GEORG-AUGUST-UNIVERSITAT , INSTITUT FUR
GOTTINGEN i e { </ RETROPHYSIK S

GEOPHYSIK

mMuse

multl uNit spectroscopic explorer

Binaries in 47 Tuc:
Confronting cluster
simulations
with observations

A&A submitted

ohanna Muller-Horn, Stefan Dreizler, Fabian
ottgens, Sebastian Kamann, Sven Martens,
Sara Saracino, Claire Ye




. v . , o T - v 1 - : - ' "
. 3 » ‘e b e - . . -
’ .. el | 3 3 » »
- : P . . - - 1 . . el .
Y ’o - . . ¢ 5 '.. . : L .‘ . \ .'.' .
- ¥ » . < m—s_'“"a . . L -
; P RN 3 2 o Rt - < .
o . ¢ < . h “‘.' e 5 & ., v " . L s ¥ . : e
. : 2 L4 - .8 o
< O ; . . P - . 5
] e Nt e e TV S . * s
A . - -.‘ - .. - Faud L ¥ B il - ” » R
, . R A i ‘% . - ' Y
- o » % . 5 P 2 .
. . - =" 3 - - . 9 at - n . »
» -~ . . ‘e .
- . & ™ s . L L
» . .'. . .' " - ¥ H A L I ’ . . ¢ .
= -4 g " o

47 Tuc old, massive and nearby globular cluster
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MUSE FoV of 47 Tuc,
Image taken from VMC survey

MUSE observing campaign of globular clusters

8 years of observations
1l reliable spectra of >20,000 stars (Y

@ Onaverage 11 epochs per star

}VA

| | |IR \\R\" ' (1) Kamann et al. (2013)
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Search for SB1 binaries
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Search for SB1 binaries
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( data ) L, Vrad, Ovrad
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Search for SB1 binaries
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Research aims

Blue stragglers

Luminosity

. . robe the dormant inari
study binary fraction and P study binarity among

. BH population blue straggler stars
demographics
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Research aims

Blue stragglers

Luminosity

Temperature

study binary fraction and

probe the dormant study binarity among
demographics

. blue straggler stars
BH population - 99
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Research aims

Red giants

Main sequence
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study binary fraction and probe the dormant

emographics BH population study binarity among

blue straggler stars
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Previous observations

eclipsing binaries binary main seguence radio & X-ray sources

Albrow & Gilliland (2001), Milone et al. (2012), Heinke et al. (2005)
Weldrake & Sackett (2004), Ji & Bregmann (2015) Bahramian et al. (2017),
Kaluzny et al. (2013), Miller-Jones et al. (2015)
Nardiello et al. (2019) Milone et al. (2012) Rivera Sandoval et al. (2018)

[ [ [

x q=0.2

- 19 | _ -

Albrow & Gilliland (2001) AR i q-g’z

A q= 5

17000 . L _ = q=0.8
.;° *4‘: ol . oo "f::.': -'-‘"i Cl :,l':."- g 3 20 - —

q=1.0

e P ot " L T L v
R L0 NI LTI ST ST S CIICT TS SR PR L L P LIV ST IR ICR

4 ey * O e ' H v, Ve . LI . ey . K " '
L _“;‘f.._« . i e o} DT TR “";1" S e LT ] %

IT) pgy 4w

21

.-} I ."!_u;t\t e A +
A ;’;?j?'?‘?ugiiif‘:'?“‘:i -

. o ‘:’ I;‘f -‘"2 ] ¢ T ! .
HH T R it
"R

WF4_VO4 % , | . NGC2298
23

0.0 0. 1.0 1. 2.0 e

PHASE
GEORG-AUGUST-UNIVERSITAT
GOTTINGEN g7 e

«~ INSTITUT FOR
 ASTROPHYSIK &
. GEOPHYSIK

Stefan Dreizler




Previous observations

eclipsing binaries binary main seguence radio & X-ray sources

Albrow & Gilliland (2001), Milone et al. (2012), Heinke et al. (2005)
Weldrake & Sackett (2004), Ji & Bregmann (2015) Bahramian et al. (2017),
Kaluzny et al. (2013), Miller-Jones et al. (2015)
Nardiello et al. (2019) Milone et al. (2012) Rivera Sandoval et al. (2018)
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Previous observations

eclipsing binaries

Albrow & Gilliland (2001),
Weldrake & Sackett (2004),
Kaluzny et al. (2013),
Nardiello et al. (2019)

Albrow & Gilliland (2001)
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Ji & Bregmann (2015)

Milone et al. (2012)

radio & X-ray sources

Heinke et al. (2005)
Bahramian et al. (2017),
Miller-Jones et al. (2015)
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Binary demographics

Binary fraction

Discovery binary 3.3+ 1.1)%
fraction T

account for limited
discovery probability

correct for limited
sensitivity and FoV

Total binary
fraction
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Binary demographics

Binary fraction

Discovery binary
fraction

account for limited
discovery probability

correct for limited
sensitivity and FoV

Total binary

fraction (2.4 £ 0.9)%
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Binary demographics

Binary fraction

Discovery binary
fraction

!

account for limited
discovery probability

!

correct for limited
sensitivity and FoV

1

Total binary
fraction

low total binary fraction,
consistent with photometri
estimates

(2.4 T 0.9)%
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Binary demographics

Binary fraction

Discovery binary
fraction

!

account for limited
discovery probability

!

correct for limited
sensitivity and FoV

1

Total binary
fraction
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depends on CMC
binary parameters

low total binary fraction,
consistent with photometri
estimates

depends on CMC
radial and q profiles

(2.4 T 0.9)%
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Cluster Monte Carlo simulations

CMC simulations of = make predictions for binary properties
47 Tuc (Ye et al. 2022)

== account for observational biases using mock data

[ 1 CMC bhinaries, all

[ CMC binaries,
observable primary

[ CMC binaries,
detectable variability

109 102 104
P [d]
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Cluster Monte Carlo simulations

CMC simulations of

. 2022)

CMC binaries, all

[ CMC binaries,
observable primary

47 Tuc (Ye et al
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= make predictions for binary properties

== account for observational biases using mock data
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binary detection
probability Is

highest for short

periods
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Binary demographics

Orbital parameters

1 MUSE .
penens MUSE, % 150- $
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Binary demographics
. 0.8-
Orbital parameters 5
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Binary demographics

Orbital parameters

We expect to find and
are more sensitive to
short-period binaries

1 MUSE 6
P MUSE, 150-
e MS primary

=

nr. of binaries

— predicted, field

| predicted, CMC

i predicted, CMC
sassss MS-MS
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Binary demographics

Orbital parameters

but Instead we
find binaries with
longer periods.

We expect to find and
are more sensitive to
short-period binaries

I MUSE 6
penens MUSE: H} 150+ $
e MS primary = IS
— predicted, field E 100 -4 E
1 predicted, CMC = ©
R predicted, CMC = . 2 C
ssssas MS-MS
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Binary demographics

Orbital parameters

possible reasons

A. uncertainty In binary

evolution models
-6 . .

» 150+ 0 B. (excessive) dynamic
= = hardening in CMC
= 100- _ 4= _— L
P R - C. CMC inttial conditions
- -
= 50 SR /
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Black holes I1n 47 Tuc

Dark remnant companions

Dark
remnant 100 - "
companions _

— | & +
s ? ¢o
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< O
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= e
¢ WD candidate
1071 - 30 M @ MUSE, unimodal
0.7 0.8 0.9 1.0 1.1 1.2

mi [Mo]
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Black holes I1n 47 Tuc

Dark remnant companions

no evidence for BH/NS companions;

_ 10° e
all min. m, < 1.4Mq T _m T
m2 — —E’_.——""—-——
~4 MS-BH/NS | o 9
binaries expected s : ’%+.
: : — : O
from CMC simulation < e
c Q
£ ‘
¢ WD candidate
1071 - 30 M+ + @ MUSE, unimodal
| ERRREREEE O e { @ MUSE, bimodal }
0.7 0.8 0.9 1.0 1.1 1.2
my [Mo]
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Black holes I1n 47 Tuc

Dark remnant companions

10° 1T e
possible interpretation [my=Mig __—em=="""7"
* unfortunate time sampling | 0 *
| L 5 °
* restricted FoV = & +‘ .
S O
* low number of binary BHs / < ?
. . =
unobservable configurations * \
¢ WD candidate
\ / 1071 - 30 M+ * @ MUSE, unimodal
femreann U e, l@ MUSE, bimodal |
0.7 0.8 0.9 1.0 1.1 1.2
mi [Mo]
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Black holes I1n 47 Tuc

Dark remnant companions

10° MUSE, all stars
possible interpretation - [ MUSE, binaries
[ predicted binaries, CMC
* unfortunate time sampling 10 predicted binaries, CMC
— with remnant companions

* restricted FoV

* low number of binary BHs /
unobservable configurations

\_ /

"

20 40 60 80 100 120 140 160 180
observed RV semi-amplitude [km/s]
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Peculiar objects

-
-
N

129 Ha emission ;
X-ray source
13- y
) -0
_ N
—_ 14 '_':‘:‘.M
o blue straggler @ EH
e 15- stars A%
2 16 - r\géo
S O [sub-subgiants]
<
17 - - ‘_%@
o eclipsing
binaries
19 ]
0.3 04 05 0o 07 08 09 1.0
Visosw — Irg1aw [Mag]
llbfs\TTIIech)TFLl;lgl K& MusQe
~ GEOPHYSIK multl UNIt Spectroscopic @xplorer

-
o
[

orbital period [d]

Stefan Dreizler



Peculiar objects

Blue straggler stars

127 Ha emission
13- X-ray source
_ 102
14 - —_
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fo) | blue straggler
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Peculiar objects

Blue straggler stars

Binary fraction vs. stellar type

higher binary
fraction among

MS - —1—3.1+0.8 blue stragglers
BSS - 10.9+3.6
SGB 3.4+1.2
RGB 3.5+1.6
4.3+2.5
0.0 2.5 5.0 7.5 100 125 150 175

observed binary fraction [%]
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¢ WD candidate
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Spectroscopic binaries

High resolution spectra

Spectra

Radial Velocity
> >
time
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Spectroscopic binaries

Low resolution spectra (MUSE)

Spectra

f fully Y
diluted
RV

Radial Velocity

> >
time
GEORG-AUGUST-UNIVERSITAT < INSTITUT FUR |
@ GOTTINGEN 47t 0o e Stefan Dreizler



Spectroscopic binaries
RV dilution effect (Giesers et al. 2019)

Spectra » unequal
, mass
MS+MS
partially |
diluted
RV
Radial Velocity
> >
time
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MS+WD In NGC3201

MS+dark

observed .
RV companion

<

W
o
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main sequence companion

13- MS prodatity: 11.0% ménmém inclination: 793 deg
Application to NGC104 .:
v 8
£ e
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Summary

== study binary population of 47 Tuc using multi-
epoch spectroscopy from MUSE

= determine total binary fraction of (2.4 + 0.9)%

and increased binary fraction among BSS

== comparison with CMC simulations reveals
dearth of short-period binaries and lack of
binaries with massive/dark companions

~ INSTITUT FUR

- 2 MuUSE

multl unit spectroscopic explorer

- AsTROPHYSIK&

- GEOPHYSIK

Stefan Dreizler

GEORG-AUGUST-UNIVERSITAT
GOTTINGEN it oo






ID 834040, m=0.35M,, P=191.7d, e=0.40 ID 853701, m=0.35M.y, P=127.4d, e=0.35
_20 -
D -
_ —30 —
u i
g _a0 | E -10
—50 =20 1
E T T T E T T T T
E + £ 25
g o Wt st | T} *
3 # ‘ ¢ g ool ¢ .
= E
\ —10 - | —2.5 4
E (Ill 5|D l[;D lé[} 2[5[} -,:.E O 25 5[} ?IS l[I}D l2|5
time [d] (phase-folded) time [d] (phase-folded)
ID 836396, m=047 M., F=4.9d, e=0.00 ID 851319, m=0.35M,,P=4.2d,e=0.19
! .
0- ¢ 50 - +
v ©
£ ¢ E
= + + + = 0
B 201 E
< [ ] =~
_5{] - ’
-100 & ¢
E T T T T T T E T T T T
E 25 1 + E 50 - +
g o¢ ¢ * $ 2 e +
[=] [=]
£ + + + E g t % Q+ Q ‘o8
| =254 I
- 0 1 2 4 5 - 0 1 2 3 4
time [d] '[Dhase—folded} time [d] (phase-folded)
ID 844773, m=038M.,P=6.3d, e=0.00 ID 887427, m=0.33 My, P=227d,e=0.00
50 - 0- +
7 257 @ 201 +
= E
2 0- =, —40 -
‘E —275 4 ‘.Er-E —60 +
_50 4 —80 -+ +
E T T T T T T T E T T T T T
= E ¥
> 20 g 2 + ;
g 01 + # + ¢ + g ¢ 2 * ¢4
£ $ + £ ¢
| | —25
9 —20 - T T T T T T k=] T T T T T
- 0 1 2 3 5} -f 0 5 10 15 20
time [d] {phase-folded) time [d] (phase-folded)
GEORG-AUGUST-UNIVERSITAT - INSTITUT FUR

GOTTINGEN U o

ASTROPHYSII( &
GEOPHYSIK

ID 889326, m=0.20 My, P=141.3d, e=0.00

t

¢ +
1% ¢t 4 ##

ID 889763, m=0.34 M,

25 50 75 l[;D
time [d] (phase-folded)

T
125

P=134.0d, e=0.37

-4

ID 890066, m=0.32 Mg,

T T T T T
25 50 75 100 125

time [d] (phase-folded)

P=87.6d,e=0.18

—10 4

—15 4
9@ _20-
E
S
o —25 -
£

—30 4

—35
" T
E

2 51
o

=

[=]

E _5
|

2 T
= 0

20 1
@ 07
E
=

E

= —20
— —40 1
) T
-

E
=
E lD_
3 ol
2 'h
| —10 4
E T
- 4]
04

w
E —104
=
]
= —20 -
—30 4
o T
—

E

2 10 A
U

3

2 of#
|

B2 T
= 0

2|D 4;[) 6ID 80
time [d] (phase-folded)

mousQe

multl unit spectroscopic explorer

Vrad [km/s]

Vrad — model [km/s]

Vrad [km/s]

Vrad — model [km/s]

Vrad [km/s]

Vrad — model [km/s]

ID 912097, m=0.14 My, P=93.7d, e=0.00

—25 4

0.0

_25 T

2.5-+

ID 895252, m=0.27 My, P=94.4 d, e =0.00

SR

time [d] (phase-folded)

—10 -

—20 -

2.5—

0.0

2.5 4

ID 823311, m=036 Mg,

++t +** +

t|me [d] '[Dhase—folded}

+ t

P=8.9d e=0.00

D_

—20 4

_40 .

—60 4

=]
1

_25_

R BT SO 3%+

2 4 6 8
time [d] (phase-folded)

ID 938540, m=0.39 M., P=6.8d, e=0.00

Vrad [kmy/s]
b
=

_ﬁﬂ -
T T T T T
-
£
X 10 - +
T
=
2 ¢ ¢
£ o ¢ * ‘ +
L \
E T T T T
- 0 2 4 6
time [d] (phase-folded)
ID 916398, m=043 M., FP=16.7d, e=0.07
D_
0 t
E —20
K
= 40
E —60 - T T T T
E 20 A
T
i * )
'g 0 * [ ]
: ¢
| —20
E T
= 15
time [d] (phase-folded)
ID 915551, m=0.14 M., P=8.5d, e=0.00
D_
— —10 1
n
£
=
= —20 -
=
_3{] -

.

Viad — model [km/s]
o

time [d] (phase-folded)

Vrad [km/s]

Vrad — model [km/s]

_10_
_15_
a 20
E
3
— _25_
3
= —30 -
_35_
w
£
2 51
L]
o 0
E
|
g 2
<
20 -
10
D
- -
s 0
=
5 —10
<
_20_
_30_

Vrad — model [km/s]
o

ID 4684381, m=0.50 M, P=425.0d, e=0.00

ID 4683365, m=0.44 My, P=35.2d, e=0.32

+++ |+ I |

2[}[} 3[;[)
time [d] (phase-folded)

T
400

.

|
Ln
1

++\1++ |

time [d] (phase-folded)

30

ID 915617, m=0.22 Mo, P=52.9d, e=0.15

10

0

=10

20 -

10

=10

g

. + +

10 ZID 3;3' 4ID 5ID
time [d] (phase-folded)

o

Vrad [kmy/s]

Vrag [km/s]

Vrag [km/s]

Vrad — model [km/s]

Vrad — model [km/s]

ID 846354, m=0.24 My, P=15.9d, e =0.00

o +

40

s
o
]
.
B

|

[

(=T =]
1 1

01q® .’ L %o *+;o

5 10 15
time [d] (phase-folded)

Vrad — model [km/s]
Ln
(=
B
.

o -

ID 848224, m=0.72My,P=54.9d, e=0.36

20+ +

_2{] .

10 ~ +

t4 +H

2ID 3D
time [d] {Dhase—folded}

o
i)
[=]

ID 838511, m=042 M5,
60

P=35.7d,e=0.46

40 1
20 ~
04
—70 4

—d)

25 -
0|8

_25_

$ ¢
++“‘ ? "t‘ﬁ ¢

0 lID 20 30
time [d] (phase-folded)

Stefan Dreizler



Binary demographics

CMC simulations
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Binary demographics

Orbital parameters

(47 Tuc ) ( NGC 3201 )
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