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Why do we care about quadruples?
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What are the end products of stellar quadruples?

massive donor ~ wide separation
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HST(NASA/ESA)-Image
of Supernova 1994D
in galaxy NGC 4526
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Chandra
X-ray Observatory

Chandra
X-ray Observatory

Hubble
Space Telescope

Spitzer
Space Telescope

Kepler’'s Supernova Remnant * SN 1604
NASA, ESA / JPL-Caltech / R. Sankrit & W. Blair (Johns Hopkins University)
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How type la supernovae form?

Review on progenitors SNla:
Wang & Han (2012)

Chandrasekhar-mass channel:
e Single-degenerate model
* Double-degenerate model

Sub-Chandrasekhar-mass channel:

* Mergers (e.g. Pakmor et al. 2013,
Shen et al. 2018)
* Head-on collisions (Toonen et al. 2018)

Non-LTE analysis support the last
channel for 70-85% of all normal SNla
(Eitner et al. 2020, Flors et al. 2020)



Multiples stars in the Gaia-ESO Survey

Study of the formation history of stellar populations of the Milky-Way:
100 000 stars in bulge, discs, halo and stellar clusters (Gilmore et al. 2022, Randich et al. 2022)

GES DR5 final release in June 2022: https://www.eso.org/gi/catalogQuery/index/393

Observing strategy not adapted to the detection of binaries but:

* Merle et al. 2017: ~ 340 SB2, ~10 SB3 & 1 SB4
* Merle et al. 2020: ~800 SB1
* Van der Swaelmen, Merle et al. (in. prep) > 430 SB2
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https://www.eso.org/qi/catalogQuery/index/393

< Theunique SB4in the Gaia-ESO Survey
o 2oy 2 - SB4 = spectroscopic quadruple

Szs0 fu ™
-

__HD 74438 (V=17.5)
Spectral type: A2V

A M ~ 3 Mo
Open Cluster IC 2391
.+ N =325 (Gaia collab. 2018)
o ~ v=14.98 £ 0.17 km/s (Bravi et al. 2018)
| ~ d =146 + 8 pc (Gaia collab. 2018)
" Age = 43"%%; Ma (Randich et al. 2018)

Already suspected to be a triple:

0.9 mag above the main sequence
st U N . il . 1 (Platals et al. 2007)

b . ¥ . A 1.227° x 019" ; ; = 6




Spectroscopic follow-up with HRS/SALT & HERCULES/UCMJO

2019.327333 . A~ /\ HRS spectrograph
Hearnshaw et al. (2002)

%

2019.201696 [3830, 8775] A

M/\'\_J\\w R =65 000

HERCULES
2018876251 A~ /N spectrograph

Crause et al. (2014)
2018.786025* A A

W [4160’ 7635] A
R =41 000
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Short-period orbital solutions
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Long-period orbital solution

30 - /\
L N 4
/ _eemTT T - /
20 4 e e /
e IS s
@ < =
=~ / T 'y y
iE': 10 - I.f: &( i \\ ;.r
= | If \\ ’I
A I \‘ Fi
0\ / UCMJO \ /
I !
% / SALT \ /
\
AB GES v
—10 - W/
---—- CD GIRAFFE Nes
I:n 5_ T T T T T T
S 04— TN T PP
<] -5
O 5_ T T T
S 01
| -5
0.0 0.2 0.4 0.6 0.8 1.0
Phase
thibault.merle@ulb.be ImBaSE 2022

Period
P=568+0.10y

Eccentricity
e =0.458 +0.014

Center of mass velocity
Vo = 14.54 + 0.20 km/s

Radial velocity amplitudes
Kas = 12.77 £ 0.28 km/s
Keo = 18.57 £ 0.39 km/s

Periastron time
To=2401089+7d

Argument of periastron
was=106+22°



Normalized fluxes

Astrophysical parameters

1.2
1.0
0.8-
0.61 | HpB
Observations
— Best SB4 model
0.4 A: Teff = 8250 K
— B: Te = 7500K
0.2 — C: Teff = 5750 K
D: Tetf = 5250 K
00 | _Wmmwm—mvﬁm'nmvﬁu,wmvmifwmvﬂf#‘ Residuals
4830 4840 4850 4860 4870 4880 4890
A [A]
Kurucz’'s model atmospheres + 1D radiative transfer code Turbospectrum (Plez, 2012)
Spectral fitting in the range [3850 — 5500] A of HRS/SALT spectra
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Location in the HR diagram

102 - 0 N . .
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1] A ; i )
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' 155
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100':
43 Myr isochrone
GES
+ 1C 2391
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4000

1C2391 members:
Membership & Tes
(Randich et al. 2018)
Gaia DR2 luminosities from Apsis
(Andrae et al. 2018)

Isochrone at 43 My and
evolutionary tracks
from PARSEC

(Bressan et al. 2012)

Luminosities are in excellent
agreement!

Spectroscopic masses derived

Inclinations and separations
deduced

11



—
O

e —

\ Comparison with SB2 and EB of same spectral types
\a

1.0
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The 9" catalogue of spectroscopic orbits (SB9, Pourbaix et al. 2014)
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Geller, Hurley & Mathieu (2013
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Doubly eclipsing binary (EB) systems (Zasche et al. 2019)
The CD pair is too eccentric for its spectral type
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log ( Age [Gyr] )

The CD pair has a circularization
period smaller than 7-8 d as predicted
by Zahn & Bouchet (1989)
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Multiple star evolution
2+1
Secular evolution in triple star: Kozai-Lidov (KL) oscillations °/
(Kozai, 1962, Lidov 1962)
Dynamical interaction in an initially unstable hierarchical triple: c
Initial mutual inclination & in [40, 140]°

Famous example: Algol system (Baron et. al, 2012)

Pejcha (2013) fist study of KL cycles in quadruples P

(see also: Naoz (2016), Hamers (2018), Fang et al. (2018), Tremaine (2020), etc.) 242 mms
. : Inner B
Multiple Stellar Evolution (MSE) code — Hamers et al. (2021)
* Hierarchical architecture: e.g. 1+2, 2+2, 1+3, 2+3, etc. [
 Gravitational dynamics 7 Mutual

Stellar evolution

Binary interaction Fang etal. (2018)
Triple interaction ) =~ Inner A

thibault.merle@ulb.be ImBaSE 2022 13



Example of one realization with MSE (over 2 Gy)

55au,e=0.5
>

0.2 au 0.1 au
4> >—<
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e o [ )
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Triple CE
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WD
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Prediction of the evolution with MSE

.......

— No interaction 10k simulations over 10 Gy ¢'s ¢® 53%

.....

—  » Merger event

) o8 12%

......

Disruption event

‘‘‘‘‘

........

.............

------------

¢« + ¢ —Ppo + 60 ——> o + o0 2%

In ~50% of simulated cases, at least 1 merger event
In ~25% of cases, 3 merger events, leading to WD with masses below the Chandrasekhar limit
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Conclusion

Merle et al., Nature Astronomy, 2022, 6, 681 https://rdcu.be/cNgC2

Merle et al., The Messenger, 188, 26 .j"/.
- HD 74438 is a spectroscopic quadruple hierarchical 2+2 system
- Belongs to the very young and nearby open cluster IC 2391 \
- SB4 made of an A-type binary orbiting a one \)

SB4 with non-coplanar inner orbits
The CD pair has a higher eccentricity than SB2 of similar spectral types and periods
Indirect evidence of Kozai-Lidov oscillations

Mergers events lead to WD masses compatible with sub-Chandrasekhar type la SN

Quadruples stellar systems offer a way to potentially form type la SN (Fang et al. 2018)
and HD 74438 is a good candidate progenitor.

thibault.merle@ulb.be ImBaSE 2022 16
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The Van Gogh De sterrennacht revisited

v

A7
L s ot

generated with h'ttp://creator.nihtce.studio
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spectroscopic

dynamical

Astrophysical parameters of HD 74438

Component A B C D Unresolved
Spectral Type A5 A9 G5 G9 -

T [K] 8250 + 250 7500 £ 250 5625 + 410 | 5375+ 410 -

L[L] 8.87 £+ 1.40 572 +0.95 064+051 | 0.48+0.32 15.71 £ 1.80
R[R.] 1.46 £ 0.15 142 +0.15 0.84+0.36 | 0.80+0.29 3
M[m.]® 1.70 £ 0.06 1.54 + 0.06 096+0.14 | 0.87 +£0.14 5.07 £0.22
M[M]® 1.64 £ 0.06 1.48 £ 0.06 1.09+£0.04 | 1.06 £0.04 5.27 £0.10

ImBaSE 2022

thibault.merle@ulb.be
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Orbital parameters of HD 74438

A-B C-D AB-CD
P [d] 20.5729 £ 0.0003 4.4243 + 0.0001 20742+ 3.5
e 0.3692 = 0.0001 0.1535 + 0.0003 0.458 £ 0.015
w, [rad]@ 1.8780 + 0.0003 -1.946 £ 0.002 0.185 £ 0.039
T, - 2400000 [d] 58 605.9 £ 0.1 58 684.5 £ 0.1 59165.8 £ 5.1
v, [km s] . - 145+ 0.2
K, [km s ® 45.81 £ 0.09 83.2+0.1 12.8+£0.3
K, [km s ® 50.77 £ 0.09 85501 18.5+04
Qayn 0.902 £ 0.002 0.973 £ 0.002 0.692 + 0.003
- 0.91+0.05 0.91+0.22 0.58 £ 0.11
il (52.50r 127.5)+ 1.5 (84.0 or 96.0) + 0.9 (73.2 0r 106.8) + 2.7 ©
a [au] 0.215 + 0.002 0.0681 + 0.001 5.54 +0.04
Qr] - - 333° or 274°
Moot [Mmasly] - - 13.0

ImBaSE 2022
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Summary of all simulations

Description Fraction Final outcomes Fraction
No interaction 0.535 £ 0.007 Quadruple 0.535 £ 0.007
Mergers all 0.465 + 0.007 Single 0.236 + 0.005
CE 0.298 + 0.005 Triple 0.117 £ 0.003
Collision 0.461 = 0.007 Two Single 0.058 + 0.002
Dynamical instability 0.010 £ 0.001 Binary 0.030 + 0.002
Triple RLOF 0.363 + 0.006 Binary+Single 0.024 + 0.002
Triple CE 0.360 + 0.006
Number of final remnants Fraction Triple CE outcomes Fraction
1 0.236 + 0.005 Triple 0.036 + 0.003
2 0.088 + 0.003 Merger(s) 0.705 +0.014
3 0.141 £ 0.004 Binary+Single 0.152 + 0.006
4 0.535 + 0.007 Indeterminate 0.107 £ 0.005

thibault.merle@ulb.be
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3 mergers

} 2 mergers

1 merger

21



7000
50000 6000 ]
40000 5000
60000 A 4000
30000
3000
40000 A 20000
2000
20000 A } 10000 1000
pi—ii . . — . i ; - 01— — ~ et . — 0+ /f
0 50 100 150 200 250 300 350 0 2 50 7 100 125 150 175 0.0 0.5 10 15 20
w;/deg i;/deg m; /Mg
; ‘ I ‘ 3500
40000+ ar | 50000 ;3
a i 3000
—. as | 40000 |
30000 ; i 2500
i 30000 | .,
j 2000
1200004 4 | _
20000- 3; 1500
100004 4 3‘
' 10000 1 ;3 1000
] ! 5004
0 - 0 L :
0 2 4 G 8 10 0.0 0.2 0.4 0.6 0.8 1.0 0
a;/au _ e 0 25 50 75 100 125 150 175

i;;/deg

thibault.merle@ulb.be ImBaSE 2022 22



MSE simulations of the evolution of HD 74438

Monte-Carlo methods to sample 10k realizations
Longitude of ascending nodes samples from flat distributions

() 6oy

4 ,:'. ?:1'. \.l-. ..c.-'l.-o
RS S R o
T2 :'.c'?f.";'_ ..-‘. - -.-;‘

T T I I I
20 40 60 80 100 120 0 50 100 150

quBfAB—CD (O) d)CDJ.rAB_CD (o)

R: LK timescales ratio for inner-to outer orbit pairs (Hamers 2017)
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Detection Of Extrema (DOE)

* Basic idea from the ARES code (Sousa et al. 2007)
* Developed in Merle et al. (2017) and also used in Kravchenko et al. (2019), Traven et al. (2020)
* Under implementation in the 4AMOST galactic pipeline

E 0.6
0.4 /\/\ CCF 04 /J \ CCF

0.2 1 : 0.2 p— : J—
te=2r.... .....‘“.“::::::.‘.‘.::;J ...... ..L_.-:{.".'.'T.'._. TTreeeeeessiioires 11=:.-—:2’............".':t:‘.‘.'j......f‘.‘:>§.z cfaees \(‘ cerreeeenrannenas el
| : .

1%t derivative 1 1%t derivative
N AN A ,/\/\ ............................................ 0./\'\ .............................................
TV |V

2" derivative

2" derivative

: il
2 le-4a 2 e-4 ;
4 4 :
2 3" derivative 2 i 3" derivative
(o JE LT A 0 10 T 0 R B R LY i Ol a IR R S (o JF ! 1% IO I L U O P A:Jﬁv Aol Ll e dectedeebadadeded ook ohafadeled b dib
-2 ’\/ —21 i
—4 1 : —41 i
—200 ~100 0 ) 200 300 —200 ~100 0 100 200 300
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Constraining the longitude of ascending node
with Gaia astrometry

0.5

Gaia DR2 (2015.5)

Gaia eDR3 (2016.0)

thibault.merle@ulb.be

X (o cos 6/ a”’)

Y

j=73°
Q=333°

I=107°
Q=274°
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Initial svstem

RLOF start

Collision start

Caollision end

Stellar type change

t = 0.0 Myr

1.7 1.6 L1109

t = 169.07 Myr

1+

1.7 1.6 1109

t = 169.07 Myr

l.?-L.Ei 1109

t = 169.07 Myr

1= 467.0 Myr

Stellar type change

Stellar type change

Stellar type change

Stellar type change

RLOF start

t == 468.89 Myr

t 22 470,53 Myr

t = 537.0 Myr

t == 539.72 Myr

t =2 540.11 Myr

3. 3. 3.
1.1 09 1.1 09 1.1 09 1.1 09 1.1 09
Triple CE start Triple CE end Collision start Caollision end Stellar type change

t = 540.11 Myr

1.1

t =~ 540.11 Myr

t = 540.11 Myr

t =~ 540.11 Myr

= 540.11 Myr

E_

.7 20

Stellar type change

Stellar type change

Stellar type change

Stellar type change

RLOF start

t o 1627.94 Myr

t oo 1636.08 Myr

t o 1666.5 Myr

0.7 20

1= 1936.32 Myr

0.7 20

1= 1937.64 Myr

T 20

CEstart

CFE end

Stellar type change

Collision start

Collision end

toe= 103764 Myr

t == 193764 Myr

t == 104255 Myr

£ 1042.55 Myr

t 2= 1942.55 Myr

Example of one realization

Time

RLOF
Triple RLOF and CE
3 mergers events

White dwarf with a sub-
Chandrasekhar mass of 1.3 Mo
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