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Definitions

Multiple /Double Stars: a

group of stars close to each
other

Visual binary:

gravitationally bound

Trapezium

(visual multiple)

system

Optical binary: not bound

Mizar & Alcor (optical binary) ‘-
O O I"lii



—_—
—_
—

Separations

Apparent: angular separation on sky ("

Projected: separation in plane of sky at
_distance of binary (AU)

T~
—_——

True: actual physical separation at time
of observations (AU)

Orbital: semimajor axis of center-of-

mass orbit (AU)
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Flux and Mass Ratios

Flux ratio: relative brightness

Mass ratio (q): relative mass (M,/M,; < 1)

2MASS 1225-2739AB, Amag = 1.6

1.0 ]

! = NS
Caveat emptor! o N X T
Changing absorption features, ¥ L A0C g
H-burning boundary and 37\ ——
age/mass degeneracy makesa = // 051015 20,25 30

. ' LO primary (2380 K)

1-1 mapping between flux and O primay (1300 0

mass ratios uncertain. 02! Simulation of q(AK,t,SpT-A)

0.01 0.10 1.00 10.00

Age
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Learn Your Fractions

Multiplicity fraction = fraction of systems that are multiple

Em <Nb1n T Ntrlp T Nquad >/Nsys
ey ~ &g = N,/ Nqys

Single star fraction = probability that a given star is single
fs - Nsing/Ntotal =1- <2Nb1n T 3jL\Itrlp T 4Nquad T '>/Ntotal
N = Naoo T 2N, + 3N+ 4N

total sing trip quad
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Distributions

Frequency

Mass ratio distribution = f(q)

= frequency of binaries as - |
function of M,/M, I

Separation distribution = f(«)

= frequency of binaries as a

Frequency

function of (projected)
separation - also shown as a

period distribution

-0.5 0.0 0.5 1.0 1.5
g0 o (AU)

Q Burgasser et al. (2006) O U



*Direct imaging, eclipses (transits), overluminous
(clusters), astrometric wobble, microlensing;

Advanced methods: adaptive optics, coronagraphy,
spectral difference imaging, combinations of the

above!

Observational Methods

Imaging

— Optical Z 7 H K T
I N =
/\‘\ | /L'{h
L // “\“ ‘J/ ‘ "/\\ A
\ N // ‘\
i 0 =l
q /}ﬂ El- -
% | CH 714 "
\\ [ mo H,0 H,0 1,0 o
L Cs1 o
CH, c
1.2 ‘ T Tos T os . oa 0.2
1/ ()
Spectroscopy

Radial velocity variability (SB1
& SB2); spectral synthesis
modeling (new!)
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F-K dwarfs, d < 25 pc

Stellar Multiplicity

« Multiplicity fraction decreases with mass

— A-B stars ~ 80% (Shatsky and Tokovinin 2002;
Kouwenhoven et al. 2005)

— G dwarfs ~ 65% (Duquennoy & Mayor 1991)

— M dwarfs

o ~42% (Fischer & Marcy 1992)

o ~ 27% (Reid & Gizis 1997, Delfosse et al. 2004)
for volume limited samples

« Separation distribution is broad (0.1 AU - 0.1
pc), peaks ~ 30 AU (G-M dwarfs)

* Mass ratio (q) distribution is flat-ish
(separation-dependent), companions
apparently drawn from same IMF

O

Abt & Levy (1967); Abt (1987); Henry & McCarthy (1990);
Duquennoy & Mayor (1991); Fischer & Marcy (1992); Mayor et
al. (1992); Mazeh et al. (1992,1996,2003); Reid & Gizis (1997);
Delfosse et al. (2004)
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M2/M1

Fischer & Marcy (1992)

Stellar Binaries

G and M dwarfs have:

* Similar period distributions

* Somewhat different mass ratio
distributions - but both
consistent with random
assignment from IMF

Indicative of common
formation mechanisms
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Known VLM Multiples

As of April 2007:

85 multiples with M, < 0.1 M,
38 have M, = 0.072 Mg

78 identified via direct imaging

. . . L 2MASS 1207-3932AB
7 identified via RV variability Chauvin et al. (2004)

1 identified as an eclipsing system (2MASS 0535-0546; Stassun et al. 2006)
10 are companions to more massive primatries

4 are possible higher order VLM systems
67 are systems in the field

11 are members of young (< 10 Myr) clusters/associations

See http://paperclip.as.arizona.edu/~nsiegler/VLM_binaries/
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General Properties of VLM Binaries

(Burgasser et al. 2007 PPV Chapter, and references therein)

1. Relatively rare (g5 = 10-20%)

*different from stellar binaries!

2. Mostly “tight” systems (89% have « < 20 AU)

*different from stellar binaries!

3. Mostly equal-mass systems (76% have q = 0.8)

*different from stellar binaries!

Do differences indicate brown dwarfs form differently than stars?
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Mass Ratio Distribution
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Mass Ratio Distribution
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Mass Ratio Distribution

Fraction of VLM Binary Systems
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Separation Distribution
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Separation Distribution

Fraction of

Systems

VLM Binary

peak ~ 4-6 AU
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Separation Distribution
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Separation Distribution

peak ~ 4-6 AU
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peak ~ 4-6 AU

Separation Distribution
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—_— The Binary
Fraction

o' e 190 |
From imaging studies,
or - apparent €5 = 20%
?‘" i I ' Selection effects:
£ et on (1) Magnitude-limited

Marchal et al. (2003) HT | Samples (’U’)
|

I | . (2) Resolution limits ()
20 Reid & Gizis (1997) ‘
S SEER(3) Sensitivity limits (f})
A this work
10 - | [—Bouy et al. (2003) |
Siegler et al. (2005) 7 1

Correcting for (1)
Burgasser et al. (2003)
o = g5 ~ 10-15%

Spectral Type

Bouy et al. (2005) Reid et al. (1997); Bouy et al. (2005);

White et al. (2006)
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Missing the close ones?

Pinfield et al. (2003) & Chapelle et
al. (2005): unresolved overluminous
sources in young clusters suggest

£, = 30-60%

Maxted & Jeffries (2005): analysis of
early spectroscopic binary results
indicates €, = 17-30% for 2 < 2.6 AU

= E€g = 32-45% for all VI.M binaries

Burgasser (2007): overluminous
(unresolved) L/T transition objects

suggests €5 = 24-53% for brown

dwarfs.

O O I'ir




70

D The Binary
uqugnnoy
R SN | Fraction
50| |
S wl & Fischer & Mary (1992) | The \/ | M/BD multlple
E — | fraction may be much
a0l + higher than currently stated
hEJ Marchal et al. (2003) .
: i if there are a large number
20 Reid & Gizis (1997) il of spectroscopic binary
— systems
10 Siegler et al. (2005) 7 e |
o o Are most VLM stars and
° s o« wm o T BDs in multiple systems?

Spectral Type

Bouy et al. (2005)
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Mass vs. Separation

Circles sources are younger than 10 Myr
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Mass vs. Binding Energy

Circles sources are younger than 10 Myr
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Common Outliers -~

« 2MASS 1207-3932AB (42 AU): member of =8 Myr

low density TW Hydrae association, still accreting
(Chauvin et al. 2004, 2005)

 2MASS 1101-7732AB (242 AU): member of =2 Myr
Chameleon | low density association (Luhman 2004)

« Oph11AB & 16AB (243 & 212 AU): members of =5
Myr low density p Ophiuchus cloud complex (Allers
2005; Jayawardhana & lvanov 2006; Close et al. 2006)

« 2MASS 0126-5022AB (5100 AU!): probable member
of =8 Myr low density TW Hydrae association (Artigau
et al. 2007)

« *DENIS 0551-4434AB (220 AU): old field M9/LO pair
(no Li | absorption) at 100 pc = very rare? (Billeres et
al. 2005)

K SOF1 —_—
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How do formation models compare?

UK Astrophysical
®%:=Fluids Facility

SPH simulations (gas —
stars) predict low VLM
binary fractions (< 5% to
8%0) and wider binaries for
high density clouds = not
in line with observations.

Limitations of sink particle
size/ Newtonian softening?

Bate et al. (2002)
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How do formation models compare?

e o7 —= N-body simulations
N sep: 1as Jd
0.8- ------ 2 step:random Tokovinin02 | — (dynamics of small
C - ]
@] .
ke roups): reproduce
g | | groups): reprod |
T 06 Duguemoy & . decrease of binary fraction
I - - y
; Mayor 91 . .
g Fuce sy 3 | with mass, median
-_._g' 04__ Marchal of at /Y Leinert et al 97 i Separation ~ 3 AU) feW
_— _ Marcha g_a& b
3 L ‘_‘_%;-:,_L N\ h\k\hl,‘ J
= 02 _ Reid et al. 0] -77"/ // Rad&lGizizg%ﬁaaf‘w.,J\J,\\ _ Vefy ClOSC SYStCmS:>
ll 4 —A better match to data

Close gt él. 03 | ;
e / | Reid & Giziz 97 (Hyades)

0.0 ;,, -~ __Ma'lf{;'ﬁ;tal. 00 | (Perhaps)

0.01 0.10 1.00 10.00
Primary Mass [Msol]

Sterzik & Durison (2003)
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Mass Measurements

Several systems have now been monitored
for spectroscopic and/or astrometric orbital
motion

Resulting mass measurements provide first
real empirical tests of theoretical
evolutionary models

VLT/NACO
22 Mar. 2003

vy

VLT/NACO
18 Feb 2003

L

Keck/NIRC

4 Dec. 2003
HST/ACS/HRC

21 Oct. 2002

.L HST/STIS

9 Jan 2004

2MASS 0746+2000AB
Bouy et al. 2004

.

GEMINI/Hokupa'a
7 Feb. 2002

s

“~

L4

HST/WFPC2
25 Apr. 2000

2MASS 0535-0546AB
Stassun et al. 2006
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R/Rsol
0.2
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0.1

0.1

Observations v. Theory

| J | ' |

CONDO3 models

| 1 | 1 |

0.08 0.06 0.04

Mass (Msol)
Zapatero Osorio et al. (2004) for G] 564Bab

Results for young systems GJ
564Bab (Zapatero Osorio et al.
2004) and 2MASS 0535-
0546AB (Stassun et al. 2006)
suggest predicted substellar
radii that may be too small
at young ages.

O
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Stassun et al. (2006)

O

2MASS 0535-0546AB: Only

Eclipsing Brown O

prima
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prima:

'warf Binary

Young (= 1 Myr) system,
masses 0.05 & 0.03 Mg,
P = 9.8 days

Unexplained
temperature reversal -
indicative of magnetic
effects? Accretion?
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2MASS 1207-3932AB: Accreting
Brown Dwarf + “Planet”?

M8 + L:: identified by adaptive
optics, member of =8 Myr TW
Hydrae association (d ~ 50 pc)

Primary exhibits optical & X-
ray accretion and IR excess

Secondary M = 3-8 My, ;.
(model-dependent)

Chauvin et al. (2004)

Gizis (2002); Jayawardhana et al. (2003); Mohanty et al. (2003,2005,2007); Chauvin et al. (2004, 2005); Sterzik et al.
@()4); Gizis et al. (2004; 2005); Mamijek (2005); Scholz et al. (2005, 2006); Song et al. (2006)
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\\\ Binary Lithium Test
. \% 5
wélzfj D_‘ .
woIn77 * % Detection/absence of the
& 6708 A Li1 line in the
] & spectrum of either
component of a late-type M
or L. dwarf can provide
ST constraints for both
34
~ components, assuming
Q 36 .
G coevality (Liu & Leggett 2005)
38
46 S’E 0.080
o w40
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Burgasser et al. (2006, in prep)
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SDSS 1534+1615AB:

Q Liu et al. (2006)

Binaries and the L/T Transition

Transition between L and T spectral types poorly
understood, but there are an abundance of binaries
amongst them (~40% compared to ~20% observed) .

Binaries reveal brightening at 1.05 & 1.25 uym
between early- & mid-T possibly indicative of
nonequilibrium loss of condensates (aka weather?)

SDSS 1021-0304AB: Burgasser et al. (2006)




Brown dwarfs as companions

40T T )
Planetary Brown Dwarf ! Stellar !
[ Companions Companions | Companions |
351 ‘ {
[ ‘ . Brown dwarfs are very rare as
| ] :
30 | 1 close companions (< 5 AU) to
» [ ] Corrected Less Biosed Somple
i rj; Detected Dopple~r Companions (F’ < 5 years) Sta rs: “brown dwarf desert”
25: [7/] Subset Not Monitored by Exoplanet Surveys

At wider separations, brown

dwarf companions are more

common (2-15% for 30-1600
AU; Metchev 2005)
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|
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10-3 10-2 10! 100
Companion Mass Mz [Me

Grether & Lineweaver (2006)
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Binaries as Companions

Many wide BD companions to nearby stars are
themselves binary = excellent laboratories for

F . | testing models

0.101 arcse

Saldelad Some indication that companion BDs are more
GJ 569Bab: frequently binary (Burgasser et al. 2005): a

Martin et al. 2000; Lane et al. S,
2001; Zapatero Osorio et al. 2004 clue to formation®

Epsilon Indi Bab: -

H:0 . H,0

McCaughrean et al. 2004 - RN L

HD 130948Bab: L
Potter et al. (2002) AR N al

Wavelength (um)




Double planets

As of 2006, there are
(officially) no double
planets known! (Earth-
Moon and Pluto-Charon
were closest contenders)

Several multiple planet
systems are known
(including Solar System!)

Pluto & Charon: demoted
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Planets in binary
systems

> 23% of known EGPs
reside in multiple systems
(Raghavan et al. 2006),
including one with a brown

dwarf (HD 3651; Luhman et al.
2006; Mugrauer et al. 2006)

Simulations indicate that
habitable terrestrial planets
can be formed in systems

with gg > 10 AU (Quintana et
al. 2006)
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