Chapter 14
Stellar Pulsation

Observations of pulsating stars

The physics of stellar pulsation
Modeling stellar pulsation

Nonradial stellar pulsation
Helioseismology and Asteroseismology

g
=3
)
q
.-
=
N
=)
=
S
—



R
O O 0 NN N AW

Light Gurve of Mira

Mira, prototype of the long-period variables
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tellar Pulsation

1

o Days

O Q
N -

2.90
2.80

O zm O Q

L . w\.u <t as.v \ 4

N & N3 N 8 & W
opnjtud ey JO AUIRPL(Y

<% A classical Cepheid

| Light Curve of 3 Cephe



Pulsation

O Cephel

&% Large T variation leads to
large variation in luminosity

<% Phase lag reflects underlying
pulsating mechanism:
maximum luminosity occurs
behind minimum radius

Properties of

My,

Effective temperature (K)

r—R (10° m)

Surface velocity (km )

2.4

23Ff
22}
21F
20
19}
18 F

5600

5400

5200

5000

4800

15

LO|

0.5

0.0 |
0.5}
1.0

-1.5

20}

30

20 |
10 F
N
-0}

-20

_30 [

00 02 04 06 08 10 12 14 1.6 18 20
t/P

| | | I - . | | | | | I . | | | | |
-3 L

g
=3
)
q
.-
=
N
=)
=
S
—



Classical Gepheids in SMC

Period-luminosity relation for classical Cepheids in the Small
Magellanic Cloud
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Cepheids in NGG 4603

Credit: Jeffrey Newman (UC Berkeley) & NASA
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Classical Cepheids in SMC )

Period-luminosity relation of classical Cepheids for the V' band

M(V} = —2.81 log Pd —1.43

In terms of the average luminos-
ity, the relation is given by

(L)
log -2/ —
0og L®

1.151log Py + 2.47.
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¢ Galactic cluster Cepheids
© h + X Perseus association
+ LMC [(m—M)? = 18.45]
x SMC [(m—M)? = 18.85]
a M31 [(m-M)°=24.20]
06822 [(m—-M)°=2375]
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| Infrared Cepheid P-L relation £}

=i
Reduce interstellar extinction by observing in the infrared H band (A = 1]
1.654 pm) 2
H = —3.2341og Py + 16.079, '=U
and further improve with infrared color index J — K g
=
H = —3.428log Py + 1.54(J — K,) + 15.637. =
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Standard Candles

Apply period-luminosity relation and F = L/4nd 2, we can get the
distances of galaxies
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Logo (L/L,)

Pulsating Stars

Long period variables (LPVs),
e.g. Mira
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| Pulsating Stars

Type Range of Periods | Population Type | Radial/Nonradial

Long-Period Variables 100-700 days l, I R
Classical Cepheids 1-50 days l, I R
W Virginis 2-45 days I R
RR Lyraes 1.5-24 hours Il R

O Scuti 1-3 hours I R, NR

3 Cephei 3-7 hours I R, NR
ZZ Ceti stars 100-1000 sec I NR
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Period-Density Relation (I)

The radial oscillation of a pulsating star are the result of sound waves
resonating in the star’s interior. The pulsation period, II, can be approx-
imated by the time it would take for a sound wave to cross the diameter
of a toy model star. Using the hydrostatic equilibrium

dP GM,p G(5mr3p)p 4 )
— = — = — = ——nGp°r,
dr r2 72 3

and integrating with the boundary condition that P = 0 at the surface

r = R, we have

P(r) = §7TG,02(R2 — 7).

The pulsation period is roughly

R R
II =~ 2/ % > 2/ dr :
0 s X \/%VWG,O(RQ —r2)
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Period-Density Relation (II) 3
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Radial Modes of Pulsation
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What Drives Stellar Pulsation

Eddington’s thermodynamic heat engine
Nuclear mechanism: € mechanism
Insignificant to drive pulsation: displacement, 0o7/R, has a node at the center

Piston layer in stellar interior: k and y mechanisms
Opacity must increase with compression (partial ionization zones)

Kramers law: x « p/T 35
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x and y Mechanisms

=
(1°]
Opacity Effects: x and y mechanisms a
q
Partial ionization zones: opacity increases with compression (xk mechanism) '=U
Small T increment due to large heat capacities < k « p/T'3> / g:_,
Lower T' < heat exchanges with adjacent stellar layers (y mechanism) =3
—
I | | I | | I
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!« Mechanism
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Instability Strip

Blue edge: ~7500 K
Shallow He Il ionization zone
Red edge:

Cool surface resulting in
convection damping
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£ Gephel Stars

Early B stars
Te ~ (2-3)x104 K
MK class: I, IV, V ]

Pulsation caused by iron
bump in opacity around
T~10° K
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! Modeling Stellar Pulsation (1) I=%

[
Equation of motion can be written as %
: -
d“r M dP O
P~ — _G il Ty o
di¢? 72 dr 3
=
which is nonlinear and has to be solved numerically. =3
—
An alternative is to linearize the differential equation.
Consider a one-zone model of a toy pul-
sating star, consisting of a central point
mass, M, and a single think spherical
shell of mass m and radius R. We have
d’R GMm
m—— = — + 4T R*P.
de¢? R?
At the equilibrium state, we shall have
Pressure P Vacuum

GMm
it

— 47TR%PO



' Modeling Stellar Pulsation (Il) =%

[

Now, let R = Ry + 0R and P = Fy + 0P. Using the first-order approxi- %

mation s_::‘

! ~ i 1 — 25—R -:U

(Ro + 6R)?2 ~ R? Ro )’ 7

. QD

we obtain g

d?(6R GM 2GM =)
m d(,tQ ) = — R2m + R3m5R+47TR(2)PO+87TR0P05R‘|‘47TR(2)5P,

0 0

where d®Ry/dt? = 0 at the equilibrium state. Eliminating equal terms
given by the equilibrium state, we have

d*(6R) 2GMm

2
W = g OB+ 8nRoRyR + AmRSP

m

Assume the oscillations are adiabatic, that is, PV" = constant oc PR>7.
The linearized version of this expression is
oP R

0 _ 3,2
Py 7Ro



! Modeling Stellar Pulsation (Il) =3

=i

D

Substituting JP with 0 R and rearranging the equation of motion, we QO
have A2(5R) GM <
o

= —(3v—4)—=9R. Ty

dt2 SR %

=

Q

—

If v > 4/3, the above equation is for simple harmonic motion with the
solution 6 R = Asin(wt), where A is the amplitude and w is the pulsation

frequency.

GM

Finally, the pulsation period of the one-zone model is just

B 2T 2T

II

Y\ JAnGo(3y — 4)

where pg = M/ %WR%. Recall that for an ideal monoatomic gas, v =
5/3.



Dynamical Stabhility

Recall that

d2(5R) GM
— _(3y—4)26R.
7 (3 ) R% R

If v < 4/3, the solution is now R = Ae "', the star collapses and no
pulsation will be present.

In reality, Eddington’s valve mechanism involves heat exchanges, that is,
the piston layer is not adiabatic. In the case of nonadiabatic oscillations,
the time dependence of the pulsation is taken to be R o< e'“!, where
0 = w + tk. In this expression, w is the usual pulsation frequency, while
k 1s a stability coeflicient that characterizes the time for the growth or
decay of the oscillation.
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Nonradial
Oscillations

Described by the real parts of the
spherical harmonic functions

Yem(07 ¢)7

where £ is a non-negative integer
and m is equal to any of the 2¢+
1 integers between —/¢ and /.
There are ¢ nodal circles with |m|
of these circles passing through
the poles and the remaining ¢ —
/m| nodal circles being parallel to
the equator.

€ =0, m =0 (radial) =2, m==2
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D, f, and g Modes

Classified by the restoring forces for sound waves

May coexist Iin parts of stellar interior or surface
Restoring forces

Pressure: p-mode

Gravity (surface gravity waves): f-mode

Buoyancy (internal gravity waves): g-mode
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p Modes

Horizontal wavelength is

- VI +T1)

The acoustic frequency is
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Solar Oscillations
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