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Revision - Cooling

M=0.6 M,

The evolutien of a white

dwarf isidetermined by its T Demvenuto & Althaus {1999)
rate of thermal energy.
l0ss), 1.e., cooling.

Other energy sources that
determine hew: a white
dwarf evolves, are:
Gravitatienall energy,
Nuclear energy,
Crystallization,
Neutrino less.

Age {10% yr)
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Revision - Atmosphere

Total radiated flux emitted
at the surface.

. = 7000 — 84000 K

To provide a physical
description of the
athmesphere, We require:

» Radiative/convective
transter,

m Flux conservation,
= Hydrestatic equilibrum,

= Egquation of state —
population ofi levels,

= Charge and! particle
consenrvation.
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Revision — Line Profiles
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Pressure iroadeningl dominates over thermall broadening.

In hot white dwarfs, Stark effect dominates:
= [nteraction between H atoms perturied by protons and electrons.

In cooler white dwarfs, resonance begins tor dominate:
= Interaction between neutral H atems.



Revision — Observing WIDs

G191 B2B

T.,=59,000 K, log g=7.5

ny=1.9x1018 n, =1.46x101"

(Vennes & Lanz 2001)

White dwarfs are
ebserved mostly in the
optical and ultraviolet.

We can determine thelr
atimospheric parameters
Py fitting the ebserved
Spectra tor moadel spectra.

The ultraviolet Is sensitive

to any heavy elements
present In the
atimosphere.



Pulsating Stars

Mira (o Ceti) was feund to be
variable in 1595 lhy Daviad
=z10) ([0 0fS

= P =11 months,

x DV — 6mag (3-9 mag).

In 1784, d Cephel was found
to vary by John Dooesricke.
= P=5d 8 hr 48 min,
= DV <1 mag (2.1 — 2.9 mag).
= Prototype for the “classical”
Cepheid! stars.
Henretta Swan Leaviit
noticed that the pulsation
PEriods ofi brighter stars are
longer than those of fainter
stars.
= Used as distance indicators.
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Pulsating Stars
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In 1914, Haiew: Shapley,

proposed that the variations in
prightness and temperature: of
Cepheld starsiwere caused by
radial pulsation) of single stars.

Type Period Radial/Non-radial
Long-period Variables | 100-700d |R

Classical Cepheids 1-50d R

W Virginis stars 2-45 d R

RR Lyrae stars 1.5-24 hrs |R

d Scuti stars 1-3 hrs R/NR

b Cephei stars 3-7 hrs R/NR

ZZ Ceti stars 100-1000 s | NR




Pulsating Stars

Naodal line

— Motion of gas
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Most Cephelds and W
Virginis pulsate in the
fiundamental moede.

RR Lyrae can pulsate in

elther the fundamental or
1st overtone mode.

Radiall oscillations of a
pulsating star are the
result of souna waves
resonating In the star’s
Interior.

= [hat Is they are standing
Waves, With' the node: at
the center of the star, and
anti-nede at the surface.
The pulsating peried
depends on the radius
and density of the stellar
Interior.



Pulsating Stars

In 1918, Arthur Eddington suggested that pulsating stars
are thermedynamic heat engines.

a Gas i the star do P d\V work asithey expand and contract
throughout the pulsatien cycle.

= [fithe tetal werk dene Is pesitive ever the whole cycle then the
escillations will' grew inf magnitude:

= [fi the total woerk dene Isinegative over the whele cycle then the
escillatiens will decay:

= [he layers willf pulsate until an equilivrum is value Isireached, I.e.,
When the tetal work done! s zero.
The net work done by each layer of the star during one

cycle Is the diffierence between the heat flewing inte the gas
and the heat leaving the gas.

For driving escillations, the heat must enter the layer during
the high-T part of the cycle and leave during the low- 1 part.
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Pulsating Stars

Eddington suggested a valve
mechanism that can drive the
osclllations.

= The layer of the star needs to
DECOME Moere epague upen
compression so that the photons
are trapped and hence heating the
gas and Increasing the pressure.

= [he high-pressure gas then
expands, and as| it becomes more
transparent the phetens can
escape, and the gas cools and
pressure drops, and the layer can
fiall back dewn due to gravity.



Pulsating Stars

In mest stars, the opacity decreases with greater density.

As a star IS, compressed, the density and temperature boeth
Increase.

Since opacity IS more sensitive to the temperature than te
the density, the opacity Increases upon compression.
= [his,weuld dampen; any. oscillations, and therefere that IS Wy mest
stars do net pulsate.
The regions off a star where the valve mechanism can
operate are the partial ionization zones.



Partial 1onization Zones

In the layers where the gases
are partially ionizead;, part of the
work done on the gases as they
are compressed produces further
Onizations rather tham raising the
temperature ofi the gas.

n With' a smaller temperature: rise;, the
Increase! in density, produces an Increase
I the Kramer's: epacity law.

Similarly, when the gas expands,
the temperature dees not
decrease as much as expected
since the Ions recembine with

electrons and release energy. _ L4
= Again the density term dominates, and ® ['NIS' mechanism Is referred
the opacity willl decrease during to as the k-mechanism.
expansion.




Discovery of Variable WDs

White dwarfs were used
as standard stars because
thelr luminosities Were
observed to be constant
With time.

IHowever, in 1968 Arlo
Landolt found that HL
Tau 76 was varying with
a period of 12.5 minutes.

2nd white dwarf to be
found! varianle was ZZ

bl
.iuu i
104

Winget et al. (1982)
successtully demonstrated that
the H- partial ionization zene Is
respensible for driving the

Cetil (hence the name for escillatiens In ZZ Cetis.
DAV) withra period of Predicted that hotter DBs
212.864 seconds (0.1 should also pulsate — driven by

mag variation). the He-partial ionization zone.



Variable White Dwarfs

ZZ Ceti (DAV):
= Extension of the Cepheid

Instability Strip

el instability/strip.
——— s Hydrogen partial ienization
Zone.
= T = 10500 to 13 000 K.
W Les = Amplitudes = 0.01 to 0.3 mag.
. s = Periods = 3 — 20/ minutes.
i\ ;"?m-typu stars DBV:
» \ = He partial ionization zone.

! Mailn Sequence

m Jeff =22 000 to 25 000 K.
PG1159 (DOV):

= EXxcitation Is less understood.
= Variations are complex.




Variable White Dwarfs

T,, = 12000 K

10
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Excitation for pulsations
IS the partial ienization
ZORE.

Non-radiall osclllations are
observed In white dwarfs.

Non-radial escillations can
be split up Inter 3 groups:
= O-modes — gravity,
= [P-mModes — pressure,

= f-modes — intermediate
petween g and p moedes.



Variable White Dwarfs

The spherical symmetry
of white dwarfs allew the
stellar pulsations to be
described with sphencal
harmenic functions.

Each pulsatien moede can
be described by 3 Integer
AUMMBErS.

m K: determines the number
of times the surface
oscillates between the
center of the star and the
surfiace.

m |: determines the number

off borders between hot
and cool zones on the = M: represents the number of borders

surface of the star. petween hot and coel zones on the
surface that pass through the pole of
the star’s rotation axis (-l = m = ).







Variable White Dwarfts
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Variable White Dwarfs

In white awarfs, the pulsation
Periods correspond to g-moedes
that resonate within the surface
layers ofi hydregen and helium.

In g-Moedes, gravity Is the
restoring ferce.

There are no radial analegs fier g-
modes.

To find the periods of g-mode
oscillations We can consider a
small bubble of stellar material
that Is displaced! upward: frem Iits
equilibrium pesition in the star by
an amount ar.
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Variable White Dwarfs
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We will assume that the motion of
this bubble:

= |s slow enough such that the pressure
Within the bublle isialways eqgual to the
surreunding pressure.

= But rapidly: enough that there Is ne heat
exchange between the bukble and Its
surreundings.

2"d assumption means that the

expansion and compression of the

gas bubkle (cell) are adiabatic.

The net restoring force on the cell Is
the difference between the upward
bueyant force (Archimedes’ law) and
the downward gravitational force:



Variable White Dwarfs

The net restoring force on the cell
IS the difference between the
Upward bueyant ferce
(Archimedes’ law) and the
downward gravitatienal force:

Jnet = (pfns - Pf,c) g

o= (e + B2a) = (et ) )

& = Where g/= GM/r2 is the local
76) gravitational acceleration.

Initial’ densities ofi the cell'and the
surreundings are the same.

fnet — (dps — de) gd?“

dr dr




Variable White Dwarfs

Since the cell Is adiabatic then:

Pi.c ch

- d
dr  T,D. o) 9

The initial densities are egual (I.€., I'; . = I'; o) and pressures
Inside and outside the cell are always the same (P =R, = By)-




Variable White Dwarfs

foet = pAgdr

I A > 0, then the cell will rise, this Is also the condition
Necessary fior cenvection to occulr.

If A < 0, then the net force willl be In the oppesite direction
to the displacement and the cell willfbe pushed toward its
equilibrium pesition, I.e., Hoeke’s law (F = -k x) where the
restoring force Is proportional te the displacement.
Therefore, If A < 0 then the cell'will oscillate about Its
equiliorium position with simple harmonic motion.



\Variable White Dwarfs

The accelerationi is the force (per unit volume) divided by

i (mass per unit volume), a = f.. /I .

Since the acceleration Is related to the displacement for
simple harmenic motion:

= F = ma = -kx for a spring,

= Where a = -Wax (W = Vv (k/m) Is the angular freguency)

a =—N?3dr = Ag dr

)9




Variable White Dwarfs

)9

NiIS the angular freguency. of the bublle about Its
equilibrium pesition anaiis callithe Brunt-Vaisala

frequency (bueyancy freguency).
N=0 at the center of the star (where g=0).
N=0 at the edges of convection zones (I.e., A=0).

A < 0O: there Is no convection, so N Is larger In regions
that are more stable against convection.

A > 0: Inside a convection zone, N Is undefined.



Variable White Dwarfs

L /l. .
12000

(K)
The ZZ Ceti instability strip IS

correlated to the temperature
andl gravity ef the white: adwart.

As the star cools, the convection zene moeves Inward and gets
bigger allowing more modes to be excited.

As the WD evolves from the blue (hot) edge to the (cool) red
edge, the periods get longer and amplitudes larger.
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GD1212 - A Variable WD

GD 1212

T, = 11010 * 210 K,
log g = 8.05 = 0.15,
M= 0.63 £ 0.09 M.

400 600 800 1000 Red edge of the
frequency (d-1)

Instability strip.

Period = 1150 seconds
(=20 minutes).

Amplitude — 0.02 mag.

1006.75 1006.8 1006.85
HJD




White Dwarft Interior

= _T—F— P--—" ———-" ———'—" V7V

g-moedes allow: the interior ofi a
star te be studied.

The g-mode peried can be
alteredi i a crystallized core Is
Introduced.

The white dwarfi core begins to
crystallize areuna 12 000 K (more
massive WDs begin to crystallize
at hotter temperatures.

BPV 37093 IS a massive white
dwarf (M=1.1 M) which has a
partially crystallized core (32% —
82%: Brassard & Fontaine 2005).



Age of the Galactic Disk

The IuminOSity funCtion a.nd — — &(M,) theoretical: by, = O.5x10‘1.2_ pc=? yr! .
mass function can be used R
to constrain the Galactic

evoelutionary moedels.

The observed luminoesity.
function Is simply the
AUMBEr of stars per
lUmInesIty Bin.

Needl te take inte account
the area ofi sky observed
and the velume sampled.

- —— AAT-UVX




Age of the Galactic Disk

Schmidt (1959) proposed that whiter dwarfs can be used
10 determine the age of the Galactic disk.

Only recently that the very old, cooll and hence faint
white dwarfs (T — 4000 K: cooling age = 10 Gyrs)
peen detected in greater numbers.

To build a theoretical white dwart luminosity fiunction.
s lnital mass function.
a Star fermation rate.
» BPre-white dward lifetime.
» lnitial-te-final mass relatienship:
= White dwarf coeling rate.



WD Luminesity Function

— Salpeter (1955)

| revps et el (1993) Initial mass function:
= We can use the Salpeter (1955)
IME: (M) = (M/M g)%25.
= Scale (1986) and Kreupa et al.
(1998) predict a steeper IVME at
the high-mass end.
The lifetime of star before it
Becemes a white dwari:

= = 10(M/My)=2> Gyrs.




WD Luminesity Function

M=0.6 M,

R —— Benvenuto & Althaus {1999}
—— L e t-%5

a
Age {10° yr)

Initial-to-final mass relatiensnip.

Mass limits:

= Upper imit, that Is the maximum mass of a star that will beceme a
white dwarfi: M, = 8Mis.

= Lower limit which Is the turn off mass for the disk.
Cooling age of the white dwart.



WD Luminesity Function
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There Is a large uncertainty in the star formation rate (SER) in
the Galactic disk.:

s Constant SER,

= Exponentialldecay with time: y () = e ¥t

= lfithere was substantial infall'of gas then the exponential decay SER Is
d POOor approximation.

= Empincall determination of the SER — from either metallicity/
chremespheric activity studies of low-mass main-seguence stars.



WD Luminesity Function

Constant SFR
Salpeter IMF

m,,= 0.4 exp(0.125M)
tys= 10 M*° Gyr

060 -10 -20 -30 -40 -50 -6.0 -7.0

Log L/L,

(Fontaine, Brassard & Bergeron 2001)

o calculate the IuUminesiity
function, We need te evolve
the stars in the disk:

m Start withi the: IMF,

m Over time additienal stars are
formed (SER),

» And the mere massive
eventually: beceme white
dwarfs (IMR).

m And the white dwarfs cool.

We can determine the
lUminesity ofi the white
dwarfs as they would e
observed after a given
period of time.



WD Luminosity Function

-2.0

— — &(M,) theoretical: by, = 0.5x107'2 pc=3 yr-!

—— 2Q7,/sDSS5 N )
—— 2QZ/SDSS5/GR2 f . /4/

- —— AAT-UVX
e PG

(Kawka & Vennes 2006) (Fontaine, Brassard & Bergeron 2001)
The large bump near L/Lg = 104 Is due to crystallization
of the core and convective coupling of the white dwarf.

The age of the Galactic disk Is sensitive to the number of
very cool white dwarfs.



_.-Cyagnus

....Sur‘]....._.. et B ¥

" g -
.F'i .
- - Nuclear bulge
_ f ¥

c‘ A e o -
\ Thin layer

.
e i
of dusl

Canna |
Globular clusters *

OUur Galaxy'Is, pelievea to na\
the grrlv [ational wJJapse
population of white awarfs.
Approximately 1Gyr tollowing its formation, it may have collided
with a smaller galaxy: tr Jgéf g ng\r fom atio n anad aisruptis

the Galaxy leading to th IS

O )
L:
L
ﬁ
(4>
O
Lab
(@b
(@R
=
(®
(.
O
(e
:_
(q>
@
O
({2
U »
(—



C. Galactic Rotation (Clockwise)

l Galactic Structure

The motion of stars within: a
galaxy can lbe describeadl using:
s U'— toward the Galactic center,

= \V/— In the direction off Galactic
rotation,

s W — toward the north Galactic
pole.

Kinematics off a sample of stars
can be used te determine
Which group: It belongs to:

= Thin-disk

= Thick-disk

= Halo

Oldest white dwarfs would be
found In the Halo.

—-200 —100

V (km s1)




Galactic Structure
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height above the Galactic plane z (kpc) WD ioward SGP

The density distribution; of the Galactic disk can be
modeled as a deuble expenential.
a Perpendicular distance firem the Galactic plane.

The thick-disk might be contributing to between 2 and
25%0 of the local population of white dwarfs.
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V\/hite DwarTs In Binaries

About 1/5 of white awarfs are In binary: systems.
[hey can be founad in

Wide pinary. systems e.d. SINus A & Bj, Procyon A & B, common
Proper motion: BiNaries.
Close binary systems — post-common: envelope binaries, pre-CV.

Cataclysmic variables — novae, dwarf novae, magnetic CVs, Type
ld SUPEMOoVaE.



Wide Binaries

Hansen (2004) — 40 Eri B, LHS 27, Procyon B
And Sirius B.

Can be used to constrain
the nitial-to-final mass
relation.

Can help determine the
mass and radius of the
white dwarf, If the
distance to the brighter
main-segquence IS kKnown.

s Mass can be determined
from Kepler's law,

» Effective temperature from
spectral medels,

= Radius firem combining the
spectral moedel withi an
accurate distance.



N5

(Willems & Kolb 2004)
The common envelope scenario was first develeped by

Paczynski (1976).

= |n system containing two MS stars, the moere massive willlevelve off
the MS first and fill 1ts' Reche lelhe; initiating mass transfer.

= Vass transter may be dynamically unstable forming a cemmen
envelope.

= Friction will cause the two stars to lose angular mementum to the
envelope.

= [his energy transfer will allow the envelope toe be expelled.



Close Binary Systems

6

EC13471-1258

(T = 14080, log g=8.26)

-04 -0 0 02 04 -04 02 0 02 04
Phase Phase

Clese binary stars can help determine the evolution of binary
stars towarad contact.

In some cases to constrain the preperties of the two
compenents.

EC 13471-1258:

= WD: T = 14085 + 100 K, log g = 8.25 = 0.05, M = 0.77 = 0.04 My,
= RD: T — 3000 K, M =0.55* 0.11 Mg, R — 0.44 R,.
= Inclination = 74 = 2°.



ET -sequence Roche lobe of
companion white dwarf

\_\ Lagrangian point

White
dwarf

-

g .
/ 3
/" Mass-transfer >~ /s
~ X

stream

Roche lobe /}*--..______________...-"' Accretion

of companion “Hot spot” disk

Classical Novae, — thermonucliear runawaysi of the nydregen ren
matter accretes onto the Wiite: awari surface

Dwarfi nov.
| emoorrir/
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le Stars

l\/JUr etic CVs are separatea

(ab
Q)
L=
(1>

)

oJrlrJ (AMIHers) — strong
Magnetic felas:
5 — 107-10° G,
Viagneticallys pnase: locked to; the
companion star (Pe,.» = Py)s
PO NEt Nave ani accretion disk
A€ strongly’ poelanzed.
Intermediate polars (DO Her
Stars) — Weakern magnetic fields.
B <10’ G
WD rotates more: rapidly’ taan: tn

J
il

orbital rate (Pe,in = 0Pqrn)

(1>

)

AN aceretion aisk IS present.




Type la Supernovae

Supernovae (SNe) can be
classified nte 2 major
groups:
= Type I: H-deficient,
= [ype Il spectra exhibit H.
= la: show Sill, Ib: show Hel,
Ic do net show: elther streng
Sill or Hel.
SNe la are believed to
result from the
thermoenuclear disruption of
C/O white dwarfs.

While SNe [l are the result
of core collapse ofi massive

stars (and probably SNe
Ib/1c)

SN 1994d in NGC 4526

SNe la have been used as
distance Indicators.
a They are lumineus,

= Have small dispersioni (s < 0.3
mag) amongl their peak
magnitute,

m Believed to be standard! candles.



Type la Supernovae

Twor possible explanations
have been proposed:

n VISHWID), where the WD IS
veny near the Chandrasekhar
lImit Where the MS accretes
onte the WD, wheni the WD
exceeds Its Chandrasekhar
lIMIt It PECEMES a SUpPErneyva.

s WDHWD, where the total
Mass, of the 2 white dwaliis
exceed the Chandrasekiar
limiit, I they are clese
enoughi, gravitational wave
loss will cause them merge.

(Super)Giant + MS

Common envelope =

WD + WD

Merger




White Dwarf Stars in M4 HST - WEPC2

PRC95-32 - ST Scl OPO - August 28, 1995 - H. Bond (ST Scl), NASA

ne goJors And IUmInesities o Whlte awaris are Insensitive to
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Summary.

Most stars (M < 8Mg) will end their life as;a white: dwarf
star.

They are very compact objects and therefore very faint.
IHave a maximum mass — Chandrasekhar limit — 1.4 Mg.
Most have a H-rich atmesphere (—75%).

Luminosity of a white dwarf Is the result of the release of
thermall energy through the thin atmoesphere.

Several instability strpsiin the white' dwari cooling
sequence, the most notable one Is the ZZ Ceti instability
strip which' is due to the partial ionization of hydrogen.

Play an impoertant part 1 Binary: star evolution.

White dwarfs are very useful in determining the age of
the disk and clusters.



