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Introduction




What are variable stars?

Stars, whose brightness vary periodically, semi-periodically or irregularly as
seen from earth

* extrinsic variables: variability is due to the eclipse of one star by another or
the effect of stellar rotation

* intrinsic variables: variation is due to physical changes in the star or stellar
system




Extrinsic variables

Transiting planets/Eclipsing binaries

Rotating variables




Intrinsic variables
Pulsating variables Eruptive variables




Binary Stars: Overview




Binaries

50% — 80% of all stars in the solar neighbourhood belong to multiple sys-
tems.
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Duchene & Kraus 2013

— stellar evolution cannot be understood without understanding binary
evolution




Types of Binaries

Rough classification:

apparent binaries: stars are not physically associated, just happen to lie along
same line of sight (“optical doubles”).

visual binaries: bound system that can be resolved into multiple stars
(e.g., Mizar); can image orbital motion, periods typically 1 year to several
1000 years.

spectroscopic binaries: bound systems, cannot resolve image into multi-
ple stars, but see Doppler effect in stellar spectrum; often short periods
(hours. .. months).




Mass determination in binaries

To determine stellar masses, use Kepler’'s 3rd law:
a G

p2 = 47_‘_2(m1 + m2)

where
* M; o: masses
 P: period
* 4 semimajor axis

Observational quantities:

» P — directly measurable
* a4 — measurable from image if and only if distance to binary and the inclina-
tion are known
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View from Earth

Mass determination in binaries

Towards Earth
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View from the side

i=0 deg

i=45deg

i=70deg

Problem when analysing or-
bits: orientation of orbit in
space: “inclination”

In simplest case: real semi-
major axis:

Adobserved = Areal COS |




Spectroscopic Binaries

Object receeding Object approaching
Waves appear longer Waves appear shorter
Redshift Blueshift
NNN /7 — NN W
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Spectroscopic binaries: Components close together: orbital motion via periodic
Doppler shift of spectral lines.

SB2 = both spectra are visible

SB1 = only one spectrum visible

in eclipsing SB2 systems the inclination (close to i=90°) and masses for
both components can be determined.




spbin.mov
Media File (video/quicktime)


Spectroscopic Binaries

Normalised Counts

Time [hr]
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Wavelength [Angstroms]

CD—-30°11223 (Geier, ..., Schaffenroth et al. 2013, A&A 554, 10)

Motion of star visible
through

Doppler shift

in stellar spectrum:
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Binary stars: Overview



Spectroscopic binaries

Double-lined spectra, case SB2
Assume circular orbit (e = 0)

Ki, K> velocity half amplitudes of components 1 & 2
P orbital period
2may  orbital radii of components 1 & 2

K1/2 = [= sin |

. . P
= dy2 SINI = EK1/2

again sin / remains indetermined




centre of mass law:

Kepler’s third law:

Spectroscopic binaries

M _a _ K
M2_81_K1

a=a1+a2=§(K1+2’jTK2/sini

T2 3 (K i+K>)3
= M+ Mz = Gy Gin o ()
Ki+Kp)®
= My + My = 555

(M + Mz)(sin l) = on G(K1 + K2)

—> two equations for three unknowns ( My + Mo, sin /),
sin / can only be determined for eclipsing binaries




Spectroscopic binaries

Single-lined spectra, case SB1
(only one spectrum visible):

K> unknown: Ko = K1%
Insert in equation (x):

P 17

(My + Mg)(sin i)® = 27TG(K1 + K; Mz)

Ms(1 + )(sm/)3 P K3
(1 + M)S - 27G

Mass function f(M):

_ Mg(sm/)3 _ Pk}
f(M) = (e = 2




Spectroscopic binaries: Radial velocity curve
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http://astro.unl.edu/naap/esp/animations/radialVelocitySimulator.html

Light Curves of Eclipsing Binary Stars




Stellar Diameters

3—2

Eclipsing Binaries

Determination of diameters d and dg

from eclipse timing:
Duration of eclipse:

da+dp=V(ls — b)

Duration of eclipse egress:

(3.1)

da— d = V(s — t3) (3.2)
therefore:

. 1

Helligkeit da = §V(t5 — b+l — 1) (3.3)
1

dg==V(ls — b — iy + 13) (3.4)
Zeit 2

T >3 45 6 789101 2325 Note: requires extremely accurate
photometry
Resulting radii are independent of distance
Eclipsing binaries 1



Temperature and radius ratio

Eclipsing Binaries

. 9 000 ¢ o 000 O

0 0.5 b

Stephan-Boltzmann-Law

L1 /2 = 47TR12/2 T—|4/2 (35)
Ty (F1—F2\" s P (F1-F3 i 38)
T2 B F1 — F3 . RZ - F2 |
R 1, . . R 1, . .
— = —(sin27d, — sin271®,) (3.7) — =—=(sin27d,+sin27dy) (3.9)

a 2 a 2




Eccentricity in eclipsing binaries
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The Roche Model

In a close binary system: Gravitational
potential described by the
Roche potential:

GM‘] GM2 1 —> 2
_\r—n\_]r—rz\_i(w ")

GM 1/2
2 (2%
a3

Stellar surfaces are isosurfaces of this
potential
= stars are non-spherical
= Stellar magnitude changes with orbit.
Roche radius:

R 0.49g%/3

a 0.6g23 +In(1+qg'/?3)

Og(r) =

and where

(3.11)

R. Hynes




The Roche Model

- Approximations:

* stellar potentials are point-like (most
of the stellar mass in concentrated in
its core)

* Orbits are circularised (quickly estab-
lished by tidal forces)

* rotation axes are perpendicular to the

5 ] | 0 | 1 | ) orbital plane
xla * stellar rotation is synchronous (tidally
Carroll & Ostlie locked to the orbit)




1.5

0.5

-0.5

The Roche Model




1.5

0.5

-0.5

The Roche Model




1.5

0.5

-0.5

The Roche Model




The Roche Model
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orbital phase

light curves of eclipsing binaries: detached, contact, overcontact (top to bottom)

The Roche Model 6



Limb darkening

* intensity of the stellar disk decreases
from the centre to the limb
temperature is increaing with increas-
ing photospheric depth

* can be measured for the sun

* can be measured by microlensing

* can be calculated from model atmo-
spheres

* linear law: | = [p(1 — € + ecos 0)
¢ = limb darkening factor,

FIGURE 3.17. Center-to-limb variation. This figure shows the aspect angle -

(angle between normal vector n and radiation emission direction e) appearin, Wavelength dependent
in the mathematical formulation of the limb-darkening. The right part of th . 0 ) )
figure illustrates that the depth of the atmosphere region (and thus temperature sun in the UV (< 1 GOOA) limb brlg ht-

accessible to an observer varies with the aspect angle .

ening due to chromospheric tempera-
Kallrath & Milone (1999) ture rise




Limb darkening

u(Kepler)

e * limb darkening coefficient is tem-
ros Mo perature dependent

Claret & Bloemen (2011, A&A 529, A75) * other laws in use

Claret’s law:

I/lh=1—a(1—p"?) —a(1 —p) —as(1 — p¥?) —as(1 — p?)  (3.12)
/L = COS




Limb darkening

HD 209458b: the first transiting exo-
planet discovered, HST light curve:
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* Transit is not central

* transit depth is not constant i

« — caused by limb darkening [ f
Brown et al. (2001, ApdJ 552:699)




y(Kepler)

2.9

1.5

0.5

Gravity darkening

* non-spherical stars, surface grav-
ity varies across the surface

* von Zeipel’s Theorem: radiative
atmospheres: black body:
diffusion equation

* due to temperature gradient in
star Flux Fp o« VB « g—ng)
g

* in the convective case F ~ g%-32
(Lucy’s law, 1967)

* derive numerically from appropri-
ate model atmospheres

* F oc g7 (tables by Claret & Bloe-
men, 2011)




Gravity darkening

1.15
1.10f
1.05f
1.00f
5095 * non-spherical stars, surface grav-
- 0.90l ity varies across the surface
0.85. * derive numerically from appropri-
ate model atmospheres
o890 « F o g” (tables by Claret & Bloe-

07%4 -02 00 02 04 06 08 1.0 1.2 men, 2011)
Orbital phase

Tidally-distorted, limb-darkened, eclipsing, with and without grav-

ity darkening.




Reflection effect

1.2 F

L f HS 2333+3927

1.0 -

o F * light variation by irradiated hemi-
2 K sphere of the companion
= ek « companion has phases like the
NoE moon or Venus
E Uk . * e.g. H52333+3927: Hot star
o E oroita phase
R ST, (33000K) & cool star (3000K)

o2t e 2 e 4 s s 7 e Albedo: percentage of light ref-
Heber et al. 2004, A&A 420, 251 elected from the irradiated surface.




Refection effect

* The refelction effect is not simply re-

o0 flected light
35000 | * the irradiated hemisphere is strongly
30000 | _ heated
2 23000 ;f; * e.g. AA Dor: A hot subdwarf
g : = (40000K) & brown dwarf (3000K)
g 0 g“ * hemisphere is heated to more than
15000 | s | Z  20000K
oo | | © e redistribution of flux from one wave-
0 | 1 -6 lengths range to the other
- Do — albedo can be larger than 1
“600 1400 1200 1000 500 600 400 200 0 200 (100%)

Distance from the M dwarf photosphere, [km]

* synchronised rotation, no heat ex-
Vuckovic et al. 2016 change expected




Reflection effect
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* CoRoT 1b: Hot Jupiter:
mass M=1.03Myp;
radius: R=1.49 R

* CoRoT 1b: Reflection effect and
eclipse of a transiting planet discov-
ered for the first time (Snellen et al.
2009)

* Orbital period 1.509 d, light variation
0.01%




The search for and analysis of new sdB
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Luminosity (compared to the sun)

Hot subdwarf stars of spectral type B (sdB)

®
. Supergiant
IN
E

30,000 10,000 6000 3000

Surface temperature (°)




Hot subdwarfs in binaries

Hot subdwarfs in binaries with unseen companion discovered by RV method
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more than 50% of sdBs in close binaries (P < 1 d)

f(m) =




a

Stable RLOF + CE channel
(massratio< 1.2 -1.5)

Stable RLOF

WD  MS
. )
Wide binary

Unstable RLOF

b

Formation of sdB binary

CE-only channel
(mass ratio> 1.2 - 1.5)

Unstable RLOF

Common envelope

Common envelope

Short-period sdB binary

WD
@ e

P ,=0.1-10days

or

M_,=0.40 - 0.49 M,

Short-period sdB binary
MS
© @

P =0.1-10days

orl

M, =0.40 - 0.49 M,

C

Stable RLOF channel
(massratio< 1.2 -1.5)

Stable RLOF near tip of RGB

sdB with MS/SG companion

®  Wide binary .

P . =10-500days

orl

M, =0.30 - 0.45 M,

Han et al. (2002,2003)




Formation of sdBs by substellar objects

Soker 1998 AJ

* Orbit of planet in envelope of evolved
star

* fate of planet:

— evaporation
— merger with the core

— survival for > 10Mypiter
depending on separation
— ejection of envelope

A®© Mark Garlick / HELAS

— studying the influence of planets on stellar evolution




Light variation of compact sdB binaries

Ellipsoidal Variations



Ellipsoidal modulation and Doppler beaming (sdB+WD)
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Eclipsing Reflection effect (sdB+dM/BD) systems




Microsoft Game DVR

tk

reflection.mp4
Media File (video/mp4)


normalized flux

Eclipsing Reflection effect (HW Vir systems)
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normalized flux

Reflection effect
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— Minimum companion masses of hot subdwarfs with cool companions —
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Schaffenroth et al. 2019 in press
Misin’i  K3P
(M1 + M2)2 B 27QG

f(m) =




Ground-based lightcurve surveys

OGLE ATLAS

Optical Gravitational Lensing Experiment

Y/

Asteroid Terrestrial-impact Last Alert System

— observation of the lightcurve of — a robotic astronomical survey look-

many stars in different fields ing for near-earth objects
— discovery of planetary transits, — located in Hawaii, planned in the
pulsators, eclipsing binaries southern hemisphere

CRTS, PTF, ZTF, BlackGEM, ....




150 HW Vir candidate systems: P = 0.05 — 1.26 d
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The EREBOS project

EREBOS (Eclipsing Reflection Effect Binaries from Optical
Surveys)

* homogeneous data analysis of all newly discovered HW
Vir systems

* photometric and spectroscopic follow-up of all targets to
determine fundamental (M, R), atmospheric ( T¢t, |09 9)
and system parameters (a, P)

* spectroscopic and photometric follow-up
Key questions:

* minimum mass of the companion necessary to eject the
common envelope?

* fraction of close substellar companions to sdB stars

* better understanding of the CE phase and the reflection  ghsocs e

effect
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Photometric project |
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