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Duhene & Kraus: Annual Review

O O

Fragmentation/3binary formation® primary mechanism

KEEATHLIEEHROEN, NEEIATHSELHDEA

> LA L. BE—dstar forming coreM R TIL2MA., %< TH3,4{EDfragments
> ejection scenariol BRI M B (XA FHEI N
A TIToT=singleMZENIFTELZLIVAD & Lada

Close binaryD#E]RIE, LKL BE (BHFEYHAERLSINTHELY)

> Close binaryf2 Bk : dynamical interaction, second collapse, &< Bl D#+E
> NARFESRLUEFHOBENEENEZEEFEL TV

> D &% ERIE DseparationT 2 RESEHS

> RHRAT—I)LE(RR)EZ2E EIZIXLITHFERENH ST (Kratter)

O BEL(q)FENITEREEL (9<<0.1TIEZRLY)

> accretion| I RHIBIZIXHZFE A5 (Hanwa-Tsruribe Problem)
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PMS binaries
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(Binary separation << cloud core radius)

Fht

Mathieu (1994, p. 517) concluded that

“binary formation is the primary branch of the star-formation process.”
Yet, a decade later, Lada (2006, p. L63) reached the opposite conclusion, arguing that
“most stellar systems formed in the Galaxy are likely single and not binary.”
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Duchene & Kraus (2013) Annual Review of Astronomy and Astrophysics, 51, 269



+ EENITEBTS L0
lable 1 Multiplicity properties for Population I main-sequence stars and ficld brown dwarfs Duchene & Kraus (2013)
Multiple
system/companion _I%_ x
Category Mass Range (Mg) frequency Mass ratio distribution Orbital period distribution
VLM/BD <0.1 MIF = 22%4% y=42%£10 Unimodal (log-normal?) 1 1
CF =227 ;% i =45 AU, a0 p 2.5
\ 0.1-0.5 MF = 26 £ 3% y=04+%0.2 Unimodal (log-normal?)
CF = 33 4 5% i =53 AU, a1,,p =13 r-l:ﬂi' )m]%
FGK 0.7-1.3 UF = 44 4 2% y=0340.1 Unimodal (log-normal)
CF = 62 + 3% i =45 AU, 01 p ~ 2.3 Ll il
\e
\ 1.5-3 VF = 50% p=-05%£0.2 Bimaodal 'I'E‘?I' g
CF = 100 £ 10% P = 10 days and 7 = 350 Al
Early B 3-16 \IF > 60'%
CF = 100 £ 20%
) =16 VIF = 80% plog P35 = 01406 Peak + power law
CF = 130 £+ 20% przI0AU — 0.5 40.1 P=5daysanda < -1 v \ 4

0 BEL:foc g y0Tflat, I REVIFZEBEELL K
O MF: 2223
O CF: EHMGEAVNZA D ZEELHLDTIEEZD
O 2030FRHIEENIFEEE LI
O FRIFANICKH->TELS
Lada & Lada (2003): (REAEDEFEMTEFNS (MEENERIGD T, B, ejection??)
Duhene & Kraus (2013): 2T EEZELLTEENDS (MBIIEBEOVDNSEETALY)
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Very Low Mass stars (Brown dwarfs)
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15. Separation (left) and mass ratio (right) distributions for companions to stellar and substellar objects. showing the clear shift towards smaller orbital
separations and higher mass ratios around lower-mass primaries. The data used to compile the figure are described in the text. The distributions derived in this
work for late-T and Y brown dwarfs are shown in red. The horizontal lines show the ranges considered for each of the binary frequencies plotted in Figure 15,
where the solid lines represent surveys that estimated overall binary fractions.

Fontanive et al. (2018)
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Observations: B = — & @ Orbital Period

Period distribution f|ogp;q>0_3(M1, P) from Moe & Di Stefano (2017)

Solar-type Mid-B Early-B

O-type
(M, =0.8-1.2 Mg) (M;=5-9Mg) (M;=9-16Mg) (M, > 16 M)
1 I L} I | I 1 I 1 I | I 1 I 1
0.25¢t -
0.20F I‘ ' -
s | T =
T015F.....] II _____ |

log P (days)

~2% of solar-type MS primaries have companions with g > 0.3 and P =1 - 10 days.

Integral under dotted lines yields the MS multiplicity frequency fmult;q>o_3(M1)-
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Observations: B =

— &M Orbital Period

Moe & Stefano (2017) RKE=EZ(1241E

Eoriy~8

O MF (g>0.95)DENE :
AEEETUFNE
ahE

| DBz xzgELT

WS EZFEN
BEfESn T
%57?)

_Ei yE'IEﬁEF}*Z

o

3

Satsuka, Tsuribe, Tanaka & Nagamine (2016)
0,>0.25 Tequal binarylZ

OO TILREEZE (L., b
EERAZL
OXKEEZEIL.
HEHNFL
OXKEEZIL.
INEN
OERATEREEZE (. &Y
twin(F)M L L\ gEE 2 +5HE
(Ponsonneault & Stanek 2006)

BEE ZEEXED
EERTOEELLN

- KEE-A#E-NFEE



Sadavoy & Stahler (2017)
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PMS Phase: Close Binary

Sana et al. (2017)
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Fragmentationd)ﬁfgj‘ Ricchi et al. (2018)

Tobin et al. (2016), Nature
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Beuther et al. (2018): survey

[0 Large scaleM &

[0 turbulent fragmentation TIE %<, thermal (Jeans
scale) fragmentation TXLED
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Beuther et al. (2017): {& Bl X {&, Small scale
O JEBH(>1000AU) Tl #IZ &K Bclump

O b 28 =10Msun&F 8l

O MBEPLEEAICKYRE? @>>1

Outflow redf8]f=1+

Fig. 4, 438 um continuum image with CO6-%5) red-shifted emission
in red contours, The continuum contours are in 4= steps (lor

Tmly beam ™' ). The blue dotted contours show the corresponding negi
tive features. The CO emission was integrted from 2S 1042 kms ' and
is shown in contours from 15 to 95% (step 109 ) of the peak emission
The center coordinutes are those of the phase center presented in Sect, 2
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Ahmadi et al. (2018): Protobinary system
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Fig. 12. Toomre Q map obtained by assuming two disk-like structures
in gravito-centrifugal rotation about the positions of peak continuum
emission as depicted by the two stars, cach with a mass of 10 M. The
Toomre Q calculations and the positions of ( proto)stars are based on the
AB-armay dsta (see Fig. 1) with regions outside of the 60 mm contin-
uum emission masked out. Solid contours correspond 1o our continuum
data 10 the most extended (A-array) configuration. starting at 60 and
increasing in steps of 3o (1o = 2.5 mly beam ™' ). The solid vertical line
comresponds to the stitching boundary. The dashed lines correspond to
Q=1
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Gaia: Wide Binary¢ER =&k F ¢ El-Badry & Rix (2018)

O 50 <r,,,<50,000, [Fe/H]>-1 il T Tt LR, |
[0 Large separation (>250 AU) Tl wide 525t = s A
binary frequencyldmetallicity[Z{&K 570 / 20}
OO0 50<r,,,<250TIld, separation[Emetallicity E‘ -
|2 FE B i
O ZEZ D5 100-200 AULL T Dbinary :’0

[Eturbulent fragmentation TIX%<, &4 S l“”{ff‘w) .
M7 R TDdisk fragmentation THZ L |

Figure 3. Normalized separation distributions over 50 < s /AU -«
(i@%@t/sl I/—:/afj?b\lz)) 5!)1’: for binaries of |hﬂ'--rv‘nl metallicities, after correcting for in-

completeness at small separations. Low- (high-) [Fe/H| binaries

are weighted toward smaller (larger) separations

Chiaki, Yoshida and Hirano (2016) Bate (2014)




Observations: Low-metallicity Stars (but, only CEMP)

1 Starkenburg et al. (2014)
» Binary fraction is about ~100 per cent with a shorter period distribution of
at maximum ~20,000 d (< 700 AU assuming 1 solar mass).
] Hansen et al. (2016)
» Binary fraction is 82 £10%, but limited to Carbon enhanced stars (CEMP-s)
» But, the number of samples is small

= still, controversial issue Hansen et al. (2016)

HE 104A.1262 - af HE 1523-1188 5[' HE 01510341
= w;a-;au & » ol P=2081 \ p=isag
Stellar ID RA (J2000) Dec (J2000) V. B-V _Ref |[Fe/H] 3l e \ e \ } /\
HE 00201741 00:22:44  —17:24:28 1289 094 a [ —4.11 §4 / i ;
CS 29527-015* 00:29:11  —19:10:07 1426 040 d | -3.55 H \ o i /
CS 22166-016 00:58:24  —14:47:07 1275 065 b | -240 N T OX
HE 0219-1739 02:21:41  —17:25:37 1473 152 b | -3.09 O
BD+44°493 02:26:50  +44:57:47 922 067 a | -3.83 :
HE (4050526 04:07:47  —05:18:11 1072 071 a | -2.18 N R / '
HE 1012-1540° 10:14:53  —15:55:53 1404 066 a | 3.5l LS /\ \
HE 1133-0555 11:36:12 +06:11:43 1543 064 b | —240 10 / 4 4
HE 1150-0428 11:53:07  —04:45:03 1501 076 a | -3.21 \ i, P i /
HE 1201-1512 12:03:37  -15:29:33 1379 055 a | -3.92 ES . S 1 \\‘/
HE 1300+0157 13:02:56  +01:41:52 1406 048 b | —3.49 O e e e S
BS 16929-005 13:03:30  +33:51:09 1361 062 b | -3.27 My e
HE 1300-0641 13:03:34  -06:57:21 1480 062 b | -3.14 ypeaae /\ Y B
HE 1302-0954 13:04:58  —10:10:11 1396 079 a | -2.25 7 \| ie \| i- T
CS 22877-001 13:13:55  —12:11:42 1216 077 b | -2.71 i / i i / \
HE 1327-2326* 13:30:06  -23:41:54 1353 04 b | -5.76 \ / Y / ;\ //
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HE 1506-0113 15:09:14  —01:24:57 1444 064 a | -3.54 L = P
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CS 29498043 21:03:52  -29:42:50 1363 1.12 b | -3.75 il /ﬁ\ N f.’r« o Pea X
CS 29502-092 22:22:36  —01:38:24 1187 077 b | -2.99 £ Nl i \ i
HE 2318-1621 23:21:22  -16:05:06 1273 068 a | -3.67 / ! - I AN /
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CS 22957-027 23:59:13  —03:53:49 1362 080 b | -3.06 o N | o4 W - \_/




Absolute carbon abundance, A(C) = log €(C),

Arentsen et al. 2018

[0 CEMP-sl&binary TOK < CEMP-nolds-process enhancementfEL YD ThinaryhH oD carbon transfer®
SREATIXELWNEEZ OGN TES-
0 221E D CEMP-no®@radial velocityZz 8| o7=: 4/22{8 & D h >7=, HE0107-5240%binary
[0 Metal poor starld. Carbon® & &binary frequencylZAEEE D $H 5 : Carbon D E A S L VMX E binary
frequency ELV(~>50%, RDOM>TLVSHDT=(T), s-process enhancementBE{RELY?

0 CEMP-noMH TIZ. A(C)IZ&>Thinary e
frequecyldiES 91 CEMP-16

s% Dbinarv

1 We propose that some of the high A(C) | non-binary
binaries started out as carbon-normal |
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A(C)=7.96 (the high-C region) and A(C)= 6.28 (the low-C region). A very high
fraction of CEMP-s (and CEMP-r/s) stars belong to the high-C region, while the
great majority of CEMP-no stars reside in the low-C region.
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An Ultra Metal-poor Star Near the Hydrogen-burning Limit
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B\ED I ZZ:Primordial or low-metallicity

Tsuribe & Omukai (2008)
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