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WD + MS binaries as probes
-of binary interactions
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Binary interactions are ubiquitous.

e Many stars will interact with a companion in their lifetime

e These interactions are critical to the formation of many important and exotic
astrophysical phenomena

e But these processes can get complicated

Kepler EBs (Kirk+16)

Volume Limited (Raghavan+10)
APOGEE RV Variables (Badenes+ 18)
Higt Proper- otion SBs (Latham+0
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Close Binary Fraction (a < 10AU)

Moe et al. (2019)



Many possible
pathways...

Han et al. (2020)


https://iopscience.iop.org/article/10.1088/1674-4527/20/10/161/pdf?utm_source=sciencedirect_contenthosting&getft_integrator=sciencedirect_contenthosting
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There are many'types of binary mass transfer.

" 1. Wind accretion

’ .

e  \Wide separations, giants-
2. Roche Lobe Overflow (RLOF)

e Conservative vs. Non-conservative MT

3. Common Envelope Evolution (CEE)

o Unstable MT
- @ Can end in stellar merger or form
post-common envelope binary (PCEB)

-




Unresolved questions remain regarding these
processes.
Common Envelope Evolution (Paczynski 1976; Ivanova 2013)

e How much does the orbit shrink? (Livio and Soker 1988; Zorotovic et al. 2010; Davis et al. 2011;
Zorotovic and Schreiber 2022; Scherbak and Fuller 2024)

= AE

bind orbital
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https://academic.oup.com/mnras/article/419/1/287/1000805
https://academic.oup.com/mnras/article/513/3/3587/6575567
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Unresolved questions remain regarding these
processes.

Common Envelope Evolution (Paczynski 1976; Ivanova 2013)

e How much does the orbit shrink? (Livio and Soker 1988; Zorotovic et al. 2010; Davis et al. 2011;
Zorotovic and Schreiber 2022; Scherbak and Fuller 2024)

E-_ A+E = AE

o[ =\% int bind -~ orbital

e What physics do we need to consider?
O  Recombination energy? (Lucy 1967; Paczynski and Ziétkowski 1968; Sabach 2017; lvanova et al. 2015;
Ivanova 2018; Grichener et al. 2018)
o  Jets from accretor? (Armitage and Livio 2000; Soker 2004, 2014; Moreno-Mendez 2017; Sabach 2017)
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Unresolved questions remain regarding these
processes.

Common Envelope Evolution (Paczynski 1976; Ivanova 2013)

e How much does the orbit shrink? (Livio and Soker 1988; Zorotovic et al. 2010; Davis et al. 2011;
Zorotovic and Schreiber 2022; Scherbak and Fuller 2024)

E-_ A+E = AE

o[ =\% int bind -~ orbital

e What physics do we need to consider?
O  Recombination energy? (Lucy 1967; Paczynski and Ziétkowski 1968; Sabach 2017; lvanova et al. 2015;
Ivanova 2018; Grichener et al. 2018)
o  Jets from accretor? (Armitage and Livio 2000; Soker 2004, 2014; Moreno-Mendez 2017; Sabach 2017)
e Does the orbit circularize completely? (Glanz and Perez 2021, Trani et al. 2022, Sand et al. 2020,
Bronner et al. 2024)
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Unresolved questions remain regarding these
processes.

Stable mass transfer

a) quasi-adiabatic b) dynamical

What is the stability boundary? (i.e. the
critical mass ratio; Paczynski 1965; Webbink
1985; Hjellming and Webbink 1987; Passy et
al. 2012; Pavlovskii and Ivanova 2015; Ge et
al. 2015, 2020; Temmink et al. 2022)

3 4 56781 3 456781 3 45678
M/Mo

Temmink at al. (2022)
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Unresolved questions remain regarding these
processes.

Stable mass transfer

e What is the stability boundary? (i.e. the critical mass ratio; Paczynski 1965; Webbink 1985;
Hjellming and Webbink 1987; Passy et al. 2012; Pavlovskii and Ivanova 2015; Ge et al. 2015,
2020; Temmink et al. 2022)

e  How much mass is accreted onto the companion vs. lost from the system? (i.e. § parameter;

Paczynski and Ziotkowski 1967; Sarna 1993; Langer 2003; Tauris and van den Heuvel 2006;
de Mink et al. 2007)

1
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Unresolved questions remain regarding these
processes.

Stable mass transfer

e What is the stability boundary? (i.e. the critical mass ratio; Paczynski 1965; Webbink 1985;
Hjellming and Webbink 1987; Passy et al. 2012; Pavlovskii and Ivanova 2015; Ge et al. 2015,
2020; Temmink et al. 2022)

e  How much mass is accreted onto the companion vs. lost from the system? (i.e. § parameter;
Paczynski and Ziotkowski 1967; Sarna 1993; Langer 2003; Tauris and van den Heuvel 2006;
de Mink et al. 2007)

e How do we deal with eccentric RLO? (Hadjidemetriou 1969; Sepinsky et al. 2007; Hamers
and Dosopoulou 2019; Kyle et al. 2024)
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My approach: WD + MS binaries

Close (P_, < 10° days) WD + MS binaries

—s interacted prior to the formation of the
WD

— post-MT binaries

Goal: Use their properties to constrain ‘ ~01-41 At
MT models
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My approach: WD + MS binaries

Close (P_, < 10° days) WD + MS binaries

—s interacted prior to the formation of the
WD

— post-MT binaries

Goal: Use their properties to constrain ‘ ~ (0 1. -1 AT}
MT models
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Gaia DR3 Non-SingIe Stérs (NSS) catalog: a treasure -
_box of binaries |

> 160,000 astrometric orbital solutions

Motion in the sky
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http://www.youtube.com/watch?v=c_nFgolEO5w
https://aanda.org/10.1051/0004-6361/202449763

Gaia DR3 Non-Single Stars (NSS) catalog: a treasure
box of binaries

.- Darkcompanion
2 (orinner binary)

> 160,000 astrometric orbital solutions

+ Astrometric Mass Ratio Function (AMRF;
Shahaf et al. 2019, 2024)

0.6 0.8 1.0

Primary mass (Mg)

Shahaf et al. (2024)
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A little tangent about the “triage” technique...
(Shahaf et al. 2019, 2022, 2024)

Astrometric mass o M, —1/3 P —2/3
ratio function: .A e —
(63) M@ yr

4 (1 _sada +q)>
(14 ¢)*? g(1+S)

Consider three possible types of secondaries:
(1) Dark compact object: S=0
(2) Single MS star or (3) Inner MS binary — need MLR, IoxM?; to get-S(q)
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Striple =1 limiting case (inner

binary becomes as bright at
the primary star)



Gaia DR3 Non-Single Stars (NSS) catalog: a treasure

box of binaries

> 160,000 astrometric orbital solutions

+ Astrometric Mass Ratio Function (AMRF;
Shahaf et al. 2019, 2024)

= > 3000 WD + MS binary candidates!

Probing a unique region of parameter space

19

Dark companlon

0.6 0.8 1.0

Primary mass (Mg)

Shahaf et al. (2024)




Gaia DR3 Non-Single Stars (NSS) catalog: a treasure

box of binaries

> 160,000 astrometric orbital solutions

+ Astrometric Mass Ratio Function (AMRF;
Shahaf et al. 2019, 2024)

= > 3000 WD + MS binary candidates!

Probing a unique region of parameter space

Also, > 180,000 SB1/SB2 solutions

20

0.6 0.8 1.0

Primary mass (Mg)

Shahaf et al. (2024)




Gaia DR3 WD + MS binaries weren’t as expected.

Lots of systems with P_, ~ 100 - 1000 d

©)

PCEB? Post - stable RLOF?
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Gaia DR3 WD + MS binal:ies weren’t as expected.

o Lots of systems with P__ ~100-1000d ~ **

A:MRF sample
o PCEB? Post - stable RLOF? i aanod
e Many eccentric systems!
o Inefficient tidal circularization? 10°
Eccentricity pumping? 5 T
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Porb [d]
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Stable RLOF products

(Rappaport et al. 1995; Gao
and Li 2023)
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Gaia + RVs

Porb = 296.88 + 0.09, e = 0.089 + 0.013, GoF = 0.9
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Ongoing work: Constructing a
mock AMRF Sample

Lots of interesting systems discovered from Gaia
DR3 NSS astrometric binaries catalog

...But how can we learn about the intrinsic
population from these?

30



Star

OnQOing work: COnStrUCting a oo Halbwachs et al. (2023)
mock AMRF Sample

Lots of interesting systems discovered from Gaia
DR3 NSS astrometric binaries catalog

...But how can we learn about the intrinsic —i—
population from these?

solution

Retain 5-parameter solution from eDR3

31



Ongoing work: Constructing a
mock AMRF Sample

Lots of interesting systems discovered from Gaia
DR3 NSS astrometric binaries catalog

...But how can we learn about the intrinsic
population from these?

— El-Badry et al. (2024): Forward model of the
catalog

Gaia scanning law +
noise

Ky

Fit epoch astrometry,
make cuts

Halbwachs et al. (2023)
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Ongoing work: Constructing a ‘mo-ZZZ
mock AMRF Sample

10(‘[1111;,] "
Lots of interesting systems discovered from Gaia
DR3 NSS astrometric binaries catalog i 2000
..But how can we learn about the intrinsic LI IR C B

population from these? o000
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Ongoing work: Constructing a
mock AMRF Sample

My plan: Extend this work to reproduce AMRF sample
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Ongoing work: Constructing a
mock AMRF Sample

My plan: Extend this work to reproduce AMRF sample
Questions:

1. How many false candidates make it in? How many real ones are excluded?
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Ongoing work: Constructing a
mock AMRF Sample

My plan: Extend this work to reproduce AMRF sample
Questions:

1. How many false candidates make it in? How many real ones are excluded?

2.- What period, eccentricity, and WD mass distributions best reproduce features
of the real catalog?

3. Can we physically motivate these distributions?
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_Ongomg work: Construc‘tlng a

mock AMRF Sample

Key.properties of AMRF catalog:

Large population with P, ~ 100-1000d
Many eccentric systems
Deficit of high-mass WDs (Hallakoun et al. 2024)

38
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Ongoing work: Construc‘tmg Gl
mock AMRF Sample s

600

Key properties of AMRF catalog: "
N _

e Large population with P_, ~ 100 - 1000 d 0 200 0 800 1000
e Many eccentric systems 1000
e Deficit of high-mass WDs (Hallakoun et al. 2024) :ZZ

How was-CEE handled'in the original model? zzz -
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Ongoing work: Construc‘tmg Gl
mock AMRF Sample s
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400

Key-properties of AMRF catalog:

200

e Large population with P_, ~ 100 - 1000 d o 200 400 600 800 1000
e Many eccentric systems 1000
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Ongoing work: Construc‘tmg Gl
mock AMRF Sample s

600

400

Key-properties of AMRF catalog:

200

e Large population with P_, ~ 100 - 1000 d o 200 400 600 800 1000
e Many eccentric systems 1000
e Deficit of high-mass WDs (Hallakoun et al. 2024) *°
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A forward model of Gaia DR3 WD + MS binaries

Ongoing wd
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To summarize... ‘ S s

o Close WD + MS binaries are useful probes of @ o

binary evolution / ’ \
e Gaia DR3 lead to the discovery of a large
population of AU-scale WD + MS binaries «¢ - . . ‘
o Intermediate to standard predictions of ‘

Stable Roche
stable vs. unstable MT

Wind accretion lobe overflow

o My work aims to explore various-aspects of this -
population to learn about their MT histories
o Spectroscopic follow-up o ® e @ e®
o 1D stellar evolution models . P> 1000d Ps1d

Post-stable MT binaries, PCEBs

e Forward modellng Barium stars, etc.
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