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o1 Multiple frequency (MF) = ¢
- S+B+T+Q
0.0 : = . B+ 2T + 30Q)
-2 0 2 4 Companion frequency (CF) =
log a (AU) S+B+T+Q
Table 1 Multiplicity properties for Population I main-sequence stars and field brown dwarfs
Multiple
system/companion
Category Mass Range (M) frequency Mass ratio distribution Orbital period distribution
VLM/BD <0.1 MF = 22'*_'2% y=42£10 Unimodal (log-normal?)
CF=22"%% i~ 4.5 AU, o100 p 2 0.5
M 0.1-0.5 MF =26 £ 3% y=04+0.2 Unimodal (log-normal?)
CF =33 +£5% a=~53AU g1gp ~ 1.3
FGK 0.7-1.3 MF = 44 £ 2% y =0.3+£0.1 Unimodal (log-normal)
CF =62 £ 3% =45 AU, o1, p ~ 2.3
A 1.5-5 MF > 50% y=-0.54+0.2 Bimodal
CF = 100 + 10% P ~ 10 days and 7 ~ 350 AU
Early B 8-16 MF > 60%
CF = 100 &+ 20%
(e} >16 MF > 80% ylogP<35 = _0.14+0.6 Peak + power law
CF =130 £ 20% | y*='04U = _0.5+0.1 P~5daysanda < —1 3
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Equal-mass binaries are frequent for all

binary parameters (mass and separation)
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Introduction: Binary/multiple star formation

IS major mode
Multiple frequency s = 50 — 5000 au

o
fed

(this work)

o o
(@] ~
| 1 |

SMA

o
o
|

(Connelley et al. 2008)

.

o
w
|
|

(Duquennoy & Mayor 1991) |

Multiplicity Frequency
(@]
N
|

0.2 § i
0.1 4 Embedded Protostars MS (solar type)
| protostars (IR) (Optical)

0.0 (sub-mm/mm)

Class 0 Class | Main Sequence
The Evolution of Stars

B+T+0 Chen+ 2013
S+B+T+(Q  doi10.1088/0004-637X/768/2/110

~

multiplicity frequency (MF) =



Binary/multiple depends on stellar

masses for MS

MF, CF

15+

1.0

0.5

0.0

Duchéne & Kraus 2013

https://doi.org/10.1146/annurev-astro-081710-102602
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Stellar mass (M)

MF: fraction of multiple systems
CF: average number of companions per target


https://doi.org/10.1146/annurev-astro-081710-102602

Companion Star Fraction

0.10[

0.08 :
0.06 :
0.04 :
0.02 :

0.00

Wide binary [Ci&:&

T
This Work

Duquennoy & Mayor
Duquennoy & Mayor

é

1991

199 13 log—normal fit

Binary Fraction

2.5
log(separation) (AU)

3.0

Connelley+ 2008

0.6

©
»

o
w

o
N

HEiE

ELE &EBITHD

Seporotnons from 2 98 to 3 65 Iog(AU)

0.5F

0.1F

O'O:.

L

2.0

Spectral Index

http://dx.doi.org/10.1088/0004-6256/135/6/2526

9


http://dx.doi.org/10.1088/0004-6256/135/6/2526

E R TR E D L ER

Binary Fractions of Young Clusters
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Disk fragmentation PHAEY  pFEQY
RN

Matsumoto & Hanawa 2003
doi:10.1086/377367

Vizualization: 4D2U
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Bate+ 19
doi:10.1093/mnras/stz103

=7, 0 yr

Turbulent fragmentation, w/ radiation, w/o B-field

log(Col. Density [g/cm?]) Matthew B
atthew Bate

=1 0 1 University of Exeter
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Bate+ 19

Turbulent fragmentation, w/ radiation, w/o B-field doi:10.1093/mnras/stz103

115009 yr  Matthew Bate
Z=7¢ University of Exeter
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EEFMD X Z X LIFFRAR

EEEE (s<10au, My =0.1 - 1.5 Mg) ODFERA NI =ZXLDDEE

Metallicity Numbers of close binaries formed by various formation mechanisms Total
Zp) Separate-SD Filament-SD Exchange Filament-Network Disc-Frag

0.01 3% 7 4 0 Sx 17
0.1 10 el 3% 0 3% 19
1 2% 12 1% 6 5 25
3 i 2 7 0 0 16

Separate-SD: Bl D7 /7« T XY N TERB L. E-ABEEERTEEIC
Filament-SD: U7« 2 XY N TR L. E-FHEBEEER TERZIC

Exchange: ZEEXRRLTHHEHEER

Filament-Network: 74 XY Ry N T =0 THHUL., NEEEERE THEELZIC
Disc-Frag: FI#&3d

Bate+ 19
doi:10.1093/mnras/stz103



Disk fragmentation in turbulent fragmentation

w/ very high resolution.

log column density [ g/cm?] log column density [ g/cm?]
0 1 2

Non-ideal, po=3 Non-ideal, po=5 TNon-ideal, yy=10 TNon-ideal, py=20

Ideal MHD Non-ideal MHD Ideal MHD

-0.015

-0.01 -5x1073
x [pc]

t=1.45t¢

Ideal, po=3 Ideal, po=5 Ideal, po=10 Ideal, puo=20

log column density [ g/cm?]

Wurster, Bate, Price 19
doi:10.1093/mnras/stz2215

Sink radius =

x [pc]
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ALMA reveals diversity in binary/multiple
formation (turbulent fragmentation)

Credit: ALMA (ESO/NAOJ/NRAOQ),
Lee et al., ESA/Herschel/PACS

Lee+ 2017
https://doi.orq/10.1038/s41550-017-0172

Ad (arcsec)
I (mJy beam™

A« (arcsec)


https://doi.org/10.1038/s41550-017-0172

ALMA reveals diversity in binary/multiple

formation (disk fragmentation)

18

- 16
Disk is gravitational unstable.

Q~1

+30° 45 16.0” L 14
-12

-10
+30° 45" 15.0”

A+B=1M sun
(from rotation)
C > 0.085 M_sun
(from dust emission)

Declination (J2000)
(weeaq Jad Apwl) Alsusp xn|4

+30° 45" 14.0”

1.0” (230.0 Av)

+30° 45’ 13.0” L1448 IRS3B
3h25min36.4s 3h25min36.3s 3h25min36.2s Tobin+ 16
Right ascension (J2000) Nature
ALMA 1.3 mm
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ALMA reveals diversity in binary/multiple

formation (disk fragmentation?)

Intensity (MJy sr 1) Intensity (mJy beam™!)
500 5 10 15

50 250 1000 2000 4000 8000 1 20 25 30 35 40
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BHBO7 11 in B59 core
ALMA 1.3 mm

Alves+ 19 (Science)
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_— hel 250 un o] j Q ~J 39
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‘ IB-S Gravitationally stable.

29'00.0"S

27°0432.4" B c .
’ Filaments are due to
dynamical interaction btw

326" 8 .
* L stars and disk
8 |
S P i g
% 32-8" = 7 2.0 8
= i 4 >
s 1 £
.E b d15 2
© 2
I C
3 33.0" 8 £
I L 11.0
33.2" — 0.5

S e U T M
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Diversity: Observed asymmetry in CBDs

L1551 NE (Takakuwa+ 17)

ALMA LYCI8-2 5 UY Aur (Tang+ 14, Hioki+ OMD142527 (Fukagawa+ 13
) ALMA Obs. - SUBARU H-band ALMA Cycle O

1 [ (a) Contour: 1.3 mm continuum ] 0.9-mm continuum

extended armlike structure .«_ "2
<Q -

500 AU

140 AU

L1551 IRS5 (Takakuwa+ 20)
' ALMA Cycle-4
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L1551 NE : RigEE (B=EFEH)
HEG Ho, [Fe II], H
7 HPS L1551NE
' HP4 Hayashi & Pyo 09
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Declination (J2000.0)
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Declination (J2000.0)
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Declination (J2000.0)
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Declination (J2000.0)
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ADec (arcsec)
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Dust intensity (mJy/beam)
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https://doi.org/10.1051/0004-6361/202040089

Vortex produces asymmetry in CBD

Time average btw 80-100 rev in the rotating frame with Q  (rotation wit

;\%\i\x‘\\‘ 2.0 GF P— ’! ’_‘
S\ \}\\\\: » / be trapped in vortex
: \ W M., ce asymmetry in dust emissjo

' ‘1\ ce planet formation?

e )

Centrifugal radius with Q,

GERR) b - E{EEBERIBAICIE secular mode IC KB 3E
SIRENI S i TWd (Munoz & Lithwick 20),

Matsumoto+ 19
doi:10.3847/1538-4357/aaféab 43




Velocity structure: infall & expansion

Temporal average in rotation frame

Excess from Kepler rot. Mass flux in R-direction

500

Fast rotation due to gravitational torque X - iR IZPAICHKTE
EHEERRLE =T

EEEHRNSEEH: ER

5i0N
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Non-axisymmetric pattern | rev. wnen

binary stars 4 rev_(commensurability)

t = 3.14161E4+02 (= 50.0 revs), step = 3619000
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Non-axisymmetric pattern
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FECLHIE, Eo5NKBD?

mENHD -]
(Bate & Bonnell 1997, Young+ 2015, Ochi+ 2005, Hanawa+ 2010)

Time / rotation period q / q
2 4 60 80 100 B B=
o 2 Ta e e a0 P -5 (BRI
; : Mtot / Mtot
if I' > 0 then mass ratio increases
. 0.100¢E . .
. : if I' < 0 then mass ratio decreases
©
E ~
Is)
©
= Time / rotation period
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r 1065"""""""""'5
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\ r I g 10k
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