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Astrometric binaries: .
distant friends? :

e William Herschel (1802) -
christened the term '
“binary star”

e Félix Savary (in 1827) Y
established the equations '
of an astrometric orbit : Y 1

e Burnham (1906): '
catalogue of 13665 i
double stars for
declinations > —30°

Albireo (3 Cyg), separated by 35”.



[ Persei and the eclipse hypothesis

e John Goodricke (1783)
suggested that 3 Persei
underwent eclipses

e |ts 2.87 day orbital period
is recorded in the Ancient
Egyptian Calendar
(Jetsu & Porceddu 2015)
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Except of the Cairo Calendar
(Jetsu & Porceddu 2015, fig. S1)
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[ Persei and the eclipse hypothesis

John Goodricke (1783)
suggested that (3 Persei
underwent eclipses

Its 2.87 day orbital period
is recorded in the Ancient
Egyptian Calendar

(Jetsu & Porceddu 2015)

Vogel (1890) proved the
binary nature of (3 Persei:
“spectroscopic binary”

Stebbins (1910) |Ight curve Light curve of Algol

. BRITE R—band
from a selenium photometer -
0.

Orbital phase

BRITE satellite: first modern
light curve Light curve of 8 Per from UniBRITE and

BRITE-Toronto



B Aurigae begins the era of direct measurements

e Rambaut (1891): first double-lined RV curve, for 8 Aurigae

o Stebbins (1911): light curve from his selenium photometer
— measured mass and radius of both stars

F16. 1.—The light-curve of B Aurigae

Light curve of 3 Aurigae from Stebbins (1911)



B Aurigae begins the era of direct measurements

e Rambaut (1891): first double-lined RV curve, for 5 Aurigae

e Stebbins (1911): light curve from his selenium photometer

— measured mass and radius of both stars

e Southworth et al (2007): light curve from the WIRE satellite
— masses and radii to ~1%, distance from interferometry
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http://www.astro.keele.ac.uk/jkt/debcat/




Light curve models

o Russell (1912): first mathematical
treatment of eclipse fitting

ON THE DETERMINATION OF THE ORBITAL ELE-
MENTS OF ECLIPSING VARIABLE
By HENRY NORRIS RUSSELL
§ 1. Statement of the problem.—Bauschinger, in his e
work on the determination of orbits, remarks concerning thP
problem of determining the elements of the orbit d]lLl the
sions and brightness of the component stars of an eclipsis
from the observed light-curve:' “Der Zusammenhang zwischen
den Gréssen-, Formen- und Helligkeitsverhi
und den Elementen der elliptischen Bahn einerseits und der
Lichtkurve ander t aber ein so komplizierter, da
eine allgemeine Theorie wohl kaum aufstellen kann, sondern die
sung von Fall zu Fall den vorliegenden Verhiltnissen anpassen

It is the purpose of the pres sion to show under what
ircumstances, and to what degree, this problem may be regarded
determinate (in view of the limited accuracy of photometric
ervations), and to develop formulae and tables which make the

solution of the problem, when it is determinate, a simple matter.

In the most general case, the number of unknown quantities to
be determined is considerable. The relative orbit will in general

eccentric, and the two components of the sys

and brightness. They may present the appearanc

not uniformly illuminated, but darkened toward the limb, and
may also be elongated toward one another by-
tion, and brighter on the side receiving the radiation of the com-
panion than on that remote from it.

For a complete specification of such a system we must therefore
know at least 13 quantities, as follows:

Orbital Elements
Semi-major axis. ... .. e
3 . ¢ Radi

Longitude of periastron.. .. .o Light of larger star

* Die Bahnbestimmung der Himmelskirper (Leipzig, 1906), p.

313




Light curve models

o Russell (1912): first mathematical
treatment of eclipse fitting

e Wilson & Devinney (1971):
physically-correct Roche model

Fig. 3 from Wilson (1994)



Light curve models

o Russell (1912): first mathematical
treatment of eclipse fitting

e Wilson & Devinney (1971):
physically-correct Roche model

e PHOEBE (Pr3a & Zwitter 2005):
— based on WD code
— graphical user interface

Screenshot from PHOEBE
(http://phoebe-project.org/)



Light curve models

Russell (1912): first mathematical
treatment of eclipse fitting

Wilson & Devinney (1971):

physically-correct Roche model

PHOEBE (Pr8a & Zwitter 2005):
— based on WD code

— graphical user interface

Easier alternative: JKTEBOP
http://www.astro.keele.ac
.uk/jkt/codes/jktebop.html

0.4
Orbital phase

JKTEBOP fit to the light curve and radial
velocities of LL Aqr (Southworth 2013)



How do we do it? 1 — Light curves

e Light curve parameters:

orbital period: P
— orbital inclination: i

fractional radius of hot star: r = %

R
a

fractional radius of cool star: rn =

Light curves of WW Aurigae from
Etzel (1975)
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How do we do it? 1 — Light curves

e Light curve parameters:

orbital period: P

orbital inclination: /

fractional radius of hot star: r; = %
fractional radius of cool star: rn = %
orbital eccentricity: e

argument of periastron: w

actually get: e cosw

Limb darkening: not important

e For WW Aurigae:

P = 2.46113400(34) days
r; = 0.1586 + 0.0009
r, = 0.1515 =+ 0.0009
i = 87.55 4+ 0.04 degrees
e = 0 (circular orbit)

Light curves of WW Aurigae from
Etzel (1975)



How do we do it? 2 — RV curves

e Radial velocity curve parameters:
— velocity amplitude of hot star: Kj

— velocity amplitude of cool star: K;

— mass ratio: g = %

Radial velocities of WW Aurigae
(Southworth et al. 2005)
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How do we do it? 2 — RV curves

e Radial velocity curve parameters:
— velocity amplitude of hot star: Kj
— velocity amplitude of cool star: K>
— mass ratio: g = %
— systemic velocity: V,
— orbital eccentricity: e

— argument of periastron: w

e For WW Aurigae:
- Ky =116.814+0.23kms™!

Radial velocities of WW Aurigae
~ Ky =126.49 4 0.28 kms™* (Southworth et al. 2005)

- e =0 (easy!)



How do we do it?

3 — Combine
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How do we do it? 3 — Combine

Ki + K2)? Ky P
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How do we do it? 3 — Combine

Kl —+ K2) K2P
— NEIE. K1+K2)2K1P

K1
K>
e

M; =1.964+0.0001Mo, M, =1.81440.007M
Ry =1927+£0.011Ry, R, =1.8411+0.011Rg
log g1 =4.162 +0.007 cgs loggr=4.167 £ 0.007 cgs




How do we do it? 4 — Temperatures

e \We now have mass and radius

— surface gravity and mean density

Comparison of WW Aurigae to

theoretical stellar models
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— Teg from spectral energy distribution
— Teg from high-resolution spectra

o WW Aurigae

— Teg from Hipparcos distance and
apparent magnitude
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How do we do it?

We now have mass and radius

— surface gravity and mean density

Need effective temperatures

— Teoi from photometric colour indices
— Teg from spectral energy distribution

— Teg from high-resolution spectra

WW Aurigae

— Teog from Hipparcos distance and
apparent magnitude

— 7960 £ 420K and 7670 £ 410K

— theoretical models need Z = 0.05

Luminosity: L = 410 R? Toq*
- WWAurA: L =135+29Lg
- WWAurB: L =105+23Lg

4 — Temperatures

Comparison of WW Aurigae to

theoretical stellar models



Uses of eclipsing systems

e Test theoretical stellar models

— models must match M, R, T.g
using same age and chemical
composition for both stars

>
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44 43
Effective temperature [K]

Components of V380 Cygni:
M; =13.13 £0.24 Mg
M, = 7.779 £ 0.095 M,
(Pavlovski et al. 2009).
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e Test theoretical stellar models
— models must match M, R, Teg
using same age and chemical
composition for both stars
e Apsidal-motion test of stellar structure
— tidal effect in eccentric orbits
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— argument of periastron changes
— depends on internal structure of star
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Uses of eclipsing systems

e Test theoretical stellar models
— models must match M, R, Teg
using same age and chemical
composition for both stars
e Apsidal-motion test of stellar structure

— tidal effect in eccentric orbits
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— argument of periastron changes
— depends on internal structure of star

e Direct distance indicators

— known Teg and radius = luminosity

4.4 4.3

— L and bolometric corrections = My, Effective temperature [K]

— My and V = distance Components of V380 Cygni:

— now done for LMC, SMC, M31, M33 My = 13.13 4 0.24 Mg,
M, = 7.779 + 0.095 M,
(Pavlovski et al. 2009).




Red giants in eclipsing binaries

e KIC8410637 observed by
Kepler (Hekker et al. 2010)
— pulsating red giant
— primary eclipse 2.2d long
— secondary eclipse 8.3d long




Red giants in eclipsing binaries

e KIC8410637 observed by
Kepler (Hekker et al. 2010)
— pulsating red giant
— primary eclipse 2.2d long
— secondary eclipse 8.3d long
e Follow-up radial velocities
(Frandsen et al. 2013)
— orbital period = 408 day
— e =0.686 £ 0.002
- M; = 1.56 +0.03 Mg
- M = 1.32+0.02Mg
- R =10.74+£0.11 R
- R, = 157+ 0.03Rp

Radial velooty [kmis]
s
8

0.0

8




Stochastic oscillations in eclipsing binaries

e V380 Cygni (Tkachenko et al. 2014)
— magnitude V = 5.68
— spectral type: B15II-IIl + B2V
- P =124day
- e =0.2261

Quarter 9
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55660 55670
BJD — 24000000




Stochastic oscillations in eclipsing binaries

e V380 Cygni (Tkachenko et al. 2014)
— magnitude V = 5.68
spectral type: BL.51I-1II + B2V
P = 12.4day
e =0.2261 I = e

Fit

granulation signal detected in Kepler || -~ Grntaten
. . . ite noise
data after removing binarity effects

Quarter 9

Kp magnitude

(o]
(o]
> -
«©
(@]

55660 55670
BJD — 24000000




0 Scuti stars in eclipsing binaries

e KIC10661783
(Southworth et al. 2011)

— semi-detached EB with
total eclipses

— 55 pulsation frequencies,
most 20-30cd~?!
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e KIC10661783
(Southworth et al. 2011)

— semi-detached EB with
total eclipses

— 55 pulsation frequencies,
most 20-30cd !
e Lehmann et al. (2013)
— spectroscopic orbit
for both stars
- M; =2.10+£0.03Mg
M, = 0.191 £+ 0.003 Mg,
- R =258+£0.02Rp
R, =112+ 0.02Rp




0 Scuti stars in eclipsing binaries

e KIC10661783
(Southworth et al. 2011)

— semi-detached EB with
total eclipses

— 55 pulsation frequencies,

most 20-30cd~?
e Lehmann et al. (2013)

— spectroscopic orbit
for both stars

— My =2.10+0.03Mg

— M, = 0.191 + 0.003 M,
~ Ry =258+0.02R,

- R, =1.124+0.02R,

e Can observe using
ground-based telescopes

- |+0.8mag
V+0.4mag
; B

-01 00 01 02 03 04 05 06 07 08 (b

Light curves of BO Her and RR Lep from
Liakos & Niarchos (2013)



~ Doradus stars in eclipsing binaries

e KIC11285625
(Debosscher et al. 2013)

— masses and radii to 1%
— v Doradus pulsations

Amplitude (mag)




~ Doradus stars in eclipsing binaries

e KIC11285625
(Debosscher et al. 2013)

— masses and radii to 1%
—  Doradus pulsations

o KIC4544587
(Hambleton et al. 2013)

— masses to 4%
— radii to 2%
— 14 g-mode pulsations

17 p-mode pulsations

— pulsations are from
the secondary star




Very low mass stars in eclipsing binaries

e KOI-126 (Carter et al. 2011)
— triply eclipsing G star
with two 0.2 Mg stars
— short period: 1.8days
long period: 33.9 days
— Masses to 1%,
radii to 0.5%




Very low mass stars in eclipsing binaries

e KOI-126 (Carter et al. 2011)
— triply eclipsing G star
with two 0.2 M, stars
— short period: 1.8 days
long period: 33.9days
— Masses to 1%,
radii to 0.5%
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e Model discrepancy: low-
mass stars are bigger than
theoretical models predict

o
w

o
)

— Probable reason:
. 0.2 0.3 0.4 0.5 .
tidal effects cause Mass (Mg,,)
magnetic activity

Fig. 2 from Carter et al. (2011
— Solution: study & ( )

long-period EBs



Circumbinary planets

e 10 known transiting circumbinary planets, all orbiting EBs
Eclipse timing variations give additional constraints
Exquisite measurements of masses and radii of the host stars
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Star B eclipses Star A 1.005

Relative flux

1.000

0.995

0.990

0885

0.980 3
1708 1710 1711 1712 2731 2732 2733 2734 2735 4250 4251 4252 4253 4254 18.6 =185 -18.4 -183 -182

Time [BJD - 2,455,000]

Transits in the Kepler-16 system (Welsh et al. 2011)




Near future: photometry

e Continue to exploit Kepler data

— Kepler EB catalogue contains
2878 objects (Kirk et al. 2016)




Near future: photometry

e Continue to exploit Kepler data
— Kepler EB catalogue contains
2878 objects (Kirk et al. 2016)
e Kepler K2 mission ongoing
— worse performance but 13+ fields




Near future: photometry

e Continue to exploit Kepler data

— Kepler EB catalogue contains
2878 objects (Kirk et al. 2016)

e Kepler K2 mission ongoing
— worse performance but 13+ fields

e BRITE satellite (V < 5.5)



Near future: photometry

e Continue to exploit Kepler data

— Kepler EB catalogue contains
2878 objects (Kirk et al. 2016)

Kepler K2 mission ongoing
— worse performance but 13+ fields

BRITE satellite (V < 5.5)

NASA Transiting Exoplanet Survey Satellite
— launch 2017, one month per field
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e European Space Agency
— launched 2013/12/19
— b-year mission




Near future: Gaia

e European Space Agency
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— parallaxes to 200 000
stars (10% precision)

— photometry covering
320-1000nm to V = 20

— spectroscopy covering
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Near future: Gaia

e European Space Agency
— launched 2013/12/19
— 5-year mission
e Astrometry mission
— parallaxes to 200 000
stars (10% precision)

— photometry covering
320-1000nm to V = 20

— spectroscopy covering
847-874nm to V = 17

e Eclipsing binary science
— photometry: 400000 to 7000000 EBs
— photometry: median 70 epochs — not enough for light curves
— parallaxes: Tog scale from known distance, brightness, radius
— spectroscopy: median 70 RVs for late-type stars



PLATO

e Expect 5000-10000 EBs (depend on strategy)

— bright stars, long duration, short cadence

— much better than Kepler, CoRoT,
TESS, BRITE, or ground-based
telescopes

o | am responsible for EBs




PLATO

e Expect 5000-10000 EBs (depend on strategy)
— bright stars, long duration, short cadence

— much better than Kepler, CoRoT,
TESS, BRITE, or ground-based
telescopes

e | am responsible for EBs

e Likely EB science:
— giant stars
— spB stars
— J Scuti
— v Doradus

— solar-like
oscillations

— population studies




What amateurs can contribute

e Eclipse timings from light curves

Astronomy

. . . & T
— apsidal motion measurements ASSTEpRES
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What amateurs can contribute

Eclipse timings from light curves
— apsidal motion measurements
— light-time effect in triple stars
Extremely long-period EBs
— e.g. Tyc-2505-672-1
— 69.1 year orbital period

eclipse lasts 3.45 years
— monitored by AAVSO

Physical properties of EBs
— e.g. V456 Cyg (Nelson 2011)
— mass and radius measurements

Organised groups

http://www.variablestarssouth.org/
research/variable-types/
eclipsing-binaries



John Southworth, Astrophysics Group, Keele University



