
Stellar Autopsies from 
White Dwarf Pulsations

http://sites.bu.edu/buwd
J.J. Hermes
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End Goal of Asteroseismology: Unique Structural Model

KIC 08626021:
Giammichele et al. 2018

ß 99% 
of mass

X(O) = 78.03% ± 4.2%
X(C) = 21.96% ± 4.2%
X(He) = 0.0113% ± 0.006%

core
surface

+ Timmes et al. 2018;
Charpinet et al. 2019; De Geronimo et al. 2019



Theoretical successes now followed one another in rapid succession. First, Wojtek
Dziembowski & Detlev Koester (1981) found instabilities in nonradial g-modes, but the driv-
ing was in the underlying He layer, not in the surface H layer. Noel Dolez & Gerard Vauclair
(1981) were the first to find driving of nonradial g-mode pulsations in DA white dwarf models,
followed nearly simultaneously by others (Winget, Van Horn & Hansen 1981; Starrfield et al.
1982; Winget et al. 1982a). Theorists were finally able to find in their models the association of
the excitation by the zone of partial H ionization discovered by McGraw.

The demonstration of driving from the H-partial-ionization zone led Winget (1981) and
Winget et al. (1982a) to investigate models of DB white dwarf stars for possible instabilities
owing to the surface He partial ionization at a correspondingly higher temperature. They found
instabilities in their models and predicted pulsations in DB white dwarf stars near the He I opacity
maximum associated with the onset of significant partial ionization.

Observations soon caught up. A systematic survey of the DB white dwarf stars demonstrated
that the brightest DB with the broadest He I lines, GD 358, did indeed pulsate in nonradial
g-modes—remarkably similar to the large-amplitude DAV pulsators (Winget et al. 1982b).

The observed pulsating white dwarf stars lie in three strips in the H-R diagram, as indicated
in Figure 3. The pulsating pre-white dwarf PG 1159 stars, the DOVs, around 75,000 K to
170,000 K have the highest number of detected modes. The first class of pulsating stars to be

5.5 5.0 4.5

Planetary Nebula

Main
sequence

DOV

DBV

DAV

4.0 3.5 3.0

log [T
eff

 (K)]

4

2

0

–2

–4

lo
g

 (
L
/L

 )

Figure 3

A 13-Gyr isochrone with z = 0.019 from Marigo et al. (2007), on which we have drawn the observed
locations of the instability strips, following the nonadiabatic calculations of Córsico, Althaus & Miller
Bertolami (2006) for the DOVs, the pure He fits to the observations of Beauchamp et al. (1999) for the
DBVs, and the observations of Gianninas, Bergeron & Fontaine (2006) and Castanheira et al. (2007, and
references therein) for the DAVs.
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Pulsations Are A Natural Phase for All* White Dwarfs

pulsations driven at onset of surface
partial ionization (convection) zone
~130,000 K for C/O-atm, DOV
~30,000 K for He-atm, DBV
~12,000 K for H-atm, DAV

*non-magnetic

See reviews on WD asteroseismology by:
Fontaine & Brassard 2008
Winget & Kepler 2008
Althaus, Co ́rsico, Isern & García-Berro 2010
Córsico, Althaus, Miller Bertolami & Kepler 2019



Most DA Pulsate When They Reach ~13,000 K

Hermes et al. 2017, ApJS

WDs evolve (cool) à

Blue: Observed by Kepler/K2
Open circles: Ground-based

small x: Not observed to vary



each white dwarf has a spectrum of g-modes: 
standing waves that naturally resonate
from 70 s to thousands of s

l=1

l=2

Pulsating WDs Can Ring at a Spectrum of Periods

1000 s 200 s500 s 125 s

11,245 K, 0.632 M¤

10-4.12 MH/MWD model
Romero et al. 2012



l=1

l=2

Pulsating WDs Can Ring at a Spectrum of Periods

1000 s 200 s500 s 125 s

l=1
l=2

(g-modes are 
~evenly spaced 
in period, not 
frequency)

model periods from
Romero et al. 2012



l=1

l=2

Spherical Harmonics Describe the Pulsations

1000 s 200 s500 s 125 s

l=1

l=2

l=0

n

model periods from
Romero et al. 2012

n=1n=2

n=2n=3

n=3

= no. of radial nodes
= no. of surface nodes

n
l



1000 s 200 s500 s 125 s

l=1

n= no. of radial nodes
= no. of surface nodes

n
l

actual data:
KIC 4357037



1000 s 200 s500 s 125 s

l=1

l=1

l=1

n

m = +1m = +1 m = 0

345.3 sl = 1
n = 6

Prot = 0.9 
± 0.2 day

l = 1
n = 5

316.8 s
m = +1

m = 0

m = -1

= no. of radial nodes
= no. of surface nodes
= no. of surface nodes

passing poles

n
l
m

actual data:
KIC 4357037

rotation causes splitting of a mode of given l,m
https://github.com/

keatonb/
sphericalharmonics



1000 s 200 s500 s 125 s

l=1

l=2
(not intended to be 

representative)
model periods from
Romero et al. 2012

not all WD modes are actually 
driven to be observed

actual data:
KIC 4357037



(cool) à

cooler WDs have 
longer-period 
pulsations
τthermal at base of 
convection zone 
~sets periods



A Few Stops Along the
DAV Instability Strip

1. shortest-period modes show 
structural similarities (MH)



Low-Radial-Order Modes Reveal Structural Similarities
l = 1
n = 1

l = 1
n = 2

l = 1
n = 3

rotational splittings
allow for mode 

identification

if we only plot identified l=1 modes:
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Low-Radial-Order Modes Reveal Structural Similarities

l = 1
n = 2

l = 1
n = 3

if we only plot identified l=1 modes:
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l = 1
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Low-Radial-Order Modes Reveal Structural Similarities

following Clemens, O'Brien, Dunlap 
& Hermes 2017, 20th EuroWD

if we only plot identified l=1 modes:
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Low-Radial-Order Modes Reveal Structural Similarities

following Clemens, O'Brien, Dunlap 
& Hermes 2017, 20th EuroWD
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full evolutionary 
models computed by 

Romero et al. 2012



Low-Radial-Order Modes Reveal Structural Similarities

following Clemens, O'Brien, Dunlap 
& Hermes 2017, 20th EuroWD
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drawing from a random distribution 
of all hydrogen layer masses

full evolutionary 
models computed by 

Romero et al. 2012



Low-Radial-Order Modes Reveal Structural Similarities

following Clemens, O'Brien, Dunlap 
& Hermes 2017, 20th EuroWD

0

2

4

6

8

50 100 150 200 250 300 350 400 450

l=1 DAV periods, observed

0

2

4

6

8

50 100 150 200 250 300 350 400 450

l=1 random MH simulation

0

2

4

6

8

50 100 150 200 250 300 350 400 450
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only drawing from the models with 
canonically thick (10-4 MH/M★) 
hydrogen layers

full evolutionary 
models computed by 

Romero et al. 2012



A Few Stops Along the
DAV Instability Strip

1. shortest-period modes show 
structural similarities (MH)

2. stable modes reveal 1-2 day
rotation rates



Most WDs Rotate Between 0.5-2.2 Days

WDs rotate slowly, having lost most 
internal angular momentum as red giants
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Fuller, Piro & Jermyn 2019: modified Tayler-Spruit dynamo Hermes et al. 2017, ApJS
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A Few Stops Along the
DAV Instability Strip

1. shortest-period modes show 
structural similarities (MH)

2. stable modes reveal 1-2 day
rotation rates

3. modes > 800 s feel effects of 
changing convection zone

see
Montgomery et al. 2020

404.6 s 922.6 s



A Few Stops Along the
DAV Instability Strip

1. shortest-period modes show 
structural similarities (MH)

2. stable modes reveal 1-2 day
rotation rates

3. modes > 800 s feel effects of 
changing convection zone

4. mode coupling leads to 
dramatic outbursts



The Coolest Pulsating WDs Show Stochastic Outbursts

PG 1149+057:
Hermes et al. 2015

see also Bell et al. 2015, 2016

Quiescent pulsations
(All outbursters dominant 
> 800 s)

recurrence time:
chaotic; days to weeks

duration:
2-20 hr

excess 
energy:
1033-34 erg

15% flux 
increase:
700 K Teff
increase



The Coolest Pulsating WDs Show Stochastic Outbursts

more than 50% of DAVs from 11,200-10,600 K
show outbursts in ~70 days of K2 monitoring 

16/71 (>20% of) 
DAVs with Kepler 
data show outbursts

Blue: Observed by Kepler
Red: Outbursting DAV
Open: Ground-based



Outbursts Arise from Nonlinear Resonances in the Star

l=1
l=2

as a representative example:
PG 1149+057

model: 11,245 K, 0.632 M¤, 10-4.12 MH/MWD
observed: 11,060(170) K, 0.64(0.03) M¤

(Romero et al. 2012)
(Gianninas et al. 2011)

rapid transfer of energy via parametric resonance to damped 
modes that break near the surface of the star see Luan & Goldreich 2018



(not standing waves)

Outbursts Arise from Nonlinear Resonances in the Star

as a representative example:
PG 1149+057

l=1
l=2

model: 11,245 K, 0.632 M¤, 10-4.12 MH/MWD
observed: 11,060(170) K, 0.64(0.03) M¤

(Romero et al. 2012)
(Gianninas et al. 2011)

ωp = 897.7 µHz
(l=1, m=0, n=24)à driving exceeds dampingradiative damping ß



Outbursts Arise from Nonlinear Resonances in the Star

as a representative example:
PG 1149+057

l=1
l=2

model: 11,245 K, 0.632 M¤, 10-4.12 MH/MWD
observed: 11,060(170) K, 0.64(0.03) M¤

(Romero et al. 2012)
(Gianninas et al. 2011)

ωp = 897.7 µHz
(l=1, m=0, n=24)

ωd1 = 435.9 µHz
(l=2, m=0, n=88)

ωd2 = 461.9 µHz
(l=1, m=0, n=48)

ωd1 + ωd2 = ωp + δω

limit cycle if: δω < γd

(typical 1/γd < 1 day)
Wu & Goldreich 2001

[ 435.9 + 461.9 = 897.7 + 0.1 µHz ]



Conclusions from a Quick 
Tour of the DAVs

1. shortest-period modes show 
structural similarities (MH)

2. stable modes reveal 1-2 day
rotation rates

3. modes > 800 s feel effects of 
changing convection zone

4. mode coupling leads to 
dramatic outbursts

5. amplitudes die off strongly 
at 10,500 K

Hermes et al. 2017, ApJS



Extra Slides



PG 0112+104: Hermes et al. 2017, MNRAS

l=1 modes l=2 modes

Size of 1 day alias

Both l=1 and l=2 modes suggest a 
model-independent rotation period 
of 10.1±0.9 hr



The Coolest Pulsating WDs Show Stochastic Outbursts

Quiescent pulsations
(1135.2 s, 856.9 s, …)

In Outburst
(864.1 s, 846.4 s, …)

> 60 days between outbursts!
GD 1212: K2 Campaign 12


