of the secondary's digkniitage ~Synchronised dispersal unless it is effected by some exter-
et al, 1999). This can be readily understood, as disk adla! agent. On the other hand, a low fraction of mixed sys-
cretion depends on viscous redistribution of angular mdeéms can be explained if both components are fed from a
mentum, which, in a freely expanding disk, occurs on £0mmon reservoir over most of the disk lifetime and if,
longer and longer timescale as the disk spreads outward@§ice the reservoir is exhausted, the dispersal of both disks
If a disk is tidally truncated, however, angular momentuni relatively rapid. This explanation was favouredmrato
is tidally transferred to the binary orbit at the point tHa¢t and Simoron the grounds that continued replenishment is
disk grows to the tidal truncation radius. Hence the disk1® only way to explain the presence of accretion diagnos-
dispersal timescale is roughly given by the disk's viscoulicS in the closest binariesi (< a few AU), for which the
timescale at the tidal truncation radius. For a disk with suiViscous timescale of their (highly truncated) disks is much
face density pro le of the fornR 2, the viscous timescale €SS than the system age. In these closest binaries, there is
at radiusR scales roughly aR? 2. Hence, fora in the 900d evidence for circumbinary diskishsen and Mathigu
rangel 15 (Beckwith and Sargeni991;Hartmann et 1997), which can plausibly continue to feed the central bi-
al., 1998), we have that the viscous timescale at the tidal rR&"y Mathieu et al, 1997). In wider binaries, however, i.e.
diusRt scalesa®%® 1. Putting this scaling together with &in the range afew to 100AU, upper limits on circumbi-
Fig. 4, we can therefore see that for binaries wjth 0:5, nary disk masses are 5 Jupiter massesJ¢nsen et al.
the viscous timescales &r are suf ciently similar that 1996) and therefore inadequate to provide substantial re-
the disks should evolve more or less synchronously. TrH€nishment of circumstellar disks. In these wider systems
phase during which the secondary has exhausted its didkiS instead necessary to invoke replenishment through in-
but the primary has not, is relatively brief. On the othef@ll from an extended envelope. Possible evidence for such
hand, for lowergs in the range observed, we expect thé envelope is provided by the millimeter study of young
viscous timescales &1 for the two components to differ binaries byJensen and Akesdq@003) who found that their
by order unity. This means that the time spent by a systeffiteérferometric measurements contairl 85% of the
as a CW is comparable with the time spent as a CC, andX found in previous, single dish measuremerBeckwith

hence, as observed, the two sorts of system should occur§h@l- 1990). Jensen and Akesdherefore speculated that
roughly equal numbers. the additional ux originated in an envelope on scales of

At larger separations, > 100AU, the picture is appar- > /00AU, with the cautionthat the ux difference could be

ently rather different since now mixed systems with wTTdue to a ux calibration issue. However, as it is possible to
primaries start to appear. This suggests that we are now &nceal large quantities of cold dust at large distances fro
tering a regime where the tidal truncation condition exrteth® binary without contributing signi cantly to the milliex

by the binary is no longer the critical factor in determining’® ux (Lay etal, 1994), itis impossible to use this obser-
which disk is exhausted rst, a result that is perfectly com ation to constrain whether the extended emission contains
prehensible in the limit that the binary separation is mucf Viable mass for re-supplying the binaries’ circumstellar
larger than typical disk sizes. We also note that the data fé#SKS- _ o _

the wider binaries (where the disks evolve without obvious ©OUr analysis here however indicates that mixed systems
reference to their location in a binary) provides good evi@re; in fact, common, and thus does not require continued
dence that disk lifetime is not a strong function of stellaféPlenishmentof disks for the binaries in our sample (which
mass. As an example, Sz 30 and Sz 108 are mixed sy80Stly have separations 20 AU). Our results do not re-
tems with identical separation630AU) and similar spec- 9duiré there to be no replenishment, but imply that such re-
tral types for each component (M0.5-M2 and M0-M4.5 reblenishment must occur over a minor fraction of the disks'

Fig. 5.— Truncation radius as a fraction of the semimaj
axis of the binary orbit vs: upper line for primary, lower
line for secondary (from\rmitage et al.1999).
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lifetimes or else be concentrated on to the primary's diskon criteria used in Doppler re ex motion surveys, as these
at late times. This latter possibility is in con ict with nu- tend to exclude known binaries on the grounds that binary
merical simulations of infall onto proto-binarie&rtymow-  orbital motion makes it harder to detect a planetary com-
icz, 1983;Bate 1997; although se®chi et al, 2005 for panion. Among the more than a hundred and fty G to
a recent contrary view on this issue). The simplest inteM stars hosting planetary companions, only 25 are binary
pretation of our results, however, is that the disks evalve ior multiple systems, hosting a total of 31 planets (exoplan-
isolation and that disk tidal truncation in the binary poetenets.org;Eggenberger et al.2004, 2005Mugrauer et al,

tial results in the secondary disk being dissipated somewh2005). Therefore, only arourib%of known planets are in

prior to the primary's disk. binary or multiple systems.
4.5. Implications for planet formation in binaries 6
How do these ndings bear on the probability that plan- ¢
ets are located in binary systems? The presence of a binary
companion may render the existence of planets less likely S+ . .
in two ways. First, binarity restricts the regions of orbita =
parameter space in which planets can exist in stable, cir<l 4

cumstellar orbits, ruling out orbital radii that are withen
factor of the binary separation, modulo the mass rgtio
For exampleHolman and Weiger(1999) have conducted
a study of the long term orbital stability of planets in bi-

emi-major axis
w
T
|

nary systems and nd that a companion star orbiting be- MO
yond more than 5 times the planetary orbital radius doesnotn 2~ ® :
strongly threaten the planet's orbital stability. Secahti- E ® S
narity reduces disk lifetimes (in the primary or secondary&ts @
or both) then it may reduce the probability of planet forma- 1 . . b
tion, since there may be insuf cient time for slow processes ® ® .
(such as those involved in the core accretion model) to op- 0 . & ‘ ‘ ®@
erate before the disk is dispersed. For exampiebault et 0 0.2 0.4 0.6 0.8 1
al. (2004) nd that the formation of the observed planet at .

Mass Ratio g

2 AU in the 18 AU binary Cephei requires the presence
of a long lived and massive gas disk. In the absence of such
gas, secular perturbations by the binary companion gendfig. 6.— Distance from the planet to its central star (com-
ate too high a velocity dispersion among the planetesimai®nent of a binary) vs mass ratio. The encircled points are
for runaway accretion to proceed. the ones for binaries with separation less than 500 AU.

The present study, however, nds that the in uence of
binarity on circumstellar disk lifetime is rather mild ineh ~ Fig. 6 and 7 show the orbital properties of the binary
systems with separations 20 AU. The fact that the sep- Systems known to host Doppler re ex motion planets. As
aration distribution of diskless binaries is indistinduible ~ expected, the sample is strongly biased towards larger sep-
from that of binaries with disks suggests that disk dispe@rations: planet search programs do not typically monitor
sal is not strongly accelerated for the closer binaries iRinaries with separations less than2% corresponding to
this sample. Concerning differential evolution betweem thseparations in the range 2 AU at the distances of the
disks around primaries and secondaries, we found that tk&yget stars\(alenti and Fischer2005). Because the me-
overall statistics of mixed systems versus CC systems indian binary separation for G stars 3 AU (Duquennoy
plied that the shorter lived disk (usually the secondary'sgnd Mayor 1991), it is evident that a large fraction of bi-
had a mean lifetime of 60%that of the longer lived disk. naries have been excluded from such surveys. There is also
Unless there are processes in planet formation for whidhe possibility of an observational bias towards kpan the
a factor2 difference in disk lifetime is critical, we con- grounds that low-mass companions are more likely to have
clude thatircumstellar planet formation is not likely to be been overlooked when initially selecting the radial vetpci
strongly suppressed in the case of binary secondaki¢s targets.
therefore expect planets to be formed around both compo- It is immediately obvious from Fig. 7 that the ratio of
nents in binary systems wider than 20 AU. The recent binary semi-major axis to planet semi-major axig«a) is
numerical simulations ofissauer et al.(2004) andQuin-  extremely large, generally in the rang@0 1000and in
tana et al.(2005) (see alsBarbieri et al, 2002) are ingood all cases> 10. Itis therefore unsurprising, on the grounds
agreement with this resuilt. of orbital stability, that planets are found in these system

The observational situation regarding the detection dfloreover, the binaries in Fig. 7 are in the same separation

planets in binary systems is strongly skewed by the seletange that we have studied in Section 4.2, where we found
little apparent dependence of disk lifetime on binary sepa-
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6 5. FUTURE DIRECTIONS

The most formidable obstacle to furthering our under-
5 | i standing of disk evolution in young binaries is the rela-
. tively small size of our database. Although our compila-
tion of around 60 binaries with complete spectral type and
disk diagnostic information for each component represents
tremendous progress in the last decade, it is nevertheless
too small a sample for us to be able to divide it into sub-
categories according to, for example, separation and sub-
. sequently derive statistically signi cant results. There

2L e . . _ however good prospects for increasing the sample size. In
our database of 170 total systems, we estimate that we
3 can derive complete properties for approximately another
1+ . b half dozen systems based on extant data. An additional 28
. . systems with separations 5f1°°can be characterized with

0 . A M a 2 3 m class telescope in a site with good seeing, such
10 100 1000 104  as MaunaKea or Cerro Tololo. A further 3 dozen systems
have separations between §and 1.6° For these pairs it
would be straightforward to characterize each component
with low-resolution spectroscopy behind an adaptive gptic
Fig. 7.— Distance from the planet to its central star (comsystem, or an integral eld spectrometer unit, at al® m
ponent of a binary) vs binary separation class facility. The results of such observations would more
than double the young binary sample. Furthermore, our

. . database was compiled from a limited number of references
ration. We would therefore not expect planet formation tg _ " . .
E is certainly far from complete. We anticipate the on-

, ) n
be suppressed in these systems on the basis of reduced (Zl'gmg compilation of additional objects and improvement

lifetime. ; . . .
in the quantity and quality of data for objects already tiste
We stress that the current data cannot be used to deter—Larger samples of binaries with known properties in a

mine whether planets are preferentially found around bj-_ . . . : .
o i . X variety of star forming regions with a range of estimated
nary primaries or secondaries, since in almost all cases @

is onlv the primary that has been a radial velocity targe es will allow us to test the extremely intriguing notion of
Y P yu Y 1arge o regional dependence of the fraction of mixed systems.
In only two systems is the planet detected around the s

.~ °“The data in this paper, as well as data obtained in the ear-
_ondary component (16 Cyg _and HD 17.8911).' L'ke\.'v'sel’ier studies ofPrato and Simor(1997),Prato and Monin
it would be premature to derive the statisticscortumbi-

. 2001), andHartigan and Kenyon(2003), suggest a low
nary planets To date, there is one system, HD 202206, th raction of mixed pairs in the Taurus region. Could this be

might be described as containing c!rcum.blnary planet, Iﬁe result of a younger age for Taurus than the other regions
though the mass ratio of the central binary is extremely Iovxf

the central companion s itself in the brown dwarf/plangtar rom which our sample is culled? s it simply a selection
. mp vart/plang effect, or a result of small number statistics? If a real and
regime Correia et al, 2005). From a theoretical point of

view, Moriwaki and Nakagaw#2004) have claimed that in age-dependent effe_gt, the mixed system frat_:tlon may yield
. ) . a unique and sensitive approach to estimating the ages of
the case of a binary of separatibAU, planetesimal accre-

. ) . star forming regions.
tion should be able to proceed undisturbed at radii greater With high-resolution spectroscopy of both components

tha_n .13 AL.J from the barycgntre._ This relatively large in young binaries more detailed properties may be exam-
region in Wh!Ch plan_et forrr_1at|on r_mght be expect_ed to b"Fned. For example, with multiple epoch observations hi-
suppresse_d in the circumbinary disk means that 't. may IOeerarchical spectroscopic binaries might be identi ed in bi
problematic to detect planets through radial velocity mea;

RS hary component stars. The individual rotation propertfes o
surements around all but the closest binari@sintana et y P brop

. . _the stars in close pairs could also be examined and com-
al. (2005) calculate, however, that for binary separation P

of <0.2 AU. the arowth of planetesimals into a svstem 0ﬁared with the circumstellar disk properties to better unde
o 9 0! planetesimals ys stand the evolution of angular momentum in young bina-
terrestrial planets is statistically indistinguishalstenh sim-

. . . . ries (Armitage et al. 1999). High-resolution observations
ilar simulations for single stars. Surveys for planets atbu @ 9 ). Hig

) . S of accretion line diagnostics, such as hydrogen emission
single-lined, spectroscopic binaries (e.Bggenberger et . . .
al., 2005) have only recently begun. When data are avait—nes’ could provide a unique approach to the measurement
at;]e thev should ?lovide intyeres%in .constraints f how accretion is apportioned between the two stars in
 they P 9 ' spectroscopic binaries. Such observations at infrare@wav
lengths would provide a better opportunity to observe emis-

sion lines from both stars, even for systems with large con-

major axis (AU)
N

Planet semi

Binary separation (AU)
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tinuum ux ratios (e.g.Prato et al, 2002). Basri G. and Bertout C. (1993) IArotostars and Planets II(E.
An interesting problem raised McCabe et al(2006) is H. Levy and J. . Lunine, eds), pp. 543-566. Univ. of Arizona,

the origin of the passive disk phenomenon. By combining Tucson.

resolved near- and mid-infrared observations with longe#@sri G., Johns-Krull C. M. and Mathieu R. D. (199%§tron. J.,

wavelength Spitzer data and astrophysical information for 114 781-792. .

the binary stars themselves, i.e. masses, it will be posﬁgs“en P. and Ménard F. (19885trophys. J., 326334-338.

. astien P. and Ménard F. (199@%trophys. J., 3648232-241.
ble to test the premise set up @larke et al. (2001) and Bate M. R. (1997)Mon. Not. R. Astron. Soc.. 28%-32.

Takeuchi eft aI.(2005_), name_ly thata population of YouN9pate M. R., Bonnell I. A., Clarke C. J., Lubow S. H., Ogilvie
systems with large inner disk holes exists around higher | pringle J. E. and ToutC. A. (200B)on. Not. R. Astron.
mass stars that have previously beenidentied as wTTs.  goc., 317773-781.

The advent of very high resolution interferometry, inBeckwith S. V. W. and Sargent A. I. (1998strophys. J., 381
both the optical-infrared as well as in the millimeter 250-258.
regimes, will provide an unprecedented view of the oriBeckwith S. V. W., Zuckerman B., Skrutskie M. F., and Dyck
entations of disks in binaries even at circumstellar scales H. M. (1984)Astrophys. J., 287793-800.
Already progress has been made using the Keck Interfdg&ckwith S. V. W., Sargent A. I., Chini R. S. and Gustem R919
ometer Patience et al. 2005) and the VLTI Malbet et Astron. J., 99924-945. ,
al., 2005). The ALMA interferometer, anticipated for rst Berout C., Basri G. and Bouvier J. (1988ftrophys. J., 330

light in the next 3 4 years at partial capacity, will provide >0 2>
: Y P pacty, P Beust H. and Dutrey A. (200%stron. Astrophys., 43%85-594.

unprecedented images of the cool, dusty disk structures. g, all1. A. and Bastien P. (1998strophys. J., 401654-666.
These new generations of facilities will enable entirelyzonnel 1. A., Arcoragi J.-P., Martel H. and Bastien P. (1p92-

new studies, which will go far beyond the issue of sim-  trophys. J., 40p579-594.

ple existence of disks in binary systems. Instead it will b8ohm K.-H. and Solf J. (1994strophys. J., 43®@77-290.
possible to measure haslisk propertiessary as a function Brandner W. and Zinnecker H. (199&stron. Astrophys., 321
of binary properties such as separation, mass ratio, angu-220-228.

lar momentum, magnetic eld strength, etc. For exampleBreger M. and Dyck H. M. (1972jstrophys. J., 175127-134.
an instrument such as ALMA will enable us to study diskchandler C. J., Brogan C. L., Shirley Y. L. and Loinard L. (3p0
particle size distributions as a function of binary separat Astrophys. J.,, 632371-396.

Optical-infrared interferometers could provide data on inChelli A., Cruz-Gonzalez 1. and Reipurth B. (199%jtron. Astro-

. . - phys. Supp., 114.35-142.
ner disk structure as a function of magnetic eld strength(:hialng E. 1. Joung M. K., Creech-Eakman M. J., Qi C., Kessler

Numerous such exciting possibilities for future study exis ;. E., Blake G. A. and van Dishoeck E. F. (20@trophys.

K led hank th f J., 547 1077-1089.
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