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INTRODUCTION




| 1INTRODUCTION
Stars Clusters

Groups of stars grawtatlonally bound

- RS Sy AL Globular Cluste rs -
Bt i, . - ) Tlght groups often thousand to m|II|ons of _
L gl e e old stars. ' ' ‘

'-.-Open Clusters

Made of tens to a few thousand stars andare -

" 'I\/IeSS|er 67 (SDSS optlcaland near- lnfrared) I
Sloan Dlglta|Sky Survey . .- . .. .. coften.wvery young Our flrstlnvestlgatlon focused-_
- 1- L speuflcally in the open cluster M67.



| :"'NTRQb’UCTIQN; |

| I'Clusters Iose stars |

over time

"Two body relaxatlon and/or runaway stars . |

N Runaway Star (RS)

-'Stars Irberated from a oluster W|th unusual |

-klnematlcs ‘such as hlgh veloct|es

Stellar “Interlopers” = Hubble Space Telescope ACS

A

A-""-l" “,-“iy:l"‘"“"
&
= NASA, ESA, and R. Sahai (NASA/JPL) 5TScl-PRC0O9-03

o -Runaway stars’ movmg thrOUQh reglons of |

dense mterstellar gas.

* NASA - Hubble's Advanced Camera-for Surveys



g '-'}and a binary star.

"_.- Relatlve velomty determmed by

 THREE-BODY
--’.‘,DISINTEGRATION

_ - Interaction between a smgle star

- Dlsmtegrate mto a runaway smgle
'.. (RS) and a runaway blnary (RB)

N Sln-glle and blh'alry |nteraef|en o
| ||'near mOmentu m GonserV*atIOn. -+ - . endinginthe ejection'of both
- - L . L L - (Lelgh and Stone 2019) 1



| 'PREVIOUS

. NVESTIGATIONS

'RSs have been the subject of extenswe studles through
S|mulat|on3° |

. "—-Studles on dynamlcally eJeeted massrve stars frem young star
clusters using simulations. | | | , -
' (Perets =]gle Subr 2012, Fuwand Portegles Zwart, 201Zr Oh et al., 2015 Andersson et al. 2020 DaIIAmlco et al., 2021)

T RSS from oId star clusters have been argued to be non negllglble

| | :mostly due to three body mteractlens

~ (e.q. Weatherford et aI 2023 Grondln et aI 2023a Grondln et aI 2023b)



_ tidal stars and their -

- Python based code that uses
- three-body dynamicsto . .
- simulate the creationof extra-

_. correspondlng rec0|l blnarles

100 150 200 250 300 350 400
Escape VeIocity (km/s) '

i Histogram showmg the predlcted velouty dlstr|but|on of :
. escapers ejected in a Corespray simulation, - -
A. Herrera Urquieta et al. submitted.



PREVIOUS
INVESTIGATIONS

' Studles of RSs through observatlons

PR Studles of RSS Changed W|th the Iaunoh of the

Gala m|SS|on -,
| - (Gai Cllab atio tI2022) -

- As a: result numerous new RSS have been

:dlsoovered B O . https //WWW cosmos esa |nt/ i
. (e.g.Car etero-Castrillo tI2023L tI2023LtI2023Igh tI2022) | . _



IT IS POSSIBLE TO
DETERMINATE THE POINT
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CAN WE PROVIDE A METHOD TO
IDENTIFY BOTH OBJECTS IN THESE .
THREE BODY DISINTEGRATIONS” e

& e\ fé fé

__ ?. 9. - . .? .? _:



' |s THE DATA GOOD ENOUGH
~ TODOTHISTASK?
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A NOVEL
METHODOLOGY TO
IDENTIFY RUNAWAYS

. - Identlﬂcatlon of RS/RB pairs from smgle— .
SN S blnary mteractlons in star clusters '

- Generallzed method that can be applled to -

'any Cluster Wlth 5D klnematlcs mformatl@n REE:



THEORETICAL
EXPECTATIONS




' THEORETICAL EXPECTATIONS FOR RS
:-g_THREE -BODY DISINTEGRATIONS |

o Tlmescale and momentum conservat:on based s

R arguments can be used

e "Wé -s"ea'r'cf;h" fori -bbthith‘e RJSiénd'-RB a‘ﬁfd the point

. |n the sky where the three stars got separated.



- For every RS-RB pair, theory predicts: -

: c ‘--1_,8'09*<jﬂﬂ9|é b_etwéen._thel'(ZD/:?)D)' v_-e_loc;ity;ye.c‘lccrs:-._

. . . '- i Cr'd.sgfpoint_ . ‘ RN




Fe-r. evelry"R'S.-—'*RB- pe"i-r,"the'efy p r'e_diééc's;.

: voe 180° angle between the (2D/3D) veIOC|ty vectors

- My > 2 thee g US > 2
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For every RS RB palr theory predlctS°

e 180° angle between the (2D/3D) veloc:|ty vectorS

I-I..'.. mb > 2 thenl-'._,— > 2

'-.- ¢ Both traeeback tlmes from the currently observed p03|t|ons to the
| hypothet|c>al erlgln namely Where the|r velomty veotors mterseot
should be equal | | |

. Cross- Polnt_



" For eve:'ry"RS';-R'B ofair', t'hJeory 1|I'o1redil'ot$:

. e 180° angle between the (2D/3D) veIoolty veotors

-_ ‘ mb>2 then _Us'>2

ms

SER Both traoebaok tlmes from the ourrently observed posmons to B
- the hYDothetloaI orlgln (veIoolty vectors |ntersect”) Should be
equal | _ | . ‘

e --L_u-rhino_s_i.tire_s- and colors consistent with an.isochrone . -



METHODOLOGY



' - MASS | 2100 4+ 600 [M)] |
Bonatto et al. 2003
DISTANCE 86() pc
Cantat Gaudln et al 2018
. TIDAL RADIUS
Georglev et al. 2009

BINARY POPULATION ~ 50 % R
Aaron M. Geller et al 2021.

e 'M67J-a"s a 'tﬁe_s"ting-'g"rou_'r’r_d
_-f'cj)rpu-r”'_m_ethtgd_. :

K SufﬂClentIy hlgh denS|ty
that single-binary =
mteractlons are thought
to occur frequently




| DATA"‘ GAIADR3
B ThIS data reIease represents a major advance |h the quantlty
: and quahty of avallable klnematle data. | |

 -Ideally, we must b‘@i.”d*a-_ 6-D pha'étef'Spa_éef SRR

- Currently aII we have s a Complete 5- D phase space usmg the ;"'. |

Ga|a DR3 Cata|09, |aCklng rellable rad|aI veIOC|t|es

- How far can we get with only 5-D? Prety farl



SAMPLE
SELECTION




Lf.f_ALL THE POSSIBLE PAIRS

2_ _"-g_--Thi_e'r_,e"a're,_41_'-20, m'ill-i_o'n'-'pa,i'rs,'-- s

* APPLYING THE CRITERIA To L

- How many pass aII the selectlon crlterla

~from theory to within 102 . RPN T



RESULTS



| VELOCITY RATIO DISTRIBUTION g f ,

Observational
data

“factor of 2'if we onlyinclude
pairs with velocity ratios > 2.

~ .object must be dlmmer isa. -
reductlon of one order of |

A Her_reka—'U,rq_uiérta:,'_et_al:'.sdb.m_itt:ed:_'_-- - -m.ag-n_lt-u_clje :

B . Sample IS reduoed by about 2 a .

©_* Including also that the fastest -



_- '_‘Q_.ITRACEBACK TIME DISTRIBUTION

o e Tracebaok veotors e
intersect in time and’

| _space, reducing the

-sample by one order of
| '-_-_magnltude ' '

Observational

0.0 25 5.0 .2 100 2.5 5.0 7.5 10.0pm. | :
|OglU(TBTa-TBTD) TBTL/TBTp

‘A Herrera-Urquieta et al. submitted. -




 ANGLE DISTRIBUTION

"¢ The anglé between both |
~ velocity'vectors fall within 1o
.- of180°. Reduces our sample

_ "'S|ze by two orders of - e Obse;;f:mal
magnltude | . '

-
O
o
o
1Y)
s
L

20 40 60 80 100 120 140 160 180§ . "

Angle [degrees]

A Herrera Urqweta et aI submltted



CMDFITTING

e The fastest and dlmmer -
-~ starlieson the. isochrone, -

: reducing the sample by two' '

| orders of magnltude .

e Applylng aII of the Criterla |
prewously mtroduced _
“reduced by eight orders of __
magnltude from 10"8 to1_"

Cluster mémbers of M67 obtalned from Childs et aI 2023 red
lines show the best-fitting isochrone as well as the equal-mass .
blnary sequence shifted 0.75 mag above it (upper line)

A Her_rer_a Urquieta et al. submitted



. M67 Members
.2? h.!

BN cesuLtine P

¢ We found
~something!.

e The red and black dots
_correspond to, respectlvely,
.the faster and.slower movmg |
objeots L A :

A. Herrera-Urquieta et al. submitted



DISCUSSION




EFFECT OF THE |
GALACTIC [

POTENTIAL N

star2

@® starl

] STAR 1= BINARY
(HEAVY)

M STAR 2 = SINGLE |}
(LIGHT) *

PARALLEL TO THE
CLUSTER ORBIT

80 100 120

QGO : 90 ‘% | 6,r(degrees)

A. Herrera-Urquieta et al. submitted
Credit: Aaron Geller, Northwestern University

QB TOWARD GALACTIC
| CENTER QGC = 0 s



HOW MANY FALSE POSITIVES
DO WE EXPECT”

e We generate four dlfferent tests shlftlng the o
Center ofthe eluster G e
e Sample of pairs flve tlmes greater than our
‘main sample.. | ' | ' '

” o Out of all these palrs zero objects satlsfy aII

R of our Crlterla S|multaneously



FUTURE WORK

It is |mportant to bear in mmd that our '
candldate pair is promising but st|II hlghly |
prellmmary. : - g |

T e Follow up observatlons to conflrm or rejec"’ 2
the resultmg palrs |

) :Apply,th,ejc-o.d'e ,tp'-mér.é., c-luét.e“rs-. __ :

| - Add.":a.blacl'i_- hole into'the mix. -



o Systematlc method to |dent|fy runaway stars ejected
._.from star clusters from smgle blnary |nteract|ons '

e -‘Uslng M67 as a benchmark test case, we confront our |
g expectatlons W|th a’5-D klnematlc data set obtalned from
the. GAIA DR3 catalog | '-

N I e R *Of an initial sample size of roughly 1048 pafrs,iny o.ne
S U M M A RY - satisfies all of our selection criteria | |
s R " L -"Whlle the results obtalned in this study for M67 are

promising, itis important to validate our method by
applylng |t to other star cIusters

~ » The candidates we i'de'ntify are still highly.preliminary, and
' ‘_subsequent (spectroscoplc) observatlons and RVs could |
help conflrm/reject them . | | -
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