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Outline

• What is a White Dwarf (WD)?

• How are WDs used in astrophysics?

• What are the current limitations of our understanding of WDs?

• How am 1 using the Z-machine to help?

• Summary



White Dwarfs (WDs) are the endpoint of stellar evolution

inert H

\

H fusion inert He

Main Sequence Red Giant

Today's sun
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- black holes
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Not drawn to scale.



DA: hydrogen atmosphere DB: helium atmosphere 

Q: Age of the Galaxy? Q: Stellar evolution?

DQ: carbon atmosphere 

\
inert c/o

Q: Failed supernovae?

Accurate WD masses are needed to answer these questions!
Not drawn to scale.



DA: hydrogen atmosphere DB: helium atmosphere 

Q: Age of the Galaxy? Q: Stellar evolution?

Focus of this talk

Not drawn to scale.



White Dwarfs are earth-sized objects with masses
comparable to the sun

Typical WD parameters:

Surface temperature (Teff): 10,000 K (e%'1 eV)

Surface gravity (log g): 108 cm/s2 (ne e% 1 017 cm-3)

Radius: rearth
Mass: e2/3 M—sun



WD masses are derived using spectroscopy
The emission process
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WD masses are derived using spectroscopy
The absorption process
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Density effects control width and shifts of spectral lines

o
(7)

o
atoms

Atomic system

perturbed by

electrons, ions,

and neutrals in

the plasma

 ,somENdlnisialkiii\

individual
transition

i

I hv

Wavelength

Individual transition by each atom in the
plasma form the observed spectral line.



Density effects control width and shifts of spectral lines

o
(7)

o
atoms

Atomic system

perturbed by

electrons, ions,

and neutrals in

the plasma

individual
transitions

i

observed profile

hv

Wavelength

Individual transition by each atom in the
plasma form the observed spectral line.
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Density effects control width and shifts of spectral lines

o
(7)

o
atoms

Atomic system

perturbed by
electrons, ions,
and neutrals in

the plasma Wavelength

Density effects shift and broadened the
observed spectral line.



Fitting model atmospheres to observed WD spectra
leads to stellar masses
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WD masses can be determined by gravitational redshift

Star 1

4

Arest

Aobs

Star 3

7

Arest
Aobs

Wavelength

A sample of WDs Observed spectra of the sample WDs



WD masses can be determined by gravitational redshift

VI / V2

- average over individual motions vi, v2, and v3

velocity
corrected WD
wavelength

_ rest
i wavelength

Wavelength

Comparison of spectral feature at rest (red)
and that determined by velocity correction

of observed WD spectra (green)



WD masses can be determined by gravitational redshift

VI / V2

- average over individual motions vi, v2, and v3

- if important, correct for Stark shift of spectral line

velocity ± Stark
corrected WD
wavelength

Wavelength

Wavelength shift caused by mass of WD

relies on centroid of spectral lines
- can only be applied to collections of stars



16 Not drawn to scale.



n
o
r
m
a
l
i
z
e
d
 3.0

3.5

2.0

Hydrogen WDs and the age of the Galaxy
• Fontaine et al. (2001) predicted the
number of WDs as a function of

luminosity

2.5 3.0 3.5 4.0
log L/L®

1 pc = 3.26 light years
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• Calculations depend on:
- input age
- mean WD mass
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Hydrogen WDs and the age of the Galaxy
• Fontaine et al. (2001) predicted the

number of WDs as a function of

luminosity

2.5 3.0 3.5 4.0
log L/L®

1 pc = 3.26 light years

4.5

• Calculations depend on:

- input age

- mean WD mass

• WDs contrain the age of Galaxy to:

11.5 ± 0.7 Gyr

• Other methods:
5.0

1 2.5 ± 3.0 Gyr (Th/Ur ratio)

13.5 ± 3.5 Gyr (stellar isochrone)
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Hydrogen WD masses obtained from the GR and
spectroscopic method disagree

• current mass differences in

spectroscopic and GR method

result in age differences of e0.5

Gyrs

• such age discrepancies have large

implications for our understanding

of chemical and kinematic

evolution of our Galaxy

0.70

0.68

0.66

Tt? 0.64

0.62

0.60

0.58

0.56

spectroscopic studies

(Mhydrogen WD GR) = 0.650 M® (o- = ± 0.020) -_

•

(Mhydrogen WD spect) 0.608 M® ±0.012)

1995 2000 2005
Year

2010 2015

Gravitational redshift and spectroscopic masses in
comparison. The difference is larger than

the stated uncertainties.

Fa
lc
on
 e
t 
al

. 
(2
01
0)
 A
p
J
 



m
D
CD
ca

es
i n

i_
D 
M
I
S
 

0

. co
D N.,

CO
(D 0

W

1-1(3

Hy

Hb

Transmission
© © © © ©
'4. Co 'cm :NI 'cx)

o
co b

i 1 i 1 i 1 i 1

I . i I . i I . i I . i I . i I

K

tn
(D
-1
CD
tn

.



Emission validated hydrogen line-profile theories applied
to WD absorption spectra allow for mass measurements
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Comparison of current WD line shape theory to emission

experiment of Wiese et al. (1972).
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Fitting WD absorption spectra with emission-validated
theories produces unexpected results

8.2

(N(f) 8.1

E 8.0
U

c) 7.9

(3)
o 713

7.7

21500 21000 20500

Teff [K]
20000 19500

Are line-shape models inaccurate in absorption?
22



Sandia Nationa

1 3: capacitors with decreasing rise times

4: transmission lines

5: vacuum chamber with dynamic hohlraum

Laboratories' Z-machine
- 36 Marx bank generators at 85 kV

- current gets compressed in time and space

- x-ray output energy: 2 MJ

- broadband x ray spectrum from 0.1 3 keV

23
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Sandia National Laboratories' Z-machine

Tungsten
Z-Pinch
Plasma

Radiating
Shock

I
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11-- 20 mrn
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Radiation
Exit Hok

Tungsten
Wires

The dynamic hohlraum located at the center

of the vacuum chamber. The current travels up
tungsten wires, turning them into a plasma.
The magnetic force pulls the plasma particles

toward the CH2 foam and produces a broadband
x-ray drive.

/
Z-pinch

Blast Shield

\A/

Optical

Spectroscopy

Gas Cell
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u I

-324 mm
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Location of WDPE gas cell with respect

to the Z-pinch.



The White Dwarf Photosphere Experiment on Z

ti

backlighter LOS

absorption LOS

emission LOS

Z-pinch extent

gold wall

Itr"

gas cell body

buffer

backlighter

Z-pinch

The 'meat' of the WDPE gas cell. Filtered Z-pinch x-rays enter the cell and heat up the gold wall. This wall then emits a

Planckian of easeV, heating the gas in the gas cell.
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Hydrogen experimental data

Absorption

4000 5000

Wavelength [A]
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400

Emission
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I combine the absorption and emission data to extract a transmission spectrum.
26



Z hydrogen data resemble real WD observations
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I collect absorption (blue) and emission (red) data,
which are subtracted to give a transmission spectrum
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Z hydrogen results reproduce observed WD ne trends
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What could cause the HO-Hy ne disagreement in
transmission?

• Are plasma inhomogeneities in the WDPE platform causing

these differences?

• Is there a fundamental physical difference between

emission and absorption?



What could cause the HO-Hy ne disagreement in
transmission?

• Are plasma inhomogeneities in the WDPE platform

causing these differences?

• Is there a fundamental physical difference between

emission and absorption?



Plasma inhomogeneities in the WDPE gas cell

buffer

backlighter LOS

absorption LOS

emission LOS

Z-pinch extent

gold wall

gas cell body

VI!
.
.

buffer

backlighter

• Potential gradient sources:
interaction of Z-pinch with buffers

- influence of backlighter on absorption
data

- cooler edge plasmas

gradient along gold wall due to view
factor effects



Plasma inhomogeneities in the WDPE gas cell

buffer

backlighter LOS

absorption LOS

emission LOS

Z-pinch extent

gold wall

gas cell body

•
•

buffer

backlighter

Z-pinch
•• •• •••••

••
•••

••

• Potential gradient sources:
intcraction of Z pinch with buffcrs

- influcncc of backlightcr on absorption
el-ata

- coolcr cdgc plasmas

- gradient along gold wall due to view
factor effects

32



Extreme plasma inhomogeneities in the WDPE gas cell
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Effects of extreme gradients on H(3 and Hy line profiles
x10-2

4600 4700 4800 4900 5000

Wavelength [Å]

5100

,4+; 1.50
cu

"ci
iTti 1.25
u

i
o 1.00
"ci

ci.)
721 0 75
ct '

;.1
0 0.50

I
'cit.) 0.25

--'
0.00

x10-2

4100 4200 4300 4400 4500 4600

Wavelength [Å]

Area-normalized HP' and Hy emission and absorption profiles resulting from gradient simulations

Inhomogeneities can only explain about half of the observed ne difference.

Where is the remaining difference coming from?
if real, how does this affect WD ages?

What does this mean for emission and absorption line profiles?
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What is the evolutionary history of helium WDs?

atmospheric diffusion/convection



Atmospheric diffusion/convection mechanism

Hypothesis 1: All WDs are 'born' with a hydrogen and helium layer.
These layers convectively mix as the WD cools, producing a DB.

H He + trace H

46.

c/o core

He

C/O core



What is the evolutionary history of helium WDs?

Hypo e signature

atmospheric diffusion/convection Whelium WD NAhydroden WD



What is the evolutionary history of helium WDs?

Hypo e signature

atmospheric diffusion/convection Whelium WID Mhydroden WID

additional WD progenitor fusion



Today's sun

5 Gyr

WD progenitor fusion mechanism

10 Gyr

inert c/o

Asymptotic Giant

10.5 Gyr 11 Gyr

s) likto..

- supernovae

- neutron stars

- black holes

Solar age
40

 ►
Not drawn to scale.



inert H

WD progenitor fusion mechanism

H fusion

inert c/o

Asymptotic Giant

additional fusion

'standard'
evolution

H gets 'burned' helium WD

hydrogen WD

Not drawn to scale.



inert H

He fusion

WD progenitor fusion mechanism

H gets 'burned'

HI fusion additional fusion 
/0(

inert c/o

Asymptotic Giant

'standard'
evolution

helium WD

hydrogen WD

42 Not drawn to scale.



What is the evolutionary history of helium WDs?

Hy.. okra -Ail signature

diffusion/convection Whelium Mhydrodenatmospheric WID WID

WD fusion Whelium ~ <Mhydrogenadditional progenitor WIDs WID



What is the evolutionary history of helium WDs?

Hy.. iiTa --IPA' signature

diffusion/convection Whelium Mhydrodenatmospheric WID WID

WD fusion Whelium ~ <Mhydrogenadditional progenitor WIDs WID

binary
Whelium = WhydrogenWI:),

M

WC)
evolution

cWMhelium # 0-(WIA hydrogen WM

combination
binary

of progenitor fusion Whelium # WhydrogenWIDs

M

WED)

cWMhelium # 1:Wand evolution WM hydrogen WM

Nather et al. (1987) ApJ

Koester & Kepler (2015) A&A

Werner et al. (2006) PASP

Accurate DB mass distributions are needed to distinguish between hypotheses.



Problems with all He WD mass determination methods
prevents studying their evolutionary history

9.25
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C\1

7) 8.50ci
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0 8.00
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7.50

1

Spectroscopic mass

2 3
Teff [K]

4 5
x 104

Stellar evolution

spectroscopically determined masses

seem to imply that:

• older (cooler) WDs are more massive

OR

• stars gain mass as they age

OR

• missing atomic physics in the models is

responsible (i.e. neutral broadening)



Problems with all He WD mass determination methods
prevents studying their evolutionary history
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Spectroscopic mass
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x 104

Spectroscopically determined DB surface gravities as a
function of surface temperature.

GR mass:

not available due to uncertain
pressure shifts of He lines

Both the spectroscopic and GR

mass determination methods are

flawed. We are therefore unable to

determine their masses.
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History of 3d 2p He 15876 A Stark shift calculations

• Spectroscopic masses are

uncertain - why not use the GR

method to constrain the helium

WD masses? Stark shifts.

• The 3d 2p He 15876 A line is
the most prominent feature in the

optical spectra of helium WDs

I-I

5.0

0.0

i 1 1 1 1

7c. ........... x x x .. : ......... .
e impact -

1 1 1 1

0.5 1.0 1.5 2.0 2.5

Electron density [crn-3] x1018

Griem et al. (1962) Phys. Rev.
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History of 3d 2p He 15876 A Stark shift calculations

• Spectroscopic masses are

uncertain - why not use the GR

method to constrain the helium

WD masses? Stark shifts.

• The 3d 2p He 15876 A line is
the most prominent feature in the

optical spectra of helium WDs

I-I
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0.0

i 1

1

1 1 1

e- + shielding ......•

.. * ..... *•
..

••
•a•

••

.

......... x x x .. : ......... .
e impact -

1 1 1

0.5 1.0 1.5 2.0

Electron density [cm-3]

Griem et al. (1962) Phys. Rev.

Cooper et al. (1969) Phys. Rev.
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History of 3d 2p He 15876 A Stark shift calculations

• Spectroscopic masses are

uncertain - why not use the GR

method to constrain the helium

WD masses? Stark shifts.

• The 3d 2p He 15876 line is

the most prominent feature in the

optical spectra of helium WDs
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History of 3d 2p He 15876 A Stark shift calculations
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The WDPE employs a fundamentally different approach

to extract He shift measurements

datainfluence of self absorption emission and absorption

datasets S/N inmultiple co added sufficient single experiment

hydrogen tracer linesTdiagnosticsuncertain ne and

influence Doppler no Doppler shiftsof shifts

non-uniformities
Z large,use of allows creation of
uniform plasma

plasma

Büscher et al. (1995) JQRST
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Performing the 5876 A He !shift measurement
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The experimental 3d -4 2p He I 5876 A absorption profile. I fit a The experimental 3d 2p He I 5876 A emission profile. I fit two

Lorentzian with the core excluded to obtain my shift Lorentzians to account for self-absorption to obtain my shift

measurement. measurement.

54



1.2

1.0

x

c= 
0.8

N
o
r
m
a
l
i
z
e
d
 

0.6

0.4

0.2

0.0

Comparison of absorption and emission shifts
1 1

60 ns 80 ns integration

- __•-•••• '

Emission

I •

Absorption

/

' \k%......„
. . .

5800 5850 5900 5950

Wavelength [Å]

A comparison of emission and absorption

profiles at the same experiment time
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WDPE absorption and emission shift
measurements. Despite the different shift

extraction methods, the measurements agree.
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My 2p 3d He 15876 A Stark shift measurement

I-I

1

1 2 3 4 5

Electron density [cm-3]

6 7
x1017

My shift
measurements match
previous experiments
and show that theory
for this line is still
deficient.
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• Deridder & Van Rensbergen (1976) is the
experimentally unverified neutral
broadening theory used in WD astronomy

• I can use my data to test this theory
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• Deridder & Van Rensbergen (1976) is the
experimentally unverified neutral
broadening theory used in WD astronomy

• I can use my data to test this theory

- • My measured neutral widths are larger
than the predicted values by a factor of 6

1

5800 5850 5900   5950

Wavelength [A]

Comparison of predicted and
measured neutral widths

6000

• WD measurements spectra also show
severe shortcomings in neutral broadening



59 Not drawn to scale.
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Extending the plasma parameters of the WDPE

/
Z-pinch

Blast Shield

Gas Cell

Optical

Spectroscopy

--149 mm

Inside

--324 mm

Outside

1

mi

11 .

1

1
1
1

;

O
(NI

Altered location of WDPE gas cell with respect to Z pinch.
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Fit to C III/II: = 4.2 eV, ne = 9e17 cm'

Fit to H I: Te = 1.2 eV, n, = 3e17 cm'

• Integration from 60 to 70 ns

4400 4600 4800

Wavelength [A]

5000 5200

PrismSPECT fits to the CH4 data.

Two plasma components are evident.

5400
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The backlighter

Constraining gradients in the WDPE gas cell

backlighter LOS

absorption LOS

emission LOS

gold

L-

5-mm
aperture

backlighter

• Z-pinch X-rays

Detailed view of the backlighting surface
64

• Like the gold wall, the backlighter is

heated by the Z-pinch

• The absorption (blue) and

backlighter (purple) LOS end on the

backlighting surface. The emission LOS

does not.

• Since we perform an emission-correction

of our absorption data, could this

explain the ne discrepancy?



The buffers

Constraining gradients in the WDPE gas cell

absorption

optics

absorption LOS

emission LOS

Buffer Gas cell body Buffer ,
emission

1 die optics

A'
v

0
Backlighter

Mylar window

• Stainless steel buffers are attached to each end of the gas cell to protect our optics

• Buffers are also filled with experimental gas, which can turn into a plasma

• Could a potential plasma in the buffers explain the observed ne difference?

65



The gold wall

Constraining gradients in the WDPE gas cell

Gold vvall

Top view of g a

LOS

*
Vlocation
, 
. k. \

Backlighter

Gas cell body

•
angular expansigh: Mylar window

of Z pinch /

•

s cell 
,::/g Z pinch
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The gold wall

Constraining gradients in the WDPE gas cell

Gold wall.

Backlighter
Atk

1

Gas cell body

/ Mylar window

Top view of gas cell



The gold wall

Constraining gradients in the WDPE gas cell

Gold wall.

Backlighter
Atk

1

Gas cell body

/ Mylar window

Top view of gas cell



The gold wall

Constraining gradients in the WDPE gas cell

2 1

Gas cell body

Top view of gas cell

Gold wall.

Backlighter
Atk

/ Mylar window



The gold wall

Constraining gradients in the WDPE gas cell

2 1

Gas cell body

Top view of gas cell

Gold wall.

Backlighter
Atk

/ Mylar window



The gold wall

Constraining gradients in the WDPE gas cell

backlighter LOS

absorption LOS

Mylar window

heated gold wall

absorption
buffer

a in • a .

distance [mm]

1

•
.
•
.
.
.
.
•
•
.
.
.
.

• Since my experiments investigate

hydrogen plasmas, there's a direct and

simple connection between Te and ne

• I can check for gradients by comparing

the backlighter LOS data to the

absorption LOS data

• If differential heating is important, the

inferred ne Will differ



The gold wall

Constraining gradients in the WDPE gas cell

backlighter LOS

— absorption LOS

Mylar window

heated gold wall

immiiiiiii+...

absorption
buffer
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• Since my experiments investigate

hydrogen plasmas, there's a direct and

simple connection between Te and ne

• I can check for gradients by comparing

1-) the backlighter LOS data to the

_o absorption LOS data
E
(Du'
E
0 • If differential heating is important, the

inferred ne Will differ
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1.2

1.0

0.4

0.2

The gold wall

Constraining gradients in the WDPE gas cell

0 20 40 60
Time [ns]

80 100

• An analysis of five shots performed over

2 years reveals a difference between the

absorption and continuum LOS

• This difference is a function of

experiment time, indicating further

physics at work

• The lowest backlighter/absorption ratio

is used to derive a plasma gradient
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The most extreme gradients in the WDPE platform
Te gradient
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The temperature gradient along the emission

and absorption LOS. This temperature structure
was used in Spect3D simulations.
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7
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0
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x [mm]

The electron density gradient along the emission

and absorption LOS. This results directly from

the temperature gradient shown on left.

x 1017 ne gradient
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1.5

0.5

0.0
0 50 100

x [mm]

The temperature gradient along the emission

and absorption LOS. This temperature structure
was used in Spect3D simulations.

'Realistic' gradients in the WDPE
Te gradient
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The electron density gradient along the emission

and absorption LOS. This results directly from

the temperature gradient shown on left.


