
Modeling Hydrogen Line Profiles 
with Xenomorph: 


Remaining Uncertainties
M. H. Montgomery, P. B. Cho, T. Gomez, B. H. Dunlap


August 9th, 2021

SAND2021-9574CThis paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in
the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly owned
subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.



Xenomorph
DRAFT VERSION AUGUST 3, 2021
Typeset using LATEX twocolumn style in AASTeX62

Simulation of Stark Broadened Hydrogen Balmer Line Shapes for DA White Dwarf Synthetic Spectra

P. B. CHO,1, 2, 3 T. A. GOMEZ,3 M. H. MONTGOMERY,1, 2 B. H. DUNLAP,1, 2 M. FITZ AXEN,1, 2 B. HOBBS,1, 2 T. NAGAYAMA,4

I. HUBENY,5 AND D. E. WINGET1, 2

1
Department of Astronomy, University of Texas at Austin, Austin, TX-78712, USA

2
McDonald Observatory, Fort Davis, TX-79734, USA

3
Sandia National Laboratories, Albuquerque, NM-87123, USA

4
Sandia National Laboratories, Albuquerque, NM 87123, USA

5
Department of Astronomy and Steward Observatory, University of Arizona, Tucson, AZ-85721, USA

Submitted to ApJ

ABSTRACT
White Dwarfs (WD) are useful across a wide range of astrophysical contexts. For example, their cooling can

be leveraged in cosmochronology, they are the progenitors of type Ia supernovae, their pulsations tell us about
their interior structure and prior stages of stellar evolution, and they are used as spectrophotometric standards
for many major astronomical observatories. In all of these contexts, the fidelity of the information we can
extract relies on the accuracy of WD atmosphere models. One essential ingredient of atmosphere models is the
theory used to calculated broadened spectral lines for bound-bound transitions, known as line shape calculations.
For this, the atmosphere models have fundamentally relied on the theory developed by Vidal et al. (1970,
hereafter VCS), known as the Unified Theory of line broadening for line shape calculations. There have since
been significant advancements in the theory, however, the calculations used in WD model atmospheres have
only received minor updates. Meanwhile, continued advances in instrumentation and data availability have
uncovered indications of inaccuracies in the WD model atmospheres which manifest as discrepancies in mean
mass estimates made using different mass determination techniques. Spectroscopically inferred temperatures
are roughly 10% higher and spectroscopic masses are roughly 0.1 M� higher than their photometric counterparts
(Bergeron et al. 2019; Genest-Beaulieu & Bergeron 2019). The evidence suggests that VCS-based treatments of
line profiles may be at least partly responsible. Motivated by this, Gomez et al. (2016) developed a simulation-
based line profile code Xenomorph using an improved theoretical treatment. However, the code required a series
of revisions to decrease noise, make it more physically realistic, and make the calculations computationally
tractable. We describe a novel approach to particle reinjection techniques and independently investigate three
additional physical effects which are not captured in the standard VCS and VCS-related line shape calculations:
ion dynamics, higher-order multipole expansion, and an expanded basis set. Comparisons against the standard
Tremblay & Bergeron (2009) line shape calculations also demanded an implementation of a simulation-based
approach to occupation probability. We examine two different prescriptions for occupation probability. The
present study limits the scope to the first three Hydrogen Balmer transitions (H↵, H�, and H�). Balmer lines
from higher principle quantum numbers will be explored in future work. We find that screening effects and
occupation probability have the largest effects on the line shapes and the way they are calculated will likely
have important consequences in stellar synthetic spectra. This paper presents a detailed description of these
changes which now make full grids of new and improved line shape calculations feasible and appropriate for
use in WD model atmosphere codes.

Keywords: WD — line shape — Balmer — VCS — non-ideal effects — Hydrogen — spectroscopic fit — DA
— model atmosphere
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• ion dynamics

• electrons and protons can move


• an expanded basis set

• more atomic states are included in the calculation


• higher-order multipole expansion

• gradients in the electric field are taken into account


• “time ordering” is implicitly included

• increased randomness in the simulations


• particle re-injection now allows for a change in both the 
velocity and impact parameter of particle

Xenomorph physics improvements

In reality, atoms are never alone…
Nearby atoms, electrons, and ions affect 
each other:
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But, for the things that matter most: 

• For the first time, an occupation probability/continuum lowering 
formalism was incorporated in simulation-based line profile 
calculations


• The “usual” screening prescription was used:

• Debye screening with protons screened only by electrons:


If protons are included in the calculation of  (as they should be), then 
 decreases by a factor of 

λD
λD 2

V(r) =
q e−λD r

r
λD = ( kBT

4πnee2 )
1/2
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Figure 12. Comparison of exponential damping prescription stated
in TB09 against published profile. The red line is the published pro-
file which corresponds to the VCS theory with occupation probabil-
ity and electron damping incorporated. The blue line is the profile
prior to applying electron damping but with occupation probabil-
ity included. The green line is our result when we apply electron
damping to the undamped TB09 profile. When the functional form
provided in TB09 is applied to the undamped profile, it diverges
from the published (damped) profile in the core and in the wings.

preliminary and limited comparison of our profiles against
the Wiese et al. (1972) experimental data. We use the tabu-
lated TB09 profiles available in the model atmosphere code
Tlusty (e.g., Hubeny 1988; Hubeny et al. 2021) to fit for num-
ber density with temperature fixed to the value reported in the
TB09 paper. We compare these fits against those performed
with our own simulation line profile calculations made with
Xenomorph (see Figs. 18 and 19). Appropriate subsections
of the Wiese et al. (1972) data which contain a single line
were isolated with the left and right cutoff wavelength points
corresponding to the points at which the continuum reaches a
minimum between the two adjacent lines. The fits were per-
formed using least squares minimization. Electron density,
scaling factor, and the continuum polynomial were permitted
to float as free parameters. Because the theoretical line pro-
files are area normalized following convention, we applied a
scaling factor to match the intensities of the Wiese data. The
continuum in the Wiese data across a given line was fit using
a first order polynomial for H� and a second order polyno-

Figure 13. Ion microfield distributions compared to Hooper. The
ion microfield distribution changes in response to the occupation
probability prescription used. Limiting the closest approach of
plasma ions and electrons skews the distribution toward smaller
electric field values as expected. The vertical dotted line corre-
sponds to the �crit value referenced in TB09 — the critical mi-
crofield cutoff value.

Figure 14. Line shape comparison with different occupation prob-
ability prescriptions. Incorporating occupation probability results
in narrower line shapes, with the FM02 prescription leading to a
more severe microfield cutoff than that of HM88. The lower elec-
tric field values corresponding to FM02 make smaller perturbations
and therefore lead to narrower line cores. The wings of the line
profiles calculated with FM02 and HM88 are almost identical.
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• A line profile calculation is an “ensemble average” over electric field configurations of the electrons + protons 

• We need thousands of time series of the electric field, and each time series contains thousands of time steps


• much too expensive to compute with straightforward -body codes

• The standard approach is to use non-interacting electrons and protons on straight-line trajectories, which is 

much less expensive computationally

• The particle interactions are “taken into account” by using screened potentials for the electrons and protons

• Could we somehow use APEX?


• We need ions + electrons, not just ions, so I worry about this option…

N

The Electric Field Calculation

weighted toward higher fields than in the TMD simulation. For
example, while the FMD electron fields are weaker than in the
ideal-plasma limit given by the Holtsmark function, they are
nonetheless significantly stronger than the fields of the singly
shielded Debye quasi-particles, e.g., the distribution of the
TMD Fe. The difference between the FMD and TMD ion
fields is even larger.

We note that the FMD ion and electron microfield distribu-
tions are identical. Indeed, since the fields are ‘‘measured’’ on
a neutral radiator, the probability of a configuration of ions and
electrons is equal to that of the same configuration with the
ions and electrons exchanged, provided that the absolute
values of the charges and the energy distributions of ions
and electrons are the same, as is the case for the plasma con-
sidered here. Therefore, statistically, one may say that the
electrons shield the ions exactly like the ions shield the
electrons.

On the other hand, the ion and electron field dynamics are
rather different, which can be illustrated using the field corre-
lation functions

CabðtÞ ¼
Z

dt f
!

aðtÞ$ f
!

bðtþ tÞ; ð5Þ

where

f
!

aðtÞ ¼
F
!

aðtÞ
FaðtÞ

; ð6Þ

and the indices a and b represent either electrons (e) or ions
(i). These auto- and cross-correlation functions are given in
Fig. 3.

Both Cii and Cee show similar behavior: constant for short
times and then dropping sharply. In fact, the typical ‘‘thresh-
old’’ times ti z 300 fs and te z 7 fs satisfy the expected rela-
tion ti=te ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mp=me

p
. However, Cee falls to a finite value

(z0.1); it approaches zero only at t z ti. This is clearly due
to electroneion correlations indicated by Cei(t). Here, a signif-
icant anti-correlation between F

!
i and F

!
e is seen.1

A simple model can be used to explain these results. Let us
assume that the electron field F

!
e acquires, due to the elec-

troneion correlations, a part of the ion component

F
!

e ¼ F
!

eþ a F
!

i; ð7Þ

where F
!

e and F
!

i are independent (i.e., Cei ¼ 0). Then

Cee ¼ Ceeþ a2Cii: ð8Þ
It is readily seen that for te � t� ti

CeeðtÞza2CiiðtÞ; ð9Þ

and thus, for a2 � 1

azÀ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CeeðtÞ=Ceeð0Þ

p
zÀ 0:3: ð10Þ

Therefore, jaj is of the order of G, as expected and is a result
of Debye screening. Any motion of the relatively slow ions
near the radiator is partially compensated by the electrons.
As a result, a part of the slowly changing ion field gets ‘‘im-
printed’’ on the electron field.

We point out that the approach to the Debye shielding used
in the present TMD simulation (single shielding of the elec-
tron fields and double shielding of the ion fields) results, quite
plausibly, in a slightly underestimated fields. Indeed, the ion
microfield distribution calculated using the adjustable-param-
eter exponential approximation (APEX) method [15] corre-
sponds to fields that are stronger than the doubly shielded
TMD ion fields; yet the singly shielded approximation for
ions would result in fields which are too strong (see Fig. 2).
An approach similar to that of APEX can perhaps be devised
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Fig. 1. Comparison of the FMD and TMD results. The contributions of ions
and electrons are given separately. The line shapes are area-normalized.
Here and in the other figures, Ne¼ 1018 cmÀ3 and Te¼ Ti¼ 1 eV are assumed.
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Fig. 2. Comparison of the FMD and TMD microfield distributions. The distri-
butions of the total fields are scaled to the Holtsmark constant F0 correspond-
ing to the total density Ntot¼ 2Ne. The Holtsmark and the APEX-calculated
ion microfield distribution functions are also given.

1 The noise at very large values of t is likely due to a poor statistic, since the
larger t the smaller is the number of the FðtÞ;Fðt þ tÞgf pairs. In addition,
artifacts due to the ions bouncing off the walls of the simulation volume are
also possible.
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• While a theoretically solved problem, a practical way of 
generating 1000s of E-field time series is still out of reach


• What is the best way of correcting the “trivial” N-body 
simulations so that the E-field distributions match the full 
simulations?

Summary


