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Lecture 25: Pulsating Stars,
Cepheids and RR-Lyrae Stars
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Stellar Pulsations &
Oscillations

Pulsations can leads to periodic variability in stars,
although pulsations in the Sun make only small
changes in luminosity.

Sun shows over a million modes.
Modes in Sun are excited by convection.

Non-adiabatic effects are needed for large
luminosity changes.
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Stellar Oscillations in Red Giants

http://apod.nasa.gov/apod/ap | 10408.html



http://apod.nasa.gov/apod/ap110408.html
http://apod.nasa.gov/apod/ap110408.html

Stellar Pulsations with Cepheids
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http://www.calstatela.edu/faculty/kaniol/a360/cepheids.htm

Cepheids pulsate with a
period between 1 and 100
days. The pulsation causes
changes 1n brightness which
can be easily measured.

http://www.konkoly.hu/staff/kollath/gallery.html
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Ml Between 1908 and 1912, Henrietta o ©
30.000 | Leavitt discover.ed a relationsbip a
between the period the Cepheid and o
. 1ts luminosity.
"5 10,000 |
c/) '
=
> £2
k7,
O —
.g 3 ' OOO
= L > .
= i :
foN
1,000 - § G -
o
| | | | | | |
3 10 30 100

period (days)

This meant that Cepheids are a powerful standard candle
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Classical Cepheids are Population I Objects found in Disks

Sunday, May 1, 2011



Cepheids as Standard Candles

Cepheld Variable in M100
" e = HST-WFPC2

Because Cepheids are
bright, they can be
detected 1n distant
galaxies. As we
learned, Hubble used
Cepheids to obtain the
first measurements of
the distances of the

M31 and M33
galaxies.

With the Hubble space
telescope, astronomers
can now measure the
periods of Cepheids 1n
distant galaxies.
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RR Lyrae stars are population |
+  objects found in globular clusters
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RR-Lyrae Stars in M3

https://www.cfa.harvard.edu/~jhartman/M3 movies.html
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https://www.cfa.harvard.edu/~jhartman/M3_movies.html
https://www.cfa.harvard.edu/~jhartman/M3_movies.html

Basic theory of
Stellar
Pulsations

Bohm-Vintense




Bohm




Basic theory of Stellar Pulsations

Pulsations in Stars: From Bohm-Vitense Volume 3

Assume that the center of the star is node of a standing wave. Thus, the fundamental
oscillation will have a wavelength equal to 4 x R where R is the radius of the star (thus, half
a wavelength will start at 0 at the center, reflect off the surface at maximum amplitude, and
return to 0 at the center). The corresponding period will be:

(11)

where P is the period of the oscillation and < ¢s > is the average sound speed. The sound
speed for an adiabatic gas is given by:

CA™ RN (12)

where v = Cp/Cy. We can write approximately
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Basic theory of Stellar Pulsations

For a star in Hydrostatic equilibrium, we can write approximately

< > GM GM
N ——, r< P, >r< p> —— 13
<p> B v g PR L)

We can use this relationship to write the period as:

p_ AR 4R R  2V3
VYGM/R VGV M HGr

<ipa (14)
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Eigenvectors for a star with density gradient

¢(r) L vl v

0 1 2 3 B 5 6 6.9

Density and temperature gradients in star modify the frequencies of
the overtones. Thus, observing the harmonics provides a probe of
stellar interiors.
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Cepheids and RR-Lyra

stars appear in
instability strip

Note: strip has a small
cosr. relatively range in
ek temperature but a
\ large range in
% luminosity.
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For a constant temperature, higher luminosity implies a
larger radius and a larger Period

S0.000 " Cepheids
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Adiabatic Pulsations

[ ' W These pulsations
- would not cause
| e v | large changes in

' iy ~ radius or

' luminosity and

of . would dampen as
.~ energy is radiated
| _ ~Into space.

~ Weneeda
| - mechanism to
» T N T-EE— drive the
period pulsations.

Bohm-Vintense

Sunday, May 1, 2011



Amplified Pulsations in Cepheids
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Dynamical Instabilities

Consider a star in Hydrostatic equilibrium, given in the Lagrangian and Eulerian equations:

dP Gm dP Gm

_ = —_— = ) 1
dm  4dmr?’ = dr r2 (1)
which implies
1 dm
fi—= d7tr? dr (2)

now consider a small perturbation, an expansion in the radius:

r'=r+e=r(1+¢) (3)

How does this change the pressure of the gas!?
How does this change the pressure from the surrounding gas!?

From Prialnik
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Dynamical Instabilities

From Prialnik
The resulting density is

- 1 dmdr  p
CAnr2(14€)2 dr dr' (1+€)3 AL~ 3¢) 4)

p

If we consider that P'/P = (p'/p)?*, where v, = 5/3 for an adiabatic, monotonic gas:

P, = P(1—3¢)" = P(1 - 3¢y) (5)

We can also calculate the pressure needed for Hydrostatic equilibrium. Start with:

: M Gm
Pressure from surrounding gas: pP — / dm (6)

n  4mrd

which when perturbed give
M
Gm
P = dm~ P(1 -4 7

f /m 4rrd(1 + €)* it ( €) (7)

This pressure decreases since gravity weakens slightly if we expand the star!!
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Dynamical Instabilities

For the gas to return to equilibrium

P& B (8)
which requires that:
P(1 — 3ey,) < P(1 — 4e¢) (9)
or
4
Yo = = (10)

3

If Y < 4/3 then the gas pressure will increase faster
than the pressure from the surrounding gas, leading to
further expansion.

From Prialnik

Sunday, May 1, 2011



Amplification in Cepheids: The K mechanism

As gas contracts, temperature and pressure increase.

The causes K to increase (rising on K mountain)
The result is radiation is trapped, increasing heating.

Pressure does not decrease as fast with decreasing density

(Y < 4/3)
The excess heating drives expansion beyond equilibrium value.

Excess heating ends when density and temperature push star to

other side of K mountain. At this point, the oscillations may be
dampled by the gas radiating heat into space.

Sunday, May 1, 2011



Fig. 18.7. The x mountain as constructed by Baker and Kippenhahn (1962). BOhm_Vintense
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Amplified Pulsations in Cepheids
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Amplification in Cepheids: lonization

In adiabatic gas higher density implies higher pressure following
adiabatic law.

As ionized gas compresses, the number of particles decreases
due to recombination.

Pressure does not increase as fast with increasing density
(Y < 4/3)

This is probably a secondary effect.
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RR Lyrae - solar mass
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Population | stars during
Helium core burning
have convective
envelopes and are not
susceptible to RR-lyrae
oscillations

Bohm-Vintense

Sunday, May 1, 2011



TEMPERATURES 4e F

ZONEVE —_—
SR
. RR Lyrae models
50 17

=" (Christy etal. 1966)
i —

sl 2 Temperature
W | 26
2 ast o
244_ 2 % ~ lonization of Hell
543— °
S 3 L
42f }\ _ lonization of Hel and HI
41F 3 ‘
40t~
39 .
il ;4‘ g 0\ —
37L A e §
570 1|5|90" — llélol — 1!61301 850
TIME (102 sec)

F16, 1,-—The (craperature variation at various depths to 106 ° X for model 4¢ ¥

Sunday, May 1, 2011



Periods of RR Lyra Stars
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Some Stars can only sustain first harmonic
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Using Pulsations to Determine
Stellar Masses with Kepler

The period relationship gives:
(ZA%):(M_A{D->O.5(R£;>—1.5,
The maximum power has been found to equal:
(V:n:(@) - (1\%) (%) ) (Tf;f,fe)_o.f)'
()~ (o) (&0) " (7as)

(E)N bhiina 3(Au)—4 T \
M@ . Vmax,@ AV@ Teff,@ .

Giving:




Pulsation Spectra for Dwarfs and Subgiants
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Dotted lines are mass tracks.
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AV is spacing between harmonics, equal to fundamental
frequency. Increased mass leads to lower Av.

Chaplin et al. 201 |

Sunday, May 1, 2011



Summary

Stars often show pulsations and oscillations. Famous examples are
Cepheus and RR Lyrae variables, were large pulsations lead to
substantial change in brightness.

These pulsations are a diagnostic of the internal properties of the
stars. A common pulsation is an acoustic standing wave in the star,
driven by convection. The period scales as the |/(density)%>

Adiabatic oscillations are damped and do not create large changes
in luminosity.

Cepheids and RR Lyrae stars are driven by pulsationals instabilities
which cause deviations from adiabatic behavior in the gas. They are
found in a narrow instability strip in the HR diagram.

Pulsations in subgiants measured by Kepler can give direct
measurements of mass and radius.
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