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Longer period triples with 3-rd body perturbations
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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Other funny ETVs
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An ordinary (non funny) ETV - related to Ondrej’s talk
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

 Light-Travel Time Effect (LITE, LTTE - Rgmer-delay)

aap sinig (1 — e3) sin(vy + wy)

C 1 + e5 cos vs

Arrre = —

aaB — semi-major axis of the EB's orbit around the CM of the triple

e2, 12, 2, v2 — eccentricity, inclination, argument of periastron and
true anomaly of the relative orbit of the third body

c — speed of light
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

 Light-Travel Time Effect (LITE, LTTE - Rgmer-delay)

Changing to eccentric anomaly (2) :

Arrre = _ZaB Zin 2 \/ 1 — e3sin & coswy + (cos E; — e3) sinws
_ _daB Sin 2, \/l — €5 cos2 wysin(&y + @) — egsinws |
C i
Amplitude: Phase:
Avrre = CAE Zin jg \/l — €3 cos? wy p = tan \/ls_il;foawo
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

 Light-Travel Time Effect (LITE, LTTE - Rgmer-delay)

Introducing the mass function:

1 e 1 & 3 3 v 1 .
. mesm s 47 a, g SIN 1
fime) = . — —

M aBc G P;

and thus, the amplitude of LTTE can be written as

2

-

G ‘ . 5
- " l 3 'l 2 i
Avrre = —) fime) \ | — &5 COS™ (1)

¢ 27

amc SIn l.: 273 / . .
1.1 x 10 Py 1 — e3cos” ws,

14

2/3

NS
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* Dynamical perturbations of a third body

Three different time-scales

Classifications of periodic Period Relative
perturbations amplitude

Short period perturbations ~ P,

Medium period perturbations ~ P,

Long period perturbations ~ P22/IP;
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* Medium-period perturbations of a third body

Quadrupole-terms (Borkovits, Csizmadia, Forgacs-Dajka, Hegedis, 2011)

(12 '),\t+l(1-1) S(2v; + 29, )‘

S

e - P] W2W1/2 4 6’ _
(() - (_)l‘, — 3;“\1_ (l —'C’I) g-fl(é’[) + gl\](_t'l.(l)l)

51 l . 1 .
+ T( / »(€1) Cos 7(}1 + 2Ks(ey, wy. g) + g( 1\4((1 wi, t/l)‘ I(l - I') M + 5(1 + l')é(Zv: + 2.(]3)
1[51 o )
- 7—()( f (e ] ) Sln "(]1 + 7[\;(6] W, (]1) + §6’Tl\s(t’|.w].g[) 21(,(21’_1 <+ 2;]3_)

S(2v, + 2¢5)

2| -

+

(l _(l)l 2

2 3
?(1 + —cl)sm Umy + € sln("ql + um)| [1 + 2K (e, w1)]| C(2v2 + 2g» )}}

3 /) 2 ’
(l + —c’;)cosuml + €7 ¢co8(2g) + up )| [1 + 2K, (e, w, )III/H -

-—

N

.+_

M| =
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* Medium-period perturbations of a third body - special cases
Circular inner orbit (Borkovits, Erdi, Forgacs-Dajka, Kovéacs T., 2003)

Py, mc P R) .
Al = [(

2. 3 ..
1 — S Sin” 1m) M+ 2 sin” (, S| + ...

2m mapc P>
Both orbits circular

e=0  P1 mc P13 5. .
Al-m = — SIN~ i, SIN(2u> — 2n2)
) 2 MARC Pg 4

Circular inner orbit — coplanar orbits (Agol et al., 2005)

- P| me P| 3 5 .
AT 3ezsinvy — 76250 2va + §e§ sin 3v2 | + O(e3)

2n mapce P>
Two circular & coplanar orbits (Trinity)

Ao =0
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* Medium-period perturbations of a third body

— Comparison of the amplitudes with the LTTE--terms:

Aayn ¢ Elen. u) (1’1 ) ) pl/3 100000
— - - T X - -\ '2.\.&‘2’ 2 3 -
AvrrTE (‘27:(,'111_“;(-)1" “ sin i Ps 1,
PR 1 0
(13) _ 3 :
] =
where > 10000 o & .
3 158
g Y 2y —3/2 2 2 —-1/2 ra 2\ = | adetes
Elea,we) = (l — ('2) (l — €5 COS wg) (14) - ;é ;.:.,.
o D [* e
& ot
5 10009 7|tk
9 ] '
and therefore, for a given total mass o to :
g 100 . o > T
2 1 >50s
Adyn C ( P ) pl/s —
A rre Y Y o /3 \ . 2 1
ALTTE (2rGmagc) P / /Dynamically unstable domain
2 10 T T T T | T (| | | I T T T 1
173 Pr 0.1 1 10 100

3
1.45 x 10°m 1 i

Inner Period (P4) [in days]
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* Medium-period perturbations of a third body

— Comparison of the amplitudes with the LTTE--terms:

Qdyn . - P ’
Aawm _____© é.(¢'2.w2)( ,‘) P,
AvLTTE (2rGmapc) "7 sinis P
(13)
where
E(ez,wa) = (1 - (-ﬁ)_:"’") (1- €5 cos” wg)_l'lll (14)

— For Kepler
(the life-time of the original mission ~ 1470 days):
2 - 5/
A(l_\'u ~ ,,l_ 1.'."" ( 1)1 ( 14‘ () /
Avrre ~ B9 \11.46 P,

'3

Outer Period (P2) [in days]
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10
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The Royal Road: Eclipse Timing Variation Analysis
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* “Apse-node” timescale perturbations

For the closest Kepler triples apsidal motion and nodal regression
timescale is shorter than a decade! These must be taken into account!

General form of apsidal motion (irrespective on its origin):

Py

Aa.pse - 2_,,_
Tt

arctan

+eq cos wy

L+ /1 —ef Fe sinw,

:l:\/'l

€1 COS W)
_— e‘[' - '
| + €1 S1n wq

In case of third-body perturbations the variation of wi no longer linear in time and
furthermore, e1 and P1 also vary!
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:

* “Apse-node” timescale perturbations

The period of the dynamical apsidal advance (and nodal regression)

3 MARC Pj
apsc ™~ IS

f‘(€|,€),i 93|~£’2)
me Py’ o

It can be calculated from the long-term+LTTE third body solution, therefore,
it is constrained — helps to resolve some degeneracies

(see Borkovits et al. 2015 for details, especially Appendix C)
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The Royal Road: Eclipse Timing Variation Analysis

The effects of the third body:
Why are these good for us?

(QI-QZ); imut 02
J1
imut J1, 02

The yellow quantities were almost completely unknown for compact triples before
Kepler-era, although they are very important for dynamical evolution studies
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Search for hierarchical triples in the Kepler sample

Steps of the analysis

* Levenberg-Marquardt non-linear LSQ search.

8
A=Y B + [Aurrs + Aayn + Aupacl

T

A=T(E)=Ty - P.E

linear polynom + LTTE terms
Dynamical term(s)

Apsidal motion term
Quadratic cubic plynom
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Search for hierarchical triples in the Kepler sample

Results from 2024 (2016)

Summary
A total of 189 (222) third-body ETV solution was found

LTTE only LTTE+dyn Sum
Group | 54(38)  37(31)  91(69)

Group Il 50 (58) 13 (17) 63 (75)

False positive 0 (8) 0 (0) 187 (230)

Group I: More than two outer orbital periods are covered
(or extra eclipses verifythe third body)
Group II: More than one, but less than two outer periods

Group lll: Less than one outer orbital period
Falca DAacitivin: Tha ciamal Evarmes 1 TTE Lk # b cAntivemn e st v D
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Results on hierarchical triples in the Kepler sample

Group | systems (2024 - not final)

96d<P2<2714d - pure LTTE systems
45d<P2<1581d - LTTE+dyn systems

12 systems with extra eclipses - one of them identified in TESS data
(extra eclipses in TESS data: 6 EBs)

These are the most certain ones - although there might be a few
false itive hem.

y . d

¥ $ ¥ % 3 9%

KIC 06543674 KIC 06545018 KIC 06144827
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Results on hierarchical triples in the Kepler sample

Group Il systems

* 618d<P2<4770d - pure LTTE systems
* 1385d<P2<3418d - LTTE+dyn systems

 LTTE+dyn systems seems to be certain enough, but for pure LTTE
cases there is a greater probability of false 3rd body interpretation

KIC 05478466 KIC 05621294 KIC 05653126
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Results on hierarchical triples in the Kepler sample

Group lll systems

* 765d<P2<16003d - pure LTTE systems
* 1487<P2<9402d - LTTE+dyn systems
* Most uncertain cases, but many of them most probably real triple

KIC 08553788 KIC 09083523 KIC 10268809
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Statistics )
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Results on hierarchical triples in the Kepler sample

Statistics

* Lower end of outer period distribution:
The tightest binaries have no close ternary companions.
(See the empty yellow ergion!)

This might indicate some differences of
the evolution (formation) of contact binaries.

100000 -

10000

Pulsating variables

1000 4

Outer Period (P2) [in days]

ALTTE> 50s T

- / / Dynamically unstable domain

) |
0.1 1 10 100

Inner Period (P) [in days]



Tamas Borkovits - Then and now:

Eclipse Timing Vvariation Analyses of Kepler triples — after TESS

Results on hierarchical triples in the Kepler sample

Statistics

* Eccentricity distribution:
It is similar to that which was shown in
Duchene & Kraus 2013 for different samples
of wider field-binaries

Cumulative distribution

0.6
Eccentricity

Cumulative Probability

Outer Eccentricity
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Results on hierarchical triples in the Kepler sample

Statistics

* Mutual inclination:
(It can be calculated only for dynamial systems)
* The peak at im~40° may be a good evidence for KCTF mechanism

10 < - [ r r r 1 1 1 r r ' 'S A A LA B S S S B S S S S Sl G B e Gy M e aw am
RN ! 100 L |
5 N - a 3
° .
. KCTF peak ] -
E . Z\ - °
2 . ° - ¢ % o *
> . - . .« o ' .
) - ®
(70} R c
[T = R . ~
= " :J I() . o * *
' ~ [« Y0 ° )
a - ® LI .
z 1% -
= - ™~ . @ L J
= 4 = P .- R T B
Z - a -
-] ® o
- W
4 I - ™ =
E e
1 ! | | | 1
0 0 10 20 30 40 S0 60

Mutual Inclination Angle (degrees) Mutual Inclination Angle (degrees)
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~ Thank you for the attention!

.

-

ik ‘_ .u”

" byE. Forgacs-Dajka
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