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ABSTRACT OF THE DISSERTATION

Analyses of Polluted White Dwarf Stars

with Applications to the Geochemistry of

Rocky Exoplanets

by

Alexandra Elyse Doyle

Doctor of Philosophy in Geochemistry

University of California, Los Angeles, 2021

Professor Edward Donald Young, Chair

In this work, exoplanet-research is combined with the study of the solar system in order to

assess differences and similarities between rocky bodies in the Milky Way. To evaluate rocky

bodies outside of the solar system, I utilize optical spectroscopy to study polluted white

dwarf stars, dense stars that show accretion of planetary material. By observing polluted

white dwarfs, we can measure elemental abundances from the rocky and icy bodies that

previously orbited the star. Specifically, I conduct observations using the KAST Spectro-

graph on the Shane 3-meter telescope at Lick Observatory and the High-Resolution Echelle

Spectrometer (HIRES) on the Keck I Telescope, as well as evaluate compiled literature data.

Generally, the elemental compositions of extrasolar planetesimals closely resemble those of

rocky bodies in the solar system. In this work, a more detailed comparison with solar sys-

tem meteorites and planets shows that oxidation of planetesimals prior to planet formation

is common among extrasolar rocks. Overall, the processes that lead to the geochemistry

and much of the geophysics of Earth is normal compared to the current sample of extrasolar

planetesimals. Additionally, the origin of excesses in spallogenic nuclides in polluted white

dwarfs is investigated. The MeV proton fluence required to form the high Be/O ratio in

the accreted parent bodies of two polluted white dwarfs (GALEX J2339-0424 and GD 378)

is consistent with irradiation of ice in the rings of a giant planet within its radiation belt,

followed by accretion of the ices to form a moon that is later accreted by the WD.
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CHAPTER 1

Introduction

The field of exoplanets has grown rapidly in the last few decades as researchers have dis-

covered thousands of new planets around other stars. Now, there exist remarkable missions

to study planets in the solar system as well as sensitive telescopes to study planets outside

of the solar system – extrasolar planets. My research aims to constrain the cosmochemistry

of rocky exoplanets, not only to characterize their geochemistry and geophysics, but also to

ascertain if the conditions that formed the rocky bodies in the solar system are typical for

planet formation in general. This work involves analyses of observational data as well as the-

oretical calculations and modeling to identify and address key questions in planetary science

such as are exoplanets geochemically similar to rocky planets in our solar system? Do they

have the same geophysical capabilities? These questions allow me to evaluate if extrasolar

planets could have the same propensity to host life as Earth and how typical forming an

Earth-like planet is, compared to extrasolar rocky bodies. To answer these questions, an

interdisciplinary approach to both analyze observational data and apply geochemical tools

is necessary.

In my research I constrain the geochemistry of extrasolar rocks and compare them to

rocky bodies in the solar system. I do this by utilizing elemental abundance data from

polluted white dwarf stars (WDs). White dwarfs are the last observable stage of stellar

evolution for stars less than 8-10 solar masses. WDs are approximately 0.6 solar masses but

the radius of the Earth, making them compact objects with immense gravitational fields.

As a result, metals in the atmospheres of WDs settle into the star’s core and out of sight

(Paquette et al., 1986; Koester, 2009). Despite their strong gravitational fields, 25-50% of

WDs are ”polluted” and exhibit metals in their atmospheres (e.g. Zuckerman et al., 2003).

This pollution is exogenous to the star; these metals originate from vaporized rocks, torn

apart by the WD (Debes and Sigurdsson, 2002; Jura, 2003). Some polluted WDs even exhibit
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infrared excesses, evidencing surrounding debris disks (e.g. Jura et al., 2007). By observing

polluted WDs, and measuring elemental abundances in their atmospheres, one can evaluate

the cosmochemistry of the rocky bodies that previously orbited them.

Using polluted WDs to inform the geochemistry of rocky exoplanets is a unique and

powerful method. Many of the studies defining the geochemistry of rocky exoplanets use

either mass-radius relationships or use the chemistry of the star that the bodies are orbiting.

However, by using WDs we know that the elemental abundances we are measuring are coming

from the rocks themselves. Therefore, we are directly probing the geochemistry of the rocky

bodies.

This thesis is a compilation of five chapters, Chapters 2 and 3 are from published papers

for which I am the first author (Doyle et al., 2019; Doyle et al., 2020), Chapter 4 is a paper

in revision in ApJ for which I was a part of many of the observations and did much of the

initial data reduction and analysis (Klein et al., ApJ, in revision), Chapter 5 is a paper in

press in ApJL for which I am the first author (Doyle et al., ApJL, in press), and Chapter 6

is a brief summary exploring the direction of future work. A brief summary is provided for

each chapter in the following.

Chapter 2 is the first time that the partial pressure of oxygen, oxygen fugacity, has been

calculated for exoplanetary material. Oxygen fugacity is a measure of rock oxidation that

influences planetary structure and evolution. Most rocky bodies in the solar system formed

at oxygen fugacities approximately five orders of magnitude higher than a hydrogen-rich

gas of solar composition. It is unclear whether this oxidation of rocks in the solar system is

typical among other planetary systems. We exploit the elemental abundances observed in six

white dwarfs polluted by the accretion of rocky bodies to determine the fraction of oxidized

iron in those extrasolar rocky bodies and therefore their oxygen fugacities. The results

are consistent with the oxygen fugacities of Earth, Mars, and typical asteroids in the solar

system, suggesting that at least some rocky exoplanets are geophysically and geochemically

similar to Earth. This implies that the process that oxidized rock-forming materials in the

solar system was also operating in these other planetary systems.

Chapter 3 is the result of utilizing 16 white dwarf stars to calculate and analyze the

oxidation states of the parent bodies accreting onto the stars. We find that most of the

2



extrasolar rocky bodies formed under oxidizing conditions, but 1/4 of the polluted white

dwarfs have compositions consistent with more reduced parent bodies. We evaluate the

robustness of the calculated oxygen fugacities and determine the conditions under which

reduced bodies could be observed in a WD. We find that when the debris disk lifetime

is comparable to typical settling times through the mixed layer of the polluted WD, and

observations are taken after several e-folding times have passed for the disk, calculated

oxygen fugacities will be biased against finding reduced parent bodies.

Chapter 4 is about the first detection of beryllium in white dwarf stars. This discovery

in the spectra of two helium-atmosphere white dwarfs was made possible only because of the

remarkable overabundance of Be relative to all other elements, heavier than He, observed in

these stars. The measured Be abundances, relative to chondritic, are by far the largest ever

seen in any astronomical object. This chapter details the observations and data processing

for these stars, evaluates the abundances of the major elements polluting the stars and

speculates that the Be in these accreted planetary bodies was produced by spallation of one

or more of O, C, and N in a region of high proton fluence.

Chapter 5 is a theoretical paper that aims to explain the excesses in Be found in the

two WDs discussed in Chapter 4. We propose that excesses in Be in polluted white dwarfs

(WDs) are the result of accretion of icy exomoons that formed in the radiation belts of giant

exoplanets. Here we use excess Be in the white dwarf GALEX J2339-0424 as an example.

We constrain the parent body abundances of rock-forming elements in GALEX J2339-0424

and show that the over abundance of beryllium (∼ 500 times chondritic) in this WD cannot

be accounted for by differences in diffusive fluxes through the WD outer envelope nor by

chemical fractionations during typical rock-forming processes. We argue instead that the

Be was produced by energetic proton irradiation of ice mixed with rock. We demonstrate

that the MeV proton fluence required to form the high Be/O ratio in the accreted parent

body is consistent with irradiation of ice in the rings of a giant planet within its radiation

belt, followed by accretion of the ices to form a moon that is later accreted by the WD. The

icy moons of Saturn serve as useful analogs. Our results provide an estimate of spallogenic

nuclide excesses in icy moons formed by rings around giant planets in general, including

those in the solar system. While excesses in Be have been detected in two polluted WDs to

3



date, including the WD described here, we predict that extraordinary excesses in the other

spallogenic elements Li and B, although more difficult to detect, should also be observed,

and that such detections would also indicate pollution by icy exomoons formed in the ring

systems of giant planets.

Chapter 6 is a summary describing possible future directions for this research. The work

described aims to build upon my previous work, through acquiring better observational data

in order to decrease errors, as well as increasing the number of WDs exhibiting all major

rock-forming elements. I describe a theoretical method that may allow us to constrain the

oxidation states of reduced parent bodies, building upon the findings shown in Chapter 3. I

also discuss a project to improve geochemical analyses using white dwarf stars by modeling

evaporative properties of rocks in order to better match observational trends that show a

depletion of volatile elements.
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CHAPTER 2

Oxygen Fugacities of Extrasolar Rocks: Evidence for

an Earth-like Geochemistry of Exoplanets

Alexandra E. Doyle1, Edward D. Young1, Beth Klein2, Ben Zuckerman2, and Hilke E.

Schlichting1,2,3

1Department of Earth, Planetary, and Space Sciences, University of California, Los
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Estimating the composition of extrasolar planets from host-star abundances or from

planet mass-radius relationships is difficult and unreliable (Gupta and Schlichting, 2019;

Unterborn and Panero, 2017). The elemental abundances in some white dwarfs (WDs) pro-

vide an alternative, more direct approach for determining the composition of extrasolar rocks.

White dwarfs are the remnant cores left behind when a star ejects its hydrogen-rich outer

layers following the red giant phase. These remnant cores are ∼ 0.5 solar masses (M⊙) and

about the same radius as Earth, are no longer powered by fusion, and slowly cool over time.

Because of their high densities, and thus strong gravitational fields, elements heavier than

helium rapidly sink below their surfaces, becoming unobservable. Nonetheless, spectroscopic

studies show that up to half of WDs with effective temperatures <25,000 K are “polluted”

by elements heavier than He in their atmospheres (Zuckerman et al., 2003, 2010; Koester

et al., 2014). The source of these heavy elements is exogenous, coming from accretion of de-

bris from rocky bodies that previously orbited the WDs (Jura, 2003; Zuckerman et al., 2007;
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Klein et al., 2010; Gaensicke et al., 2012). We exploit this pollution to measure the elemental

constituents of extrasolar rocky bodies. We collated observations from the literature of pol-

luting elements in six white dwarfs: SDSS J104341.53+085558.2 (Melis and Dufour, 2017),

SDSS J122859.92+104033.0 (Gaensicke et al., 2012), SBSS 1536+520 (Farihi et al., 2016),

GD 40 (Klein et al., 2010; Jura et al., 2012), SDSS J073842.56+183509.6 (Dufour et al.,

2012) and LBQS 1145+0145 (Xu et al., 2016) (hereafter SDSS J1043+0855, WD 1226+110,

WD 1536+520, GD 40, SDSS J0738+1835 and WD 1145+017). Bulk compositions of the

bodies polluting WDs resemble those of rocky bodies in the solar system (Jura and Young,

2014) (Appendix A, Figure 2.1).

We use the relative abundances of rock-forming elements in polluted WDs to determine

the effective partial pressure of oxygen, i.e. the oxygen fugacity (fO2) of the accreted rocks.

Oxygen fugacity is a measure of the degree of oxidation in the rocks. It corresponds to the

effective partial pressure of gaseous oxygen that would be in thermodynamic equilibrium with

the material of interest. In combination with other factors, the intrinsic oxygen fugacity of a

planet will determine the relative size of its metallic core, the geochemistry of its mantle and

crust, the composition of its atmosphere, and the forces responsible for mountain building

(Wetzel et al., 2013; Putirka, 2016). Oxygen fugacity is also thought to be among the

parameters that determine the habitability of a planet (Ehlmann et al., 2016). In practice,

fO2 is usually expressed as the non-ideal partial pressure of oxygen relative to a convenient

reference value.

Oxygen fugacities of rocky planets are often reported relative to the reference Iron-

Wüstite (IW) equilibrium reaction Fe (Iron) + 1/2 O2 = FeO (Wüstite), such that ∆IW =

log(fO2) – log(fO2)IW (Appendix A). When expressed this way, differences in oxygen fugac-

ity are nearly independent of temperature and pressure (Appendix A). The initial oxidation

state of a rocky body with at least some Fe metal at the time of its formation is recorded

by the concentration of oxidized iron (which we hereafter denote as FeO, although it may

include other oxides of iron) in the rock and the concentration of Fe in the metal:

∆IW = 2log

(
xrock

FeO

xmetal
Fe

)
+ 2log

(
γrock

FeO

γmetal
Fe

)
(2.1)

where xki are mole fractions of the species i in phase k, γki are activity coefficients for the
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species, and thermodynamic activities are aki = xki γ
k
i . To facilitate comparison, we set the

uncertain activity coefficients to unity, so the second term on the right-hand side of Equation

2.1 vanishes. Equation 2.1 expresses the fO2 at the time the planet or planetesimal formed

(Siebert et al., 2013; Rubie et al., 2004); we refer to this as the “intrinsic” oxygen fugacity

of the body. The partitioning of iron between rock and metal during formation leaves a

record of the intrinsic oxygen fugacity in the form of the mole fraction of FeO in the rocks,

xrock
FeO . This signature persists even after the rock and metal are separated by the process

of differentiation (partitioning between core and mantle). This is because changes in the

valence state of iron during subsequent reactions proceed without appreciably altering the

total amount of iron bonded to oxygen in the rocks. For example, the reaction

2Fe2+Fe3+
2 Ospinel

4 + 6Fe2+SiOpyroxene
3 
 6Fe2+

2 SiOolivine
4 + O2 (2.2)

determines the Fe3+/Fe2+ ratio, and thus the fO2 , in a rock containing the minerals spinel,

pyroxene and olivine, without substantially altering the total Fe bonded to oxygen (from 2.17

oxygens per Fe to 2.00 oxygens per Fe). Reactions like these after the formation of a rocky

body lead to local variations in fO2 within the body but do not generally alter the intrinsic

oxygen fugacity recorded by application of Equation 2.1 (Figure 2.2). The intrinsic oxygen

fugacity of Earth is constrained by xmantle
FeO = 0.06 (8 weight percent FeO) in its mantle and

the composition of its Fe-rich core. This leads to a terrestrial ∆IW value of about -1 to -2,

with the range due to the uncertain values for the activity coefficient ratio [commonly used

values of γmantle
FeO / γcore

Fe range from ∼ 1 to 4 (Jordan et al., 2019)].

The material accreted by the six polluted white dwarfs in this study are rocks devoid of

metal, as demonstrated by the lack of excess Fe relative to oxygen (Figure 2.1). Separation

of metal and rock during accretion onto WDs is suggested by the ranges in element ratios in

polluted WDs (Jura and Young, 2014) and from observations of a metal-density planetesimal

core orbiting a WD (Manser et al., 2019). Our fO2 measurements are representative of the

fugacity values at the time of core formation, even though they are derived from crustal

or mantle rocks. The maximum intrinsic oxygen fugacity calculated from Equation 2.1

approaches 0 as the mole fraction of Fe in the silicate increases. Values for ∆IW greater

than ∼ 0.9 for elemental concentrations similar to solar system rocks imply that all of the
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iron has been oxidized, and that the intrinsic ∆IW from Equation 2.1 are therefore minimum

estimates for the oxidation state at the time the rocks formed.

The solar protoplanetary disk must on average have had the same composition as the Sun

(Appendix A, Supplementary Text). The oxygen fugacity of a gas with solar composition

is determined by its H2O/H2 ratio, after correcting for the oxygen bound to carbon in CO

and other less abundant oxides, according to the reaction H2 + 1/2 O2 
 H2O (Appendix

A). Studies of meteorites reveal that, like the Earth, most rocky bodies in the solar system

formed with ∆IW approximately five orders of magnitude higher than that of a solar gas

(Simon et al., 2005; Grossman et al., 2008) (Figure 2.3). The presence of large amounts of

iron bonded to oxygen in silicates in chondrite meteorites indicates there was a relatively high

oxygen fugacity during the earliest stages of rock formation in the solar system (Grossman

et al., 2012). The enhancement in oxygen fugacity during rocky body formation may be

attributable to the sublimation of water-rich and/or rock-rich dust at high dust/gas ratios

(Monteux et al., 2018). In this context, we examine whether the processes that led to

oxidation of rocks in the solar system are typical of other planetary systems, and therefore

whether the geophysical and geochemical characteristics of Earth are likely to be common

among rocky exoplanets.

When the six major rock-forming elements are measured in a polluted WD, the abundance

of FeO may be used to determine the oxidation state of the accreted exoplanetary rocky

bodies (Unterborn and Panero, 2017; Klein et al., 2010; Rubie et al., 2011). Polluted WDs

with observed abundances of O, Mg, Si, Fe, Al, and Ca can be used to calculate oxygen

fugacities from Equation 2.1 by recognizing that any Fe not bonded to oxygen must have

existed as metal in the accreted bodies. Data for polluted WDs are preferable to elemental

abundances in other stars due to the rocky provenance of the accreted elements in WDs,

especially in the case of oxygen.

Our basic methodology is as follows: the oxide components MgO, SiO2, FeO, Al2O3 and

CaO describe the compositions of the major minerals comprising the accreting rocks. By

assigning oxygen firstly to Mg, then Si, Al, Ca and finally, Fe, we calculate the relative

amount of oxidized Fe, as FeO, and assign any remaining Fe to metal representing the core

of the body (Unterborn and Panero, 2017; Klein et al., 2010; Asplund et al., 2006). We
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propagate measurement uncertainties for the polluted WDs using a Monte Carlo bootstrap

approach (Appendix A).

We validated our method using solar system bodies by converting the composition of

these bodies into hypothetical polluted white dwarfs, as if rocks from the bodies (e.g., Earth,

Mars, Mercury) had accreted onto a WD. We used typical WD measurement uncertainties

for these calculations and recovered the known intrinsic oxygen fugacities for Earth, Mars,

Mercury, Vesta and various chondritic bodies (Appendix A). The solar system bodies span

a range in ∆IW of ∼ 6 dex, in agreement with previous studies showing that Mercury and

enstatite meteorites have fO2 orders of magnitude lower than those for Earth, Mars, and

other chondrite group meteorites (Nittler and Weider, 2019; Cartier and Wood, 2019).

The six WDs in this study were chosen because quantitative measurements of all six

major rock-forming elements are available for each. These WDs also exhibit infrared excesses,

indicative of surrounding debris disks (Jura, 2003). The ∆ IW values we obtain for the rocks

accreted by the polluted WDs are all similar to those of Earth, Mars, Vesta, and the asteroids

represented by carbonaceous (C) and ordinary (O) chondrites in the solar system (Figure

2.3).

In cases in which there is both more oxygen than required to oxidize all other major

elements and a commensurate amount of hydrogen, water in the accreting body is implied

and the partitioning of oxygen between ice and Fe can be ambiguous (Farihi et al., 2013;

Raddi et al., 2015). In addition, unaccounted for Si in metal cores may have liberated oxygen

to oxidize Fe in the accreted bodies. We find that these effects are small for the WDs in

this study and do not impact the elemental abundances we used to derive oxygen fugacities

(Appendix A) (Figure 2.8).

The high oxygen fugacities of these extrasolar rocks, relative to a solar gas, suggests that

whatever process oxidized rock-forming materials in the solar system also operated in these

other planetary systems. The large amount of oxidized iron in chondrite meteorites shows

that oxidation relative to a solar gas occurred early in the solar system, evidently prior to,

or during the earliest stages of, planetesimal formation. Raising ∆IW by 5 log units, from

solar to rock-like values, requires the gas to acquire an H2O/H2 ratio ∼ 400 times that of

a solar gas (Monteux et al., 2018). This enrichment factor is greater than can be explained
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by simply transporting water in the form of ice particles from the outer to the inner solar

system (Monteux et al., 2018). If dust/gas ratios control the oxidation states during rock

formation, we conclude that the solar system and the planetary systems around these six

polluted WDs had similar ratios. This implies that high dust/gas ratios are intrinsic to rock

formation in protoplanetary disks. A similar compositional link between planet formation

in the solar system and that around other stars is indicated by the depletion of carbon in

both solar and extrasolar rocks (Jura, 2006; Lee et al., 2010).

The high oxidation state of these rocks determined the mineralogy, and therefore the geo-

physical behavior, of their parent bodies or the planets these bodies formed. For example, the

lower mantle of the Earth is composed of ∼ 70% bridgmanite and ∼ 20% magnesiowüstite,

two mineral phases with markedly different rheological properties whose abundances depend

on fO2 . The relative abundances of these minerals determine the dynamic behavior of the

mantle (Girard et al., 2016). For illustration, the influence of oxygen fugacity on the miner-

alogy of a silicate mantle, and the composition of a metal-rich core, can be described by the

reaction

MgOmagnesiowstite + Sicore + O2 
 MgSiObridgmanite
3 , (2.3)

where MgO refers to the Mg component in mantle magnesiowüstite ((Mg,Fe)O), MgSiO3

refers to the Mg component (bridgmanite) in mantle silicate perovskite ((Mg,Fe)SiO3), and

Sicore refers to Si in the metal-rich core. Rearranging the equilibrium constant for the reaction

in Equation 2.3, k eq (2.3), shows that the activity ratio of bridgmanite to magnesiowüstite is

expected to vary with oxygen fugacity:

fO2 =
abridgmanite

MgSiO3

amagnesiowustite
MgO acore

Si keq(2.3)

(2.4)

Equation 2.4 also illustrates that the Si content of the core varies inversely with oxygen

fugacity. The concentrations of Si and other light elements in the core likely play a role

in driving the compositional convection within the core that powers Earth’s magnetic field

(Helffrich, 2014; Gubbins, 1991) which impacts a planet’s habitability (Cuartas-Restrepo,

2018). The relative size of the metallic core of a body (or even its existence) is also determined

11



by oxygen fugacity (Elkins-Tanton and Seager, 2008). If the body or bodies that accreted

onto WD 1536+520 were otherwise similar to Earth or its antecedents, the ∆IW value of

-1.37 would result in a planet with an Fe-rich metal core comprising ∼ 20% by mass of the

parent body. For comparison, the most highly oxidized bodies we found, with ∆IW ∼ −

0.6, would assemble to form a planet with no Fe-rich metal core.

Our results show that the parent objects that polluted these WDs had intrinsic oxidation

states similar to those of rocks in the solar system. Based on estimates of their mass, the

bodies accreting onto WDs were either asteroids that represent the building blocks of rocky

exoplanets, or they were fragments of rocky exoplanets themselves (Jura and Young, 2014;

Farihi et al., 2012). In either case, our results constrain the intrinsic oxygen fugacities of

rocky bodies that orbited the progenitor star of their host WD. Our data indicate that rocky

exoplanets constructed from these planetesimals should be geophysically and geochemically

similar to rocky planets in the solar system, including Earth.
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Figure 2.1 Bulk compositions of the six rock-forming elements Al, Ca, Si, Mg, Fe and O are

indicated by the colored bars. The six white dwarfs are shown in the right-most columns.

Shown for comparison are solar system objects: the Sun, Comet Halley (1P/Halley), Earth,

the Moon, Vesta, Mars, Mercury, three types of meteorites (enstatite chondrite, ordinary

L chondrite, and carbonaceous CI chondrite), and three terrestrial igneous rock types: mid

ocean ridge basalt (MORB), lherzolite (representing Earth’s mantle) and bulk silicate Earth

(BSE) (Appendix A). The relatively high abundances of Fe in bulk Mercury and bulk Earth

are due to their metal cores. The compositions of the white dwarfs are similar to the solar

system rocks. The large amount of O in WD 1145+017 is highly uncertain. Values are listed

in Table 2.2.
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Figure 2.2 Terrestrial and martian rocks are characterized by ∆IW at the time of core

formation, as calculated from the concentration of FeO, and ∆IW as measured today using

various other measures of oxygen fugacity (Appendix A). Bulk Earth and bulk Mars values

are also shown, demonstrating their similarity in intrinsic ∆IW at the time of core formation,

despite the ranges in ∆IW as measured today. Error bars are 1σ (Appendix A). Where

oxygen fugacities were previously reported relative to the quartz-fayalite-magnetite buffer

(QFM), we converted them using ∆IW = ∆ QFM− 4. Andesite, basalt and gabbro represent

crustal rocks while lherzolite and harzburgite, specific types of peridotites, are mantle rocks.
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Figure 2.3 Calculated oxygen fugacities relative to IW for rocky extrasolar bodies. Num-

bered circles show the values for rocky debris that polluted the white dwarfs: 1) SDSS

J1043+0855; 2) WD 1536+520; 3) GD 40; 4) SDSS J0738+1835; 5) WD 1226+110; and

6) WD 1145+017. Values are listed in Table 2.1. One-standard-deviation error bars are

from propagation of measurement uncertainties (Appendix A). Only an upper limit could

be obtained for SDSS J1043+0855 due to the measurement uncertainties relative to the Fe

concentration for that star (Appendix A). The ranges of relative oxygen fugacities for a gas

of solar composition (yellow) and for most solar system rocky bodies (blue) are shown for

comparison. Rocks from solar system planets are also shown and are represented by their

planet symbols: Earth (⊕), Mars (♂) and Mercury ('). Triangles show values for meteorites,

representing bodies in the asteroid belt, including Vesta. The inset shows an example ∆IW

probability distribution for one of the WDs, GD 40 (Appendix A); equivalents for the other

WDs are shown in Figure 2.6.
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Table 2.1 Data for WDs in Doyle et al. (2019)

WD Type Temperature (K) ∆IW References

GD 40 DBZA 15300 −1.17+0.25
−0.33 Klein et al. (2010); Jura et al. (2012)

GD 40 (steady state) −0.95+0.29
−0.72 Klein et al. (2010); Jura et al. (2012)

WD 1536+520 DBAZ 20800 −1.37+0.28
−0.32 Farihi et al. (2016)

SDSS J0738+1835 DBZA 13950 −1.14+0.17
−0.18 Dufour et al. (2012)

WD 1145+017 DBZ 16900 −0.59+0.13
−0.16 Xu et al. (2016)

SDSS J1043+0855 DAZ 18330 < −1.21 Melis and Dufour (2017)

WD 1226+110 DAZ 20900 −0.63+0.31
−0.43 Gaensicke et al. (2012)
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APPENDIX A

Methods

Sources for solar system materials in Figure 2.1. The solar system objects used in

Figure 2.1 include the Sun (Lodders, 2003), bulk Earth and bulk silicate Earth (McDonough,

2003), bulk Mars (Taylor, 2013), bulk Mercury (Nittler et al., 2019; Hauck et al., 2013), the

Moon (Taylor, 1987), Vesta (Steenstra et al., 2016), Comet Halley (Jessberger et al., 1988),

terrestrial mid-ocean ridge basalts (MORBs) (Gale et al., 2013), chondrites (CI (Lodders,

2003), L, and EH-EL silicate (Newsom, 1995)), and terrestrial lherzolite (Jordan, 1978).

Calculation of oxygen fugacities and associated uncertainties from white dwarf

element ratio data. Here we provide a step-by-step summary of our calculation method

for obtaining oxygen fugacities from the white dwarf elemental ratios. We include analytical

estimates for the uncertainties at each step using the general error propagation equation

(Bevington and Robinson, 2003) based on linear expansion of the contributing variances.

The equation is a basic method for transforming variances in independent variables u, v,

etc., represented by σu and σv, respectively, to that for dependent variable x where x = f

(u, v, . . . ):

σ2
x =

(
δx

δu

)2

σ2
u +

(
δx

δv

)2

σ2
v + . . . . (2.5)

Although useful as a guide to the sources of uncertainty in the calculations, these analytical

estimates of uncertainty are complemented by the bootstrap error analysis described below.

The input data for calculating oxygen fugacities are values for log(Z/X) where Z rep-

resents the atomic abundances of metals O, Si, Mg, Ca, Al, and Fe and X is the atomic

abundance of either H or He, depending on the WD type in question (WD types are defined

below). Uncertainties in these logs of ratios are usually reported as symmetrical errors in

logarithmic space (e.g., -4.0 ± 0.3 dex), and a lognormal distribution for Z/X is adopted

here.

Step 1: We first use the log(Z/X) values to derive log(Z/O) where
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log(Z/O) = log(Z/X)− log(O/X). (2.6)

The associated uncertainties prescribed by Equation 2.5 are:

σlog(Z/O) =
√
σ2

log(Z/X) + σ2
log(O/X). (2.7)

Step 2: Next we convert log(Z/O) to Z/O (using Z/O = 10log(Z/O)) and use Equation 2.5 to

derive the uncertainty in the ratios:

σ2
Z/O =

(
δ(Z/O)

δlog(Z/O)

)2

σ2
log(Z/O). (2.8)

Because

δ(Z/O)

δlog(Z/O)
=

δ(Z/O)

δln(Z/O)

δln(Z/O)

δlog(Z/O)
= (Z/O)

δln(Z/O)

δlog(Z/O)
(2.9)

and the change of base is afforded by ln(x ) = ln(10)log(x ) so that d ln(x )/d log(x ) = ln(10),

we arrive at

σZ/O = (Z/O)ln(10)σlog(Z/O). (2.10)

This expression identifies the errors in log(Z/O) as relative errors in the Z/O ratios because

σZ/O

(Z/O)
= ln(10)σlog(Z/O). (2.11)

Equation 2.11 yields the uncertainties in Z/O that can be propagated through the remainder

of the calculation.

Step 3: The oxygen atoms are assigned to Si, Mg, Al, and Ca to form the oxides SiO2, MgO,

Al2O3, and CaO. The relationship between the ratios of Z/O and the number of oxygens

required by each oxide i, Oi, are
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OSiO2

OTotal

= 2
Si

OTotal

OMgO

OTotal

=
Mg

OTotal

OAl2O3

OTotal

= (3/2)
Al

OTotal

OCaO

OTotal

=
Ca

OTotal

(2.12)

where from here forward we make the distinction between oxygen assigned to oxide i and

total oxygen, OTotal, and Oi/OTotal is the ratio of the number of oxygen atoms comprising

oxide i to the total number of oxygen atoms. The excess oxygen (OXS) available for bonding

to Fe as FeO relative to the total oxygen is calculated as

OXS

OTotal

= 1− OSiO2

OTotal

− OMgO

OTotal

− OAl2O3

OTotal

− OCaO

OTotal

, (2.13)

where the 1 represents OTotal/OTotal. Applying Equation 2.5 to calculate the uncertainty in

OXS/OTotal using the uncertainties in the Z/O ratios from Equations (2.8-2.11) gives

σOXS/OTotal
=
√

4σ2
Si/OTotal

+ σ2
Mg/OTotal

+ (3/2)2σ2
Al/OTotal

+ σ2
Ca/OTotal

(2.14)

Step 4: The excess oxygen, OXS, is assigned to Fe as FeO. If Fe/OTotal > OXS/OTotal,

FeO/OTotal = OXS/OTotal. Conversely, if Fe/OTotal < OXS/OTotal, FeO/OTotal = Fe/OTotal.

More formally,

FeO

OTotal

=


OXS

OTotal
if Fe/OTotal > OXS/OTotal

Fe
OTotal

if Fe/OTotal ≤ OXS/OTotal

(2.15)

Where oxygen is overabundant relative to the other elements, the uncertainty in FeO/OTotal

= σFe/O given by Equation 2.10. Where O is less than Fe, uncertainty in FeO/OTotal is the

uncertainty in excess oxygen given by Equation 2.14.

Step 5: The oxide ratios relative to total oxygen are used to calculate the mole fraction of

FeO for the accreted material in the white dwarf. The ratios of oxides to total oxygen in
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addition to FeO/OTotal, given in Equation 2.15, are

SiO2

OTotal

=
Si

OTotal

MgO

OTotal

=
Mg

OTotal

Al2O3

OTotal

= 0.5
Al

OTotal

CaO

OTotal

=
Ca

OTotal

(2.16)

The mole fraction of FeO, x FeO, is calculated as

xFeO =
FeO/OTotal

FeO/OTotal + SiO2/OTotal + MgO/OTotal + Al2O3/OTotal + CaO/OTotal

. (2.17)

The uncertainty in the mole fraction of FeO can be estimated using Equation 2.5 applied to

Equation 2.17:

σ2
xFeO

=

(
δxFeO

δFeO/OTotal

)2

σ2
FeO/OTotal

+

(
δxFeO

δSiO2/OTotal

)2

σ2
SiO2/OTotal

+(
δxFeO

δMgO/OTotal

)2

σ2
MgO/OTotal

+

(
δxFeO

δAl2O3/OTotal

)2

σ2
Al2O3/OTotal

+(
δxFeO

δCaO/OTotal

)2

σ2
CaO/OTotal

. (2.18)

Evaluating the partial derivatives in Equation 2.18 provides the analytical estimate for the

uncertainty in x FeO:

σ2
xFeO

=

 SiO2

OTotal
+ MgO

OTotal
+ Al2O3

OTotal
+ CaO

OTotal(
FeO

OTotal
+ SiO2

OTotal
+ MgO

OTotal
+ Al2O3

OTotal
+ CaO

OTotal

)2


2

σ2
FeO/OTotal

+

∑
i 6=FeO

 − (ZxOy)i
OTotal(

FeO
OTotal

+ SiO2

OTotal
+ MgO

OTotal
+ Al2O3

OTotal
+ CaO

OTotal

)2


2

σ2
(ZxOy)i/OTotal

, (2.19)
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where (ZxOy)i represents the oxides other than FeO.

Step 6: The final step for obtaining a single value for the oxygen fugacity expressed as ∆IW

is to use the values of x FeO according to

∆IW = 2log
(xFeO

0.85

)
(2.20)

where the value 0.85 represents a nominal mole fraction of Fe in the metal phase during

the formation of the accreting body. Again, using Equation 2.5 applied to Equation 2.19 an

estimate for the uncertainty in ∆IW can be obtained:

σ2
∆IW =

(
2

ln(10)xFeO

)2

σ2
xFeO

. (2.21)

Application of these six steps together with the estimates of uncertainties applied to the

data for the six polluted white dwarfs in this study are provided in Table 2.2 and 2.3. In

practice, Equation 2.21 does not capture the asymmetry in ∆IW uncertainties, resulting in

unrealistic lower bounds when ∆IW values are low. The code used to calculate ∆IW using

the analytical method detailed above is given in Appendix B.

When Fe > OXS, FeO/OTotal in the accreted rock is equated with OXS/OTotal and the

uncertainties in this parameter are large due to the combined errors from all of the elements

analyzed (Equation 2.14). The large uncertainties can preclude the determination of accurate

∆IW values. This situation arises for one white dwarf in this study. As a result, only an

upper limit on ∆IW could be obtained for SDSS J1043+0855, which we demonstrated with

the bootstrap method described below.

Bootstrap Analysis. Although estimates of uncertainties can be obtained in the majority

of polluted white dwarfs and simulated white dwarfs in this study by simply using Equa-

tion 2.5, the analytical estimates assume symmetrical uncertainties about the mean, so are

insufficient where the mole fractions of FeO (x FeO) are so low that these uncertainties can

lead to values of zero. We therefore use a bootstrap method with replacement (Efron and

Stein, 1981) to estimate median ∆IW values and the uncertainties about the medians. The

bootstrap approach also captures the effects of non-Gaussian probability distributions that

arise when transforming the data using steps 1 through 6 described above.
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The bootstrap procedure carries out steps 1 through 6 where the analytical error propa-

gation expressions (Equations 2.7, 2.8-2.11, 2.14, 2.18, 2.19, and 2.21) are replaced by Monte

Carlo sampling. The method is summarized in Figure 2.4. Our input data are log(Z/X)

values where X is He or H and Z is the element of interest. We use normal distributions for

log(Z/X) as dictated by the symmetrical uncertainties reported for the white dwarf abun-

dance ratios. The resulting lognormal distributions ensure positive element ratios throughout

the error propagation.

We draw at random single values for log(Z/X) (e.g., log(Mg/He), log(Si/He), . . . ) from

the normal distributions defined by their means and uncertainties as a representation of the

single measurement available for each white dwarf. We then calculate ∆IW from this single

draw, and repeat this calculation 100,000 times to obtain a frequency distribution of ∆IW

values.

The resulting frequency distributions of 100,000 ∆IW values are asymmetric (Figure

2.4). We therefore report median ∆IW values and calculate asymmetrical uncertainties

based on an extension of the interquartile range, centered on the median, to encompass 67%

of the distribution rather than just 50% . This procedure makes our reported uncertainties

equivalent to the 1σ error bars commonly reported for normal distributions. The code used

to calculate ∆IW using the bootstrap method is given in Appendix C.

We compare the results from our study using the bootstrap method with the results from

the analytical calculations in Figure 2.5. The results summarized in Figure 2.5 show that

the ∆IW values for the WDs and solar system rocks (in fictive white dwarfs) obtained from

the analytical and the bootstrap methods are identical (one white dwarf value is actually

just an upper limit). However, the uncertainties differ for objects with low x FeO.

For the white dwarf SDSS J1043+0855 we are only able to obtain an upper limit to

the ∆IW value. The data for this white dwarf exhibit approximately twice the uncertainty

in the rock-forming elements (Fe, Si) compared with those for the other five white dwarfs.

While our bootstrap method based on lognormal Z/X yields only positive element ratios,

the accumulation of large relative uncertainties associated with these Z/X values in this case

leads to insufficient oxygen to accommodate MgO + SiO2 + Al2O3 + CaO (Equations 2.13

and 2.14) in a large fraction of the random draws. In these cases, there is no oxygen available
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to pair with iron to make FeO and ∆IW values cannot be calculated. The implication for

these draws in which FeO is not present is that the associated ∆IW values are exceedingly

low (lower than that for Mercury, for example). However, because instances of FeO/OTotal

= 0 cannot be included in the calculation of ∆IW values (∆IW approaches negative infinity

in these instances), the ∆IW values obtained from only the random draws where FeO is

present bias the results. Therefore, we can only assign an upper limit based on the 83.5

percentile for ∆IW for this single white dwarf. Frequency distributions for ∆IW values for

the remaining five of the WDs in this study are shown in Figure 2.6.

The definition of ∆IW. The ∆IW parameter is a standard method for removing the

influences of differences in both temperature (T ) and pressure (P) on reported log(fO2)

values, allowing direct comparisons of oxygen fugacities among materials. We present here

the thermodynamic basis for the ∆IW units used in the paper, showing why T and P are

effectively removed as variables when reporting fO2 using this reference frame.

The reaction between metallic iron (Fe) and wüstite (FeO) that provides our reference

oxygen fugacity is

Fe +
1

2
O2 
 FeO. (2.22)

Thermodynamic chemical equilibrium for this reference reaction is described by the sum of

chemical potentials for each species multiplied by the reaction stoichiometric coefficients,

resulting in

0 = ∆Ĥo
rxn− T∆Ŝorxn + ∆V̂ o

solids(P −P o) +RT ln(aFeO)−RT ln(ametal
Fe )− 1

2
RT ln(fO2) (2.23)

where the molar enthalpy of reaction (∆Ĥo
rxn), the molar entropy of reaction (∆Ŝorxn), and

the molar volume change for solids in the reaction (∆V̂ o
solids) refer to the values at standard

state conditions (as indicated by the o superscript), taken to be standard pressure (Po,

usually 1 bar), compositionally pure phases, and the temperature of interest. The terms

aFeO and ametal
Fe are the activities of the indicated components in their respective phases that

correct for impure phase compositions, and R is the ideal gas constant. The oxygen fugacity

includes the activity for oxygen in an impure gas as well as the pressure of gas relative to
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standard state. It is convenient to collect the activity terms, including the oxygen fugacity,

by rearranging to arrive at

ln(fO2)− 2ln(aFeO) + 2ln(ametal
Fe ) = 2

[∆Ĥo
rxn − T∆Ŝorxn + ∆V̂ o

solids(P − P o)]

RT
. (2.24)

This expression shows explicitly the relationship between oxygen fugacity, the activities of

the components in the solids, temperature, and pressure. In the case of pure iron metal and

pure FeO, our IW reference, the thermodynamic expression for equilibrium reduces to

ln(fO2)IW = 2
[∆Ĥo

rxn − T∆Ŝorxn + ∆V̂ o
solids(P − P o)]

RT
(2.25)

because aFeO = ametal
Fe = 1 where the solid phases are pure. We define ∆IW as the difference

between Equation 2.24 for the general case and Equation 2.25 for pure iron and wüstite, IW,

yielding:

ln(fO2)− 2ln(aFeO) + 2ln(ametal
Fe )− ln(fO2)IW

= 2
[∆Ĥo

rxn − T∆Ŝorxn + ∆V̂ o
solids(P − P o)]

RT
− 2

[∆Ĥo
rxn − T∆Ŝorxn + ∆V̂ o

solids(P − P o)]

RT

= 0

(2.26)

which, using the definition of ∆IW, reduces to

∆IW = log(fO2)− log(fO2)IW

= 2log

(
aFeO

ametal
Fe

)
= 2log

(
xFeO

xmetal
Fe

)
+ 2log

(
γFeO

γmetal
Fe

)
,

(2.27)

where we have converted from natural log to base 10, xi are mole fractions, and γi are activity

coefficients (and making use of ai = xi γi). By taking the difference between Equations 2.24

and 2.25, the temperature and pressure-dependent portions of the thermodynamic expres-

sions, the right-hand sides of both equations, cancel (Equation 2.26). This shows that while
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oxygen fugacity depends on both T and P, this dependency is removed by using a reference

reaction, in this case the IW equilibrium. By applying this formalism, we relate the activity

of FeO in a silicate melt, for example, to a standard state of pure FeO (the wüstite mineral

phase) (Corgne et al., 2008). Differences in the behavior of the FeO component from host

phase to host phase will therefore be embodied in the activity coefficients in Equation 2.10.

For simplicity, and because the values range from about 1 to as high as ∼ 4, we ignore

activity coefficients in our calculations (a common assumption where activity coefficients are

not well constrained), adding an ambiguity in the exact oxygen fugacities of up to ∼ 1/2

dex. In practice, the potential inaccuracy is less than this because activity coefficients are

not likely to be disparate by factors of four between the different FeO-bearing minerals of

interest.

This summary of the thermodynamic basis for reporting oxygen fugacities as ∆IW values

shows why no temperature or pressure corrections are necessary to first order. This is not

to say that oxygen fugacity does not change with pressure within a planet (Kiseeva et al.,

2018; Stagno et al., 2013), but these variations, e.g., Figure 2.2, are secondary to what we

refer to as the intrinsic oxygen fugacities defined by the overall FeO and metal contents of

the bodies.

Validating the Method. The rocky, solar system objects used in this study include

bulk silicate Earth (McDonough, 2003), bulk silicate Mars (Taylor, 2013), bulk silicate Mer-

cury (Nittler et al., 2019), Vesta (Steenstra et al., 2016), terrestrial mid-ocean ridge basalts

(MORBs) (Gale et al., 2013), chondrites (CI (Lodders, 2003), CM, CV, H, L, LL and EH-EL

silicate (Newsom, 1995)), terrestrial gabbro (McInnes et al., 2001), terrestrial harzburgite

(McInnes et al., 2001), terrestrial lherzolite (Jordan, 1978), terrestrial andesite (Eichelberger,

1978) and martian basalt (Wanke and Dreibus, 1994). We converted weight percentages to

abundances by number and scaled Z/He for each element Z to the Si/He ratio for GD 40 in

order to simulate WD stars polluted with these objects. We then gave the log(Z/He) values

errors equal to the uncertainties for GD 40 (Klein et al., 2010; Jura et al., 2012). The results

for these solar system bodies span a range in ∆IW of ∼ 6 dex, and demonstrate that we can

detect accurate ∆IW values from ∼ -8 to ∼ -0.9 range with our method (Figure 2.7).

The Effects of Water and Si in Metal Cores. Where there is substantial hydrogen in
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the atmosphere of the polluted white dwarfs, ambiguity arises regarding how much oxygen

was bound as ices versus how much oxygen bonded with Fe to form silicates and oxides (the

“FeO” component); unmelted ice and metal could have coexisted. An inability to disentangle

this difference excludes these white dwarfs from our analysis. However, previous literature

for the six WDs in this study, using similar methods for budgeting oxygen, have concluded

that, at most, there could have been 20% water by mass. For reference, Ceres is inferred

to be ∼ 30% water by mass (De Sanctis et al., 2015). If we assign 10% of the calculated

minimum mass accreted onto GD 40 to H2O, and remove that oxygen so that it cannot be

used to oxidize other elements, the ∆IW value for GD 40 shifts by only ∼ 0.01 (Figure 2.8).

Thus, the inclusion of the possible presence of water does not strongly affect our results.

For the purposes of our calculation, we assume 0 wt. % Si in the cores of these bodies, but,

previous studies estimate that 2-8 wt. % Si may be present in Earth’s core (Ricolleau et al.,

2011) and Fe-rich metals in aubrite meteorites, igneous equivalents of enstatite chondrites,

contain ∼ 2 wt. % Si (Ziegler et al., 2010). For reference, 8 wt. % Si in the core is the

equivalent of having ∼ 18% of Earth’s total Si atoms in the core. In order to explore this

effect, we assigned 18% of the Si atomic abundance to the core for GD 40, liberating some

oxygen to oxidize Fe that would have otherwise oxidized Si in our model. In this example,

∆IW for GD 40 changes by < 0.05 (Figure 2.8). Thus, the additional uncertainty in ∆IW

due to plausible concentrations of Si in the metal core is small.

Determining Element Ratios in WDs. For the WDs used in this study, we used relative

atomic abundances for the six major rock-forming elements O, Mg, Si, Fe, Al, and Ca and

their respective measurement uncertainties. In cases where a range of uncertainties was

given, we use the average. White dwarf cores are composed primarily of carbon and oxygen

surrounded by a thin outer envelope of hydrogen and/or helium. DA and DB white dwarfs

have hydrogen and helium-dominated atmospheres, respectively. The letter D stands for

“degenerate” (Sion et al., 1983; McCook and Sion, 1999). White dwarfs that display atoms

heavier than helium in their atmospheres, such as those used in this study, can be classified

with the letter ‘Z.’ The classification of WDs is therefore based on the predominance of H,

He, or metals in their atmospheres (classifications are listed in Table 2.1).

We use ratios of elements rather than absolute abundances in order to mitigate the uncer-
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tainties surrounding the nature of the accretion process and modeling of the WD properties

that affect the concentrations of the elements similarly (Klein et al., 2011). Polluting ele-

ments in DB WDs with temperatures similar to those in our sample set settle in 103 to 106

years whereas metals in DAs settle in days (Koester, 2009). Concentration ratios for the

rocky accreted bodies are derived from those observed in the WDs using the equation for

the time-dependent addition of element Z resulting from addition to the convective layer or

photosphere:

dMZ

dt
= ṀZ −

MZ

τZ

(2.28)

where MZ is the mass of element Z in the white dwarf mixing layer, ṀZ is the accretion rate

of the element onto the star, t is the elapsed time for accretion, and τZ is the characteristic

time for settling out of the convective layer or photosphere for element Z. This first-order

linear differential equation has the usual general solution

MZ = ce−t/τZ + e−t/τZ
∫
et/τZṀZ(t)dt (2.29)

where c is an integration constant that we set to zero because the mass of Z at time zero is

taken to be zero. For the He-rich DB white dwarfs with temperatures < 17000K, the settling

times may be long compared with accretion times (Kilic et al., 2008) and the large values

for τZ relative to t lead to the solution

MZ =

∫
ṀZ(t)dt (2.30)

We consider that due to the long settling times (e.g., τZ ∼ 5× 105 years at 14000K) there is a

buildup of the polluting elements in the convective layer owing to a constant rate of accretion

that requires several times τZ, corresponding to several million years, for steady-state to be

attained. In this case the ratio of any two elements observed in the WD atmosphere, Z1 and

Z2, faithfully reflects the ratio for the accreting body because for the WD:

MZ2

MZ1

=
ṀZ2

ṀZ1

. (2.31)
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Here the ratio of constant rates on the right-hand side of Equation 2.31 corresponds to the

element ratio in the parent body of the accreted material and the mass ratio on the left is

the ratio in the mixing layer of the star.

For the two DA white dwarfs in this study, the timescale for settling will be much shorter

and the elemental abundances should only be observable if they are in steady state resulting

from a balance between accretion and settling rates. In these cases, exp(-t/τZ) approaches

zero, so the solution for MZ with constant accretion rate becomes

MZ = e−t/τZ
∫
et/τZṀZ(t)dt

= ṀZτZ(1− e−t/τZ)

= ṀZτZ

(2.32)

and the observed ratio of two elements in the WD is in this case

MZ2

MZ1

=
ṀZ2τZ2

ṀZ1τZ1

. (2.33)

The element ratio in the parent body of the accreting body is the ratio of rates on the right-

hand-side of Equation 2.33. In these circumstances the element ratio in the accreting parent

body is obtained by multiplying the observed element ratio in the white dwarf, the left-

hand side of Equation 2.33, by the inverse ratio of settling times of the different elements.

Settling times depend on temperature and gravity of the white dwarf that are modeled.

Fortunately, settling times for most rock-forming elements under a wide range of conditions

are similar to one another within a factor of two (Koester, 2009). For the two DA WDs in this

study, SDSS J1043+0855 and WD 1226+110, we used steady-state abundances corrected for

settling times (Gaensicke et al., 2012; Melis and Dufour, 2017). Properties of the WDs used

in this study are listed in Table 2.1. The high temperature of DB WD 1536+520 suggests

that the steady-state solution may be more appropriate than the buildup model for this

star, although the differences are within uncertainties. For illustration, we show ∆IW values

for the DB white dwarf GD 40 based on both the buildup and steady-state solutions for

elemental ratios (Figure 2.8). We find that because of similarities in settling times of the

rock-forming cations, observed ∆IW values do not change greatly for millions of years in the

28



WDs as long as accretion is active.

Comparison of ∆IW between solar gas and rocky bodies. When discussing the oxy-

gen fugacity of a solar gas, we adopt the zero-order assumption that the gas that comprised

the protoplanetary disks in which rocks initially formed are thought of as compositionally

similar to the gas comprising the Sun. Such a gas will be highly reduced due to the presence

of abundant H2. The oxygen fugacity for a gas of solar composition is defined by the reaction

H2 + 1/2O2 = H2O because water is an oxygen-bearing molecule in the gas (the other major

O-bearing species being CO based on kinetic and thermodynamic calculations and obser-

vations of protoplanetary disks). The oxygen fugacity defined by the equilibrium between

water and H2 gas can be compared directly with the oxygen fugacities recorded by the rocks

to obtain a relative measure of oxidizing power. The distribution of Fe between metal and

silicate or oxide during the earliest stages of mineral formation in the protoplanetary disk

would have been controlled by the oxygen fugacity of the solar gas in the absence of processes

that would concentrate oxygen. The latter might include evaporation or sublimation of water

ice, silicate dust, or oxide dust. As an illustration of comparing oxygen fugacities in rocky

materials with a solar gas, we show in Figure 2.9 some representative oxygen fugacity vs.

temperature curves (referred to by geochemists as oxygen fugacity “buffer” curves) typically

used in geochemistry, including iron-wüstite (IW), representing the equilibrium reaction Fe

+ 1/2O2 = FeO, quartz-fayalite-magnetite (QFM), representing the reaction 3Fe2SiO4 + O2

= 2Fe3O4 + 3SiO2, and lastly hematite-magnetite (HM), representing the reaction 2Fe3O4

+ 1/2O2 = 3Fe2O3. These curves were calculated from thermodynamic expressions (Frost,

1991) for an arbitrary pressure of 1 bar (105 Pa) (the curves are the same for P << 1 bar

as well). For comparison we show the logfO2 vs. T curve for a solar gas based on ther-

modynamic data (Krot et al., 2000). Also shown is the definition of ∆IW for such a gas,

illustrating that it is ∼ 5 orders of magnitude lower in logfO2 than the IW reference regard-

less of temperature (and pressures relevant to protoplanetary disk formation). One might

assume that planets grew in a reducing environment like that imposed by the hydrogen-rich

disk gas with a solar-like composition, i.e., with oxygen fugacities like those defining the

solar gas curve in Figure 2.9. However, the fact that rocks record oxygen fugacities orders

of magnitude higher than this means that an unknown process oxidized the environments in

which the rocks formed relative to the hydrogen-rich solar-like gas. The higher oxygen fugac-
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ity transferred Fe from metal to oxidized forms. The precise mechanism for this enrichment

is debated.
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Figure 2.4 Summary diagram showing the bootstrap method parent probability distribu-

tions for two WDs. GD 40 represents a well-behaved example, and WD 1145+017 is the

WD with the largest uncertainties in O/He, leading to pronounced asymmetry in the Z/O

distribution. 100,000 random samplings from normal distributions of log(Z/He) comprise

each probability distribution. A single random draw is shown by the blue vertical arrows.

Progressing from panel A to D for each WD, the input log(Fe/He) and log(O/He) values

(blue arrows marked “random draw” in A), yield the indicated values for Fe/He and O/He

(B), Fe/O (C) and finally the indicated ∆IW values (D). The ∆IW distributions shown (D)

include the propagation of the probability distributions for all Z/He values, not just Fe/He

and O/He.
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Figure 2.5 Comparisons of our two methods of calculating ∆IW values and associated

uncertainties. The simpler analytical method, Equations (2.5-2.21), is compared with the

bootstrap method where the Z/X values are assumed to be lognormally distributed. While

values for ∆IW agree between the two methods, the uncertainties obtained by simple linear

propagation of errors, (horizontal error bars in the panel at left) become too large at low

∆IW for typical polluted white dwarf measurement uncertainties. White dwarf data are

shown as circles while triangles are solar system rocks added to fictive white dwarfs with

measurement uncertainties resembling those for GD 40. The lowest ∆IW values are Mercury

and enstatite chondrite silicate in the left-hand panel. 1:1 correlation lines are shown for

reference. The large low-side error bar for white dwarf SDSS J1043+0855 (white circle)

reflects the fact that the calculated ∆IW value is an upper limit due to FeO being within

error of zero. The right-hand panel shows a close-up of the white dwarf data compared with

the solar system test data.
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Figure 2.6 Frequency distributions of 100,000 ∆IW values from bootstrap samplings of

log(Z/X) (with replacement) obtained for five polluted white dwarfs. The frequency distri-

bution for SDSS 1043+0855 cannot be shown here because the data define only an upper

limit for ∆IW. The result for this WD is shown in Figure 2.3.
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Figure 2.7 Frequency distributions of 100,000 ∆IW values from bootstrap samplings of

log(Z/X) (with replacement) obtained for solar system rocks polluting fictive white dwarfs

in this study. Legend order corresponds to ∆IW from low to high values.
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Figure 2.8 Changes in ∆IW are shown for different calculations for WD GD 40, described

in text. Our base-state calculation is shown in yellow. A calculation using steady-state

elemental abundances is shown in blue, a calculation with the rocky body accreting onto GD

40 having 10 wt. % water is shown in red, and a calculation with 18% of the Si in the rocky

body allocated to the core (in Earth, this amount corresponds to ∼ 8 wt. % Si in the core)

is shown in light blue.
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ΔIW

Figure 2.9 The log(fO2) versus temperature curves are those for iron-wüstite (IW), rep-

resenting the equilibrium reaction Fe + 1/2O2 = FeO, quartz-fayalite-magnetite (QFM),

representing the reaction 3Fe2SiO4 + O2 = 2Fe3O4 + 3SiO2, and hematite-magnetite (HM),

representing the reaction 2Fe3O4 + 1/2O2 = 3Fe2O3 (Frost, 1991). These curves are com-

pared with the analogous curve for a gas of solar composition (Krot et al., 2000). ∆IW for

the solar gas is indicated.
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Table 2.2 The concentrations g/g of the elements used in Figure 2.1.

Object Reference O Fe Mg Si Ca Al

Solar Lodders (2003) 0.6840 0.1416 0.0750 0.0850 0.0076 0.0069

Comet Halley Jessberger et al. (1988) 0.5649 0.1152 0.0964 0.2061 0.0100 0.0073

MORB Gale et al. (2013) 0.4564 0.0951 0.0536 0.2767 0.0955 0.0228

lherzolite Jordan (1978) 0.4464 0.0602 0.2672 0.2166 0.0076 0.0019

BSE McDonough (2003) 0.4447 0.0633 0.2304 0.2122 0.0256 0.0238

bulk Earth McDonough (2003) 0.3167 0.3329 0.1641 0.1511 0.0182 0.0169

Moon Taylor (1987) 0.4355 0.1061 0.2027 0.2136 0.0338 0.0083

Vesta Steenstra et al. (2016) 0.4134 0.1912 0.1715 0.2047 0.0157 0.0035

Mars Taylor (2013) 0.4259 0.1468 0.1919 0.2131 0.0181 0.0042

Mercury Nittler et al. (2019); Hauck et al. (2013) 0.1382 0.7080 0.0692 0.0761 0.0067 0.0018

enstatite chondrite Newsom (1995) 0.3396 0.2936 0.1422 0.2032 0.0107 0.0107

L chondrite Newsom (1995) 0.3963 0.2260 0.1566 0.1945 0.0138 0.0128

CI chondrite Lodders (2003) 0.5322 0.2123 0.1114 0.1237 0.0105 0.0099

SDSS J1043+0855 Melis and Dufour (2017) 0.4331 0.1063 0.1964 0.1879 0.0735 0.0029

WD 1536+520 Farihi et al. (2016) 0.5344 0.1482 0.1776 0.1128 0.0176 0.0094

GD 40 Klein et al. (2010); Jura et al. (2012) 0.4308 0.2124 0.1721 0.1145 0.0566 0.0135

SDSS J0738+1835 Dufour et al. (2012) 0.6260 0.1477 0.1283 0.0893 0.0060 0.0028

WD 1226+110 Gaensicke et al. (2012) 0.4909 0.3133 0.0584 0.0874 0.0286 0.0215

WD 1145+017 Xu et al. (2016) 0.6665 0.2074 0.0654 0.0477 0.0090 0.0041
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Table 2.3 Input values for codes used to produce Figures 2.2 and 2.3.

Object Reference log(O/He)± err log(Mg/He)±err log(Al/He)±err

WD1145+017* Xu et al. (2016) -4.3±0.5 -5.49±0.1 -6.74±0.1

WD1536+520* Farihi et al. (2016) -3.4±0.15 -4.06±0.15 -5.38±0.15

GD40* Klein et al. (2010); Jura et al. (2012) -5.62±0.1 -6.2±0.16 -7.35±0.12

SDSSJ0738+1835* Dufour et al. (2012) -3.81±0.19 -4.68±0.07 -6.39±0.11

WD1226+110§ Gaensicke et al. (2012) 7.227±0.2 6.121±0.2 5.641±0.2

SDSSJ1043+0855§ Melis and Dufour (2017) 6.52±0.2 5.995±0.2 4.113±0.3

bulk silicate Earth‡ McDonough (2003) -5.884±0.1 -6.351±0.16 -7.384±0.12

bulk silicate Mars‡ Taylor (2013) -5.905±0.1 -6.433±0.16 -7.837±0.12

bulk silicate Mercury‡ Nittler et al. (2019) -5.947±0.1 -6.428±0.16 -7.758±0.12

Vesta‡ Steenstra et al. (2016) -5.9465±0.1 -6.428±0.16 -7.758±0.12

enstatite chondrite (silicate)‡ Newsom (1995) -5.997±0.1 -6.57±0.16 -7.772±0.12

CI chondrite‡ Lodders (2003) -5.572±0.1 -6.433±0.16 -7.53±0.12

CM chondrite‡ Newsom (1995) -5.681±0.1 -6.43±0.16 -7.471±0.12

CV chondrite‡ Newsom (1995) -5.831±0.1 -6.419±0.16 -7.383±0.12

H chondrite‡ Newsom (1995) -5.881±0.1 -6.469±0.16 -7.607±0.12

L chondrite‡ Newsom (1995) -5.896±0.1 -6.481±0.16 -7.613±0.12

LL chondrite‡ Newsom (1995) -5.88±0.1 -6.479±0.16 -7.633±0.12

MORB‡ Gale et al. (2013) -5.988±0.1 -7.1±0.16 -7.215±0.12

terrestrial andesite‡ Eichelberger (1978) -6.049±0.1 -7.683±0.16 -7.223±0.12

terrestrial lherzolite‡ Jordan (1978) -5.892±0.1 -6.296±0.16 -8.183±0.12

terrestrial harzburgite‡ McInnes et al. (2001) -5.876±0.1 -6.261±0.16 -8.583±0.12

terrestrial gabbro‡ McInnes et al. (2001) -5.963±0.1 -7.087±0.16 -7.16±0.12

martian basalt Wanke and Dreibus (1994) -5.985±0.1 -7.02±0.16 -7.542±0.12

*DB type WDs are taken directly from the literature

§DA type WDs are the area-integrated flux values corrected for settling times as reported

in the original reference. DA WDs are relative to H, not He.

‡solar system fictive log(Z/He) values are derived from the respective solar system body

abundances adjusted to match the log(Si/He) ratio of GD 40
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Table 2.3 cont.

Object log(Ca/He)±err log(Fe/He)±err log(Si/He)±err

WD1145+017* -6.57±0.1 -5.35±0.1 -5.69±0.09

WD1536+520* -5.28±0.15 -4.5±0.15 -4.32±0.15

GD40* -6.9±0.2 -6.47±0.12 -6.44±0.3

SDSSJ0738+1835* -6.23±0.15 -4.98±0.09 -4.9±0.16

WD1226+110§ 5.593±0.2 6.489±0.3 6.233±0.2

SDSSJ1043+0855§ 5.351±0.2 5.367±0.3 5.913±0.5

bulk silicate Earth‡ -7.524±0.2 -7.274±0.12 -6.45±0.3

bulk silicate Mars‡ -7.675±0.2 -6.911±0.12 -6.45±0.3

bulk silicate Mercury‡ -7.659±0.2 -9.853±0.12 -6.45±0.3

Vesta‡ -7.659±0.2 -9.853±0.12 -6.45±0.3

enstatite chondrite (silicate)‡ -8.847±0.2 -8.703±0.12 -6.45±0.3

CI chondrite‡ -7.674±0.2 -6.514±0.12 -6.45±0.3

CM chondrite‡ -7.611±0.2 -6.537±0.12 -6.45±0.3

CV chondrite‡ -7.519±0.2 -6.571±0.12 -6.45±0.3

H chondrite‡ -7.735±0.2 -6.537±0.12 -6.45±0.3

L chondrite‡ -7.754±0.2 -6.683±0.12 -6.45±0.3

LL chondrite‡ -7.767±0.2 -6.758±0.12 -6.45±0.3

MORB‡ -7.067±0.2 -7.212±0.12 -6.45±0.3

terrestrial andesite‡ -7.356±0.2 -7.544±0.12 -6.45±0.3

terrestrial lherzolite‡ -8.057±0.2 -7.305±0.12 -6.45±0.3

terrestrial harzburgite‡ -8.097±0.2 -7.223±0.12 -6.45±0.3

terrestrial gabbro‡ -7.012±0.2 -7.012±0.12 -6.45±0.3

martian basalt -7.131±0.2 -6.951±0.12 -6.45±0.3

*DB type WDs are taken directly from the literature

§DA type WDs are the area-integrated flux values corrected for settling times as reported

in the original reference. DA WDs are relative to H, not He.

‡solar system fictive log(Z/He) values are derived from the respective solar system body

abundances adjusted to match the log(Si/He) ratio of GD 40
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APPENDIX B

Fortran program written by E. D. Young specifically for this research.

This program is provided here as well as at https://github.com/adoyle00/oxygenfugacity

program WD Z to XFeO

c Program to simulate XFeO distribution and oxygen fugacities from WD stars.

c Input file should be an ascii text file with the following format (values

c shown are for WD GD 40 as an example):

c -5.6200000 !log(O/X)

c 0.10000000 !log(O/X)err

c -6.4400000 !log(Si/X)

c 0.30000000 !log(Si/X)err

c -6.2000000 !log(Mg/X)

c 0.16000000 !log(Mg/X)err

c -6.9000000 !log(Ca/X)

c 0.20000000 !log(Ca/X)err

c -7.3500000 !log(Al/X)

c 0.12000000 !log(Al/X)err

c -6.4700000 !log(Fe/X)

c 0.12000000 !log(Fe/X)err

c c where X represents hydrogen or helium and err is the uncertainty in the

c measured log(Z/X) value.

implicit double precision (a-h,o-z)

parameter (nmax=50000) !numer of Monte Carlo draws maximum

double precision rSi O(nmax),xSiO2 O,xAl2O3 O,xMgO O,xCaO O

double precision xFeO O

character*50 file name,output file

character*3 new ext
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integer ppos

print*,’ ’

print*,’ ’

print*,’ ’

print*,’+————————————————+’

print*,’— White Dwarf Element Ratio Calculator —’

print*,’+————————————————+’

print*,’ ’

print*,’Enter input file name:’

read(*,6) file name

6 format(A)

open(unit=10,file=file name,status=’unknown’)

read(10,*) xlog O H

read(10,*) xlog O H s

read(10,*) xlog Si H

read(10,*) xlog Si H s

read(10,*) xlog Mg H

read(10,*) xlog Mg H s

read(10,*) xlog Ca H

read(10,*) xlog Ca H s

read(10,*) xlog Al H

read(10,*) xlog Al H s

read(10,*) xlog Fe H

read(10,*) xlog Fe H s

close(unit=10)

ppos = scan(trim(file name),”.”,back=.true.)

new ext=”txt”

if(ppos.gt.0)output file=file name(1:ppos)//new ext

c Calculate log(z/O)
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xlog O O=xlog O H-xlog O H

xlog Si O=xlog Si H-xlog O H

xlog Mg O=xlog Mg H-xlog O H

xlog Ca O=xlog Ca H-xlog O H

xlog Al O=xlog Al H-xlog O H

xlog Fe O=xlog Fe H-xlog O H

c Calculate uncertainties in log(Z/O)

xlog O O s=0.0D0

xlog Si O s=dsqrt(xlog Si H s**2.0 + xlog O H s**2.0)

xlog Mg O s=dsqrt(xlog Mg H s**2.0 + xlog O H s**2.0)

xlog Ca O s=dsqrt(xlog Ca H s**2.0 + xlog O H s**2.0)

xlog Al O s=dsqrt(xlog Al H s**2.0 + xlog O H s**2.0)

xlog Fe O s=dsqrt(xlog Fe H s**2.0 + xlog O H s**2.0)

c Echo results thus far

open(unit=12,file=output file,status=’unknown’)

write(12,10) xlog O O, xlog O O s, xlog Si O, xlog Si O s,

&xlog Mg O,xlog Mg O s,xlog Ca O,xlog Ca O s,xlog Al O,

&xlog Al O s, xlog Fe O,xlog Fe O s

10 format(1x,’log(O/O) = ’,F10.3,1x,’+/- ’,F10.3,/,

& 1x,’log(Si/O) = ’,F10.3,1x,’+/- ’,F10.3,/,

& 1x,’log(Mg/O) = ’,F10.3,1x,’+/- ’,F10.3,/,

& 1x,’log(Ca/O) = ’,F10.3,1x,’+/- ’,F10.3,/,

& 1x,’log(Al/O) = ’,F10.3,1x,’+/- ’,F10.3,/,

& 1x,’log(Fe/O) = ’,F10.3,1x,’+/- ’,F10.3,/)

c Calculate Z/H and errors in Z/O
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xO O=10.00D0**xlog O O

xO O s=0.0D0

xSi O=10.0D0**xlog Si O

xSi O s=xSi O*dlog(10.0D0)*xlog Si H s

xMg O=10.0D0**xlog Mg O

xMg O s=xMg O*dlog(10.0D0)*xlog Mg H s

xCa O=10.0D0**xlog Ca O

xCa O s=xCa O*dlog(10.0D0)*xlog Ca H s

xAl O=10.0D0**xlog Al O

xAl O s=xAl O*dlog(10.0D0)*xlog Al H s

xFe O=10.0D0**xlog Fe O

xFe O s=xFe O*dlog(10.0D0)*xlog Fe H s

c Output ant-log ratios

write(12,15) xO O, xO O s, xSi O, xSi O s,

&xMg O,xMg O s,xCa O,xCa O s,xAl O,

&xAl O s, xFe O,xFe O s

15 format(1x,’(O/O) = ’,E11.5,1x,’+/- ’,E11.5,/,

& 1x,’(Si/O) = ’,E11.5,1x,’+/- ’,E11.5,/,

& 1x,’(Mg/O) = ’,E11.5,1x,’+/- ’,E11.5,/,

& 1x,’(Ca/O) = ’,E11.5,1x,’+/- ’,E11.5,/,

& 1x,’(Al/O) = ’,E11.5,1x,’+/- ’,E11.5,/,

& 1x,’(Fe/O) = ’,E11.5,1x,’+/- ’,E11.5,/)

c Use the directly calculated Z/O ratios to get the first estimate

c of excess O left over for bonding with Fe, where excess O is

c O xs=1.0-O bound to Z/O total. The xSiO2 O etc. below are the

c number of oxygens associated with the oxides relative to total

c oxygen. Actual oxide abundances are calculated below.
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xSiO2 O=2.0D0*xSi O

xMgO O=xMg O

xAl2O3 O=(3.0D0/2.0D0)*xAl O

xCaO O=xCa O

xO xs=1.0D0-xSiO2 O-xMgO O-xAl2O3 O-xCaO O

c Propagate errors in Z/O to this excess O parameter

xO xs s=dsqrt(4.0D0*xSi O s**2.0+((3.0D0/2.0D0)**2.0)*xAl O s**2.0

& +xMg O s**2.0+xCa O s**2.0)

c Write excess O/total O to file

write(12,16) xO xs,xO xs s

16 format(1x,’(O available for FeO)/total O = ’,

& E12.5,1x,’+/-’,E12.5,/)

c Calculate oxygen tied up as FeO, and assign errors

if(xO xs.lt.(xFe O-xFe O s))then

xFeO O=xO xs

xFeO O s=xO xs s

else

xFeO O=xFe O

xFeO O s=xFe O s

endif

c Print to file

write(12,17) xFeO O,xFeO O s
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17 format(1x,’FeO/O = ’,E11.4,1x,’+/-’,E11.4,/)

c Calculate XFeO from the ratio of oxide/O ratios. These are not the same

c as the oxygen per oxide calculated above, so are calculated here. xSiO2

c means SiO2/O, etc. FeO O is FeO/O while xFeO is actual mole fraction,

c (FeO/O)/(FeO/O+SiO2/O+MgO/O+...), apology for potential confusion.

xSiO2=xSi O

xMgO=xMg O

xAl2O3=0.5*xAl O

xCaO=xCa O

xFeO=xFeO O/(xFeO O+xSiO2+xMgO+xAl2O3+xCaO)

oxide O sum=xFeO O+xSiO2+xMgO+xAl2O3+xCaO

xSiO2 s=dsqrt(xSi O s**2.0)

xMgO s=dsqrt(xMg O s**2.0)

xCaO s=dsqrt(xCa O s**2.0)

xAl2O3 s=dsqrt(((0.5D0)**2.0)*xAl O s**2.0)

xFeO s=(((oxide O sum-xFeO O)/oxide O sum**2.0)**2)*xFeO O s**2.0

xFeO s=xFeO s+((-xFeO O/oxide O sum**2.0)**2.0)*xSiO2 s**2

xFeO s=xFeO s+((-xMgO O/oxide O sum**2.0)**2.0)*xMgO s**2

xFeO s=xFeO s+((-xAl2O3 O/oxide O sum**2.0)**2.0)*xAl2O3 s**2

xFeO s=xFeO s+((-xCaO O/oxide O sum**2.0)**2.0)*xCaO s**2

xFeO s=dsqrt(xFeO s)

c Calculate oxygen fugacity from FeO mole fraction as DIW, and

c calculate uncertainty in DIW

DIW = 2.0D0*DLOG10(xFeO/0.85D0)

DIW min=2.0D0*DLOG10((xFeO-xFeO s)/0.85D0)

DIW max=2.0D0*DLOG10((xFeO+xFeO s)/0.85D0)

DIW s p=DIW max-DIW
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DIW s m=DIW - DIW min

c Print to file

write(12,18) xFeO,xFeO s,DIW,DIW s p,DIW s m,DIW max,DIW min

18 format(1x,’xFeO = ’,G10.3,1x,’+/-’,G10.3,/,

& 1x,’DIW =’,G10.3,1x,’+’,G10.3,1x,’-’,G10.3,/,

& ’ DIW plus error = ’,G10.3,/,

& ’ DIW minus error = ’,G10.3,//)

idum=-1

call nrand(idum,nmax,xSi O,xSi O s,rSi O)

!

! Calculate a/(a+b+c)

!

! do 20 j=1,nmax

! x(j)=a(j)/(a(j)+b(j)+c(j))

!20 continue

close(unit=12)

close(unit=15)

!

! Close program

!

print*,’ ’

print*,’done: ’

stop

end

!

!***********************subroutine xmean*******************************

subroutine xmean(n,x,avg)
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c Computes the mean of a set of values in array x. Integer n is the

c dimension of the array x containing the data to be averaged.

integer n

double precision x(n),avg

rn=dble(n)

avg=0.00D0

do 10 i=1,n

avg=avg+x(i)

10 continue

avg=avg/rn

return

end

!*************************subroutine stddev*****************************

subroutine stddev(n,avg,x,sigma)

c Computes the standard deviation for a set of values in array x. The

c integer n is the dimension of the array x containing the data.

c The returned standard deviation is in variable sigma.

integer n

double precision x(n),sigma,avg

rn=real(n)

sqdiff=0.00

do 10 i=1,n

sqdiff=sqdiff+(x(i)-avg)**2.0

10 continue

temp=sqdiff/(rn-1.00)

sigma=sqrt(temp)

return
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end

*****************************function ran1********************************

function ran1(IDUM)

c Returns a uniform random deviate between 0.0 and 1.0. Set IDUM to any

c negative value to initialize or reinitialize the sequence. Routine comes

c from Numerical Recipes (Press et al. , 1986, p. 196) and is a portable

c replacement (and improvement over) system routines.

save

dimension r(97)

parameter (M1=259200,IA1=7141,IC1=54773,RM1=1./M1)

parameter (M2=134456,IA2=8121,IC2=28411,RM2=1./M2)

parameter (M3=243000,IA3=4561,IC3=51349)

data iff /0/

if(IDUM.lt.0.or.iff.eq.0)then

iff=1

IX1=MOD(IC1-IDUM,M1)

IX1=MOD(IA1*IX1+IC1,M1)

IX2=MOD(IX1,M2)

IX1=MOD(IA1*IX1+IC1,M1)

IX3=MOD(IX1,M3)

do 11 j=1,97

IX1=MOD(IA1*IX1+IC1,M1)

IX2=MOD(IA2*IX2+IC2,M2)

r(j)=(float(IX1)+float(IX2)*RM2)*RM1

11 continue

IDUM=1

endif

IX1=MOD(IA1*IX1+IC1,M1)

IX2=MOD(IA2*IX2+IC2,M2)
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IX3=MOD(IA3*IX3+IC3,M3)

j=1+(97*IX3)/M3

if(j.gt.97.or.j.lt.1)pause

ran1=r(j)

r(j)=(float(IX1)+float(IX2)*RM2)*RM1

return

end

*************************subroutine urand*********************************

subroutine urand(idum,n,rlow,rhigh,x)

c URAND gives an array of n random numbers x from a uniform distribution

c with boundaries rlow and rhigh. Random numbers between 0 and 1 are

c provided by function RAN1. Arguments are:

c n = number of random “draws” from distribution

c rlow = lower bound of uniform distribution

c rhigh = upper bound of uniform distribution

c x = n-dimensional array of random numbers

c drawn from distribution (rlow,rhigh)

c idum = negative integer to intitialize random number

c generator ran1

integer n,idum

double precision x(n),rlow,rhigh

do 10 i=1,n

r=ran1(idum)

x(i)=dble(r)*(rhigh-rlow)+rlow

10 continue
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return

end

*************************subroutine nrand*********************************

subroutine nrand(idum,n,rmean,stdev,x)

c NRAND gives an array of n random numbers x from a normal distribution

c defined by parameters rmean (mean) and stdev (standard deviation). The

c routine utiizes function RAN1 to generate random numbers

c between 0 and 1. The algorithm for the integrated probability density

c function for a Gaussian distribution used here is described by Harbaugh

c and Bonham-Carter (1970, Computer Simulation in Geology, Wiley, p. 69,

c 82-84).

c Arguments are:

c n = number of random “draws” from distribution

c rmean = mean for parent Gaussian distribution

c stdev = standard deviation for parent Gaussian distribution

c x = n-dimensional array of real random numbers

c drawn from distribution (rmean,stdev)

c idum = negative integer to initialize random number

c generator ran1

integer n,idum

double precision x(n),rlow,rhigh,rsum,stdev,rmean

do 10 i=1,n

rsum=0.0D0

do 5 j=1,12
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r=dble(ran1(idum))

rsum=rsum+r

5 continue

x(i)=(rsum-6.0D0)*stdev+rmean

10 continue

return

end
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APPENDIX C

This program is provided here as well as at https://github.com/adoyle00/oxygenfugacity

PRO OXYGEN FUGACITY WDS DOYLE ETAL 2019

;This program uses a Monte Carlo bootstrap draw to calculate 100,000 oxygen fugacities

from number abundance element ratios depicted in White Dwarf data. It will print the

median mole fraction FeO (XFeO) and median fo2, plus the values of each at 1 standard

deviation (16.5% and 83.5%, where the median is 50%).

;The input file can be a .txt file with log abundances (as reported in literature, ra-

tioed to H or He) and the dex error. The last row of the input file is the average amount of

Fe in the metal core that you would like to assume (we assume 0.85 in Doyle et al. 2019).

;A.Doyle August 2018

MedianCount = 0.0

TotalCount = 0.0

REPEAT BEGIN

File = ’/INPUT FILE/’

nrows = FILE LINES(File)

Array = DBLARR(nrows)

GET LUN, U

OPENR, U, File

READF, U, Array

FREE LUN,U

;The following represents the order of data from the uploaded file, data is taken as

log number abundance ratioed to either H or He depending on the WD

logAlX = Array(0)
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errlogAlX = Array(1)

logCaX = Array(2)

errlogCaX = Array(3)

logMgX = Array(4)

errlogMgX = Array(5)

logSiX = Array(6)

errlogSiX = Array(7)

logFeX = Array(8)

errlogFeX = Array(9)

logOX = Array(10)

errlogOX = Array(11)

AvgFeCore = Array(12)

;**************************Monte Carlo draw of Gaussian**************************

N = 1

SiRand = RANDOMN(iseed, N)

SiDistribution = SiRand * errlogSiX + logSiX

MgRand = RANDOMN(iseed, N)

MgDistribution = MgRand * errlogMgX + logMgX

AlRand = RANDOMN(iseed, N)

AlDistribution = AlRand * errlogAlX + logAlX

CaRand = RANDOMN(iseed, N)

CaDistribution = CaRand * errlogCaX + logCaX

ORand = RANDOMN(iseed, N)

ODistribution = ORand * errlogOX + logOX
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FeRand = RANDOMN(iseed, N)

FeDistribution = FeRand * errlogFeX + logFeX

;**********************************Ratio to oxygen**********************************

logAlO = (AlDISTRIBUTION) - (ODISTRIBUTION)

logCaO = (CaDISTRIBUTION) - (ODISTRIBUTION)

logMgO = (MgDISTRIBUTION) - (ODISTRIBUTION)

logSiO = (SiDISTRIBUTION) - (ODISTRIBUTION)

logFeO = (FeDISTRIBUTION) - (ODISTRIBUTION)

logOO = (ODISTRIBUTION) - (ODISTRIBUTION)

AlX = 10 (̂logAlO)

CaX = 10 (̂logCaO)

MgX = 10 (̂logMgO)

SiX = 10 (̂logSiO)

FeX = 10 (̂logFeO)

OX = 10 (̂logOO)

;*****************Oxygen balancing and trapping negative FeO values*****************

LeftO = OX - (MgX + (2*SiX) + (3*AlX/2) + CaX)

LeftFe = FeX - LeftO

FeO = DBLARR(LeftFe.length)

FOREACH line, FINDGEN(N ELEMENTS(LeftFe[*])) DO BEGIN

IF LeftO[line] GE FeX[line] THEN BEGIN

FeO[line] = FeX[line]

LeftFe[line] = LeftFe[line]

ENDIF
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;FeO is set to 0.0D0 when LeftO is LE 0.0D0. This traps FeO to not

;be negative in cases where there are large uncertainties in O.

IF LeftO[line] LE 0.0D0 THEN BEGIN

FeO[line] = 0.0D0

LeftFe[line] = FeX[line]

ENDIF

IF (0.0D0 LT LeftO[line] AND LeftO[line] LT FeX[line]) THEN BEGIN

FeO[line] = LeftO[line]

ENDIF

ENDFOREACH

;************************************Renaming************************************

MetalFe = LeftFe ;Metal Fe

FullFe = FeX

FeO = FeO

Oxidize = LeftO

Al2O3 = AlX ;Al2O3

CaO = CaX ;CaO

MgO = MgX ;MgO

SiO2 = SiX ;SiO2

;**********************Calculating Mole Fraction FeO in Mantle**********************

XFeO = FeO/(FeO + Al2O3 + CaO + MgO + SiO2)

;*****************Importing Greek symbols from IDLCoyote Program*****************

delta = ”104B

greek = ’ !9’ + STRING(delta) + ’ !X’

;************************Saving data, calculating median fo2************************

MedianXFeO = MEDIAN(XFeO)

Medianfo2 = 2*ALOG10(MedianXFeO/AvgFeCore)
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TotalCount = TotalCount + 1

IF FINITE(Medianfo2) NE 0 THEN BEGIN

MedianCount = MedianCount + 1.0

IF MedianCount MOD 1.0D4 EQ 0 THEN BEGIN

PRINT, MedianCount

ENDIF

OPENU, 1, ’/FILE NAME/’, /APPEND

PRINTF,1, MedianXFeO

CLOSE, 1

ENDIF

ENDREP UNTIL MedianCount EQ 99999.0

PRINT, TotalCount

File = ’/FILE NAME/’

nrows = FILE LINES(File)

XFeO = DBLARR(nrows)

GET LUN, U

OPENR, U, File

READF, U, XFeO

FREE LUN,U

!path = EXPAND PATH(’+ /IDLWorkspace/coyote/’) + ’:’ + !path

;********************************Printing Results********************************

PRINT, ’Median XFeO = ’, CGPERCENTILES(XFeO, Percentiles = [0.5])

PRINT, ’16.5% XFeO value = ’, CGPERCENTILES(XFeO, Percentiles = [0.165])

PRINT, ’83.5% XFeO value = ’, CGPERCENTILES(XFeO, Percentiles = [0.835])
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PRINT, ’Median fo2 = ’, 2*ALOG10((CGPERCENTILES(XFeO, Percentiles =

[0.5]))/AvgFeCore)

PRINT, ’16.5% fo2 value = ’, 2*ALOG10((CGPERCENTILES(XFeO, Percentiles =

[0.165]))/AvgFeCore)

PRINT, ’83.5% fo2 value = ’, 2*ALOG10((CGPERCENTILES(XFeO, Percentiles =

[0.835]))/AvgFeCore)

END
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Introduction

The characterization of rocky exoplanets is a growing area of research. Still, relatively

little is known about the compositions of extrasolar rocky bodies, in part because it is

the atmospheres of exoplanets that are amenable to direct observations, and compositions

deduced from mass-radius relationships are highly degenerate and have limited precision

(e.g. Dorn et al., 2015). A powerful technique for acquiring detailed geochemical information

about rocky exoplanets is the analysis of polluted white dwarf (WD) stars. White dwarfs

are the last observable stage of stellar evolution for stars where M∗ < 8M�. Because of the

extraordinary gravity associated with these electron degenerate stars, elements heavier than

helium sink rapidly below their surfaces. Yet, spectroscopic studies show that 25 - 50% of

WDs are ‘polluted’, exhibiting elements heavier than helium (Zuckerman et al., 2003, 2010;

Koester et al., 2014). The source of these heavy elements in WDs is exogenous, the result

of accretion of rocky debris from parent bodies that previously orbited the WDs (Jura and

Young, 2014; Veras, 2016; Farihi, 2016; Zuckerman and Young, 2017). Direct evidence for
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the pollution being of planetary origin exists in the form of infrared (IR) excesses in the

spectral energy distributions (SEDs) of the white dwarfs (Zuckerman and Becklin, 1987;

Becklin et al., 2005; Jura et al., 2007). The IR excesses emanate from circumstellar dust

disks that thermally reprocess the light from the star (Jura, 2003). It is estimated that ∼4%

of white dwarfs have detectable IR excess attributed to circumstellar debris disks (Kilic

et al., 2008; Farihi, 2009; Barber et al., 2012). An even smaller number of white dwarfs

exhibit disks of gaseous material in Keplerian rotation (e.g. Gänsicke et al., 2006) that has

been photoionised by the white dwarf (Melis et al., 2010). Other direct evidence for the

pollution being of planetary or asteroidal origin comes from detection of rapidly evolving

transits, although to date only a handful of white dwarfs are observed to have a transiting

body (Vanderburg et al., 2015; Manser et al., 2019; Vanderbosch et al., 2019).

Spectroscopic studies of polluted WDs allow us to analyze the elemental constituents of

extrasolar rocky bodies and evaluate the geochemical and geophysical nature of exoplanets

in general. Indeed, a number of authors have applied these principles to the dozen or

so currently well-studied polluted WDs where the four major rock-forming elements are

detected and quantified (e.g. Klein et al., 2010). It is possible that WDs are accreting multiple

small planetary bodies (e.g. Jura, 2003). In these cases, mixing of material would minimize

compositional extrema. In this work, we assume pollution occurs from the disruption of single

bodies. Generally speaking, the compositions of the bodies polluting WDs resemble those

of rocky bodies in our own solar system (Figure 3.1). While many of the observations have

so far been consistent with dry, rocky parent bodies, there are a few important exceptions.

One WD exhibits a pattern of abundances with unusually high O, C, and N that is best

explained as an extrasolar Kuiper-Belt-analog (Xu et al., 2017), and more recently, a white

dwarf that is accreting material consistent with a giant planet in a close orbit around the

star has been observed (Gänsicke et al., 2019). Also, a handful of WDs exhibit evidence

for accretion of water-rich parent bodies (Jura, 2008; Jura et al., 2009; Jura and Xu, 2010;

Farihi et al., 2013; Raddi et al., 2015). This ability to classify the geochemistry of rocky

extrasolar bodies can be taken to even greater specificity by calculating the oxidation states

of the parent bodies (Doyle et al., 2019).

Oxygen fugacity (fO2) is the effective partial pressure of O2 in a system and a commonly
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used measure of overall oxidation state for rocks. Oxygen fugacity is as important as pressure

and temperature in determining the characteristics of a rocky planet. It determines the

minerals comprising the rocky mantle of a planet and the abundance of light elements in its

metallic core. These in turn are important factors in determining whether a body will have a

magnetic field and how much water can be stored in the interior (Pearson et al., 2014; Frost

et al., 2001; Frost and McCammon, 2008; Wood et al., 2006; Buffett, 2000; Elkins-Tanton and

Seager, 2008). The mineralogy and water content of the mantle will influence the likelihood

for plate tectonics and the nature of volcanism that contributes to the atmosphere (e.g.

Kolzenburg et al., 2018; Schaefer and Fegley, 2017).

Oxygen fugacity can always be defined thermodynamically to characterize the oxidation

state of a rock by evaluating a thermodynamic expression for a reaction between rock com-

ponents and O2. Oxygen fugacities of planetary materials are commonly expressed relative

to that for the Iron-Wüstite equilibrium reaction between pure metallic iron (Fe) and pure

wüstite (FeO). This so-called Iron-Wüstite (IW) reference reaction is

Fe +
1

2
O2 
 FeO. (3.1)

Relating the oxygen fugacity of a rock to a reference reaction like Equation 3.1 allows one

to refer to oxygen fugacity by difference, ∆IW, such that

∆IW = log (fO2)rock − log (fO2)IW . (3.2)

Presenting oxygen fugacity in this way allows for the comparison of values independent of

temperature and pressure, because the standard-state Gibb’s free energy of the reaction

that contains the pressure and temperature dependence cancels in Equation 3.2. Only the

equilibrium constant composed of the activities of FeO and Fe is required to specify the

relative fO2 . Comparison between different rocks is facilitated by setting the uncertain

activity coefficients to unity, as is common in planetary science. The activity coefficients are

effectively the same for all of the rocks and metals considered here, so applying plausible

activity coefficients would shift all of the ∆IW values shown here systematically by at most

∼ one log unit. Therefore, the initial oxidation state of a rocky body with at least some iron
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metal at the time of its formation is recorded by the concentration of FeO in the rock (xrock
FeO)

and the concentration of Fe in the metal (xmetal
Fe ), yielding

∆IW = 2log

(
xrock

FeO

xmetal
Fe

)
. (3.3)

Because Equation 3.3 refers to metal-silicate differentiation, it records the oxygen fugacity

at the time the planet or planetesimal was forming (differentiating), and is what we refer to

as the “intrinsic” oxygen fugacity of a body.

In the solar system, most rocky bodies formed under oxidizing conditions consistent with

∆IW ≥ −2 (e.g. Grossman et al., 2012). However, the oxygen fugacity of a protoplanetary

disk, a hydrogen-rich gas of solar composition, is reduced with ∆IW ∼ −6 to −7 (Krot

et al., 2000). This dichotomy means that while Mercury and enstatite chondrites formed

at oxygen fugacities consistent with those of the protoplanetary disk (with ∆IW ∼ −3 to

−7; e.g. Cartier and Wood 2019), the majority of rocky bodies in the solar system require

an oxidizing mechanism that increases fO2 by approximately 5 orders of magnitude (e.g.

Monteux et al., 2018).

In this work we present the intrinsic oxygen fugacities for 16 rocky parent bodies that

are accreting, or did accrete, onto white dwarfs. We evaluate the robustness of the calcu-

lated oxygen fugacities and determine the conditions under which reduced bodies could be

observed. The calculation method for ∆IW is described in Methods. The oxygen fugac-

ity results and a description of the modeling efforts to evaluate the robustness of the ∆IW

values is described in Results. In Discussion we discuss our results and investigate the like-

lihood of observing a reduced body like Mercury using our method. A brief summary of the

conclusions for this study are provided at the end.

Methods

Selection of White Dwarfs

In Doyle et al. (2019) we used stringent requirements for the WDs chosen for study. We

required that each star had quantifiable abundances of O, Fe, Mg, Si, Ca and Al in their
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atmospheres and that each star had a debris disk as confirmed by the presence of an IR excess

in the SED. In this work we loosen these constraints to increase the number of polluted WDs

available for estimating oxygen fugacities of accreted parent bodies. Here we use stars with

quantifiable abundances of O, Fe, Mg, Si and Ca to calculate fO2 . We relax the requirement

for data for the abundance of Al. Where only an upper limit for Al is reported, or where

no value is given at all, we use the Al/Ca ratio for CI chondrites to scale the elemental

abundance of Al to the Ca abundance in the WD (Lodders, 2003). We scale to Ca because

Al and Ca have the same volatility in rock. In each of these instances, we assign the element

a measurement uncertainty of 0.301 dex, the value obtained by scaling the measurement by

a factor of 2. Aluminum is not as abundant in rock as the other major elements, and varying

the assumed abundances by a factor of 2 alters ∆IW values by 0.1 dex or less.

We now also include stars that do not have confirmed debris disks. In the current

study, 63% of the WDs (100% of the Hydrogen-dominated WDs and 50% of the Helium-

dominated WDs) have confirmed IR excesses indicative of debris disks. Two additional

Helium-dominated WDs have unconfirmed IR excesses from WISE data, but WISE has

been known to give false positives (Dennihy et al., 2020). Compared to the total fraction of

polluted WDs with debris disks, (∼4%; Barber et al., 2012), our sample of WDs preferentially

has material in debris disks that has yet to be accreted.

fO2 Calculation

In order to calculate oxygen fugacities, we follow the methods described by Doyle et al.

(2019). From the element abundance ratios, we assign oxygen to Mg, Si, Ca, and Al in the

necessary proportions to obtain the relative abundances of the charge-balanced rock-forming

oxide components MgO, SiO2, CaO, and Al2O3. The remaining excess oxygen (Oxs), is

assigned to Fe to make FeO until either O or Fe is exhausted. The excess oxygen available

to make FeO is obtained using

Oxs

OTotal

= 1− OSiO2

OTotal

− OMgO

OTotal

− OAl2O3

OTotal

− OCaO

OTotal

, (3.4)

where Oi is the amount of oxygen needed to form the metal oxide, i, and OTotal is the

total abundance of oxygen in the system. Other studies have used similar methods for

69



budgeting oxygen (Klein et al., 2010; Klein et al., 2011; Farihi et al., 2011, 2013, 2016; Raddi

et al., 2015). Once the relative abundances of the oxides are obtained, they are normalized

to 1, yielding mole fractions, and permitting application of Equation 3.3. In principle, if

insufficient oxygen exists to pair with Fe to make FeO, the Fe that remains should have been

present as metal in the accreted parent body. We emphasize that oxygen fugacity is recorded

by the mole fraction of FeO which depends on all of the oxides (FeO, SiO2, MgO, Al2O3,

CaO), and not simply the FeO/Fe ratio for the body. It is possible for metal and water to

have coexisted in the parent body if it was undifferentiated, meaning that oxygen which is

attributed to FeO in this calculation may have existed as H2O in the parent body. However,

during the differentiation of a rocky body, the oxygen from ices will oxidize metallic Fe to

form FeO. We are assuming here that the bodies we are observing in the WDs were either

differentiated themselves, or they are the building blocks of differentiated bodies (chondrite

meteorites would be the appropriate analog). Where a parent body was composed in part

of Fe metal and H2O, our calculation is a measure of the prospects for FeO, and thus the

∆IW expected for the body taken as a whole, including accreted rock and ices.

We follow Doyle et al. (2019) and assign the mole fraction of Fe in the metal core (xmetal
Fe )

to 0.85 (McDonough, 2003). Variations in ∆IW of less than 0.2 dex can occur where xmetal
Fe

varies from 0.80 to 1.0, consistent with estimated ranges of bodies in the solar system and

constraints on core-like objects polluting WDs (e.g. Hollands et al., 2018).

We propagate measurement uncertainties for the polluted WDs using a Monte Carlo

bootstrap method with replacement for each elemental abundance. The abundance data are

generally reported as log(Z/X) (Doyle et al., 2019) where Z is the element of interest (O, Fe,

Mg, Si, Ca or Al) and X is the dominant atmospheric element for the WD (H or He). We

draw single values at random for each element from the lognormal distributions for Z/X as

suggested by the symmetrical uncertainties in the log ratio data. A single random draw for

each of the elements represents a single instance of the WD data. We calculate a ∆IW value

from this draw, and repeat the calculation 100,000 times to obtain a frequency distribution

of ∆IW values. We report median values for ∆IW and calculate asymmetrical uncertainties

based on an extension of the interquartile range to encompass 67% of the distribution (Doyle

et al., 2019).
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We check our methods by creating fictive polluted WDs in which element ratios for

various solar system rocky bodies are assigned abundances relative to He or H consistent

with typical observations (in this case, using GD 40 as the hypothetical WD target). The

rocky, solar system objects used in this study include bulk silicate Earth (McDonough,

2003), bulk silicate Mars (Taylor, 2013), bulk silicate Mercury (Nittler et al., 2019), Vesta

(Steenstra et al., 2016), chondrites (CI (Lodders, 2003), CM, CV, H, L, LL and EH-EL

silicate (Newsom, 1995)). We assign uncertainties to these fictive log(Z/X) values based

on those for GD 40 and propagate measurement uncertainties in the same way as described

above. We define the value for Oxs/Fe for each body to that of GD 40. This value is generally

representative of those for most of the WDs in this study (Table 3.1). These calculations

provide us with a test of the accuracy of the various computational methods described here.

The calculated oxygen fugacities for the fictive polluted WDs accreting solar system objects

are comparable to the canonical oxygen fugacities for these objects (e.g. Cartier and Wood,

2019).

Constraining Upper Limits

Some of the calculated oxygen fugacities for parent bodies accreting onto WDs are con-

strained as either medians with upper bounds, or as upper limits in this work. These cases

arise when there is a dearth of oxygen and the calculated mole fraction of FeO is small in

comparison to the errors (Doyle et al., 2019). In these cases, the abundance of Fe observed

in the WD represents accretion of a significant amount of Fe metal, and errors in all of the

elemental abundances accumulate in the calculation of the value for xrock
FeO (Equation 3.4).

These errors propagate to the calculated relative oxygen fugacities (Equation 3.3).

In Doyle et al. (2019), we only included Monte Carlo draws where 0 ≤ xrock
FeO . A negative

value for xrock
FeO is of course non-physical, but arises where errors are large in comparison to

elemental abundances. Negative mole fractions of FeO imply no FeO in the rock component

of the parent body because there are more metals than can be accounted for by oxygen (i.e.

Oxs (Equation 3.4) is less than Fe). In these instances, oxygen fugacity is orders of magnitude

lower than that of the Iron-Wüstite buffer. For the majority of WDs in this study, 11 of

16, random draws infrequently yield negative values for xrock
FeO and eliminating these negative
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values does not significantly affect calculated median ∆IW values. For example, as shown

in Figure 3.2, the median ∆IW value for WD 1551+175 changes by < 0.01 dex if we include

draws where negative values for xrock
FeO are obtained, as opposed to redrawing those values.

However, for five WDs in this study, lower bounds on ∆IW cannot be obtained because

the lower bounds on xrock
FeO , calculated as the 16.5 percentile in the Monte Carlo distribution,

are negative, precluding calculation of a corresponding ∆IW value (Equation 3.3). For these

we report median values and an upper bound, or, in some cases where the median mole

fraction of FeO is negative, just an upper limit. In the cases where negative xrock
FeO values are

a significant fraction of the Monte Carlo draws, we improve upon the method of Doyle et al.

(2019) by including xrock
FeO ≤ 0. Excluding large numbers of negative random draws from our

analysis biases the mole fractions of FeO and therefore the median and/or upper bounds on

oxygen fugacities derived from them, to spuriously high values. Including the negative xrock
FeO

in these cases has a pronounced effect on ∆IW values. For instance, the calculated median

∆IW for Ton 345 changes by −1.25 dex when negative values are included (Figure 3.2).

Here we assign upper limits to WDs where ≥ 50% of the the Monte Carlo bootstrap

draws (with replacement) yield negative values for xrock
FeO . Where the Monte Carlo bootstrap

method yields negative xrock
FeO values for between 16.5% and 50% of the draws, we report a

median and an upper bound for ∆IW derived from the xrock
FeO values (Figure 3.3). Using

these criteria, we find one WD for which ∆IW values are constrained only by an upper

limit (G 29-38) and four WDs for which we report both a median and an upper bound on

the ∆IW values (SDSS J1043+0855, WD 1145+017, GD 40, and Ton 345). Note that new

abundance estimates of rocky debris accreting onto WD 1145+017 from Fortin-Archambault

et al. (2020) yield a median and an upper bound for the derived ∆IW values, updated from

Doyle et al. (2019). The ∆IW values for the body accreted by GD 40 is now reported as

a median and an upper bound, updated from Doyle et al. (2019), because the frequency of

negative draws for xrock
FeO is very close to the limit we define here (16.5%).
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Results

Oxygen Fugacity Values

Results show that most rocky bodies accreting onto WDs in this study formed under oxidizing

conditions, as did most of the bodies in the solar system, including Earth (Figure 3.4). Table

3.1 lists the median values for ∆IW and ∼ 1σ errors (from an extension of the interquartile

range to encompass 67% of the distribution) for each WD in this study. Variations in ∆IW of

∼ 0.2 dex beyond those portrayed in Table 3.1 can occur where xmetal
Fe varies from 0.80 to 1.0.

The values reported in Table 3.1 assume xmetal
Fe = 0.85. In Figure 3.4, results of WDs using

methods from Doyle et al. (2019) are compared to results from this study. WDs with ∆IW

values represented by dark blue circles show the results where medians and both upper and

lower bounds are obtained. Open circles show instances where medians with upper bounds

are obtained. In one instance, G 29-38, the median value for xrock
FeO is negative when including

all random draws, therefore only an upper limit with no median is reported.

Figure 3.5 shows cumulative distribution functions for all of the WDs in this work. One

can see the frequencies of negative xrock
FeO values for G 29-38 (DA), SDSS J1043+0855 (DA),

GD 40 (DB), Ton 345 (DB) and WD 1145+017 (DB) are greater than for the other WDs.

These are the five WDs for which lower bounds on the oxygen fugacities are not constrained.

In four of these five, the frequency of negative draws for xrock
FeO is between 16.5% and 50%, and

a positive median is recovered. In one case, G 29-38, negative mole fractions are obtained in

more than 50% of the draws, and a positive median xrock
FeO is not recovered, resulting in only

an upper limit on the value for ∆IW. Inspection of the cumulative frequency distributions

suggests that these five WDs may be accreting reduced bodies more akin to Mercury. The

broad distributions underscore the significance of including negative values for xrock
FeO in order

to avoid biasing the result. These cumulative frequency distributions provide an immediately

discernible indication of instances where xrock
FeO is evidently low, but where errors are also large.

We point out that Earth is more reduced than many bodies in the solar system, including

chondrites, Vesta and Mars. In order to identify Earth-like extrasolar material, we need

better ∆IW resolution to distinguish Earth-like and chondritic values. In implementing this

new method and utilizing negative values for xrock
FeO , we find that the rocky body accreting onto
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Ton 345 is more reduced than the previous method would have implied. SDSS J1043+0855

shows a similar shift to a lower ∆IW value. We reiterate that utilizing negative values

for xrock
FeO removes biases that otherwise force relatively low ∆IW values towards artificially

high values (see Methods), thereby affording more resolution in ∆IW values. The greater

resolution enables us to differentiate between an Earth and a chondritic ∆IW value, for

example (Figure 3.4).

Oxs/Fe ratios in Table 3.1 provide a good indication of whether a WD will yield a median

∆IW with lower and upper bounds, a median ∆IW with an upper bound but no lower bound,

or just an upper limit on the ∆IW. The value for this ratio is ideally unity for any rock

(Equation 3.4). Values statistically greater than 1 suggest another source of oxygen, either

as the result of differential gravitational settling or perhaps accretion of a volatile species

(e.g., H2O). Values less than 1 suggest another source of iron (metal). Generally speaking,

where errors allow Oxs/Fe to be < 1, lower bounds are not recoverable. As values for Oxs/Fe

decrease, so does the ability to recover this lower bound. Of the 16 WDs reported in Table

3.1, only 2 have negative Oxs/Fe, and the most negative value is the same WD that provides

only an upper limit on ∆IW.

The Effects of Settling on Calculated Oxygen Fugacities

We have thus far invoked a correction for differential settling of the elements assuming a

steady-state between accretion and diffusive settling for the 4 Hydrogen-dominated WDs

(DAs) as in Doyle et al. (2019). The assumption of a steady state is generally reasonable

in these cases because of the relatively short characteristic timescales for settling in these

WDs. Because of the comparatively long characteristic timescales for diffusive settling of

the heavy elements in helium-dominated WDs (DBs), they are assumed to be in a build-up

phase during which the observed element ratios are attributed to the accreting parent body

with no corrections for settling. The veracity of this latter assumption varies from star to

star (Koester, 2009; Girven et al., 2012).

The robustness of the derived oxygen fugacities under these assumptions can be addressed

using the effects of a range of possible scenarios for accretion of material onto a star together

with diffusion of heavy elements out of the stellar atmosphere. These two processes can
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interact to affect the observed elemental abundances in a WD atmosphere. Three different

accretion/diffusion phases for planetary debris accreting onto a WD have been described

previously (Dupuis et al., 1992; Dupuis et al., 1993; Koester, 2009) and include an initial

build-up phase of elements into the atmosphere as the debris accretes onto the star, followed

by a steady state between accretion onto the WD and settling of elements into the star,

and finally a declining phase as the flux of accretion decreases and gravitational settling

out of the photosphere of the WD dominates. A combination of mass and ionization state

generally leads to heavier elements sinking faster than lighter elements (e.g. iron will sink

faster than oxygen) with some exceptions. Over time, these differences in diffusive velocities

lead to changes in abundance ratios. The effects of settling on observed element ratios can

be accounted for using models of various levels of complexity.

Extracting element ratios for the accreting parent body from the ratios measured in the

WD is most easily done when accretion is clearly either in the build-up phase or the steady-

state phase (Dupuis et al., 1992). In these cases a simple mass balance expression for the

mass of element z in the convective layer (CV) in terms of a constant rate of accretion,

ṀCV,z, and the rate of gravitational settling based on a constant diffusive velocity can be

used (Dupuis et al., 1992):

dMCV,z

dt
= ṀCV,z −

MCV,z

τz
(3.5)

where τz is the constant e-folding time for diffusive settling through the base of the convective

layer. The general solution is

MCV,z(t) = M o
CV,ze

−t/τz

+ e−t/τz
∫
et/τzṀCV,z(t) dt

(3.6)

where M o
CV is the initial mass of z in the convective layer that we generally assume is zero.

When settling times are long compared with the duration of accretion, t, and the rate of

accretion is essentially constant, Equation 3.6 reduces to

MCV,z = ṀCV,zt. (3.7)
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One expects this case to be most suitable for a DB WD at moderate Teff surrounded by a

debris disk since the settling e-folding times in this case can be of order 105 to 106 years. The

ratio of heavy elements observed in the WD is in this case a direct measure of the elemental

ratio in the parent body (PB) assuming that the ratio of accretion rates accurately reflects

the elemental ratio in the parent body. From Equation 3.7 the relationship between the ratios

of two heavy elements z1 and z2 in the WD and in the accreting parent body is therefore

MCV,z1

MCV,z2

=
ṀCV,z1

ṀCV,z2

=
MPB,z1

MPB,z2

. (3.8)

Conversely, when the duration of accretion is relatively long compared with the e-folding

time for settling in the WD, t >> τz and e−t/τz << 1, and the solution to Equation 3.6

becomes

MCV,z(t) =ṀCV,zτz(1− e−t/τz)

=ṀCV,zτz.
(3.9)

Under these circumstances, the ratio of the masses of two elements in the WD convective

layer is related to that in the accreting parent body by

MCV,z1

MCV,z2

=
ṀCV,z1

ṀCV,z2

τz1
τz2

=
MPB,z1

MPB,z2

τz1
τz2

(3.10)

where again it is assumed that the accretion rate ratio faithfully reflects the elemental ratio

of the accreting parent body, and that the rates of accretion are constant. Equation 3.10 is

the basis for the often applied steady-state correction to WD element ratios used to obtain

parent body ratios:

MPB,z1

MPB,z2

=
MCV,z1

MCV,z2

τz2
τz1
. (3.11)

In the case of DA white dwarfs, diffusion timescales (τz) are on the order of days to thousands

of years and are much shorter than typical estimates for the duration of an episode of

accretion represented by a polluted WD (τdisk = 104−106 yrs) (Girven et al., 2012). In these

cases, a steady-state phase should be reached rapidly, soon after accretion begins, and we

are almost certainly observing the star post build-up phase. Therefore, for DA white dwarfs,
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we apply the correction from Equation 3.11 using calculated values for diffusion timescales.

Whether the correction should be applied to DB WDs depends on the surface temperature

(i.e., τz) and estimates for accretion rate and accretion duration, the latter being all but

unknown (see the Discussion section).

The inevitable waning of accretion in the declining phase implies that mass accretion rates

are not constant (as assumed in Equation 3.5). As the diffusion of elements out of a WD

atmosphere commences and the build-up phase ends, a relative increase in the abundance of

oxygen, O, and/or Mg will occur as differences in diffusion velocities cause Si, Al, Ca, and

Fe to sink faster. This causes the observed excess oxygen to rise (Equation 3.4). Most WDs

in this study have oxygen excesses beyond that needed to form FeO. It is important to note

that, in these cases, xrock
FeO is limited by the abundance of Fe, not oxygen. This is shown in

Figure 3.6 where the ordinate, Oxs/Fe, is > 1. In most cases, element ratios suggest that

these excesses are indicative of the accretion of rocky material, including crust (basaltic)

and/or mantle without a metallic core. In some cases the oxygen excesses are much larger

than can be accounted for by accretion of ices (e.g. H2O, CO) with rock. In these extreme

cases, a large value for Oxs may be the result of accretion in a post build-up or declining

phase. The existence of debris disks around most of the WDs in this study decreases the

likelihood that we are observing stars in the declining phase, in which the material in the WD

atmosphere is residual, because there is still material in a disk that has yet to be accreted.

However, for WDs such as WD 1232+563, which lacks a debris disk and has the highest

Oxs/Fe ratio in Figure 3.6, a declining phase of accretion is a reasonable inference.

Also shown in Figure 3.6 is the effect of a paucity of O in a WD in causing an apparent

abundance of iron metal, which in turn results in an indeterminate lower bound for ∆IW

rather than a unique determination. The upper limit arises in the case of apparent metal

because in our calculation, xrock
FeO is constrained by the smaller of the two abundances, Oxs or

Fe. Thus, if a parent body has a large bulk Fe content, or a relatively small bulk O content,

xrock
FeO will be equivalent to Oxs. From Equation 3.4 it is clear that the errors associated with

excess oxygen are accumulated from those of all of the major rock-forming elements, and

are thus considerably greater than those for Fe alone, as described in detail by Doyle et al.

(2019). These large errors result in the indeterminate lower bounds on ∆IW values described
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above.

The potential importance of settling emphasizes the need to consider the effects of variable

accretion rates on element ratios in the mixing layer of the polluted WDs. Jura et al. (2009)

formulated a model for the time-dependent mass of an element z in the convective layer,

MCV,z(t), in terms of an evolving mass accretion rate. For simplicity, they posited that the

accretion rate onto the WD is a function of the mass in a circumstellar accretion disk, and

that the e-folding time for the declining mass of the disk attributable to viscous dissipation,

τdisk, is a constant. This results in an accretion rate that decreases exponentially with time.

The equation that replaces Equation 3.5 under these circumstances is

dMCV,z

dt
=
Mo

PB,ze
-t/τdisk

τdisk

− MCV,z

τz
, (3.12)

where Mo
PB,z is the initial mass of z in the parent body that forms the circumstellar disk

(and the initial mass of z in the disk). The solution (see Appendix D) is

MCV,z(t) =
Mo

PB,zτz

τdisk − τz
[
e−t/τdisk − e−t/τz

]
. (3.13)

Koester (2009) also examined the effects of Equation 3.13 for element ratios in a polluted

WD. Here we use this model to explore the consequences of elemental settling through the

WD envelope on calculated oxygen fugacities as a function of time. For the purposes of

this work, in the first instance we assume that τdisk = 105 yrs. The reasonableness of this

assumption is discussed in the Discussion section.

Figure 3.7 shows the calculated evolution of moles of elements in the mixing layer of a

WD with time, based on Equation 3.13, using the examples of a DA similar to WD 1226+110

(Teff ∼ 21000K), and a DB similar to GD 40 (Teff ∼ 15000K) (Gänsicke et al., 2012; Jura

et al., 2012). In both cases, the parent body oxygen fugacities, expressed as ∆IW values, are

taken to be near −1, representing relatively oxidized materials in the context of solar system

values (Doyle et al., 2019). For this calculation, we used diffusion timescales from Koester

(2013) based on log g = 8.0 cm s−2. For the elements accreting onto the model similar to GD

40, one can see the build up of heavy elements in the atmosphere, followed by an interval of

steady state (at the maximum of the curves) and finally a period in which the heavy elements
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settle into the star as accretion from the disk wanes. In the model DA white dwarf (left),

short diffusion timescales result in a rapid approach to steady state, as expected, effectively

precluding an observation of the build-up phase. In both cases, once accretion from the

circumstellar disk begins to decrease significantly, element ratios change markedly, beyond

where a simple steady-state correction can compensate. The ∆IW values for the model GD

40 decrease rapidly once accretion has decreased enough that settling dominates, causing Fe

to decrease in abundance relative to other elements, thereby decreasing xrock
FeO and ∆IW. For

this star, under these assumed conditions, if the accretion event is longer than ∼ 2 ×106

years, the calculated ∆IW value would be spuriously low, suggestive of reduced material

rather than oxidized material (∆IW < −3). On the other hand, the model for the time

evolution of ∆IW in the model resembling WD 1226+110 reveals that ∆IW is an extremely

robust parameter. This is because diffusion timescales in DA WDs are short, limiting the

relative diffusive separation of the elements. In what follows we concentrate on DB white

dwarfs because the oxygen fugacities calculated from these WDs are evidently sensitive to

the duration of accretion and diffusion at the time of the observations.

Discussion

Accretion of an Oxidized Parent Body

Figure 3.7 shows the evolution of material accreting onto two particular WDs. In Figure

3.8 we generalize the time-dependent model to consider an exponentially decreasing disk

of relatively oxidized CI chondrite material accreting onto helium-dominated white dwarfs

varying in temperature from 9000 to 21000K. This range in Teff encompasses all of the He-

rich white dwarfs in this study. We interpolate diffusion timescales as a function of Teff

again from values calculated by Koester (2013) and based on log g = 8.0 cm s−2. For the

purposes of this calculation, we assume the total initial mass, Mo
PB, is equivalent to the mass

of asteroid 1 Ceres. For any given temperature, one sees variations in ∆IW throughout the

various accretion/diffusion phases. For the most part, the model suggests that when oxidized

CI chondrites actively accrete onto a DB white dwarf, ∆IW should vary with time by less

than 0.5 dex from the parent body ∆IW value of ∼ −1. However, for DB white dwarfs with
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effective temperatures of approximately 16000−19000K, calculated oxygen fugacities for the

parent body could decrease to spurious values with ∆IW < −3 during the declining phase

as a result of gravitational settling of elements out of the white dwarf atmospheres. For the

assumptions used in these calculations, this phase would begin after about 5×105 yrs, after

5 disk e-folding times. At these Teff, if a WD polluted by CI-like material were observed after

a million years of accretion with an e-folding time for the debris disk of 105 yrs, the result

would be an incorrect conclusion that the parent body rock was relatively reduced rather

than oxidized. This is the same phenomenon as seen in the fictive GD 40 in Figure 3.7. In

this study, there are no WDs that exhibit such low ∆IW values (< −3), suggesting that the

DBs with Teff in this range are not accreting material in a declining phase millions of years

after the start of the accretion event.

Accretion of a Reduced Parent Body

Of the 16 WDs assessed thus far, 11 are consistent with the accretion of oxidized (∆IW > −3)

rocky bodies, while 5 may be accreting more reduced material. In the solar system, one

terrestrial planet, Mercury, is reduced, as are a small percentage of meteorites (Figure 3.4).

If the solar system were a guide, one might expect to see a Mercury-like oxygen fugacity in

∼ 3% of polluted WDs. Here we evaluate the conditions under which the very low fO2 values

like those exhibited by Mercury, enstatite chondrites, and aubrites (the igneous equivalent

of enstatite chondrites) could be retrieved from a polluted WD using the current method.

Consider the case in which a white dwarf is accreting debris from a disk composed of

Mercury, with a large iron core and low FeO in the rock. If we were to assume that the

material is accreting onto the star in a build-up phase by equating parent body abundance

ratios with observed abundance ratios of the heavy elements, but the material is actually

accreting in a steady-state phase, the high relative abundance of O resulting from the unac-

counted for settling would cause us to overestimate xrock
FeO and the intrinsic oxygen fugacity

for the parent body. This is because there is plenty of iron that is available to pair with

the oxygen that has been enhanced by differential gravitational settling, causing a seemingly

high FeO concentration by our calculation whereas in reality the iron existed as metal.

In order to investigate further the evolution of ∆IW for a reduced body, like Mercury,
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accreting onto a DB white dwarf, we use a model for a reduced Earth analogous to an

enstatite chondrite model for Earth; we do not use Mercury owing to the likely anomalous

size of its core (Chau et al., 2018). Our reduced Earth model has the bulk composition and

mass of Earth, but the 8 wt. % FeO in the rock is decreased to <1 wt. % by removing the

necessary amount of oxygen. The Fe liberated from the oxide is assigned to the metal core,

increasing the core mass from 32 wt. % to 37 wt. %.

Figure 3.9 shows the time-dependent model for an exponentially decaying disk composed

of debris from the reduced Earth accreting onto a DB white dwarf where Teff = 15000K.

The colors represent the normalized concentrations of the rock-forming elements and the

black curve shows the calculated ∆IW values where ∆IW = −5.9 at t = 0. One can see

that in this model the reduced body with an abundance of iron metal appears oxidized

late in the accretion event. The observed composition of the body with no accounting for

settling seemingly evolves from a mixture of metallic core and rock to a rock-like material

anomalously rich in Mg after 106 yrs. We note that this composition influenced by settling

does not resemble the compositions in Figure 3.1. After 100,000 years into the model,

the relative mass of O has increased enough to alter the calculated oxygen fugacity by

approximately +2 dex, but the oxygen fugacity would still appear to be relatively low at

∼ −4. The rapid rise in calculated ∆IW in the beginning of the accretion episode is because

small differences in xrock
FeO are more important when the parent body is composed of reduced

material where initial values for xrock
FeO are small. In the case of the reduced Earth model,

initial xrock
FeO is < 0.001.

The intervals for the different accretion/diffusion phases in Figure 3.9 are indicated by

the dashed, vertical lines. The build-up phase lasts < 3 × 105 years, during which time

abundances observed in the WD atmosphere are similar to parent body abundances. The

apparent oxygen fugacity increases dramatically even during this stage. We regard the end

of the build-up phase as the time at which dXO/dt = 0 (Figure 3.10). We consider the

onset of the declining phase to be 5 disk e-folding times, or 5 × 105 years into the model,

which corresponds to the time at which the debris disk is less than 1% of its initial mass.

The influence of the decrease in mass of the debris disk, and our definition of the declining

phase, is clear when the same model as that shown in Figure 3.9 is run with no gravitational
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settling (Figure 3.10).

The discontinuity at the apex of the ∆IW curve occurs at about the initiation of the

declining phase at which xrock
FeO is no longer constrained by Oxs (i.e., where moles Fe ≥ moles

O) but rather by the abundance of Fe in the WD (i.e. moles Fe ≤ O; Figure 3.9). Therefore,

if a reduced bulk Earth were to accrete onto this hypothetical DB, its ∆IW value would be

constrained as an upper limit in our calculation prior to the declining phase, suggestive of the

reduced nature of the parent body. However, it would no longer be an upper limit once the

declining phase progressed for 1.5× 106 years. Rather, a moderately oxidized value for ∆IW

would be obtained until about 3×106 yrs of settling, and there would be no signature of the

low oxidation state of the parent body during this interval. The likelihood for completely

disguising a reduced Earth is high once the pollution episode extends to approximately 5 disk

e-folding times or greater in this model, after which point there is no longer evidence that

metal existed in the parent body. Similarly, if individual accretion events last for < 5× 105

years in the context of this model (i.e., < 5 e-folding times for the disk), our calculation

method for ∆IW should be capable of distinguishing potentially reduced parent bodies from

oxidized bodies, even if only by the mere existence of an upper limit constraint and a high

propensity for negative mole fractions of FeO.

Generalizing this result, when the disk lifetime is comparable to typical settling times

through the mixed layer of the polluted WD, and observations are taken after approximately

5 disk e-folding times or more have passed, calculated oxygen fugacities will be biased against

finding reduced parent bodies. In this study, the existence of observable debris disks around

most stars decreases the likelihood that we are observing the WDs after several disk e-

folding times unless the disks were considerably more massive than is customarily inferred

from masses in the mixing layer and estimates of accretion rates. Thus, the probability of

masking a reduced body is commensurately low.

In Figure 3.11 we show ∆IW values obtained by expanding the model for accretion of a

reduced Earth shown in Figure 3.9 to include stars varying in Teff from 9000 − 21000K. As

in Figure 3.8, we interpolate derived diffusion timescales for each Teff in DBs from Koester

(2013) and invoke a characteristic disk lifetime of 1× 105 yrs. The variations in ∆IW values

at T∼15000K are equivalent to the black curve in Figure 3.9.

82



Figure 3.11 shows that low ∆IW values are for the most part recoverable for DB WDs

with Teff < 19000K less than 1 × 106 years into the accretion event (i.e., for ten disk e-

folding times). In DBs hotter than approximately 19000K, diffusion timescales become so

fast that DB white dwarfs begin to resemble DA white dwarfs in that after an initial episode

of oxygen enrichment they rapidly approach a steady state. This is the worst case scenario

for detecting low oxygen fugacity parent bodies; for a DB WD with Teff > 19000K, preserving

low values for ∆IW is not possible beyond the steady-state phase. This is true even when

using Equation 3.11, as is routinely done for DAs, because once the system leaves the steady-

state phase, there is no a priori way to correct for settling combined with waning accretion.

This occurs at times greater than about 5×105 yrs in Figure 3.11. Below ∼ 10000K, diffusion

timescales are longer, closer to the assumed disk lifetime. Therefore, the calculated value for

∆IW remains low for the duration of the accretion event well beyond the practical lifespan

of the disk (Figure 3.11). Slow diffusion of elements through the white dwarf atmosphere

means the relative flotation of oxygen will never dominate over accretion in these cases. In

this case, elements do not begin to settle out of sight until the majority of the parent body

has been accreted, and the apparent oxygen fugacity decreases because iron is the monitor

of ∆IW.

Based on our models, the two DBs with Teff > 19000K in this study (Ton 345 and WD

1536+520) would always appear oxidized if they were accreting in a declining disk phase in

which a reduced Earth-like body accretes with τdisk similar to settling times. However, the

data indicate instead that these parent bodies may be reduced rather than oxidized. Ton

345 yields a median parent body ∆IW of −2.1. This value is lower than could be preserved

due to settling unless we were observing the accretion in the first 103 years of the event.

Ton 345 does possess a gas emission disk, which may suggest an early stage of accretion, as

these disks may come from colliding fragments of planetesimals (Manser et al., 2020). For

WD 1536+520, if one were to calculate ∆IW using a steady-state assumption, as considered

likely by Farihi et al. (2016), one gets a median with an upper bound for ∆IW, contrary

to the unique determination reported in Table 3.1 (see discussion surrounding Figure 3.13).

Here again, evidence for low xrock
FeO values at high Teff suggests a short duration of accretion.

Therefore, when iron metal is present and available to “pair” with floating Oxs using our
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calculation method in a scenario like that modeled here, it is possible for a reduced parent

body to appear as oxidized in the WD solely due to differences in diffusion timescales. For

our model reduced Earth with a ∆IW value of −5.9, we find that in order for the calculated

∆IW value to signify a reduced parent body with ∆IW ∼ −3 or less, irrespective of time of

the observation and at any temperature, the object would need to be composed of < 4 wt.

% iron metal (Figure 3.12).

Using these models as guides, one concludes that although identification of oxidized

bodies is straightforward, identification of reduced bodies requires a more nuanced approach.

For Teff < 18000K we should expect to see evidence of low oxidation states in the data for

even long accretion times relative to the lifespan of the debris disk. Hints that the WD

is in the waning stages of accretion may show up as odd elemental abundances compared

with expectations for most rocks, including those evidenced in the polluted WDs (e.g., Mg-

rich compositions). Nonetheless, large amounts of metal will always result in large errors

for calculated ∆IW values. Fortunately, many polluted WDs show evidence of accretion of

mainly rock, perhaps because rock and metal are separated during the accretion process (e.g.

Manser et al., 2019). The WDs yielding upper limits in ∆IW as the result of an apparent

abundance of iron metal are at present the most likely candidates for reduced material (low

∆IW values) and should be the focus of future investigation.

Uncertainties in the Calculations

The model shown in Figure 3.11 makes clear that crucial parameters necessary to evaluate

the veracity of calculated ∆IW values for DB WDs are the duration of accretion prior to the

observations and the characteristic timescale for depletion of the debris disk. These can not

be estimated independently at present and are constrained only with certain assumptions.

One can calculate minimum disk lifetimes using the measured masses of all of the rock-

forming elements (Z, total) in the helium-dominated WD convective layer (MCV,Z,total) with

calculated accretion rates (ṀCV,Z,total). Pairing typical steady-state accretion rates with

typical lower limits for parent body masses as evidenced by the masses of heavy elements in

the convective layers allows for an estimate of minimum disk lifetimes based on
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τdisk =
MCV,Z,total

ṀCV,Z,total

. (3.14)

Using a range for ṀCV,Z,total of 108 to 1011 g s−1 based on theory and observations (e.g.

Rafikov, 2011a,b; Farihi et al., 2012; Wyatt et al., 2014; Xu et al., 2019) and the average

masses of rock-forming elements observed in the convective zones of the DBs in this study

one obtains minimum disk lifetimes of 4.5 × 104 to 4.5 × 107 years. Using estimates for

the mass of rock-forming elements in polluted DBs from the literature, the same calculation

yields minimum disk lifetimes ranging from 3 × 104 to 5 × 106 years (Girven et al., 2012).

These ranges include the nominal value of 1× 105 years that we used in our modeling. We

emphasize, however, that these estimates rely on the notion that accretion rates are constant.

Episodic accretion is not captured by this calculation.

The contours in Figures 3.11 will vary as a function of the values for τdisk. The diffusion

times, τz, for the subset of DBs in this work range from 103 to 106 years. Longer disk lifetimes

where τdisk >> τz lead to more regions in Teff vs. time space where the oxidation states of

highly reduced bodies would be overestimated. Shorter disk lifetimes where τdisk << τz

lead to greater fidelity in recording the oxidation states of reduced bodies. Our assumed

disk characteristic lifetime of 1 × 105 years is a plausible median value, but it is unlikely

to be universally applicable. Higher accretion rates, by several orders of magnitude, are

obtained when considering the effects of thermohaline mixing and convective overshoot (e.g.

Deal et al., 2013; Bauer and Bildsten, 2018, 2019; Tremblay et al., 2017; Kupka et al., 2018;

Cunningham et al., 2019). Higher accretion rates lead to shorter minimum disk lifetimes for

the same minimum masses (Equation 3.14).

Large ranges in accretion rates may imply that accretion is indeed episodic, as has been

suggested by others (e.g. Farihi et al., 2012; Raddi et al., 2015; Jura and Xu, 2012). Addition-

ally, the assumption that the accreting material is well-mixed, and therefore representative

of the bulk composition of the parent body may be too simplistic (e.g. Xu et al., 2019). In

the future, accretion rates and disk lifetimes will need to be better determined for individ-

ual WDs in order to better quantify the reliability of geochemical parameters deduced from

polluted WDs.

Our ability to detect low ∆IW values depends on our ability to assess whether a WD
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is in a build-up, steady-state, or declining phase of accretion. These assessments can be

highly uncertain. Thus, Figure 3.13 shows the calculated values for ∆IW considering both

scenarios for DBs, a build-up and a steady-state phase. Generally speaking, for the DB WDs,

the median values for ∆IW change by <0.5 dex when DBs are assumed to be accreting rocky

material in a steady state, rather than in the build-up phase that we have assumed previously

(Figure 3.13). However, in one case (WD 1536+520) assuming a steady-state phase results

in the loss of the lower bound on the median ∆IW value of −0.113 compared to the value

in Table 3.1 of −1.374, this is the largest shift in median ∆IW values calculated.

For the DA white dwarfs for which element ratios are usually corrected assuming a steady-

state phase of accretion, modeling suggests that some of them are candidates for thermohaline

instabilities (Deal et al., 2013; Bauer and Bildsten, 2018, 2019). If thermohaline instabilities

are present, measured element ratios should not be corrected with the short settling times

typically used. As an illustration, in Figure 3.13 we show results for DA G 29-38 with and

without settling time corrections. Element ratios in G 29-38 do not define a median ∆IW

value when considered to be in steady state, but do define a median when a build-up phase is

assumed (i.e., no corrections are applied). Under the assumption of a build-up phase due to

thermohaline instabilities, two of the DAs in this study (WD 1226+110 and WD 1929+012)

produce ∆IW medians of −1.616 and −1.948, respectively, and upper bounds of −0.696 and

−0.673, respectively. The median ∆IW for SDSS J1043+0855 is lost when a build-up phase

is assumed, but the upper limit decreases to ∆IW = −2.089. Given the plenitude of WDs

in this study with debris disks, accretion of material in a declining phase is less likely, with

the possible exception of WD 1232+563, as discussed in Results.

Implications for Oxidation States in Planetary Science

The process that gave rise to the oxidation of most rocky bodies in the solar system, relative

to a hydrogen-rich gas of solar composition, is unresolved. It is possible that different

processes are involved at different stages of planet formation. During rock formation, the

presence of water could increase fO2 in dust that eventually forms planetesimals. After

rock formation but prior to planetary assembly, aqueous alteration in the parent body could

further increase fO2 as iron metal is oxidized to form iron oxides and iron-bearing clay
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minerals. Finally, the addition of Si and/or O to the metal core of a planetary embryo or

planet would result in the partitioning of Fe into the rock as FeO, and would also lead to

increases in the initial intrinsic oxidation state of the rock. These multiple paths to oxidation

have been well-studied through modeling efforts, though it is not known which process is

dominantly responsible for oxidizing bodies in the solar system (Krot et al., 2000; Grossman

et al., 2012; Monteux et al., 2018; Rubie et al., 2015).

Most of the rocky bodies accreting onto the WDs in this study are consistent with ox-

idizing conditions at the time and place of parent body formation. This could imply that

there is something about rock formation in general that may favor oxidation relative to a

solar gas and that the formation of planets with Earth-like oxygen fugacities may be more

common than forming planets with Mercury-like oxygen fugacities.

However, the difficulty in detecting and accurately measuring the oxidation states of

reduced bodies could mean that more reduced bodies exist and we have not yet detected

them. A relationship between oxidation state of rock and distance from the Sun has been

suggested for the solar system (Wade and Wood, 2005; Wood et al., 2006; Rubie et al., 2011,

2015; Badro et al., 2015). If this relationship where reduced bodies form preferentially closer

to the Sun is typical, then it could be that reduced bodies are destroyed by their host star

when the star is on the red giant branch (e.g. Schröder and Connon Smith, 2008). This

would further decrease the likelihood of discovering a reduced body by the method detailed

in this paper.

Conclusions

The utilization of polluted WD stars to obtain detailed geochemical characterizations of

extrasolar rocky bodies is a powerful tool for elucidating the internal compositions and

structures of terrestrial exoplanets. This study analyzes observations of 16 white dwarf stars

to understand the oxidation states of the planetary systems at the time and place that the

parent bodies of the accreted material formed. We find that most extrasolar rocky bodies

formed under oxidizing conditions, comparable to most bodies in the solar system, including

Earth. However, ∼1/4 of the studied WDs do not yield lower limits in oxygen fugacity,
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implying more reduced parent bodies may be recorded by a minority of sampled objects.

Intrinsic oxygen fugacity is an important factor that influences fundamental characteris-

tics of a planet, including its volatile budget, its capacity to generate a magnetic field, and

its prospects for plate tectonics. The oxygen fugacities of rocky bodies in the solar system

exhibit a range of ∆IW values of ∼ 7 dex. Earth is indeed oxidized relative to solar, but it is

also the most reduced of these rocky bodies excluding Mercury and enstatite chondrites. We

conclude that to build an Earth-like planet, a reservoir of relatively reduced rocky material

is required. The ability to detect an extrasolar Mercury would confirm that such reservoirs

are available.

The difficulty in constraining the oxidation states of these more reduced bodies is dis-

cussed and a model for the time-dependent evolution of the apparent oxygen fugacity for a

hypothetical reduced body consumed by a WD is investigated. Differences in diffusive fluxes

of various elements through the WD envelope yield spurious inferred bulk elemental com-

positions and oxidation states of the accreting parent bodies under certain conditions. The

worst case for biasing against detection of reduced bodies occurs for high effective temper-

atures. For moderate and low effective temperatures, evidence for relatively reduced parent

bodies is preserved under most circumstances for at least several characteristic lifetimes of

the debris disk.

In general, detailed understanding of both disk lifetimes around WDs and accretion times

are important for assessing exoplanetary oxidation states. In order for the current method to

unambiguously detect a low oxygen fugacity parent body in a WD, the white dwarfs would

need to be accreting mainly the silicate portion of the body without large mass fractions

of metal. In view of the uncertainties, and the importance of characterizing the range of

extrasolar rock oxidation states, more attention should be given to the five WDs where lower

limits in xrock
FeO are consistent with zero in this work. Our calculations suggest that these are

candidates for accretion of relatively low oxidation state parent bodies.

While reduced bodies in the solar system are less common, the difficulty in constraining

them in extrasolar planetary systems will potentially bias our observations against observing

them among extrasolar rocks. Therefore, more observations, especially of white dwarfs with

debris disks, is the best way to obtain a better statistical characterization of extrasolar rock
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∆IW values. Strategies for reducing uncertainties in the observations and the extraction of

element ratios from the data are also important. We estimate that roughly half the errors

in element ratios derive from the raw data themselves and the other half from dispersion in

model results for a given star. The strategies may therefore involve longer integration times,

in some cases, and the removal of correlated uncertainties from modeled values (Klein et al.

in prep.).

It is clear that a better understanding of disk lifetimes is needed in order to draw definitive

conclusions about the veracity of element ratios of accreted parent bodies. With this better

understanding of the timescales of accretion will come greater confidence in the geochemical

parameters derived from polluted WDs. Such evaluations will be the focus of future work.

Results will shape future hypotheses for rock formation in the early solar system and the

favored environments for planet formation in general.
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Figure 3.1 Mass concentrations of the 6 major rock-forming elements in the 16 WDs used

in this study normalized to 100%. Generally, rocky bodies accreting onto these stars re-

semble rocks in our own solar system and range from basaltic, crust-like to bulk-asteroid or

planet-like compositions. The excess oxygen seen in WD 1232+563 is discussed in Results.

Note WD 1145+017 is updated from Doyle et al. (2019) using new abundance estimates

from Fortin-Archambault et al. (2020). solar system objects are shown for comparison on

the left.
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Figure 3.2 Cumulative frequency distributions for calculated mole fractions of FeO (xrock
FeO)

for two polluted white dwarfs. On the left are results for WD 1551+175. A well defined

xrock
FeO is obtained for this case, yielding a well-defined ∆IW value. Including negative values

for xrock
FeO in our Monte Carlo bootstrap method (red) has little effect on the median value for

∆IW obtained compared to the value where only positive values are accepted in the Monte

Carlo draws for xrock
FeO (blue). On the right are results for WD Ton 345. Including negative

values for xrock
FeO (red) decreases the median by about 0.25 relative to the value calculated

by excluding negative values (blue), resulting in a lowering in the ∆IW value of −1.25 dex

compared with the previous method. These data are sufficient to constrain a median and an

upper bound for ∆IW.
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propagation from WDs that yield an upper limit (red), a median with an upper bound but no
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FeO ≥ 50%. Where the Monte Carlo

bootstrap method yields negative xrock
FeO values for between 16.5% and 50% of the draws, we

report a median and an upper bound for ∆IW derived from the xrock
FeO values.
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Figure 3.4 Calculated relative oxygen fugacities for WDs and solar system bodies in this

study. The left panel shows values obtained using the methods described in Doyle et al.

(2019) and the right panel shows values obtained using the methods outlined in Methods.

Median oxygen fugacities relative to IW are recovered for all but one of the WDs. Solid blue

circles are calculated oxygen fugacities for rocky extrasolar bodies accreting onto WDs in this

study where both upper and lower bounds are obtained. For four of the sources the median

value for xrock
FeO is > 0 but the lower bound is not (see Methods). In these cases medians are

shown as open circles. The method used to obtain the values shown on the panel on the

right protects against biasing ∆IW values to higher values and allows us to recover lower

medians for SDSS J1043+0855 and Ton 345. Ranges of ∆IW for a gas of solar composition

(yellow) and for most rocky bodies in the solar system (blue) are shown for comparison.

Hypothetical WDs calculated using rocks from solar system bodies (see Methods) are also

shown for comparison.
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Figure 3.5 Cumulative frequency distribution functions for the Hydrogen-dominated (left)

and Helium-dominated (right) WDs used in this study. Values for ∆IW are constrained as

upper limits where the frequency of negative xrock
FeO is ≥ 50% of total draws and medians with

upper bounds exist for WDs where the frequency of negative draws is such that 16.5% ≤ xrock
FeO

≤ 50%. For these five WDs for which lower bounds are not recoverable, we include negative

values in the calculation of the xrock
FeO distribution in order to avoid biasing the calculated

oxygen fugacity. Fictive white dwarfs accreting a debris disk composed of CI chondrite are

shown for comparison in each panel (see text).
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Figure 3.6 ∆IW vs oxygen in excess of that needed to oxidize Mg, Si, Ca, and Al (Oxs),

relative to Fe. DA and DB white dwarfs with confirmed debris disks are shown as dark blue

circles. Light blue squares represent WDs without confirmed debris disks. WDs yielding

medians with upper bounds, but no lower bounds for ∆IW are shown with open gray symbols.

These limits come about when, within errors, there is a dearth of oxygen and FeO is not

present in a large fraction of the random draws (Doyle et al., 2019). The horizontal dotted

line represents silicate and oxide rock that, in principle, would always lead to Oxs/Fe = 1,

assuming the amount of Fe3+ is small compared with Fe2+. WD 1232+563 does not have a

confirmed debris disk and has the highest value for Oxs/Fe in this study, meaning a declining

phase of accretion may be a reasonable inference for this WD.

95



GD 40-likeO, taudisk = 1E5
Si
Fe
Mg
Al
Ca

M
ol

es
 in

 m
ix

ed
 la

ye
r

1020

1018

1016

1014

100 101 102 103 104 105 106

time (yrs)

WD 1226+110-like

M
ol

es
 in

 m
ix

ed
 la

ye
r

1018

1016

1012

1010

100 101 102 103 104 105 106

time (yrs)

1014

1022

102 104 106

0.0

-1.0

-2.0

Δ
IW

time (yrs)
100 102 104 106

0.0

-1.0

-3.0

Δ
IW

time (yrs)
100

-2.0

Figure 3.7 Model for the time-dependent element accretion history onto a DA similar to

WD 1226+110, left, and a DB similar to GD 40, right, using a model for an exponential

decay of a debris disk from Equation 3.13, assuming a debris disk e-folding lifetime of 1

×105 years. Diffusion timescales are from Koester (2013). The insets show variations in

∆IW over this timescale. The parent body ∆IW values are indicated as horizontal dashed

lines in the insets. The fictive WD 1226+110 initiates with molar compositions corrected

using a steady-state approximation (Equation 3.11) representative of the parent body. For

the DA WD, ∆IW is robust throughout all accretion/diffusion phases, because diffusion

timescales are short and thus relative diffusion timescales are small. For the DB WD, if the

accretion event is longer than ∼ 2 ×106 years, one could see a spurious ∆IW value indicative

of reduced material (∆IW < −3) compared with the parent body value of ∼ −1.
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Figure 3.8 Evolution of calculated ∆IW values for a model WD accreting a parent body

(PB) composed of CI chondrite material (∆IW = −1) as a function of both time and effective

temperature for the WD. The accretion/diffusion model is that for an exponentially decaying

debris disk as in Equation 3.13, assuming a disk lifetime of 1× 105 years. Hotter colors are

more oxidized ∆IW values and cooler colors are less oxidized values. Diffusion timescales are

interpolated as a function of Teff from Koester (2013) based on log g = 8.0 cm s−2. As done

with helium-dominated WDs in this study, elemental abundance ratios with no steady-state

corrections (i.e., Equation 3.8) were used to calculate ∆IW values.
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Figure 3.9 Reduced Earth model depicting variations in abundance ratios with time in the

mixing layer of a polluted WD. Variations are due to differences in diffusion fluxes out of

the bottom of the layer at Teff ∼ 15000K. The time-variable accretion and diffusion model

is that defined in Equation 3.13, and includes a debris disk that decays exponentially with

an e-folding time of 1 × 105 yrs. Diffusion timescales are from Koester (2013) and are

based on log g = 8.0 cm s−2. The colors represent the normalized abundances of the six

major rock-forming elements at each time step in the model. The black line represents the

calculated value for ∆IW at each time step. The apex of the ∆IW curve represents the time

at which xrock
FeO changes from being constrained by Oxs to being constrained by the abundance

of Fe. The exact locations of the vertical dotted lines representing shifts in accretion phases

are discussed in the text. The reduced Earth model yields ∆IW −5.9, using our standard

method in Methods, and is indicated by the horizontal dashed line. The relative elemental

abundances for solar system bodies and the reduced Earth parent body (PB) are shown for

comparison at left.

98



M
ol

es
 in

 m
ix

ed
 la

ye
r

1028

1026

1022

1020

100 101 102 103 104 105 106

time (yrs)

1024

1018

O, taudisk = 1E5
Si
Fe
Mg
Al
Ca

M
ol

es
 in

 m
ix

ed
 la

ye
r

1028

1026

1022

1020

100 101 102 103 104 105 106

time (yrs)

1024

1018

Figure 3.10 Molar abundances of rock-forming elements in the atmosphere of a hypothetical

WD accreting a parent body composed of reduced Earth. Parent body ratios are the values at

time zero. In order to illustrate the build-up phase, we are using log time (unlike Figure 3.9).

The panel on the left represents the time-dependent accretion history of the hypothetical

WD as presented in Equation 3.13. The panel on the right represents the model, but with no

gravitational settling through the WD envelope. Note that observable abundances scale with

the y-axis. Evaluation of the derivative dXO/dt in the left panel gives the calculated time

at which the build-up phase concludes, ∼ 3 ×105 years. Using the figure on the right, the

heavy element concentrations reach their final values after 3 to 5×105 yrs, which represents

the onset of the declining phase during which the debris disk is depleted.
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Figure 3.11 Evolution of calculated ∆IW values for model WDs accreting reduced

Earth−like material as a function of time and Teff. The accretion/diffusion model is that for

an exponentially decaying debris disk expressed in Equation 3.13, assuming a disk e-folding

lifetime of 1 × 105 years. It is the same model as shown in Figure 3.9, but expanded to

include a range of WD temperatures onto which the parent body accretes. The ∆IW value

for the model parent body (PB) is −5.9, as indicated in the legend. Hotter colors are more

oxidized calculated ∆IW values and cooler colors are less oxidized. Diffusion timescales are

interpolated as a function of Teff from Koester (2013) and are based on log g = 8.0 cm s−2.

As done with helium-dominated WDs in this study, elemental abundance ratios with no

steady-state corrections (i.e., Equation 3.8) were used to calculate ∆IW values.
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Figure 3.12 Evolution of calculated ∆IW values as a function of time and Teff for model

WDs accreting reduced Earth-like material, but with a smaller core mass of 3.7 wt. %.

Diffusion timescales are interpolated as a function of Teff from Koester (2013) and are based

on log g = 8.0 cm s−2. The ∆IW value for the model parent body (PB) is −5.9 and the most

oxidized value calculated for these fictive WDs is ∆IW −2.86. With such a small amount of

iron metal, there is not enough to pair with floating oxygen to significantly alter xrock
FeO and

mask the reduced nature of the parent body. As done with helium-dominated WDs in this

study, elemental abundance ratios with no steady-state corrections (i.e., Equation 3.8) were

used to calculate ∆IW values.
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Figure 3.13 Comparison of calculated ∆IW values assuming that the DBs in this study

are accreting in the build-up phase vs. values obtained by assuming they are in steady

state between accretion and gravitational settling. Values assuming a build-up phase are

represented by unfilled or filled navy circles, depending on whether ∆IW is a median with

an upper bound (unfilled) or a median with both lower and upper bounds (filled). Values

for ∆IW for WDs assumed to be in a steady-state phase of accretion are represented in the

same way, but with red circles. The ability to calculate the lower bound for WD 1536+520

is lost when steady-state is assumed. DA white dwarfs are indicated by their labels and

are generally considered to be in a steady-state phase of accretion. Here we show G 29-38

assuming both a steady-state and a build-up phase of accretion, in consideration of the

possibility of thermohaline instabilities in this DA WD (see text). G 29-38 provides an

upper limit for ∆IW under a steady-state assumption, but we can define the median under

the assumption of a build-up phase. The differences in ∆IW between steady-state and

build-up assumptions for the other DAs are given in the text. Generally, differences in ∆IW

when WDs are considered to be in steady state vs. a build-up phase are less than 0.5 dex.
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Table 3.1 Oxygen fugacities determined from WD data in this study.

WD Type Temperature (K) ∆IW Oxs/Fe References

SDSS J1043+0855 DAZ 18330 −2.132+1.169 0.337+10.427
-15.209 Melis and Dufour (2017)

WD 1536+520 DBAZ 20800 −1.374+0.284
-0.317 6.280+6.271

-3.705 Farihi et al. (2016)

GD 40 DBZA 15300 −1.262+0.309 2.495+2.629
-2.242 Jura et al. (2012)

SDSS J0738+1835 DBZ 13950 −1.137+0.167
-0.182 10.110+8.577

-5.269 Dufour et al. (2012)

WD 1226+110 DAZ 20900 −0.630+0.307
-0.432 3.360+5.396

-2.210 Gänsicke et al. (2012)

WD 1145+017 DBZ 14500 −0.700+0.346 1.215+4.100
-1.650 Fortin-Archambault et al. (2020)

WD 1929+012 DAZ 21200 −0.493+0.255
-0.411 2.023+4.200

-1.486 Gänsicke et al. (2012)

Ton 345 DBZA 19780 −2.098+1.544 −0.098+1.428
-1.476 Wilson et al. (2015)

G 29-38 DAZ 11820 < 0.947 −0.183+1.435
-1.413 Xu et al. (2014)

HS 2253+8023 DBAZ 14400 −0.936+0.068
-0.085 2.858+1.151

-1.017 Klein et al. (2011)

WD 1350-162 DZAB 11640 −1.012+0.182
-0.205 4.413+2.533

-1.878 Swan et al. (2019)

WD 1232+563 DZBA 11787 −1.209+0.182
-0.194 15.230+9.915

-6.435 Xu et al. (2019)

WD 2207+121 DBZA 14752 −1.332+0.229
-0.249 7.271+6.574

-4.076 Xu et al. (2019)

WD 0446-255 DZAB 10120 −1.473+0.198
-0.223 4.570+3.719

-2.603 Swan et al. (2019)

G 241-6 DBZ 15300 −1.536+0.266
-0.289 7.368+5.797

-3.791 Jura et al. (2012)

WD 1551+175 DBZA 14756 −1.397+0.178
-0.195 6.377+5.815

-3.705 Xu et al. (2019)
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APPENDIX D

Here we show the derivation for the exponential decay of a debris disk accreting onto a white

dwarf simultaneous with settling of material through the white dwarf atmosphere, as in Jura

et al. (2009). We start with the expression for mass balance of element z in the convective

layer of the WD (e.g. Dupuis et al., 1993; Koester, 2009):

dMCV,z(t)

dt
= Ṁz(t)−

MCV,z(t)

τz
, (3.15)

where t is the elapsed time for accretion, MCV,z(t) is the mass abundance of element z in

the convection zone, Ṁz(t) is the rate of accretion of element z onto the star, and τz is the

diffusion timescale for element z. The first term on the right side is the rate of accretion

of element z onto the star and the second term is the rate at which element z leaves the

convection zone due to gravitational settling. We replace Ṁz(t) with a time variable accretion

rate that depends on the mass of the disk at time t and a fixed characteristic disk lifetime

τdisk:

Ṁz(t) =
MPB,ze

−t/τdisk

τdisk

. (3.16)

Substituting Equation 3.16 into Equation 3.15 gives

dMCV,z(t)

dt
=
MPB,ze

-t/τdisk

τdisk

− MCV,z(t)

τz
, (3.17)

which is a first-order differential equation with the integrating factor et/τz . Multiplying both

sides by the integrating factor yields

et/τz
dMCV,z(t)

dt
+ et/τz

MCV,z(t)

τz
=
MPB,ze

-t/τdisket/τz

τdisk

. (3.18)

By the product rule the left-hand side of Equation 3.18 is seen to be (et/τzMCV,z)
′, allowing

the simplification

(et/τzMCV,z)
′ =

MPB,z

τdisk

et(1/τz−1/τdisk). (3.19)

104



Integration of both sides yields

et/τzMCV,z =
MPB,z

τdisk

[
e(t/τz−t/τdisk)

(1/τz − 1/τdisk)

]
+ c. (3.20)

Solving for MCV,z

MCV,z =
MPB,z

τdisk

1

(1/τz − 1/τdisk)

[
e(t/τz−t/τdisk)

et/τz

]
+

c

et/τz
(3.21)

and simplifying we obtain

MCV,z =
MPB,z

τdisk

1

(1/τz − 1/τdisk)
e−t/τdisk +

c

et/τz
. (3.22)

Under the initial condition that MCV,z = 0 at t = 0,

0 =
MPB,z

τdisk

1

(1/τz − 1/τdisk)
e0 +

c

e0
, (3.23)

and the constant of integration is seen to be

c = (−1)
MPB,z

τdisk

1

(1/τz − 1/τdisk)
. (3.24)

Our solution is therefore

MCV,z =
MPB,z

τdisk

1

(1/τz − 1/τdisk)
e−t/τdisk − MPB,z

τdisk

1

(1/τz − 1/τdisk)
e−t/τz

=
MPB,z

τdisk

1

(1/τz − 1/τdisk)

[
e−t/τdisk − e−t/τz

]
=
MPB,z

τdisk

1

(1/τz − 1/τdisk)

τzτdisk

τzτdisk

[
e−t/τdisk − e−t/τz

] (3.25)

which simplifies to the form shown in Jura et al. (2009):

MCV,z =
MPB,zτz
τdisk − τz

[
e−t/τdisk − e−t/τz

]
. (3.26)
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Introduction

Over the past decade or so, the presence of absorption lines from elements heavier than

helium in the spectra of single white dwarfs (WDs) with Teff < 25,000 K, has come to be

understood without a doubt as the result of accretion of disrupted planet(esimal)s from

their ancient planetary systems (e.g. reviews by Jura and Young, 2014; Veras, 2016; Farihi,

2016; Zuckerman and Young, 2018), with the exception of the subset of WDs where carbon

has been dredged-up from the interior (Koester et al., 1982). As a result, our knowledge
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and understanding of the compositions of exoplanets has grown significantly through the

extraordinary detail and precision afforded by this powerful observational technique. To

date, exoplanetesimal compositions measured in WD atmospheres that are ‘polluted’ with

accreted material are mostly similar to rocky bodies in the solar system, with some interesting

exceptions that include water-rich bodies (Farihi et al., 2011, 2013; Raddi et al., 2015; Xu

et al., 2017; Gentile Fusillo et al., 2017; Hoskin et al., 2020). Although nothing as bizarre as a

carbon-dominated planet (e.g. Bond et al., 2010) has ever been revealed in studies of WDs,

significant variations in overall element-to-element abundance ratios have been measured

among various WDs. Such variations are generally attributed to sampling of material affected

by igneous differentiation, i.e. originating primarily from the crust and mantle (Zuckerman

et al., 2011; Melis and Dufour, 2017) or core (Melis et al., 2011; Gänsicke et al., 2012) portions

of a differentiated rocky body.

However, what has previously not been seen is a dramatic deviation of the abundance

of a specific element from an (understandable) overall pattern of elements. In the present

paper we report the discovery of beryllium (Be) with remarkably high abundances relative

to those of the elements magnesium, silicon, and iron in two WDs: GALEXJ2339−0424 (≡

GALEX 2667197548689621056; 23:39:17.03, −04:24:24.7, J2000; hereafter GALEXJ2339)

and GD 378 (18:23:37.01, +41:04:02.1, J2000). In both stars the Be is over-abundant by

about two orders of magnitude. This is, far and away, the largest abundance of Be relative

to chondritic ever measured in any astronomical object.

Since the earliest observations of WDs a century ago, a growing list of accreted ele-

ments has been fundamental in understanding WD pollution and associated cosmochemical

insights. Similar to many fields in Astronomy, the progress over time for new detections gen-

erally traces the capabilities enabled by the available observational facilities, as well as the

commitment by observers to consider the best targets. Table 4.1 is an attempt to summarize

the progress of new element identifications in white dwarf atmospheres polluted by accreted

planetary material.

The first identifications of white dwarf pollution were found in optical spectra through

the Ca II H and K resonance lines in cool helium-atmosphere WDs beginning with the iconic

vMa2 (van Maanen, 1917). Ca equivalent widths in these stars can be & 40 Å (e.g. Liebert
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et al., 1987). While van Maanen was looking for companions to high-proper-motion stars,

he unwittingly observed a polluted white dwarf. It took much longer (almost a century)

until it was appreciated that van Maanen’s observation was in fact the first evidence of the

existence of an extrasolar planetary system (Zuckerman, 2015; Farihi, 2016).

Mg and Fe were next to be identified in optical spectra (Kuiper, 1941; Greenstein, 1956),

followed later by Na (Greenstein, 1976). Then the International Ultraviolet Explorer (IUE)

satellite opened up access to UV wavelengths where elements such as Si could be detected

(Cottrell and Greenstein, 1980). Also, since Mg and Fe are more readily detected in this

spectral region, the IUE significantly increased the number of known polluted WDs of the

time (review by Koester, 1987). Meanwhile, the minor element Cr was identified in optical

spectra by Wehrse and Liebert (1980).

As early as 1981, many of the major and minor elements, such as: C, N, O, Al, Si, P,

S, Mn and Ni were found in ultraviolet spectra of very hot WDs (effective temperature Teff

> 60,000 K) (Bruhweiler and Kondo, 1981; Dupree and Raymond, 1982; Sion et al., 1985;

Holberg et al., 1993, 1994; Vennes et al., 1996). However, since radiative levitation can have

an important effect at effective temperatures higher than 25,000 K (Koester et al., 2014, and

references therein), the origin of heavy elements in such stars is unclear. We are aware of

analyses which argue that heavy elements in some hot WDs are accreted (e.g. Vennes et al.,

1996; Barstow et al., 2014; Wilson et al., 2019a; Schreiber et al., 2019), although from what

source(s) remains uncertain.

Referring to WDs cooler than 25,000 K, carbon was observed in IUE spectra of some

WDs with Teff < 13,000K (e.g. Wegner, 1981), but those turned out to be due to dredge-up

(Koester et al., 1982), not planetesimal accretion. As far as we know in WDs cooler than

25,000 K, carbon accreted from planetary material was first unambiguously identified in GD

40 via Hubble Space Telescope (HST) Faint Object Spectrograph (FOS) observations by

Shipman et al. (1995). Shipman et al. (1995) also reported possible, but uncertain/blended,

detections of O and Al. Al was clearly detected in G238-44, by IUE, as reported in the survey

by Holberg et al. (1998), while the Far Ultraviolet Spectroscopic Explorer (FUSE) satellite

brought the unambiguous identifications of O and S in GD 378 and O in GD 61 (Desharnais

et al., 2008). In re-examination, lines of P are also present in the FUSE spectrum of GD
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378, but were not identified by Desharnais et al. (2008).

A dramatic breakthrough occurred when the High Resolution Echelle Spectrograph

(HIRES, Vogt et al., 1994) on the Keck I Telescope was used to observe the extremely

polluted WD, GD 362. Those spectra displayed absorption lines of 15 elements heavier than

He (Zuckerman et al., 2007) including the trace elements Sc and Sr with abundances nine

orders of magnitude less than H. The pattern of element abundances in this WD led to

the conclusion that it had accreted a planetary body with composition similar to a rocky

planetesimal. HST/COS added P in GD 40, G241-6, and GALEXJ1931+0117 (Jura et al.,

2012; Gänsicke et al., 2012), and N in G200-39 (=WD1425+540, Xu et al., 2017), where in

the latter case, the polluting parent body is an extrasolar Kuiper Belt analog.

Recently, with parallax and photometry measurements from Gaia DR2 (Gaia Collabo-

ration et al., 2016, 2018), it has been possible to identify previously unknown WDs from

photometric colors and absolute magnitudes. Thanks to those data, studies covering the

cooler end of the WD sequence have recently resulted in the detections of Li and K, by two

independent groups (Kaiser et al., 2020; Hollands et al., 2021). In this paper, using Gaia

DR2 along with the exquisite sensitivity of Keck/HIRES at wavelengths as short as 3130 Å,

we have the first detection of Be in the atmospheres of two polluted WDs: GALEXJ2339

and GD 378 (Figures 4.1 and 4.2).

GD 378 has been known for a long time as a WD with a helium-line dominated spectrum

(spectral type DB), identified half a century ago by Greenstein (1969) and later found to

also display hydrogen lines (DBA) Greenstein (1984). The detection of calcium absorption

in GD 378 it to the category of being one of the first of three known DBAZ stars, including

GD 61 and G200-39 (Sion et al., 1988; Kenyon et al., 1988).

In contrast to the well-known GD 378, the newly found GALEXJ2339 was only recently

identified as a WD (coincidently in time, by the spectroscopic efforts described in this paper

and the 100 pc sample of Kilic et al., 2020), thanks to Gaia DR2 and the subsequent assembly

of WD-candidate catalogs (e.g. Gentile Fusillo et al., 2019; Jiménez-Esteban et al., 2018).

Low resolution optical spectroscopy of GALEXJ2339 reveals the presence of H, He, and

elements of higher Z. Since the H lines are the strongest optical features, followed by the He

lines, and then the Ca II K-line, we classify this star as spectral type DABZ. Nonetheless, our
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atmosphere models show that the composition is predominantly helium. Thus GALEXJ2339

is another example of a heavily polluted WD with a helium-dominated atmosphere, but

whose spectral type starts with ‘DA’, as the Balmer hydrogen lines are the strongest features

in its optical spectrum, with equivalent widths (EWs) greater than those of either the He or

heavy element (Ca II H & K) lines (e.g. Koester et al., 2005; Zuckerman et al., 2007; Raddi

et al., 2015). Note that there appears to be some confusion in the literature recently in which

classical DZ stars such as Ross 640, L745-46A, and PG1225−079 have been referred to as

DA white dwarfs and/or categorized as having the Balmer lines ‘dominate’ their spectral

classification. Our observation is that these particular WDs are not dominated optically by

hydrogen lines since the Ca II H&K lines are the strongest features in the optical spectra.

Following the WD classification system of Sion et al. (1983) they are DZA(B).

High resolution optical spectroscopy of GALEXJ2339 reveals absorption lines of many

elements, with the surprising appearance of two relatively strong lines from beryllium (Figure

4.1), an element that has not been seen before in a WD of any type.

The visibility of the Be lines in GALEXJ2339 reminded us of a previously noted hint of

a line in our 2008 HIRES spectrum of GD 378, near the wavelength of the strongest Be line.

This led to a follow-up HIRES observation which improved the signal-to-noise (SNR) enough

to detect both Be lines in GD 378 (Figure 4.2). We also re-examined datasets of other heavily

polluted WDs to check for any similar features which may have been overlooked, but we found

no other obvious detections of Be. Our abundance analyses for GALEXJ2339 and GD 378

described here show the measured Be ratios relative to other elements to be extraordinary

in both stars, approximately two orders of magnitude higher than those measured in main

sequence stars and in meteorites.

This paper is organized as follows. We list our observations that led to this discovery

in Observations. Our atmosphere models are described in Model Atmospheres along with

plots of the detections of all elements in the spectra. We provide an analysis of the cal-

culated abundances in Abundances. In our Discussion section, we discuss our findings and

conclusions, but we also refer readers to the companion paper to this one by Doyle et al.

(2021) for an extensive interpretation of our findings. Some topics regarding model fitting

and uncertainty calculations are detailed in Appendix E.
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Observations

GALEXJ2339

KAST

We first observed GALEXJ2339 on 2018 December 28 (UT) with the KAST Spectrograph

(https://mthamilton.ucolick.org/techdocs/instruments/kast/) on the 3 m Shane telescope

at Lick Observatory as part of our large scale survey to search for heavily polluted WDs

among newly identified WD candidates from Gaia DR2 (Gentile Fusillo et al., 2019; Melis

et al., 2018). Our setup employed a 2” slit with the d57 dichroic splitting light to the blue

arm 600/4310 grism and red arm 830/8460 grating, providing coverage of 3450-7800 Å and

a resolving power R = λ
∆λ
'700 in the blue and '2300 in the red.

The data were reduced using standard IRAF (Tody, 1986) slit spectra routines. The

resulting spectrum has a SNR per pixel of '35 near 4500 Å and '26 near 7500 Å. Absorption

lines from both H I and He I are clearly detected and the Ca II K-line and Mg II 4481 Å are

apparent in these data.

A second KAST spectrum was obtained on 2019 July 12, with a shifted red arm setup

that covers the Ca infrared triplet (λ8498/8542/8662 Å) to check if GALEXJ2339 might be

another addition to the small, but growing, set of gas disk emission systems (Melis et al.,

2020; Dennihy et al., 2020; Gentile Fusillo et al., 2020). A 1.5” slit was used with a similar

instrument setup as described above, except with the 830/8460 grating position shifted

toward the red. The resulting red arm spectrum covers 6440−8750 Å at a resolving power

of '2300 with a SNR '42 near 7500 Å. In addition to the various H I and He I lines, the

O I 7772 Å triplet (unresolved), as well as a weak O I 8446 Å feature, are detected in this

spectrum. No emission was detected from the Ca II infrared triplet or any other parts of

GALEXJ2339’s spectrum.

MagE

A moderate resolution optical spectrum of GALEXJ2339 was acquired with the MagE echel-

lette spectrograph on the Magellan I (Baade) telescope at Las Campanas Observatory on
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2019 July 03. The target was observed for 3000 s through the 0.5” slit, for a resolving power

of R ' 8000. Data reduction including flat fielding, spectral extraction, and wavelength

calibration was performed with the Carnegie Python pipeline (Kelson et al., 2000; Kelson,

2003). All in one shot, these MagE data covered wavelengths from 3110 to 10,000 Å with a

SNR of '10 at 3130 Å (near the Be lines), '50 at 4485 Å, '65 near 5170 Å, '30 near 7770 Å,

and '25 near 8500 Å. This spectrum confirmed the detection of O I 7772, the non-detection

of gas-emission features from the Ca II infrared triplet, and discovered absorption lines from

the Mg I 3838 triplet, Mg I 5184, Ca II 3706/3737, Si II 3856/3863, Si II 6347/6371, Ca II

8542/8662, and a hint of Mg II 7896.

HIRES

On 2019 July 07 (UT) we used the High Resolution Echelle Spectrograph (HIRES, Vogt

et al., 1994) on the Keck I Telescope at Mauna Kea Observatory, configured with the blue

collimator to observe GALEXJ2339. The C5 decker (slit width 1.148”) provided a resolving

power of R ' 40,000 and wavelength coverage of 3120 - 5950 Å. Data were reduced with

similar methods and routines as described in Klein et al. (2010), using both IRAF and

the MAKEE (https://www.astro.caltech.edu/ tb/makee/) software reduction packages. In

excellent conditions (clear skies, 0.6” seeing), a 3000 s integration resulted in a spectrum

with SNR '23 around 3130 Å near the Be lines, '50 near 4481 Å, and '35 near 5170 Å.

On 2020 Oct 07 we obtained two hours of integration with the HIRES red collimator and

C5 decker (again with clear skies, 0.6” seeing), resulting in a spectrum of wavelengths from

4750 - 9000 Å with SNR '80 near 5170 Å, '45 near 7770 Å, and '40 near 8500 Å.

GD 378

HIRES

GD 378 was observed with the HIRES blue collimator for 3900 s on 2008 Feb 13 (UT) and red

collimator for 2400 s on 2008 Feb 26 (UT). Observing conditions were good with 0.7” seeing

on 2008 Feb 13 and 0.8” on 2008 Feb 26. The instrument setups and data reduction were

similar as described above, although for GD 378’s red data, an additional re-normalizing
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processing step was applied to calibrate and remove second order flux contamination in the

region 8200 - 9000 Å as described in Klein et al. (2010) and Melis et al. (2010).

Recently, on 2020 Oct 08 with clear skies and 0.6” seeing, we obtained an additional 4000

s integration with the HIRES blue collimator. This resulted in a SNR of 90 near 3130 Å and

'150 near 5170 Å in the final co-added blue spectra. The SNR of the red spectrum is '85

near 5170 Å, '50 near 7770Å, and '32 near 8500 Å.

FUSE

Far ultraviolet observations of GD 378 were made with the FUSE satellite on 2004 May 22

(UT) under program ID D168 (PI: F. Wesemael). The wavelength range is 905 - 1185Å

with R ' 15,000. These UV data provide coverage of elements (especially volatiles) that are

generally not accessible from ground-based optical facilities, so we decided to re-analyze the

FUSE spectrum with our updated model codes and abundance fits in coordination with our

HIRES data. We downloaded the spectra from the Mikulski Archive for Space Telescopes

(MAST), which were processed using the CALFUSE pipeline version 3.2. Desharnais et al.

(2008) previously published an abundance analysis of the FUSE data including identifications

of C, O, Si, S, and Fe. In the present paper we confirm the identifications of these elements,

and we also identify phosphorous in the photosphere of GD 378.

Spectral Measurements

Absorption Lines

Through all these observations, spectra rich with absorption lines appear in both stars. Line

lists are given in Tables 4.2 and 4.3, including the detections of the Be II resonance doublet

at 3130.42 and 3131.06 Å, shown in Figures 4.1 and 4.2. These are the only observable

optical beryllium lines − the same ones used to obtain Be abundances in main sequence

stars (Boesgaard, 1976a), giant stars (Boesgaard et al., 2020), and the Sun (Chmielewski

et al., 1975). Unlike main sequence stars, the Be lines in these WD spectra are almost entirely

free from blending with lines of other elements, so we can be confident that our measured

line strengths and derived abundances are not confused. The Be doublet lines arise out of

122



the ground state, but to date no detection from the interstellar medium (ISM) has been

made with a strict upper limit of (9Be/H) ≤ 7 x 10−13 (Hebrard et al., 1997). Given these

prior ISM studies, and that our measured radial velocities (RVs) are in excellent agreement

with absorption lines of other elements (Figures 4.3 and 4.4), we conclude that the origin of

the Be lines is photospheric in the two WDs.

EWs are measured with the IRAF task, splot, by fitting a Voigt function to the line

profiles, and also by direct flux summation for unblended lines. The quoted values in Tables

4.2 and 4.3 are calculated from an average of three separate measurements with different

continuum ranges. For the uncertainties we combine the standard deviation of the three EW

measurements with the average splot profile-fitting uncertainty in quadrature.

4.0.1 Radial Velocities

Figures 4.3 and 4.4 show histograms of measured RVs for the sets of absorption lines for

each star. The plotted velocities, relative to the Sun, are not adjusted for the gravitational

redshifts of the WDs, so the RVs of the photospheric absorption lines represent the WDs’

space motion (kinematic velocity) plus the gravitational redshift. The primary take-away

point from these plots is that, in both stars, the Be lines are consistent with coming from

the WD photospheres, but some additional observations are noted as follows.

GALEXJ2339’s RV distribution has a modestly blue-shifted tail, composed of lines of

O I, Mg I and Si II, that must be photospheric due to the high values of the lower energy

levels of the transitions. Such particular behavior of specific elements/species has been noted

previously from HIRES spectra of the polluted WD PG 1225−079 (in that case from Fe I;

Klein et al., 2011, Figure 14). Similar to the RV differential in GALEXJ2339, the blue-

shifted lines in PG 1225−079 are also offset by about 6 km s−1 from the peak of the RV

distribution of the other WD absorption lines. Klein et al. (2011) referenced the possible

effects of Stark shifts by Vennes et al. (2011), but further investigation into the nature of

these observations is beyond the scope of this work.

From GALEXJ2339’s main peak distribution (RVs > 28 km s−1), the average is 32.3

km s−1 with a standard deviation of 1.5 km s−1. Since the measured lines for this star

come exclusively from HIRES, this standard deviation represents a reasonable uncertainty
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in measured RVs from HIRES data with setup as described above. Based on measurements

of RV calibration stars, we add an additional 1 km s−1 uncertainty in the absolute scale.

Using the above average RV and uncertainties, along with the gravitational redshift given in

Table 4.4, we find a heliocentric kinematic velocity for GALEXJ2339 of +6 ± 5 km s−1.

For GD 378, RVs from HIRES and FUSE data are compared. However, we do not use

the RVs of the eight photospheric lines from the region λ > 1100 Å of the FUSE spectrum,

as those are all systematically offset from the main distribution, most likely due to differing

wavelength calibrations of different spectroscopic segments of FUSE. Otherwise, the average

photospheric RVs from FUSE and HIRES separately are in very good agreement at 25.4

and 26.1 km s−1, respectively. The standard deviation from HIRES-only data is 1.7 km s−1

(similar to GALEXJ2339 and representative of the typical relative measurement uncertainty

from such HIRES data), while relative RV uncertainties from FUSE spectra are estimated

to be ∼ 5-6 km s−1 (e.g. Moos et al., 2002; Barstow et al., 2010). Using the more precise

and accurate HIRES-only measurements for the WD total heliocentric velocity, and the

gravitational redshift from Table 4.4, the kinematic velocity of GD 378 is -0.3 ± 4 km s−1.

4.0.2 Non-photospheric Lines

In both stars there are observed lines which arise from the ground state and have measured

RVs that significantly disagree with the RVs of the photospheric lines. We consider if their

origins may be interstellar or circumstellar.

The Na I D resonance doublet (λ5889.95/5895.92 Å) is observed in GALEXJ2339 at an

RV of −7 ± 1.5 km s−1, i.e. blue-shifted by 39 km s−1 from the photospheric average of 32.3

± 1.5 km s−1, and thus clearly incompatible with the WD photosphere. These lines also

do not agree very well with the kinematic (circumstellar) velocity of +6 ± 5 km s−1 within

1-2σ uncertainties, but could be considered in agreement at the 3σ level. Absorption from

the intervening ISM may be a more likely source in this case, as the possible similarity with

a line-of-sight ISM cloud velocity (Redfield and Linsky, 2008) would support an ISM origin.

Together these observations suggest that the Na I D lines in GALEXJ2339 are probably

formed in the ISM, but we do not rule out the possibility of a circumstellar origin.

In GD 378 non-photospheric components of C II 1036.34, Ca II K (λ3933.66 Å), and O I
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1039.23 Å are well separated in RV from the photospheric components of these lines and can

even be seen resolved in the spectra presented here. Along with Ca II H (λ3968.47 Å) and

the N I triplet 1134.17/1134.42/1134.98 Å, this set of lines are all observed at RVs around

∼ −20 km s−1, which is neither consistent with the WD photosphere (26 ± 3 km s−1) nor

its kinematic (circumstellar) velocity (-0.3 ± 4 km s−1), but however does agree well with at

least one known line-of-sight cloud velocity (Redfield and Linsky, 2008). Thus the features

are almost certainly interstellar.

Model Atmospheres

In He-atmosphere WDs with temperatures <20,000 K, the presence of hydrogen and other

elements can have a non-negligible effect on the atmosphere structure due to the additional

opacity from these pollutants (Dufour et al., 2007, 2010; Coutu et al., 2019). Taking this into

account, here we use the same methods and codes as described in Dufour et al. (2007) and

Blouin et al. (2018), briefly summarized as follows. We started by fitting Sloan Digital Sky

Survey (SDSS; Alam et al., 2015) ugriz photometry (we apply the SDSS-to-AB magnitude

corrections given in Eisenstein et al. (2006)) and Gaia parallax simultaneously with the Ca

II H&K region and Hα from low resolution spectra. For GALEXJ2339 we use the Kast

spectrum described in Observations, and for GD 378 we use the spectrum obtained by

Bergeron et al. (2011), described therein. This provides a first estimate of the effective

temperature (Teff), gravity ( log g), hydrogen abundance [H/He] (≡ log n(H)/n(He) ), and

overall heavy element presence through [Ca/He] (≡ log n(Ca)/n(He) ), where all other

elements up to Sr are included scaled to Ca in CI chondrite proportions (Lodders, 2003).

No de-reddening corrections were applied since it is not expected to be significant for stars

within 100 pc.

Next we compute an atmospheric structure using the above parameters and from it, grids

of synthetic spectra for each element, which we interpolate to fit the abundances. With those

grids, we run a fit of the HIRES data to obtain a first estimation of the abundances of all

detected elements. We then recalculate the structure using these estimated abundances and

repeat the fitting as many times as necessary until a stable solution is found. From this

procedure we set our best-fit estimation of the nominal parameters for Teff and log g (given

125



in Table 4.4). For both stars these atmospheric parameters correspond to WD masses of

0.55M�, which according to an initial-final mass relationship for WDs (Figure 5, Cummings

et al., 2018), indicate their progenitor star masses were ' 1M�, probably G-type stars.

We explored uncertainties in Teff and log g from the range of models that can fit within

the error bars of the photometry fitting described above. However, the SDSS error bars are

so small in our stars (< 1%), that we found this method resulted in unreasonably small

errors ('100 K) for the effective temperatures, which we know − from different modeling

methods in the literature, and the changes seen over time from new developments in model

structures, etc. − can have much larger uncertainties. Thus, we do not attempt to assign

fitting errors to the atmospheric parameters. Instead we assume more typical uncertainties

(∼3% of the Teff value) for helium-dominated WDs in this Teff range (Bergeron et al., 2011;

Koester and Kepler, 2015), choosing ± 500 K (to be conservative), with corresponding log

g values consistent with fitting the photometry. Note that due to Gaia parallax constraints,

uncertainties in log g are negligible. This results in lower and upper Teff/ log g limits for

GALEXJ2339 of 13235/7.84 and 14235/8.02, and for GD 378 of 15120/7.87 and 16120/7.98.

See Appendix E for details on how we apply these limits.

Spectral energy distributions are given in Figures 4.5 and 4.6 with available photometry

and our best-fit models for each star plotted in blue. The photometric data come from

GALEX (Bianchi et al., 2017), SDSS (Alam et al., 2015), Pan-STARRS (Flewelling et al.,

2020), 2MASS (Cutri et al., 2003), VISTA (McMahon et al., 2013), and catWISE (Eisenhardt

et al., 2020) surveys. Spitzer fluxes for GD 378 are from (Mullally et al., 2007). We checked

the Spitzer archive at the position of GALEXJ2339, which at first returned a positive result

suggesting that the WD may have been (unintentionally) observed in a prior field observation.

Unfortunately, it turned out that GALEXJ2339 was just outside the imaged field of view.

From Figs 4.5 and 4.6 we see that with the available data, neither WD displays evidence for

an infrared excess due to circumstellar dust. Although early on it was recognized that heavy

pollution and infrared excess are correlated (Jura, 2008; Farihi et al., 2009), more recently it

has been shown that only one in 30 polluted WDs exhibit an infrared excess when examined

with Spitzer’s 3−4 µm IRAC photometry (Wilson et al., 2019b). Even heavily polluted WDs

do not always have detected infrared excesses (e.g. Klein et al., 2011; Raddi et al., 2015; Xu

126



et al., 2017; Hoskin et al., 2020).

UV wavelengths are the most sensitive to the effects of interstellar reddening and line

blanketing from heavy element pollution, both of which could cause the measured UV flux to

be lower than predicted by a model without accounting for these factors. On the other hand

if measured UV flux is much higher than the model, that would suggest a higher temperature

model is needed to match the full SED. Both WDs in this study have GALEX photometry.

As shown in Figures 4.5 and 4.6, our model spectra are well-matched with the GALEX points

of both stars, which lends support to the values derived from our model Teff/ log g fits with

the assumption of negligible reddening.

Abundances

Our most noteworthy finding is that GALEXJ2339 and GD 378 have extraordinarily high

Be abundances (relative to other rock-forming elements) compared with cosmic abundances

and other heavily polluted WDs, as shown in Table 4.5. The full set of measured averaged

abundances for all detected elements are given in Tables 4.6 and 4.7, with example model

fits to portions of the spectra shown in Figure 4.7 for GALEXJ2339, and Figures 4.8 and

4.9 for GD 378. Abundances for major elements and upper limits for Be in the comparison

WDs are given in Table 4.8. Details of our abundance fitting procedures are described in

Appendix E.

For the comparison WDs, we re-examined a sample of heavily polluted WDs for which

the authors have obtained high quality HIRES spectra covering the 3130 Å region of the

Be doublet. For most of these we used previously published major element abundances and

atmospheric parameters to derive Be upper limits from the spectra (see references in Table

4.8). However for two stars, PG1225−079 and SDSSJ1242+5226, we refit the atmospheric

parameters with the inclusion of all elements in the atmospheric structure calculations. This

resulted in lower Teff by 1000 K for PG1225 and 2300 K for SDSSJ1242+5226 compared

to previous studies (Klein et al., 2011; Raddi et al., 2015), and correspondingly altered

abundance ratios. Since we only have a blue HIRES spectrum available for SDSSJ1242+5226,

which doesn’t cover the OI 7772 lines modeled by Raddi et al. (2015), we roughly estimated
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oxygen to have the same reduced abundance as other major elements compared to the

analysis by (Raddi et al., 2015). These changes in absolute abundances of a factor of two or

three have very little effect on the relative abundances between elements (Klein et al., 2010),

and are not important in our overall comparisons regarding the abundance of Be.

Figure 4.10 shows our model upper limit on the detection of the Be lines in the extremely

heavily polluted WD, GD 362, as an example of how we derive the Be abundance upper limits

for WDs in Table 4.8. Figure 4.10, Table 4.5, and panel (A) of Figure 4.11 demonstrate that

the detections of Be in GALEXJ2339 and GD 378 are possible only because of the dramatic

over-abundance of Be in these stars, while a “normal” (chondritic) Be abundance is below

our detection limit in even the most heavily polluted WDs with good SNR.

The masses of accreted material in the convection zones (CVZs) are calculated using

Table 4.4 parameters (MWD and fractional mass of the CVZ) and the measured abundance

ratios for each element. Mass flux (flow rates), Ṁ (g s−1), can then be derived using the

CVZ pollution masses divided by the settling times from Tables 4.6 and 4.7. If accretion

is ongoing, the calculated mass flux represents the accretion rate of material into the WD

atmosphere. After accretion ends in WDs with relatively long settling times, heavy elements

can continue to be observable in the WD photosphere for some time before they diffuse

down out of sight. In that situation, the mass flux can be more accurately thought of as the

diffusion flux out of the base of the CVZ. Whatever the case, the total mass flow rates of

Ṁ = 1.7 x 109 g s−1 for GALEXJ2339 and Ṁ = 1.8 x 108 g s−1 for GD 378 are normal for

polluted WDs (compare Figure 3 of Xu et al., 2019).

Summing up the observed mass from elements heavier than He, we find the minimum

masses of the parent bodies to be 9.4 x 1022 g for GALEXJ2339 and 4.5 x 1021 g for GD

378, comparable to some of the most massive solar system asteroids: 10 Hygiea (fourth most

massive) and 7 Iris (16th most massive), respectively. The actual masses of the parent bodies

could be much larger if accretion has been going on for more than a few settling times. These

stars also have a lot of hydrogen, 4.4 x 1023 g and 7.7 x 1021 g for GALEXJ2339 and GD 378,

respectively, but we don’t know for sure how much H is associated with the current pollution,

since unlike the elements heavier than He, H tends to float to the top of the atmosphere,

and accumulates from all accretion over time. We do know that the large amount of H in

128



GALEXJ2339 is over the limit of the amount that could be primordial and preceding the

DA-to-DB transition (otherwise the WD would never appear as spectral type DB dominated

by optical He I lines) according to Rolland et al. (2020, Figure 4). This implies that most of

the H must have been accreted since that transition time (∼180 Myr ago for GALEXJ2339).

The accretion of water-ice-rich bodies is the most likely explanation in such polluted WD

systems with large amounts of H (Farihi et al., 2013; Raddi et al., 2015; Gentile Fusillo et al.,

2017; Hoskin et al., 2020), consistent with our composition analysis regarding oxygen excess

in the two WDs studied here (see text below).

Accretion-Diffusion

Relating the detected atmospheric abundances to the parent body composition depends on

the interplay between accretion and diffusion in the system. Koester (2009) describes a three-

phase model of increasing, steady state, and decreasing abundances. In the increasing phase

settling is not yet playing a significant role, and the relative parent body abundances are

directly the measured ones. For the steady state we need to take into account the different

settling times (τ(Z)) of the various elements using Equation 7 of Koester (2009) and τ(Z) from

Tables 4.6 and 4.7. This effect can modify the observed abundance ratios by up to factors of

two. We note that Figure 8 in Heinonen et al. (2020) shows that improved physics models

can lead to diffusion timescale ratios that, for Teff <10,000 K, are substantially different from

those currently available and used in the present paper. However, those differences remain

small in the Teff ∼13,000-16,000 K regime of the two Be-enriched WDs, so this uncertainty

does not affect our conclusions in any way.

Koester (2009) has modeled the start of the decreasing phase by switching accretion

off, at which point the heavy elements begin differentially settling in the WD atmosphere

according to an exponential decay governed by their relative diffusion times. We use this

approach here, as it is sufficiently illustrative for the current paper, but we note that a

somewhat more elaborate model includes an exponential decay of the accretion from the

disk as described by Jura et al. (2009), and employed by Doyle et al. (2020, 2021).

The WDs studied here have settling times of the order 105 − 106 yrs, which is in the

estimated range of disk lifetimes (Girven et al., 2012; Veras and Heng, 2020), so at the
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outset it is possible for us to interpret these systems to be in any one of the three phases. A

detected dust disk would narrow down the possibilities − to increasing phase or steady state

− but as shown in Figures 4.5 and 4.6, neither GALEXJ2339 nor GD 378 have a detected

infrared excess. Decreasing phase abundances can differ significantly from the original parent

body composition as the element ratios undergo an exponential decay over time since the

end of accretion. Since, aside from H, the lightest detected element, Be, has the longest

dwell time compared to the other elements in the WD atmosphere, it is natural to ask, can

a decreasing phase explain the large overabundance of Be?

We calculated the number of e-folding settling times it would take to have a Be % mass

composition − which began as chondritic − evolve into what is observed today. For both

stars it would take about 7-8 Be settling times (∼15 Fe settling times) to achieve the two

orders of magnitude over-abundance of mass composition of Be seen in the WD atmospheres.

However, such a scenario also results in abundance patterns for the other elements that are

extreme (see columns “Decreasing Phase” in Tables 4.6 and 4.7), requiring parent body

compositions that are '80% Fe, with '3-6% O, '3% Ca, <1% in each of Mg, Si, and Al,

all with a chondritic proportion of Be. This bizarre makeup, together with the fact that for

GALEXJ2339 after 7-8 settling times the mass of the polluting parent body would need to

have started out more than three (probably closer to ten) times the mass of planet Earth,

makes the decreasing phase a highly unlikely explanation for the large overabundance of Be

in the two WDs. A thorough and quantitative treatment of the accretion-diffusion situation,

and consideration of multiple accretion events, is presented in the companion to this paper

by Doyle et al. (2021).

As mentioned above, the abundance ratios between the increasing phase and the steady

state are quite similar, differing by at most a factor of two. In the following analysis, for

simplicity we consider only the steady state values, which is a conservative approach in this

situation where we are dealing with the overabundance of lighter elements (longer settling

times) compared to the other elements associated with the polluting planetary material.
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Oxygen Excesses

Besides the huge overabundance of Be, and large amounts of H, O is overabundant in both

WDs as well. From Tables 4.6 and 4.7 one finds that the number of O atoms are much

greater than required to bond with the other major rock-forming elements (Mg, Si, and Fe),

as detailed in the following paragraph. Two principle mechanisms can be responsible for

excess O: (1) the system may be in a settling phase that makes O appear over-abundant; or

(2) there was water in the accreted parent body. We have already noted that a long-time

declining phase is unlikely; it would take at least four Be settling times, ∼10 Myr and ∼4

Myr in GALEXJ2339 and GD 378 respectively, to account for their oxygen excesses. By that

point, the ratios of other elements become unlike any understandable abundance pattern.

We also pointed out that the large H abundance in these types of WDs implies the accretion

of water, so next we evaluate that scenario.

We use the n(Z)/n(O) abundance ratios to calculate oxygen budgets to get a measure of

the partitioning of O in rocky material. That is, as described in Klein et al. (2010, Section

4.3), we count up the number of O atoms that can be carried by the major and minor oxides

in a rocky body: MgO, Al2O3, SiO2, CaO, FeO, and NiO. We note that oxides from trace

elements (Na2O, P2O5, TiO2, V2O5, Cr2O3 and MnO) can be included, but in practice their

contributions to the oxygen budget are negligible.

Being among the top seven most abundant elements in bulk Earth, Al and Ni are expected

to be non-negligible in a total parent body composition at the level of one to a few percent,

but we only have upper limits on their observed abundances. Therefore in calculating the %

mass compositions and oxygen budgets, we assume values for Al and Ni as associated with

their partner elements, Ca and Fe, respectively. That is, for the increasing and steady state

accretion phases we set the Al and Ni abundances to CI chondrite ratios (similar to the Sun

and bulk Earth) at Al/Ca = 0.94 and Ni/Fe = 0.058, by mass, since Al/Ca and Ni/Fe have

similar behavior in rocky bodies based on their condensation temperatures and tendencies

to be in a metallic form or not.

For both GALEXJ2339 and GD 378 we find that in the steady state, just 33% and 28%,

respectively, of the detected O atoms could have been delivered in the form of rocky oxides.

There is far more than enough hydrogen in the convection zones of these WDs to account
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for the excess O to be associated with H2O ice. After subtracting the excess O from its total

abundance, except for Be the remaining overall mass composition patterns are remarkably

similar to chondritic (see columns ‘Rock only no H2O’ and ‘CI Chondrites’ in Tables 4.6

and 4.7). Considering relative proportions, the parent bodies polluting both WDs each

contained roughly comparable amounts (by mass) of rock and water ice. That, along with

the observation of other volatile species in the FUSE spectrum of GD 378−namely C and

S−leads us to conclude that the parent bodies which polluted these WDs were composed of

material that originated beyond the ice-lines of their protoplanetary disks.

We note that an archival HST/COS spectrum of GD 378 (program #12474) contains

photospheric lines of nitrogen (B. Gänsicke, private communication), which is consistent

with the results that we have established here. GD 378 is the second white dwarf known

to display N from planetary accretion; G200−39 was the first (Xu et al., 2017). Referring

to Table 4.7 footnotes, the N abundance we derive from the COS spectrum is log(N/He)=

-8.15, which translates to a steady state N mass composition of 0.5% (or 1.0% of the rocky

material without H2O). These percentages may be compared to 0.25% in CI chondrites

(Lodders, 2020), 1.5% in comet Halley’s dust (Jessberger et al., 1988), and '2% in the

Kuiper Belt analog accreted by G200−39 (Xu et al., 2017).

Comparison to Li Polluted WDs

Two recent papers report the discovery of lithium in a handful of very cool (Teff < 5000 K)

WD atmospheres (Kaiser et al., 2020; Hollands et al., 2021). The Li abundances appear

modestly enhanced in all the stars. Kaiser et al. (2020) interpret the enhanced Li in these

old WDs in the context of galactic chemical evolution, while Hollands et al. (2021) assert

that the observed Li in all four of their sample stars comes from differentiated planetary

crusts. Indeed, the elements Li and Be are enhanced in Earth’s crust, but we also note that

the overall composition of the crust is considerably different from bulk Earth, CI chondrites,

and main sequence stars. It is dominated by O, Si, Al, and Ca, enhanced in elements such

as Li, Be, Na, Mn, and Ti, while depleted in elements such as Fe, Mg, and Cr.

We have already pointed out in the preceding section, that the rocky portions of both

parent bodies have similar overall abundance patterns as CI chondrites, but since we have
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measured suites of elements in both the Be WDs, we can evaluate some of the element

ratios in more detail. See also Doyle et al. (2021) for additional analysis of parent body

compositions.

DB type WDs are generally too warm to allow the detection of easily ionizable elements

such as Li and Na, but nonetheless we derive their upper limits (Tables 4.6 and 4.7). A

combination of the heavy pollution and cooler temperature of GALEXJ2339 yields an upper

limit of Na that is close to chondritic, while in GD 378 the Na limit is much less constrained.

For lithium, the upper limits are near or much higher than the overabundances observed for

Be in the two stars: in GALEXJ2339 the steady state Li/Mg upper limit is '300 times the

chondritic ratio, while in the case of GD 378 it is more than 5000 times chondritic. Thus it

is possible that Li may also be extremely overabundant in either or both of GALEXJ2339

and GD 378, but we are simply not able to measure it with current observations.

Referring to Figure 4.11, panel (A) shows how the Be/Fe ratios may be compared to

crust, but the Si/Fe ratios do not agree. In panel (C) the unique similarity with Earth crust

ratios is apparent for NLTT 43806, whose Al-rich abundance pattern has been interpreted as

originating from a parent body containing a significant amount of crust (Zuckerman et al.,

2011). The other WDs do not display such a pattern, and combined with the comparisons

shown in panels (B) and (D), it is clear that the abundances of the two Be WDs are not

at all similar to planetary crust material. Rather, apart from the Be overabundance, the

element ratios and rocky mass compositions of these two WD are consistent with chondritic

(see Doyle et al. (2021)).

Discussion & Conclusions

Ann Merchant Boesgaard has spearheaded studies of light element abundances in stars in

the solar vicinity. Summaries can be found in Boesgaard (1976b) and Boesgaard et al.

(2020). The primary production mechanism for boron and beryllium is generally thought

to be spallation by cosmic rays on elements such as oxygen, carbon, and nitrogen in the

interstellar medium. For lithium, production by spallation is important, but not necessarily

the dominant production process. Abundances of lithium, beryllium, and boron in young
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main sequence stars are typically comparable to or greater than abundances in older main

sequence stars. Li abundances are enhanced in a few post-main sequence stars, but this has

never been found to be the case for beryllium; Be abundances are always reduced by stellar

evolution.

Table 3 in Boesgaard (1976a) gives mean Be abundances by number relative to hydrogen

in main sequence G- and F-type stars (including the Sun) equal to 1.3 x 10−11. Boesgaard

remarks that, within the errors, the meteoritic value agrees with the solar value and that

1.3 x 10−11 is the cosmic Be abundance. Table 2 in Boesgaard (1976a) contains 38 G- and

F-type stars, none of which have a Be abundance more than a factor of two above solar. A

mostly independent set of stars is plotted in Figure 5 of Boesgaard et al. (2004) where the

most Be-rich stars have Be abundances that are again within a factor of two of solar and

agree with the meteoritic value.

Much larger downward deviations from the mean are found in some main-sequence F-

type stars with temperature in the range 6400 to 6800 K; by Hyades age Be can be depleted

by up to a factor of six (Boesgaard et al., 2020). The progenitors of many white dwarfs are

such F-type stars.

Given the above, we conclude that the excess of Be in GD 378 and GALEXJ2339 is

a signature of an environment where O and/or C, N and protons were subjected to MeV

collisions, either direct (accelerated protons) or reverse (accelerated O and/or C, N), resulting

in unusually efficient production of Be by spallation. The high flux was presumably the result

of proximity to the source of energetic particles and a stopping distance comparable to the

scale of the targets. One possibility is that the star and planetesimal formation may have

occurred in an environment containing a strong source of high energy radiation. If the high-

energy source were interior to the protoplanetary disk, i.e. the star itself, then the irradiated

gas would likely be sufficiently close to the star that planetesimals formed out of the gas

would be relatively dry (unlike the ice-rich bodies found here), and could not survive the

evolution of the star unless they migrated to larger semi-major axes. Also, if irradiated gas

with a high Be abundance located close to a star were to accrete onto the outer layers of that

star, then one might expect to see at least some young stars with supersolar Be abundances.

But no such stars have been discovered in the Pleiades and αPer clusters (e.g. Boesgaard

134



et al., 2003).

The foregoing assumes a quiescent protoplanetary disk, but different scenarios could occur

in more dynamic disks, such as those with magnetically driven outflows. Magnetocentrifugal

winds can potentially transport thermally-processed irradiated dust from inner to outer

regions of a protoplanetary disk (e.g. Shu et al., 1997; Giacalone et al., 2019), where it may

become incorporated into planetesimals formed at those locations. On the other hand, if the

source was external to the progenitor (for example, a nearby Wolf Rayet star) then it could

irradiate the outer gaseous portions of a protoplanetary disk before rocky planetesimals were

fully formed. In either of the last two scenarios, such planetesimals then could have survived

until the star evolved into a white dwarf, and would potentially contain significant amounts

of water ice, as found in the objects studied here.

An alternative model to explain the high Be abundance is presented in the accompanying

paper by Doyle et al. (2021). Whatever the case, if the measured high Be abundance is due

to a spallation process of any sort, then one also anticipates enhanced lithium and boron

abundances.

More generally, this remarkable detection of Be suggests that, especially with the next

generation of large telescopes, additional elements may be added to Table 4.1, providing

new insights into processes associated with planetary formation and/or evolution. For

example, an observation of barium in a polluted WD could inform about the presence

(or lack of) plate tectonics in an extrasolar planetary body as predicted by Jura et al. (2014).
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135
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Figure 4.1 Be II detection in GALEXJ2339 from Keck/HIRES. Wavelengths are in air and

the laboratory rest frame. The data are plotted in black, and the red line is our best-fit model.

The blue line is the same model, but with the abundance of Be set to zero, demonstrating

that the absorption features at 3130.42 and 3131.06 Å come from Be, without significant

contribution from other elements.
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Figure 4.2 Be II detection in GD 378, similar to Figure 4.1, but smoothed by a 5-point

boxcar average for clarity. A possible small contribution from V II 3130.26 Å to the blue

wing of the Be II 3130.42 Å line is shown in our model, but this is only based on a measured

upper limit for V.
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Figure 4.3 Heliocentric radial velocities of absorption lines from Table 4.2. The Be lines have

velocities consistent with the other heavy element lines observed from the WD photosphere

and thus are photospheric. The low velocity tail between 25 to 28 km s−1 comes from the O

I lines 7772/7774/7775/8447 Å, the Mg I triplet 5167/5173/5184 Å, and the doublet of Si II

at 6347/6371 Å. See text for additional comments on these somewhat shifted RV lines.
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Figure 4.4 Heliocentric radial velocities of absorption lines from Table 4.3. Similar to

GALEXJ2339, the Be lines in GD 378 are clearly photospheric. FUSE RVs are only from

the spectral range λ < 1100Å, as described in the text.
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Figure 4.5 Spectral energy distribution for GALEXJ2339.
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Figure 4.6 Spectral energy distribution for GD 378.
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Figure 4.7 Portions of the Keck/HIRES spectrum of GALEXJ2339, displaying examples

of each of the detected elements (along with Be from Figure 4.1). Wavelengths are in air

and shifted to the laboratory frame of rest. The red line is our best-fit model, and the blue

line is the same model with the abundance of the indicated element set to zero. In the lower

right panel of Fe I, the stronger absorption line at 3736.9 Å is from Ca II.
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Figure 4.8 Portions of the FUSE (wavelengths less than 3000 Å in vacuum) and

Keck/HIRES (wavelengths greater than 3000 Å in air) spectra of GD 378, displaying ex-

amples of each of the lighter detected elements up through Si (along with Be from Figure

4.2). The data are smoothed by a 5-point average. The red and blue model lines have the

same meaning as in Figure 4.7. Non-photospheric components of C II 1036.34 Å and O I

1039.23 Å are present, blue-shifted from the photospheric lines. These features are almost

certainly interstellar (see text).
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Figure 4.9 Continuation of Figure 4.8, for GD 378 elements P and heavier. Phosphorous

and sulfur appear together in the upper left panel, where the stronger line at 1014.4 Å is

from S II and the line at 1015.5 Å is from P II. The absorption feature at 3933.1 Å is a

blue-shifted (most likely interstellar) component of the Ca II K-line (see text).
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Figure 4.10 Be II region in GD 362, similar to figure 4.1, but here no features coincident

with the Be lines are detected. The red model line shows the Be upper abundance limit from

Table 4.8. The blue line is the same model with the Be abundance set to zero.
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Figure 4.11 Abundance ratios by number. Large filled squares with error bars and/or upper

limits are observed photospheric abundances in the two Be WDs, small squares in panel (A) mark

the steady state values. The arrow head positions denote what the starting abundance ratios would

have been if accretion ceased approximately 4 Be settling times ago (about 10 Myr for GALEXJ2339

and 4 Myr for GD 378). In panels (B), (C), and (D) differential diffusion has almost no effect on

the displayed ratios due to similar settling times of the plotted elements. In panels (C) and (D) the

arrows on GALEXJ2339 and GD 378 indicate upper abundance limits, and symbols in panel (D) are

the same as those defined in (C). Filled circles are F- & G-type stars (Be from Boesgaard (1976a),

all other elements from Reddy et al. (2003)), solar and CI chondrites (Lodders, 2020), bulk Earth

(Allègre et al., 2001) and Earth’s crust (Rudnick & Gao, 2014). WD upper limits for Be are from

Table 4.8 and are uncorrected for settling. Other WD abundances, uncorrected for settling, are

from: SDSSJ1242+5226 (this paper), GD 362 (Zuckerman et al., 2007), SDSSJ0738+1835 (Dufour

et al., 2012), Ton 345 (Jura et al., 2015), PG 1225−079 (Xu et al., 2013), WD 0446−255 (Swan

et al., 2019), NLTT 43806 (Zuckerman et al., 2011).
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Table 4.1 History of Element Discovery from Accreted Planetary Material in White Dwarfs

cooler than 25,000 K

Discovery Polluting WD Facility Reference Notes

year Element(s)

1917 Ca vMa2 Mt Wilson vM1917 First ever exoplanet evidence

1941 Mg? Ross 640 McDonald K1941 “probably Mg”

1956 Fe vMa2 Hale G1956 blended Fe I

1960 Mg vMa2 Hale W1960 Fig. 6 W1960

1976 Na G165-7 Hale G1976 Fig. 1 G1976

1980 Si Ross 640 IUE CG1980

1980 Cr G165-7 Lick/IDS WL1980

1991 C? G238-44 IUE V1991 Sec 2.1 H1997

1995 C, O?, Al? GD 40 HST/FOS S1995 O & Al unclear

1998 Al G238-44 IUE H1998

2007 Sc, Ti, V, Mn, GD 362 Keck/HIRES Z2007 Earth/Moon-like

Co, Ni, Cu, Sr composition

2008 O, S GD 378, GD 61 FUSE D2008 unambiguous O

2012 P GD 40, G241-6, GALEXJ1931 HST/COS J2012, G2012

2017 N G200-39 HST/COS X2017 extrasolar KBO

2020 Li, K WDJ1644 (+others w/ Li) SOAR/Goodman K2020

2021 Li, K LHS 2534 (+others w/ Li) VLT/X-shooter H2021

2021 Be GALEXJ2339, GD 378 Keck/HIRES this paper spallation

We trace the discovery of elements that unambiguously come from accretion of planetary material.

To that end we restrict this discovery timeline to WDs cooler than 25,000 K so as to avoid confusion

with other processes such as radiative levitation (see discussion in text). The discovery year is

associated with the paper in which unambiguous spectral features associated with a given element

were first identified. In many cases an abundance analysis came later. References are: vM1917

(van Maanen, 1917); K1941 (Kuiper, 1941); G1956 (Greenstein, 1956); W1960 (Weidemann, 1960);

G1976 (Greenstein, 1976); CG1980 (Cottrell and Greenstein, 1980); WL1980 (Wehrse and Liebert,

1980); V1991 (Vennes et al., 1991); S1995 (Shipman et al., 1995); H1997 (Holberg et al., 1997);

H1998 (Holberg et al., 1998); Z2007 (Zuckerman et al., 2007); D2008 (Desharnais et al., 2008);

J2012 (Jura et al., 2012); G2012 (Gänsicke et al., 2012); X2017 (Xu et al., 2017); K2020 (Kaiser

et al., 2020); H2021 (Hollands et al., 2021).
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Table 4.2 Absorption Lines in GALEXJ2339

Ion λ EW Ion λ EW Ion λ EW

(Å) (mÅ) (Å) (mÅ) (Å) (mÅ)

Be II 3130.42 85 ±12 Ca II 3706.02 104 ±13 Cr II 3358.49 22 ±3

Be II 3131.07 49 ±10 Ca II 3736.9 178 ±7 Cr II 3368.04 34 ±2

O I 7771.94 283 ±8 Ca II 3933.66 1409 ±94 Cr II 3408.76 20 ±2

O I 7774.16 194 ±14 Ca II 3968.47 1053 ±156 Cr II 3422.73 24 ±3

O I 7775.39 172 ±21 Ca II 8498.02 100 ±17 Mn II 3441.99 37 ±2

O I 8447 348 ±24 Ca II 8542.09 587 ±34 Mn II 3460.31 21 ±5

Mg I 3829.35 52 ±14 Ca II 8662.14 349 ±17 Fe I 3570.1 20 ±3

Mg I 3832.3 156 ±6 Ti II 3190.87 22 ±6 Fe I 3581.19 34 ±3

Mg I 3838.29 255 ±17 Ti II 3234.51 47 ±5 Fe I 3734.86 22 ±3

Mg I 5167.32 25 ±7 Ti II 3236.57 28 ±3 Fe I 3749.49 20 ±2

Mg I 5172.68 62 ±3 Ti II 3239.04 20 ±5 Fe II 3154.2 54 ±7

Mg I 5183.6 85 ±9 Ti II 3241.98 26 ±6 Fe II 3167.86 38 ±9

Mg II 4481 541 ±46 Ti II 3341.88 22 ±3 Fe II 3177.53 25 ±5

Mg II 7877.05 137 ±60 Ti II 3349.04 31 ±3 Fe II 3186.74 32 ±8

Mg II 7896.2 369 ±59 Ti II 3349.41 62 ±3 Fe II 3192.91 24 ±9

Si II 3856.02 108 ±4 Ti II 3361.22 53 ±3 Fe II 3193.8 41 ±10

Si II 3862.59 66 ±5 Ti II 3372.8 45 ±3 Fe II 3196.07 30 ±6

Si II 4128.05 40 ±11 Ti II 3383.77 29 ±4 Fe II 3210.44 57 ±4

Si II 4130.89 53 ±7 Ti II 3685.2 30 ±4 Fe II 3213.31 84 ±5

Si II 5041.02 30 ±6 Ti II 3759.29 24 ±4 Fe II 3227.74 120 ±6

Si II 5055.98 73 ±27 Ti II 3761.32 23 ±4 Fe II 3247.18 20 ±7

Si II 6347.11 202 ±7 Cr II 3120.36 50 ±4 Fe II 3259.05 24 ±4

Si II 6371.37 99 ±6 Cr II 3124.97 79 ±7 Fe II 4923.92 27 ±9

Ca II 3158.87 306 ±14 Cr II 3132.05 89 ±16 Fe II 5018.44 42 ±6

Ca II 3179.33 352 ±28 Cr II 3197.08 20 ±4 Fe II 5169.03 66 ±4

Ca II 3181.28 45 ±4
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Table 4.3 Absorption Lines in GD 378

Ion λ EW Ion λ EW Ion λ EW

(Å) (mÅ) (Å) (mÅ) (Å) (mÅ)

Be II 3130.42 8.6 ±1.8 Mg II 4481 62 ±14 Ca II 3968.47 96 ±2

Be II 3131.07 3.8 ±1.6 Si II 992.68 355 ±39 Ti II 3349.03 1.9 ±0.7

C II 1009.86 22 ±7 Si II 992.7 blended Ti II 3349.4 2.3 ±0.5

C II 1010.08 31 ±7 Si II 1020.7 98 ±21 Cr II 3120.4 3.6 ±1.1

C II 1010.37 63 ±12 Si II 3856.02 10.7 ±1.8 Cr II 3124.97 4.7 ±1.2

C II 1036.34 146 ±24 Si II 3862.59 5.8 ±0.9 Cr II 3132.05 3.6 ±0.8

C II 1037.02 236 ±57 Si II 4130.89 8.4 ±2.7 Mn II 3441.99 1.3 ±0.43

O I 988.66 104 ±37 Si II 6347.11 37 ±7 Fe II 1063.18 59 ±16

O I 988.77 blended Si II 6371.37 12 ±2 Fe II 1068.35 31 ±10

O I 990.13 124 ±47 Si III 1109.97 31 ±12 Fe II 1071.58 35 ±7

O I 990.2 blended Si III 1113.23 66 ±12 Fe II 1144.94 63 ±12

O I 999.5 110 ±21 P II 1015.46 49 ±10 Fe II 1148.28 60 ±20

O I 1039.23 207 ±57 P II 1154 38 ±13 Fe II 3154.2 8.3 ±1.6

O I 1040.94 130 ±19 S II 1014.11 34 ±9 Fe II 3167.86 3.2 ±1.0

O I 1041.69 80 ±16 S II 1014.44 63 ±9 Fe II 3210.44 4.2 ±0.7

O I 1152.15 171 ±17 S II 1019.53 48 ±12 Fe II 3213.31 7.5 ±1.6

O I 7771.94 46 ±8 S II 1124.99 45 ±15 Fe II 3227.74 12 ±2.0

O I 7774.16 35 ±14 Ca II 3158.87 16 ±3 Fe II 5169.03 7.7 ±1.9

O I 7775.39 19 ±5 Ca II 3179.33 16 ±2 Fe III 1122.52 42 ±8

O I 8447 142 ±24 Ca II 3736.9 5.6 ±0.6 Fe III 1124.88 52 ±13

Mg I 3838.29 8.6 ±2.0 Ca II 3933.66 165 ±2 Fe III 1126.729 50 ±24

Si II λ989.87 and Fe II λ989.90 are blended with a combined EW of '200 mÅ; similarly O I

λ990.80 and Fe II λ990.86 have a blended EW of '180 mÅ. These transitions are not used

in the abundance analysis. Wavelengths are in vacuum below 3000 Å, and air above 3000 Å.
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Table 4.4 WD Parameters

Parameter J2339 GD 378

G (mag) 16.2 14.3

Distance (pc) 90 44

Teff (K) 13735 (500) 15620 (500)

log g 7.93 (0.09) 7.93 (0.06)

MWD (M�) 0.548 (0.051) 0.551 (0.031)

RWD (R�) 0.0133 (0.0008) 0.0133 (0.0005)

Grav. redshift (km s−1) 26.2 (4.0) 26.4 (2.5)

Cooling age (Myr) 241 (6) 157 (3)

log (MCVZ/MWD) −5.29 (0.30) −5.77 (0.25)

Ṁ (g s−1) 1.7 x 109 1.8 x 108

Gmag and distance (inverse parallax) are from Gaia DR2. MWD, RWD, gravitational red-

shift, cooling age, and MCVZ (CVZ = convection zone) are from the Montreal White Dwarf

Database (MWDD; Dufour et al., 2017) Uncertainties given in parentheses represent the

range in values for each parameter considered at the upper and lower limits of the Teff/ log

g models (as described in Model Atmospheres). Ṁ is the mass flow rate (see text).
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Table 4.5 Steady State Beryllium ratios relative to CI chondrites

WD name Mg/Fe Be/O Be/Mg Be/Si Be/Fe

GALEXJ2339 1.4 121 190 191 267

GD 378 0.7 36 123 128 80

PG 1225-079 0.6 . . . < 33 < 38 < 20

GD 362 0.2 . . . < 23 < 16 < 5

SDSSJ1242+5226 1.4 < 0.9 < 6 < 4 < 8

SDSSJ0738+1835 1.0 < 6 < 6 < 9 < 6

G200−39 0.5 < 187 < 898 < 639 < 481

Ton 345 0.6 < 122 < 41 < 27 < 26

Sun 1.02 0.90 1.01 1.08

F & G stars (avg) 1.3 0.4 0.9 1.1 1.2

Bulk Earth 1.07 2.9 1.26 1.32 1.35

Ratios are by number and relative to CI chondrite ratios from Lodders (2020). Abundances

for GALEXJ2339 and GD 378 are from Tables 4.6 and 4.7, respectively, and comparison WD

abundances are from Table 4.8. Values for the Sun are from Lodders (2020); F & G stars

from Boesgaard (1976a) and Reddy et al. (2003); bulk Earth from Allègre et al. (2001). The

derived limits for G200−39 are not very restrictive, but they are included here as this WD

accreted a Kuiper Belt analog, and we are showing that the upper limits do not preclude a

beryllium over-abundance in such an object. For the WDs we adopt the steady state values

using diffusion timescales from the Montreal White Dwarf Database (MWDD; Dufour et al.,

2017). Typical uncertainties on the measured Be ratios are about 50%. Note that both

GALEXJ2339 and GD 378 have oxygen excesses as described in text, thus the Be/O ratios

are somewhat less dramatic than those relative to Mg, Si and Fe. If any WD system happens

to be in an increasing phase of accretion, then all its tabulated WD abundance ratios or upper

limits would be larger by up to factors of two.
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Table 4.6 GALEXJ2339 Abundances and Parent Body Mass Compositions

Z log(n(Z)/n(He)) n(Z)/n(He) σspread σTeff
n(Z)/n(O) τ(Z) % mass composition

(10−8) (10−8) (10−8) (10−3) (Myr) Steady Rock only Decreas- CI

State no H2O ing Phase Chondrites

H −3.51+0.18
−0.31 31260 14430 7057 . . . . . .

Be −10.39+0.19
−0.34 0.0041 0.0010 0.0020 0.0136± 0.0068 2.47 3.9E-04 7.0E-04 2.2E-06 2.2E-06

O −5.52+0.04
−0.05 298.9 25.7 18.6 . . . 1.89 66.3 39.5 3.0 45.4

Mg −6.58+0.11
−0.14 26.4 4.0 6.0 88.4± 21.3 1.90 8.8 15.9 0.37 9.5

Si −6.59+0.07
−0.08 25.6 4.3 1.6 85.8± 16.0 1.90 9.9 17.9 0.43 10.8

Ca −8.03+0.26
−0.75 0.94 0.28 0.72 3.1± 2.4 1.27 0.78 1.4 3.2 0.88

Ti −9.58+0.21
−0.40 0.027 0.007 0.015 0.089± 0.049 1.15 0.029 0.052 0.52 0.045

Cr −8.73+0.16
−0.26 0.19 0.03 0.08 0.62± 0.25 1.18 0.21 0.39 2.6 0.26

Mn −9.03+0.16
−0.25 0.094 0.006 0.041 0.32± 0.12 1.17 0.12 0.21 1.4 0.19

Fe −6.99+0.18
−0.30 10.3 2.6 4.4 34.3± 15.7 1.22 12.3 22.1 85.8 18.6

Li < -8.2 < 0.6 < 2.1 2.62 . . . . . . . . . 1.5E-04

Na < -8.0 < 1.0 < 3.3 1.82 . . . . . . . . . 0.51

Al < -7.7 < 2.2 < 7.5 1.85 0.74‡ 1.32‡ <0.03 0.84

V < -10.3 < 0.0046 < 0.015 1.14 . . . . . . . . . 5.4E-03

Ni < -8.0 < 1.0 < 3.3 1.28 0.72‡ 1.30‡ <2.6 1.10

‡ assumed contribution, see text

Abundances by number, n, and uncertainties, σ, as defined in Appendix E. Upper limits

are from non-detections of Al I 3962 Å, V II 3125 Å, and Ni I 3515 Å. Uncertainties in

Log abundances come from Equation 4.1, and for n(Z)/n(O) are calculated according to

Equation 4.2. τ(Z) are the settling times in the WD atmosphere from the MWDD (Dufour

et al., 2017). The compositions by mass in the four columns on the right are the following:

“steady state” = accretion-diffusion equilibrium; “Rock only” = the steady state phase with

‘excess’ O removed from the O abundance and attributed to water ice; “Decreasing Phase” =

the decreasing phase after ∼ 7-8 Be settling times; “CI chondrites” = meteoritic abundances

from Lodders (2020).
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Table 4.7 GD 378 Abundances and Parent Body Mass Compositions

Z log(Z/He) n(Z)/n(He) σspread σTeff
n(Z)/n(O) τ(Z) % mass composition

(10−8) (10−8) (10−8) (10−3) (Myr) Steady Rock only Decreas- CI

State no H2O ing Phase Chondrites

H −4.48+0.12
−0.17 3311 1091 . . . . . .

Be −11.44+0.13
−0.19 0.00036 0.00007 0.00010 0.0040± 0.0014 1.07 1.2E-04 2.5E-04 2.2E-06 2.2E-06

C −7.35+0.15
−0.24 4.48 1.58 1.04 49.2± 23.3 0.91 2.4 4.9 0.12 4.1

O −6.04+0.18
−0.31 91.17 20.7 41.4 . . . 0.84 70.3 39.5 6.3 45.4

Mg −7.44+0.14
−0.20 3.67 0.50 1.26 40.2± 11.6 0.83 4.3 8.8 0.43 9.5

Si −7.49+0.09
−0.12 3.23 0.76 0.21 35.5± 18.0 0.78 4.7 9.6 0.76 10.8

P −9.35+0.20
−0.39 0.044 0.016 0.021 0.49± 0.2 0.68 0.081 0.17 0.044 0.10

S −7.81+0.19
−0.35 1.55 0.45 0.73 17.0± 6.2 0.65 3.1 6.3 2.5 5.4

Ca −8.70+0.26
−0.76 0.20 0.04 0.16 2.2± 1.0 0.55 0.59 1.2 3.0 0.88

Ti −10.13+0.22
−0.46 0.0073 0.0020 0.0044 0.081± 0.03 0.52 0.028 0.056 0.33 0.045

Cr −9.72+0.25
−0.68 0.019 0.0070 0.0134 0.21± 0.10 0.53 0.076 0.15 0.64 0.26

Mn −9.81+0.22
−0.46 0.015 0.0057 0.0084 0.17± 0.08 0.53 0.065 0.13 0.57 0.19

Fe −7.51+0.19
−0.36 3.12 0.33 1.72 34.3± 9.2 0.54 13.0 26.5 80.2 18.6

Li < -7.5 < 3.2 < 34.7 1.15 . . . . . . . . . 1.5E-04

N† < -7.3 < 5.0 < 55.0 0.86 . . . . . . . . . 0.25

Na < -7.2 < 6.3 < 69.2 0.81 . . . . . . . . . 0.51

Al < -7.7 < 2.0 < 22 0.79 0.56‡ 1.13‡ < 0.4 0.84

V < -9.5 < 0.03 < 0.3 0.51 . . . . . . . . . 5.4E-03

Ni < -8.3 < 0.5 < 5.5 0.54 0.77‡ 1.56‡ < 10 1.10

‡ assumed contribution, see text

† Nitrogen upper abundance limit from FUSE. N is detected in an HST/COS spectrum(PI:

B. Gänsicke) from which we derive an abundance of log(N/He) = -8.15 (see text)

Similar to Table 4.6, but for GD 378. Upper limits are derived from non-detections of

Li I 6708 Å, N I 1134 Å, Na I 5890 Å, Al II 3587 Å, V II 3125 Å, and Ni I 3515 Å. The

compositions by mass in the four columns on the right are the following: “Steady State”

= accretion-diffusion equilibrium; “Rock only” = the steady state phase with ‘excess’ O

removed from the O abundance and attributed to water ice; “Decreasing Phase” = the

decreasing phase after ∼ 6-7 Be settling times; “CI chondrites” = meteoritic abundances

from Lodders (2020).
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Table 4.8 Beryllium Upper Limits and Major Element Abundances in Heavily Polluted

WDs

WD name Teff log g [H/He] [Be/He] [O/He] [Mg/He] [Si/He] [Fe/He] reference

PG 1225−079 9940 7.97 -3.98 < -12.0 . . . -7.43 -7.50 -7.52 this paper

GD 362 10540 8.24 -1.14 < -10.7 < -5.14 -5.98 -5.84 -5.65 Z2007

SDSSJ1242+5226 10710 7.93 -3.77 < -11.0 ∼ -4.0 -5.68 -5.55 -6.11 this paper

SDSSJ0738+1835 13950 8.40 -5.73 < -10.0 -3.81 -4.68 -4.90 -4.98 D2012

G200−39 14490 7.95 -4.2 < -11.3 -6.62 -8.16 -8.03 -8.15 X2017

Ton 345 18700 8.00 -5.1 < -9.5 -4.58 -5.02 -4.91 -5.07 J2015

Logarithmic abundances and upper limits by number. Be abundance upper limits are all

newly derived in this work. Atmospheric parameters and abundances for O, Mg, Si, and

Fe are from the papers listed in the reference column, except for the two that have been

re-fit in this paper: PG 1225−079 (previously analyzed by Klein et al. (2011) and Xu et al.

(2013)), and SDSSJ1242+5226 (analyzed by Raddi et al. (2015); see also discussion in text.

Be abundance upper limits are all derived in this work. References are: Z2007 (Zuckerman

et al., 2007); D2012 (Dufour et al., 2012); X2017 (Xu et al., 2017); J2015 (Jura et al., 2015).
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APPENDIX E

Abundance Fitting. The abundances are extracted as follows. For a range of effective

temperatures, surface gravities, and [H/He] abundances, we varied the abundances of all

the other detected elements in steps of 0.5 dex. We use the Vienna Atomic Line Database

(VALD) for the atomic data of each line (atomic line data for the well-studied Be lines

are almost identical in other atomic databases, Kurucz, NIST, and van Hoof (2018)). This

provides us a grid of model atmospheres and synthetic spectra which we then interpolate to

fit the final abundances. We follow an approach similar to that described in Dufour et al.

(2012) and divide the observed spectra into 5-10 Å segments that are centered around the

spectral lines that we want to fit. For each of those segments, we use a χ2 minimization

algorithm to find the abundance that yields the best fit to the line(s) present in the segment.

Only one element at a time is fitted in each segment and most elements are fitted in more

than one segment. Two contributions dominate the uncertainty on the absolute abundances:

the uncertainty on Teff and the spread between abundances derived for different segments.

The first contribution is obtained by performing the fitting procedure at Teff ± σ(Teff) and

the second contribution is estimated by taking the standard deviation of the mean from

the different abundance measurements. If an element only appears in one or two segments,

then the “spread” error is estimated by inspection of model fits at varied higher and lower

abundances.

It has been shown that the element-to-element ratios are much less sensitive to variations

in Teff/ log g than are the absolute abundances (Klein et al., 2010, 2011). Nonetheless, we

want to estimate both the absolute and relative abundance dependence on Teff/ log g [Teff and

log g are themselves linked through the flux-solid angle formula used in photometric-parallax

fitting. That is, with the distance fixed, a hotter model requires a smaller RWD (larger MWD,

i.e. larger log g) to fit the photometry (see e.g. Equation 1 of Coutu et al., 2019)]. But first,

some comments on dealing with abundances in log-space versus number-space are in order.

When discussing absolute abundances of elements that can be anywhere between 1 to 11

orders of magnitude less abundant than the dominant atmospheric element (H or He), it is

certainly convenient to use logs: [Z/H(e)] = log10 [n(Z)/n(H(e))]. However, if one has to

convert a log uncertainty to number-space, the resulting uncertainties will be asymmetric
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about the nominal number abundance. This can cause difficulties in error propagation if

one wishes to calculate a quantity in number-space, particularly those involving element-to-

element ratios such as an oxygen budget or fugacity (Doyle et al., 2019, 2020). In our model

fitting, we measure the element abundances in number-space, n(Z)/n(H(e)), and we also

calculate the spread uncertainties in number-space as described in the preceding paragraph.

Thus, here we choose to report abundances and their symmetric uncertainties in number-

space (which translates to asymmetric uncertainties in log-space).

To separate the model-dependent (i.e. Teff/ log g) uncertainty contributions from those

of spectral measurements, in Tables 4.6 and 4.7 we give abundances with the associated

contributions from the spread error σspread and the error from varying the temperature,

σTeff
, listed separately. This way, the uncertainties on relative element abundances can be

computed by propagating the uncertainties on the individual element abundances while

taking care to remove the correlated portion of the uncertainty related to Teff, according to

Equation 4.2.

Explicitly, for general Zi and Zj, the element-to-element abundance ratios, n(Zi)/n(Zj),

are obtained directly from the n(Zi)/n(He). Continuing to work in number-space but drop-

ping the “n()” for simplicity, the total uncertainty on the absolute abundance Zi/He is just

a propagation of the independent uncertainty contributions, σspread and σTeff
:

σtot

(
Zi
He

)
=

(
σ2

spread

(
Zi
He

)
+ σ2

Teff

(
Zi
He

))1/2

, (4.1)

and the uncertainty in the ratio Zi/Zj may be calculated as:

σ(Zi

Zj
)

(Zi

Zj
)

=

(σspread( Zi

He
)

( Zi

He
)

)2

+

(
σspread(

Zj

He
)

(
Zj

He
)

)2

+

(
σTeff

( Zi

He
)

( Zi

He
)
−
σTeff

(
Zj

He
)

(
Zj

He
)

)2
1/2

, (4.2)

where the third term on the right-hand-side accounts for the fact that the set of element

abundances predominantly move together, up and down, with variations in Teff/ log g.

This kind of treatment assumes the dominant abundance uncertainty comes from line

measurement and modeling variations, but we are aware that there are systematic uncer-

tainties that can be contributing to the measurements in a non-statistical way. For example,
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the observation of self-reversed core inversions in the He I 5876 profile of DB WDs suggests

that there may be some problems with model temperature calibrations, possibly because

of missing physics such as 3D effects, convective overshoot, and NLTE effects (Klein et al.,

2020). Also, discrepancies between UV and optical abundances noted for various stars (e.g.

Gänsicke et al., 2012; Xu et al., 2019) may be due to uncertain atomic data (Vennes et al.,

2011).

Model Checks From Abundances. In GD 378, three elements (O, Si, Fe) are detected

in both FUSE (UV) and HIRES (optical) data, so we began by analyzing those spectra sep-

arately to check for possible UV vs. optical abundance discrepancies. Referring to Table

4.9, the UV and optical abundances derived for these three elements agree within the un-

certainties. Given the UV-optical consistency for these three major elements, we proceeded

with our abundance analysis on the combined HIRES + FUSE spectrum, generating a single

model that incorporates the fits to all observed lines.

We also checked the ionization balance, i.e. the degree of agreement in abundances derived

from different ionization states of the same element. For GD 378, the total Mg abundance,

as derived separately from lines of Mg I and Mg II, only differ by 27% at the nominal

model temperature, which is similar to what we find with the cooler model (23%) and

somewhat worse (45%) from the hotter model. Likewise, the discrepancy between the total

Fe abundance from Fe II and Fe III is only 14%, 11%, and 10% from the cool, nominal,

and hot models, respectively. Si II and Si III have larger differences of 98%, 83% and 64%

from the cool, nominal, and hot models, respectively. The ionization balance of Mg favors

the nominal and cooler models, while Fe and Si favor the nominal and hotter models. In

GALEXJ2339 total abundances from Mg I and Mg II differ by 50%, 25% and 30% in cool,

nominal, and hot models, respectively, while the agreement is excellent for Fe I and Fe II at

5%, 1%, and 28%. Both elements have the best accord with the nominal Teff model. Thus,

we find the ionization balance supports our best fit (nominal) Teff for each of the two stars.
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Table 4.9 UV-Optical abundance comparison for GD 378

Z FUSE HIRES

log[n(Z)/n(He)] log[n(Z)/n(He)]

O −6.12+0.20
−0.36 −5.94+0.19

−0.35

Si −7.43+0.14
−0.21 −7.58+0.04

−0.05

Fe −7.43+0.19
−0.36 −7.60+0.20

−0.37
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Jiménez-Esteban, F. M., Torres, S., Rebassa-Mansergas, A., Skorobogatov, G., Solano, E.,

Cantero, C., and Rodrigo, C. A white dwarf catalogue from Gaia-DR2 and the Virtual

Observatory. Monthly Notices of the Royal Astronomical Society, 480:4505–4518, 2018. doi:

10.1093/mnras/sty2120.

Jura, M. Pollution of single white dwarfs by accretion of many small asteroids. The Astro-

nomical Journal, 135:1785–1792, 2008. doi: 10.1088/0004-6256/135/5/1785.

Jura, M. and Young, E. D. Extrasolar cosmochemistry. Annual Review of Earth and Plane-

tary Sciences, 42:45–67, 2014. doi: 10.1146/annurev-earth-060313-054740.

Jura, M., Muno, M. P., Farihi, J., and Zuckerman, B. X-Ray and infrared observations of

two externally polluted white dwarfs. The Astrophysical Journal, 699:1473–1479, 2009. doi:

10.1088/0004-637X/699/2/1473.

Jura, M., Xu, S., Klein, B., Koester, D., and Zuckerman, B. Two extrasolar asteroids

with low volatile-element mass fractions. The Astrophysical Journal, 750, 69, 2012. doi:

10.1088/0004-637X/750/1/69.

Jura, M., Klein, B., Xu, S., and Young, E. D. A pilot search for evidence of extrasolar Earth-

analog plate tectonics. The Astrophysical Journal Letters, 791, L29, 2014. doi: 10.1088/2041-

8205/791/2/L29.

Jura, M., Dufour, P., Xu, S., Zuckerman, B., Klein, B., Young, E. D., and Melis, C. Evidence

for an anhydrous carbonaceous extrasolar minor planet. The Astrophysical Journal, 799, 109,

2015. doi: 10.1088/0004-637X/799/1/109.

Kaiser, B. C., Clemens, J. C., Blouin, S., Dufour, P., Hegedus, R. J., Reding, J. S., and

Bédard, A. Lithium pollution of a white dwarf records the accretion of an extrasolar plan-

etesimal. Science, 370, abd1714, 2020. doi: 10.1126/science.abd1714.

Kelson, D. D. Optimal techniques in two-dimensional spectroscopy: Background subtraction

for the 21st Century. Publications of the Astronomical Society of the Pacific, 115:688–699,

2003. doi: 10.1086/375502.

Kelson, D. D., Illingworth, G. D., van Dokkum, P. G., and Franx, M. The evolution of early-

type galaxies in distant clusters II. Internal kinematics of 55 galaxies in the z=0.33 cluster

166



CL 1358+62. The Astrophysical Journal, 531:159–183, 2000. doi: 10.1086/308445.

Kenyon, S. J., Shipman, H. L., Sion, E. M., and Aannestad, P. A. The detection of pho-

tospheric calcium in a DBA white dwarf. The Astrophysical Journal Letters, 328:L65–L68,

1988. doi: 10.1086/185161.

Kilic, M., Bergeron, P., Kosakowski, A., Brown, W. R., Agüeros, M. A., and Blouin, S. The
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Schreiber, M. R., Gänsicke, B. T., Toloza, O., Hernandez, M.-S., and Lagos, F. Cold giant

planets evaporated by hot white dwarfs. The Astrophysical Journal Letters, 887, L4, 2019.

doi: 10.3847/2041-8213/ab42e2.

Shipman, H. L., Barnhill, M., Provencal, J., et al. Hubble Space Telescope observations

of cool white dwarf stars: Detection of new species of heavy elements. The Astronomical

Journal, 109:1231–1238, 1995. doi: 10.1086/117356.

Shu, F. H., Shang, H., Glassgold, A. E., & Lee, T. X-rays and Fluctuating X-Winds from

Protostars. Science, 277, 1475, 1997. doi: 10.1126/science.277.5331.1475.

Sion, E. M., Greenstein, J. L., Landstreet, J. D., Liebert, J., Shipman, H. L., and Wegner,

G. A. A proposed new white dwarf spectral classification system. The Astrophysical Journal,

269:253–257, 1983. doi: 10.1086/161036.

Sion, E. M., Liebert, J., and Wesemael, F. Detection and analysis of photospheric CNO fea-

tures in the ultraviolet spectrum of the hot DO white dwarf PG 1034+001. The Astrophysical

Journal, 292:477–482, 1985. doi: 10.1086/163178.

Sion, E. M., Aannestad, P. A., and Kenyon, S. J. Hydrogen and calcium in DB white dwarfs

- A case for interstellar accretion. The Astrophysical Journal Letters, 330:L55–L59, 1988.

doi: 10.1086/185204.

Swan, A., Farihi, J., Koester, D., et al. Interpretation and diversity of exoplanetary material

orbiting white dwarfs. Monthly Notices of the Royal Astronomical Society, 490, 202, 2019

Tody, D. The IRAF data reduction and analysis system. In Proceedings of the International

Society for Optical Engineering, volume 627 of Society of Photo-Optical Instrumentation

Engineers (SPIE) Conference Series :733, 1986. doi: 10.1117/12.968154.

van Hoof, P. A. M. Recent development of the atomic line list. Galaxies, 6, 63, 2018. doi:

10.3390/galaxies6020063.

van Maanen, A. Two faint stars with large proper motion. Publications of the Astronomical

Society of the Pacific, 29, 258, 1917. doi: 10.1086/122654.

170



Vennes, S., Thejll, P., and Shipman, H. L. Abundances of trace heavy elements in hot DA

white dwarfs. In White Dwarfs, volume 336 of NATO Advanced Study Institute (ASI) Series

C :235, 1991.

Vennes, S., Kawka, A., and Németh, P. Pressure shifts and abundance gradients in the

atmosphere of the DAZ white dwarf GALEX J193156.8+011745. Monthly Notices of the

Royal Astronomical Society, 413:2545–2553, 2011. doi: 10.1111/j.1365-2966.2011.18323.x.

Vennes, S., Chayer, P., Hurwitz, M., and Bowyer, S. Discovery of photospheric sulfur and

phosphorus in ORFEUS spectra of the hot white dwarfs G191-B2B and MCT O455-2812.

The Astrophysical Journal, 468, 898, 1996. doi: 10.1086/177745.

Veras, D. Post-main-sequence planetary system evolution. Royal Society Open Science, 3,

150571, 2016. doi: 10.1098/rsos.150571.

Veras, D. and Heng, K. The lifetimes of planetary debris discs around white dwarfs.

Monthly Notices of the Royal Astronomical Society, 496:2292–2308, 2020. doi: 10.1093/mn-

ras/staa1632.

Vogt, S. S., Allen, S. L., Bigelow, B. C., and et al. HIRES: the high-resolution echelle

spectrometer on the Keck 10-m Telescope. In Instrumentation in Astronomy VIII, volume

2198 of Proceedings of the International Society for Optical Engineering :362, 1994. doi:

10.1117/12.176725.

Wegner, G. Observations of strong ultraviolet absorptions in the spectrum of theDC

white dwarf LDS 678 B. The Astrophysical Journal Letters, 245:L27–L31, 1981. doi:

10.1086/183515.

Wehrse, R. and Liebert, J. A spectrum analysis for the unusual metallic line white dwarf G

165-7. Astronomy Astrophysics, 86:139–148, 1980.

Weidemann, V. The atmosphere of the white dwarf Van Maanen 2. The Astrophysical

Journal, 131, 638, 1960. doi: 10.1086/146877.
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Introduction

White dwarfs represent the last stage of stellar evolution. These stellar remnants are ex-

tremely dense and have extraordinary gravity such that elements heavier than helium sink

rapidly below their surfaces. One would expect to observe only H and He at the surfaces of

WDs. However, 25 - 50% of WDs exhibit elements heavier than helium (Zuckerman et al.,

2003, 2010; Koester et al., 2014). These white dwarfs are ‘polluted’ by heavy elements re-

sulting from accretion of asteroid-like or comet-like bodies (Jura, 2003). Many WDs have

observable debris disks from shredded rocky remnants, and a few WDs possess evidence of

transiting rocky bodies (Vanderburg et al., 2015; Manser et al., 2019; Vanderbosch et al.,

2019). The geochemical compositions of extrasolar rocky bodies accreting onto WDs is a

burgeoning field unto itself (e.g., Klein et al., 2010; Zuckerman et al., 2010; Jura et al., 2012;

Dufour et al., 2012; Vennes et al., 2010; Melis et al., 2011; Farihi et al., 2011; Gaensicke

et al., 2012; Jura and Young, 2014; Xu et al., 2017; Harrison et al., 2018; Hollands et al.,

2018; Doyle et al., 2019; Swan et al., 2019; Bonsor et al., 2020).

Recently, exceptionally high and robust over-abundances of Be relative to other rock-

forming elements (e.g., Fe, Mg, and O) were discovered in two polluted WDs, GALEX
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J2339-0424 and GD 378 (Klein et al., ApJ, in revision), and by inference in the planetary

materials polluting them. Lithium (Li), boron (B) and Be share the characteristic of being

the products of spallation reactions; all three elements are under-abundant in terms of cosmic

abundances but enriched by cosmic rays (CRs) as the result of spallation reactions involving

collisions between protons and carbon and oxygen atoms in the interstellar medium (ISM).

Rather than being produced by stellar nucleosynthesis, Li is destroyed, or astrated, in stellar

interiors at temperatures > 2.5 × 106 K, and Be and B are destroyed at temperatures

> 3.5 × 106 K and > 5.3 × 106 K (Vangioni-Flam et al., 2000). Lithium is easily ionized

and thus is more difficult to observe in the optical regime for stars with higher Teff, such

as GALEX J2339-0424 and GD 378. However, the first detection of Li in a polluted WD

was just reported for a WD with a lower Teff (Kaiser et al., 2020). The strongest line of

boron can be found in the UV (1362.461 Å) but sufficient data in the UV have not yet been

acquired for the polluted WDs discussed here. Nonetheless, the recent detections of Be and

Li suggest that a detection of B is highly likely, given sufficient data quality.

Of the isotopes of these elements, only 7Li is produced in significant amounts by stellar

nucleosynthesis and as a Big-Bang relic (e.g., Clayton, 2003). The stable isotope of Be is

9Be and it is produced by the reaction 16O(p,X)9Be where X, the ejected particles, in this

case refers to 3pαn. We emphasize again that no 9Be is produced in stars. Beryllium is a

rare element in the Earth’s crust, as well as in the universe, but concentrations of the rare

radionuclide 10Be (t1/2 = 1.4 Myr) in rocks vary with cosmic ray intensities, depth below the

surface, and age (e.g., Somayajulu, 1977), affording an age dating technique. On Earth, the

formation of primordial and cosmogenic nuclides by cosmic ray spallation occurs in the upper

atmosphere, and the radio-isotope products, including 10Be, that precipitate onto Earth’s

surface are often used to date deep-sea sediments (e.g Arnold, 1956; Lal & Peters, 1967) and

the recycling of sediments through volcanoes (Morris et al., 1990). An analogous means of

using radio-isotope spallation products (collectively referred to as cosmogenic nuclides) has

been contemplated for dating the surfaces of icy moons in the solar system (Nordheim et al.,

2019; Hedman, 2019).

In this paper we consider the possible mechanisms for enriching a rocky or icy body in

spallogenic nuclides. We consider various sources of MeV protons and evaluate the likeli-
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hood that these sources could have produced the high Be/O observed in bodies accreted by

polluted WDs.

Using Saturn as a model, we find that rings composed mainly of water ice within the

magnetosphere of a giant planet satisfy the constraints imposed by the excess Be concentra-

tions exhibited by the polluted WDs. Mid-sized icy moons of Saturn evidently formed from

rings (Charnoz et al., 2009), and indeed accretion of exomoons by WDs was anticipated.

Moons stripped from their host planets were predicted to be a likely source of rocky/icy

material for pollution of WDs based on an analysis of post-main-sequence scattering in WD

planetary systems (Payne et al., 2016, 2017). It is worth remarking that the study of Li

and Be as markers of stellar pollution by planets has a rich history (e.g., Tucci Maia et al.,

2019; Deliyannis et al., 1997). We suggest that Be, and perhaps Li and B, excesses in WDs

polluted by rocky and icy bodies are signatures of accretion of icy exomoons.

We focus our study on GALEX J2339-0424 as an example of a polluted WD with evi-

dence for excess spallogenic nuclides, but our general conclusions also apply to GD 378. An

evaluation of settling effects on estimates of the composition of the polluting parent body

and a discussion of the duration of accretion for GALEX J2339-0424 is detailed in Methods.

We outline the proposed scenario for acquiring excess Be in view of the various alternatives

in Discussion and provide a brief summary of our conclusions at the end.

The Parent Body Accreted by WD GALEX J2339-0424

The Effects of Settling on Element Ratios

As reported by Klein et al. (ApJ, in revision), GALEX J2339-0424 exhibits significant

pollution by the major and some minor and trace rock-forming elements (Table 5.1). The

uncertainties reported in Table 5.1 represent the spread in values obtained from different

transition lines for the same element (see Klein et al. (ApJ, in revision), for a more detailed

analysis). At face value, the composition of the rocky and icy material comprising the pollu-

tants for GALEX J2339-0424 include an excess of oxygen relative to the other rock-forming

elements suggestive of a large volume fraction of water ice and an excess in Be relative to

chondritic abundances by a factor of more than ∼ 500× (in CI chondrites in the solar system,
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the Be/Fe atomic ratio is 7.3× 10−7; Lodders 2020). In detail, elemental concentrations for

the accreted parent body material are extrapolated from the WD photospheric abundances

by taking into account changes in element ratios produced by diffusion out of the stellar at-

mosphere together with the flux of material accreting onto the surface of the WD. In general,

three different phases of accretion/diffusion are recognized for pollution of WDs: a build-up

phase, a steady-state phase, and a declining phase (e.g., Dupuis et al., 1992; Dupuis et al.,

1993; Koester, 2009). Differences in diffusive velocities will modify abundance ratios in the

second two phases, imparting disparities between the relative elemental abundances in the

accreted body and those in the atmosphere of the WD. Generally, heavier elements sink

faster than lighter elements, but there are some exceptions.

Here we use the model from Jura et al. (2009) for the time-dependent mass of element z

in the WD convective layer (MCV,z(t)) assuming that the mass of the debris disk feeding the

surface of the star decays exponentially as settling through the convective layer proceeds.

This model simulates all three phases of accretion with time. The solution for the time-

dependent mass of element z in the convective layer is

MCV,z(t) =
Mo

PB,zτz

τdisk − τz
[
e−t/τdisk − e−t/τz

]
, (5.1)

where Mo
PB,z is the initial mass of z in the parent body that forms the circumstellar disk,

τdisk is the e-folding time for the depleting disk mass of parent body material, and τz is the

e-folding time for diffusive settling of element z through the WD’s convective zone. We use

this model to explore the effects of elemental settling through the WD envelope on calculated

element ratios as a function of time.

Differential settling through the WD envelope may cause lighter elements to appear in

excess, altering the geochemical interpretation (e.g., Doyle et al., 2020). In particular, be-

cause Be is among the lightest metals discovered in a polluted WD, we require an evaluation

of whether a high beryllium concentration in the atmosphere of the WD could be due simply

to the higher rates of gravity-driven settling for heavier elements, compared to Be. In prac-

tice, we calculate element abundances relative to Fe in the WD atmosphere, as a function

of time. We assume a CI chondrite composition for the parent body on a water-free basis,

only including the oxygen that was available to pair with the other rock-forming elements,
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including Be, in the parent body. As an example, if a CI chondrite accreted onto a WD

similar to GALEX J2339-0424, we would expect to see Be/Fe ratios elevated to 500 times

chondritic by ∼ 15.1 Myr. At that time, Al/Fe, Mg/Fe and Si/Fe would be ∼ 65, ∼ 82, and

∼ 80 times chondritic, respectively. The abundance of Al is not constrained, but Mg and

Si are observed not to be supra-chondritic in GALEX J2339-0424, showing that preferen-

tial settling of heavier elements cannot explain the high Be/Fe ratio in this WD, and that

the debris disk material feeding the WD must itself have elevated Be abundances. Another

possibility is that Be accumulated over time from multiple accretion events. However, it is

straightforward to show that if excess Be was a residue of preferential settling of heavier

elements left over from a parent body from an earlier accretion episode, one should expect

excesses in Al, Mg and Si relative to Fe as well.

One can calculate the composition of the accreted parent body as a function of the

duration of the accretion event, Tacc, assuming a value for τdisk and an exponentially decaying

debris disk. Solving Equation 5.1 for Mo
PB,z where t = Tacc, yields

Mo
PB,z(Tacc) =

MCV,z [τdisk − τz]
τz [e−Tacc/τdisk − e−Tacc/τz ]

. (5.2)

We calculate the mass of each element in the convective zone, MCV,z, by using the mass of

the convective layer, obtained from log(MCV/MWD) in Klein et al. (ApJ, in revision), and

converting number ratios, z/He, to mass ratios. For the purposes of this work, in the first

instance we assume that τdisk = 105 yr. These inferred abundances can then be compared to

hypothetical starting compositions.

Figure 5.1 shows an example calculation for the parent body compositions assuming

different durations, Tacc, for the accretion event. We compare inferred abundances of z/Fe

in GALEX J2339-0424, to z/Fe in CI chondrite, bulk silicate Earth and continental crust

(Lodders, 2020; McDonough, 2003; Rudnick & Gao, 2014). In these calculations we again

calculate the parent body accreted by GALEX J2339-0424 and the comparison rocks on a

water-free basis, excluding the excess oxygen in the WD that would have existed as water

ice in the parent body. Values of unity for the ordinate in Figure 5.1 indicate a match

between the calculated composition of the parent body and the reference rock material for

the accretion duration indicated on the abscissa if uncertainties are well characterized. We
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conclude that the composition of the planetary materials are like CI chondrite, and that the

Be abundance is simply anomalously high in GALEX J2339-0424. All the other elements’

predicted abundances match those in the white dwarf’s atmosphere to within a factor of 2

or less, especially if the accretion has been ongoing for about 2 to 3 Myr. This strongly

suggests that the accreted body was a chondrite-like body similar to those in our solar

system. This composition is consistent with the calculated oxygen fugacity for the accreted

body. Based on the mole fraction of FeO we calculate an oxygen fugacity expressed as the

difference in log10 fO2 from that of the iron-wüstite reference, ∆IW, of −1.35, similar to

that of carbonaceous chondrites in general. The high concentration of Be stands out as the

anomaly in being ∼ 2 orders of magnitude more abundant in GALEX J2339-0424 than in a

CI chondrite.

The failure of other relevant geological materials to fit the observed relative concentra-

tions of the rock-forming elements in the WD demonstrates that the excess of Be cannot be

explained by geochemical processes that might concentrate Be (Figure 5.1). The bulk silicate

Earth is a poor match for the data: all elements would be under-abundant relative to Fe

by factors of up to 5; and Be again would be overabundant by about 2 orders of magnitude

if the accreted body was similar to bulk silicate Earth in composition. Beryllium tends to

concentrate in the continental crust on Earth. The composition of the Earth’s continental

crust also does not match the composition of the atmosphere of GALEX J2339-0424: al-

though a reasonable match to the Be/Fe ratio can be made, the other ratios fail to match

to even the order of magnitude level. Although unlikely to be major contaminants, we also

performed similar calculations using accretion of the Be-rich mineral beryl (Be3Al2Si6O18,

e.g., aquamarine or emeralds) and other Be-rich minerals or rocks (e.g., pegmatites). These

also failed to match the composition of the white dwarf atmosphere nearly as well as CI

chondrite material.

This chondrite-like parent body was water ice-rich. Three-quarters of the oxygen com-

prising the parent body accreted by GALEX J2339-0424 was in excess of that required to

form the oxides of the rock-forming elements. The excess oxygen was presumably accreted

as water ice. Therefore, the parent body that accreted onto GALEX J2339-0424 was ap-

proximately 85% water by volume.
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Duration of Accretion and Mass of the Parent Body

Under the hypothesis that the composition of the parent body is like that of a CI chondrite,

except for the concentration of Be, we can estimate the timescale for accretion and settling

onto GALEX J2339-0424. We do this by searching for the best fit between the parent body

element ratios and CI chondrite element ratios, as a function of the duration of accretion and

settling. We search for the value of Tacc that yields a minimum in the reduced chi-squared

statistic, χ2
ν , to assess the most likely timescale for accretion and settling for the parent

body accreting onto GALEX J2339-0424. In our analysis we make use of the random errors,

σspread, listed in Table 5.1, and exclude the correlated systematic errors associated with the

effective temperature and gravity of the host WD; a more detailed error analysis is outlined

in Klein et al. (ApJ, in revision). In general, shorter timescales are better fits than much

longer timescales, and we find the minimum in the reduced chi-squared statistic occurs for

an accretion time of ≈ 2.5 Myr, where τdisk = 105 yr is assumed and the debris disk decays

exponentially (Figure 5.2). Adopting this timescale, Tacc, the inferred mass for the parent

body accreted by GALEX J2339-0424 is 4× 1023 g, or ∼ 1/2 the mass of Ceres, and Be is in

excess relative to chondritic abundances by a factor of ∼ 200×. If we instead assume τdisk =

104 or 106 yr, the minimum value of χ2
ν occurs for accretion durations of ≈ 2.4 and 4.0 Myr,

respectively. The best-fit χ2
ν value is <1, suggesting an over-estimation of uncertainties in the

elemental ratios, but also indicating the goodness of the fit to a CI chondrite composition.

For comparison, we also show χ2
ν for bulk silicate Earth and continental crust (Figure 5.2).

The high χ2
ν values underscore that these compositions are not adequate matches to the

parent body accreted by GALEX J2339-0424. The volume fraction of water obtained for the

parent body from the best-fit is approximately 85%, similar to the value obtained from the

uncorrected data.

The dependence of the derived accretion duration on the assumed value of τdisk is shown

in Figure 5.3. Assuming that 104 to 106 years spans the likely values for the e-folding time for

the debris disk, we conclude that the accretion event that added the rock-forming elements

to GALEX J2339-0424 lasted for 2 to 4 Myr, and so the mass of the accreted parent body

was 3× 1023 to 1× 1024g. Assumed durations for accretion less than 2.5 Myr would decrease

the estimated mass of the parent body.
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Source of Beryllium excess

Constraints on the Radiation Environment

The excess Be observed in this polluted WD is almost certainly due to spallation of heavier

nuclei (in particular, O) in rock or ice since it cannot be explained by differential settling

in the atmosphere of the WD nor by geochemical processes. Additionally, winds from the

WD itself would only be efficacious if the star were rapidly rotating, or another mechanism

such as a magnetic field were available to capture protons. GALEX J2339-0424 is neither

magnetic nor rapidly rotating. In order to determine the radiation environment in which

the accreted parent body formed, we require an environment that can produce the observed

Be/O number ratio of approximately 10−5. This ratio is relatively insensitive to the details

of the settling history (e.g., Figure 5.1).

In order to estimate the proton fluence required to explain the observed Be/O ratio, we

consider a first order rate equation for the spallation production of Be:

dnBe

dt
= knpnO (5.3)

= σfpnO,

where the product of the proton number density (np) and rate constant (k) is replaced by the

cross-section for the spallation reaction (σ) and the proton flux (fp). Assuming no initial Be

at time zero, a reasonable approximation given the magnitude of the excess in Be observed,

integration yields

nBe

nO

= σfp∆t (5.4)

= σFp.

Here the proton fluence (Fp) indicated by the Be/O number density ratio provides the

constraint on the radiation environment. The cross section for Be production by the reaction

16O(p,X)9Be is ∼ 10−26 cm2 (Moskalenko & Mashnik, 2003) with a minimum required energy
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of about 10 MeV. The proton fluence required to obtain the observed Be/O atomic ratio in

the accreted material is therefore

Fp ∼
10−5

10−26 cm2
∼ 1021 cm−2. (5.5)

The cross sections for Li and B production are comparable to the cross section for production

of Be, and would yield similar Li/O and B/O ratios.

Endeavors to explain the origin of the short-lived radioisotope 10Be in calcium-aluminum-

rich inclusions (CAIs) formed in the early solar system (e.g., McKeegan et al., 2000) have

given rise to a significant literature on 10Be production by spallation. The findings of these

studies provide useful constraints on various astrophysical environments for the formation

of not only 10Be, but also as a corollary, for the formation of the isotopes of Li, Be, and B

in general. These findings can be summarized as referring to three distinctive environments

and/or processes for the formation of spallogenic light nuclides. These include production

of 10Be atoms in star-forming molecular clouds by spallation by GCRs accelerated by core-

collapse supernovae (CCSNe) (Desch et al., 2004; Tatischeff et al., 2014), enrichment from

a single low-mass CCSN adjacent a region of star formation (Banerjee et al., 2016), or

irradiation of the inner edge of the protoplanetary disk by stellar energetic particles (SEPs)

from the young star (Gounelle et al., 2001, 2006; Jacquet, 2019). In the case of CAIs in

the early solar system, precise isotopic ratios, including 10Be/9Be, are brought to bear in

order to evaluate the efficacy and plausibility of these various suggested environments for the

spallation reactions. In the case of a polluted WD, we do not have access to isotope-specific

data. Therefore, we make use of the fluence indicated by Equation 5.5 as the primary arbiter

for the environment that formed the observed excess in Be (and by inference, Li and B as

well).

The flux of ambient Galactic cosmic rays (GCRs) with sufficient energy (∼ 10

MeV/nucleon) to induce spallation reactions to form Be in the solar neighborhood is ∼

1 to 10 protons cm−2 s−1 (e.g., Tatischeff et al., 2014). To reach a fluence of 1021cm−2 that

flux would have to act for 1012 to 1013 years, an impossibly long timescale. A larger flux of

protons is required. Core-collapse supernovae are one exogenous source of high proton flux.

The energy fluence (FE) required for Be production relative to oxygen is obtained from the
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product of the 10 MeV minimum energy per particle and the proton fluence, yielding 1016

erg cm−2. Based on the typical non-neutrino energy of a SN of 1051 erg, we can write the

energy fluence due to all particles, and light, as

FE = 3× 1012
( η

0.1

)( ESN

1051 erg

)(
r

1 pc

)−2

erg cm−2, (5.6)

where η is the fraction of the SN energy carried by protons that produce Be, which we have

arbitrarily scaled to 0.1. Therefore, if 10% of the total energy of the SN remnant went

towards the production of Be (similar to the fraction of kinetic energy converted to escaping

accelerated particles, Tatischeff et al. 2014), the energy fluence necessary to produce the

observed Be/O ratio would require the SN source to be 0.025 pc from the planetary system.

Besides being exceptionally improbable, at these distances, the system is unlikely to survive

the CCSN event (Portegies Zwart et al., 2018).

A similar argument applies for the potential production of spallogenic nuclides as a result

of winds from Wolf-Rayet stars (WR) in massive star-forming regions like Orion (e.g. Ramaty

& Kozlovsky, 1998; Majmudar, 1999; Kozlovsky et al., 1997). In this case, energetic 12C and

16O comprising the WR winds experience spallation upon striking protons in the ISM or the

protoplanetary disk (Kozlovsky et al., 1997; Prantzos, 2012). We can assess the likelihood

that this reverse process is important for the formation of Be by examining the average

energy per O and C emitted. This energy is obtained using Ewinds(mavg/MC + O) where

Ewinds is the total energy released by the WR winds integrated over the lifetime of the WR

phase, mavg is the weighted mean mass of 12C and 16O nuclides (g/atom), and MC + O is

the mass of 12C and 16O released (g). For a typical WR lifespan (through the WC or WO

phase) of ∼ 5 × 105 yr, and a maximum wind power of 1038 erg s−1 (e.g. Prajapati et al.,

2019), one obtains Ewinds ∼ 1× 1051 erg, comparable to ESN. Mass loss rates for WR stars

are 10−5 M� yr−1 (Crowther, 2007) and with the total fraction of 12C + 16O being on the

order of 0.65 (e.g. Sander et al., 2020; Tramper et al., 2013), the mass of C and O released is

about 3.5 M�. Since C/O is � 1 in the winds, mavg ∼ 12. Using these values we find that

the energy per C and O nuclei for the WR winds is ∼ 2 MeV. If we reduce the timescale for

the WR phase to 1 × 105 yr, we obtain ∼ 10 MeV per C and O nuclide. As no additional

efficiency or dilution factors have been included, this result is something of a maximum, and
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we take this as indication that WR winds are only marginally capable, at best, of producing

the fluence of > 10 MeV C and O nuclei required to generate significant excesses in Li, Be

and B by spallation reactions.

Accumulations of Li, Be, and B produced by low-mass CCSNe by neutrino-driven reac-

tions like 12C(ν, ν ′pp)10Be are also feasible. However, the 9Be/16O production ratio for the

low-mass (12 M�) CCSN progenitor advocated by Banerjee et al. (2016) is 4 × 10−10. Be-

cause the Be/O ratio is lower for larger CCSNe (Banerjee et al., 2016), this Be/O low-mass

CCSN production ratio represents a maximum. This is already orders of magnitude lower

than the Be/O ∼ 1× 10−5 observed in GALEX J2339-0424. Furthermore, this injected su-

pernova material would be diluted with oxygen in the planetary system. The abundances of

short-lived radionuclides like 26Al in the solar nebula suggest dilution factors of 4 to 5 orders

of magnitude. The mass of Be produced by this mechanism is far too small in comparison

to oxygen to account for the observation in GALEX J2339-0424.

In contrast to these exogenous sources, the fluence of energetic protons emanating from

a protostar in its first ∼ 10 Myr, during the lifetime of its surrounding protoplanetary disk,

far exceeds those of normal GCRs integrated over the 10 Gyr age of the Galaxy; energetic

proton fluxes from young stars at 1 au are about 107 times the GCR fluxes. From Gounelle

et al. (2001) we can estimate the fluence of SEPs with energies > 10 MeV/nucleon using

Fp =
Lp

LX

LX

Lstar

Lstar

4π r2
∆t, (5.7)

where Lp/LX is the proton luminosity (Lp) scaled to X-ray values (LX), which at the peak of

a G-star spectrum (∼ 10 MeV) is 0.09 (Lee et al., 1998). For G stars, LX ∼ 6×1030 erg s−1 in

the first 10 Myr of the stellar lifetime (Feigelson, 1982). Therefore, a young solar-mass star

would have a proton luminosity at 10 MeV of Lp = 5 × 1029 erg s−1. The progenitor main

sequence star for GALEX J2339-0424 was likely ∼ 1.5 M� (Cummings et al., 2018), such that

Lstar ∼ 5L� (1L� = 3.8× 1033 erg s−1). Using 10 MeV as the kinetic energy of the protons

(1.6× 10−5 erg), scaling for a 1.5 M� star, and adjusting the flux of protons for a spherical

geometry at a distance from the central star of r ≈ 1 au, the flux of protons, fp, is ∼ 6× 107

protons cm−2 s−1. Assuming irradiation of the protoplanetary disk lasts approximately 5

Myr, the fluence, Fp, is then ∼ 9× 1021 protons cm−2. Therefore, stellar winds early in the
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history of the planetary system are in principle a feasible source of high-energy protons with

the fluence required by the Be/O ratio observed in this polluted WD.

However, the energy loss of protons due to ionization of hydrogen severely limits Be

production in the presence of a protoplanetary gas. The stopping density for 10 MeV protons

in hydrogen gas is on the order of 70 g cm−2 (Clayton & Jin, 1995). For typical inner-disk

midplane mass densities of 10−10 g cm−3 the stopping distance for the relevant incident

protons is approximately 70 g cm−2/10−10 g cm−3 = 7×1011 cm, or 0.05 au. This limits

the region of sufficient irradiation to within 0.05 au into the inner edge of the disk. Such a

localized environment for rock formation makes this scenario unlikely, especially in view of

multiple instances of accretion of Be-rich rocky bodies.

Spallation in the Radiation Belts of Giant Planets and Brown Dwarfs

Based on the discussion above, the observed excess Be found in GALEX J2339-0424 appears

to require that the accreted parent body formed in a local region of unusually high proton

flux that was largely free of hydrogen gas. Radiation belts around giant planets satisfy these

conditions.

Charged particles (mostly protons and electrons) from the solar wind can become trapped

and forced to gyrate around the magnetic field lines of a giant planet, eventually mirroring

back and forth between the magnetic poles and filling the planet’s magnetosphere with

energetic particles (e.g., Van Allen et al., 1980). On Earth, the magnetosphere traps solar

wind particles, preventing them from reaching the atmosphere, except when a contraction

of the magnetic field lines causes the particles to precipitate in the atmosphere and form

aurorae. Similarly, Jupiter and Saturn have radiation belts of trapped energetic particles

mirroring from pole to pole that have been recorded by spacecraft (e.g., Bolton et al., 2007;

Cooper et al., 2018), as well as aurorae (e.g., Nichols et al., 2014, 2017). In general, the rings

of the giant planets, including Saturn, lie within the magnetospheres of the host planet and

are subject to irradiation by energetic particles in these radiation belts. The irradiation of

ice particles in a giant planet’s rings is depicted in Figure 5.4.

In order to assess the plausibility of this environment for explaining the Be excess ob-

served in GALEX J2339-0424, we evaluate irradiation timescales required by the data using
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Equation 5.4, but modified to include the fraction of oxygen present as ice in the rings that

will be subject to irradiation. The stopping power of water ice is≈ 40 to 10 MeV/(g cm−2) for

energetic protons of energies 10 MeV and 100 MeV, respectively (Berger et al., 2017). Pro-

tons of these energies would be stopped completely by column densities Σstop of 0.25 g cm−2

to 10 g cm−2, respectively. The corresponding stopping lengths, based on the density of water

ice, are 0.27 cm and 11 cm, respectively.

The mass of Saturn’s rings of ≈ 1.5× 1022 g (Iess et al., 2019) and the area of the rings

of ≈ 5 × 1020 cm2 (Charnoz et al., 2009) suggest that the water ice column density in the

rings, Σrings, is of order ∼ 30 g cm−2. This is about 3 times the maximum stopping distance

for the energetic protons, suggesting that protons are efficiently stopped by the ring ices.

Before these particles are stopped, they have the opportunity to spall O and create Be nuclei.

The ratio Σstop/Σrings is a dilution factor for the production of Be relative to oxygen where

Σstop/Σrings ≤ 1. We modify Equation 5.4 to include this dilution factor:

nBe

nO

= σfp∆t
Σstop

Σrings

, Σstop/Σrings ≤ 1. (5.8)

We note that the fraction of energetic protons by reactions that form Be nuclei is

(Σstop/18mp)σ where mp is the mass of a nucleon. This fractional factor ξ is ≈ 8 × 10−5

to 3 × 10−3 for protons with energies of 10 MeV and 100 MeV, respectively. We assume

this fraction ξ of protons that spall ices to form Be in the rings is a robust property of the

system; even the smaller particles in Saturn’s rings are cm to meters in size (Cuzzi et al.,

2009), comparable to, or a few times larger than, the 0.25 to 10 cm stopping distances of 10

MeV to 100 MeV protons in water ice.

The present-day flux of MeV protons in Saturn’s magnetosphere is measured to be 6 ×

104 cm−2 s−1 (Kollmann et al., 2015). For Σstop/Σrings = 1/3, Equation 5.8 shows that the

energetic proton flux in the Saturnian radiation field, fp, corresponds to an implausibly long

timescale of 2 × 109 yr in order to produce the observed atomic Be/O ratio of 10−5 in the

parent body accreted by GALEX J2339-0424. The MeV proton flux in the radiation belt

of Jupiter is higher, with a value of about 107 cm−2 s−1 (Sawyer & Vette, 1976). This flux

corresponds to a radiation timescale of 1 × 107 years. Estimates for the residence time of

ices in Saturn’s rings are on the order of 107 to 108 years (Charnoz et al., 2009), suggesting
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that a Jovian-like radiation flux is a plausible source for the irradiation of ices comprising

the parent body accreted by GALEX J2339-0424.

The energetic proton flux in Equation 5.8 depends on the stellar wind intensity of the

host star at the location of the planet, the efficiency with which the planet traps the particles,

and the sink terms for protons. Trapping efficiency depends foremost on the magnetic field,

which in turn depends on the mass of the planet, its rotation rate, and the conductivity of its

interior. The rings are a significant sink for the protons, but not the principal determining

factor for fp. The mass of Saturn’s rings is ∼ 106 times that of Jupiter’s rings while the

Saturnian radiation belt MeV proton flux is about 10−2 that of Jupiter. The latter scales

more closely with the ∼ 20-fold difference in magnetic moment for the two planets (Went

et al., 2011) than with their respective ring masses, indicating that the higher MeV proton

flux in Jupiter’s radiation belt compared with Saturn is primarily attributable to the higher

Jovian magnetic field. This, in turn, suggests that Jovian-like proton fluxes are not precluded

by the mere presence of rings for the planet that hosted the exomoon accreted by the white

dwarf in this case.

Ices in a ring system of a giant planet around a relatively young (< 108 yr) protostar

could easily develop the Be/O ratio of 10−5 in ∼ 10 Myr if they were irradiated for ∼ 107

yr within the planet’s magnetosphere. According to parameterizations by Sterenborg et al.

(2011), the X-ray luminosity of the Sun scales as t−1.74, and the mass flux in the solar wind

scales as t−2.33, where t is the time since the Sun formed. In its first tens of Myr, the solar

wind easily could have been ∼ 106 times stronger than today, and the X-ray luminosity

and flux of energetic protons could have been ∼ 105 times greater than today. A youthful

system enhances the likelihood for the proton fluence indicated by the observed excess in

Be, although it is not required.

Given that ices in the ring system within a giant planet’s magnetosphere can develop a

high Be/O ratio, we next address whether these ices could coalesce into a moon comparable

in mass to the roughly 4×1023 g parent body accreted by GALEX J2339-0424. Such a body

would be greater in mass than the Saturnian icy moons Mimas and Enceladus by factors of

10 and 4, respectively, but lower in mass than Tethys, Dione, and Rhea, by factors of 1.5,

3, and 6, respectively; the parent body accreted by the WD is comparable in mass to the
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icy Saturnian satellites. Moreover, the density of the accreted body was ≈ 1.3 g cm−3 based

on the fractions of CI-like rock and water ice indicated by the oxygen budget. This density

is comparable to the average densities of these icy moons (Mimas, 1.15 g cm−3; Enceladus,

1.61 g cm−3; Tethys, 0.98 g cm−3; Dione, 1.48 g cm−3; Rhea, 1.24 g cm−3).

The origins of the Saturnian satellites are unclear, and many may be primordial, but the

innermost satellites are commonly hypothesized to have formed from the rings themselves.

Previous models have suggested that Saturn’s innermost, icy, moons formed as the rings

viscously spread beyond the Roche limit, allowing the otherwise small (cm- to m-sized:

Cuzzi et al. (2009)) particles to coalesce into a medium-sized moon (Charnoz et al., 2009;

Canup, 2010; Charnoz et al., 2010, 2011). Indeed, modeling of the coupled tidal effects on

orbital parameters and geophysical properties, by Neveu & Rhoden (2019), demonstrates

that Mimas is almost certainly formed in the last 0.1 - 1 Gyr, presumably from the rings.

These authors constrain the ages of the other moons to be much older, but given their

common ice-rich compositions, it seems plausible that the other inner moons also formed

from the rings, but much earlier. The model of Charnoz et al. (2011) predicts that moons

form steadily over timescales from ∼ 106 yr to ∼ 109 yr, and formation timescales of ∼ 107

years is reasonable.

We conclude that a mid-sized Saturnian-like icy moon has the right mass and composition

to match the parent body accreted by GALEX J2339-0424, and that this body very plausibly

could have formed with a high Be/O ratio due to the irradiation of the ices that comprised

the moon’s progenitor ring material by magnetospheric MeV protons (Figure 5.4). This

result is consistent with the prediction that icy exomoons liberated from their host planets

are a likely source of WD pollution (Payne et al., 2016).

Saturn provides a useful analog for the environment in which the body accreted by

GALEX J2339-0424 formed. There are other analogs, however. As described by Kenworthy

& Mamajek (2015), the 16 Myr-old, 0.9M� star 1SWASP J1407.93-394542.6 (“J1407”) is

orbited by a brown dwarf (BD) companion with an immense ring system, with a mass of

∼ 1M⊕ and extending out to a radius of 0.6 au. The surface density of the rings is therefore

≈ 25 g cm−2, remarkably similar to that of Saturn’s rings.

The presence of a large gap in the rings strongly suggests that a moon has already formed
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within these rings. The most probable mass of the BD companion, J1407b, is 13 to 26 Jupiter

masses. It is unknown whether J1407b has an extensive magnetic field, but many BDs are

magnetically active, with radio flares and aurorae (Berger et al., 2001; Hallinan et al., 2007).

If J1407b has a magnetosphere like Jupiter’s, it would extend out to ∼ 7×106 km, irradiating

icy particles within it. Alternatively, the ices outside the magnetosphere would be directly

irradiated by energetic particles emitted by the central star. Given the age of J1407, the flux

of energetic protons would be about 2× 104 times that from the Sun. Since J1407b orbits at

about 3.9 au from its host star, the proton flux would be ∼ 106 cm−2 s−1, and Be/O ratios

∼ 1.4× 10−5 would be possible after irradiation for ∼ 108 yr. We predict that rock or ices in

the rings of J1407b have already acquired considerable amounts of spallogenic Li, Be, and

B.

Conclusions

GALEX J2339-0424 is a WD polluted by accretion of a parent body with inferred abun-

dances of most elements conforming closely to a CI chondrite-like composition, but with a

remarkable excess of Be (2 orders of magnitude more abundant than in a CI chondrite) and

a considerable complement of water ice. We consider and rule out chemical fractionation

processes as the cause of this enhancement. Based on an analysis of this WD as an archetypal

example, we find that excesses in the spallation products Li, Be, and B in the parent body of

rocky/icy debris accreted by a polluted white dwarf are most likely a signature of accretion

of an icy exomoon formed around a giant planet. Other potential sites of spallation lack the

fluence required to produce the observed excesses.

The degree of enhancement of spallation products in an icy exomoon will depend on the

flux of stellar energetic particles and the trapping efficiency of the planet’s magnetosphere.

The mid-sized moons of Saturn are close analogs to the inferred properties of the parent

body polluting GALEX J2339-0424. The masses and densities of the Saturnian mid-sized

icy moons are comparable to those determined for the icy parent body accreted by the WD.

A corollary of this study is that we predict that at least some of the mid-sized icy moons

of Saturn (e.g., Mimas) should be enriched in Li, Be, and B. Additionally, the rings around

the brown dwarf J1407b also would experience intense irradiation, and this system may also
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serve as an analog for how exomoons could form with elevated Be/O ratios.

Ejection of icy exomoons (like Saturn’s mid-sized moons) from giant exoplanets is con-

sidered a likely means of polluting WDs (Payne et al., 2016) after the central star evolves

to a white dwarf. In the absence of viable alternative explanations, supra-chondritic Be/O

ratios in polluted WDs may be a signpost of this process.

We focus on Be in this work, but we also expect to see WDs with overabundances of

Li and/or B produced by the same processes. The detection of each of these elements

depends on factors related to the effective temperature of the WD, Teff, and the resolution

and wavelength range of the observations. Indeed, the recent report of Li in apparent

modest excess of chondritic abundances relative to Ca in two ultra-cool WDs may be such a

detection, although the authors in that study offered an alternative explanation for the high

Li/Ca based on the age of these ancient stellar remnants (Kaiser et al., 2020).
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Figure 5.1 Element/iron atomic ratios, z/Fe, for the parent body accreted by GALEX

J2339-0424, relative to z/Fe in CI chondrite (a, Lodders, 2020), bulk silicate Earth (BSE)

(b, McDonough, 2003), and the Earth’s average continental crust(c, Rudnick & Gao, 2014),

as a function of the duration of the accretion event, Tacc, calculated using Equation 5.2

assuming τdisk = 105 yr. The best-fit composition for the parent body accreting onto GALEX

2339-0424 is CI chondrite, with Be being anomalously high by two orders of magnitude.
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Figure 5.2 Reduced chi-squared, χ2
ν , for fits of the parent body composition to CI chondrite,

bulk silicate Earth, and average continental crust, as functions of the duration of the accretion

to WD GALEX 2339-0424. Variations in concentrations in the atmosphere of the WD as

functions of accretion duration are obtained using Equation 5.2. Various disk e-folding

timescales, τdisk, are shown for comparison. The fits at each timescale for accretion are

obtained for the major rock-forming elements Mg, Si, Fe, and Ca and the minor elements Ti

and Mn. The best fit is obtained for a CI chondrite composition and timescales for accretion

of between 2.4 and 4.0 Myr, as indicated by the minimum in the reduced chi-squared value

relative to CI chondrite. The fits for both bulk silicate Earth and continental crust are

sufficiently poor that these compositions can be excluded.
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ν versus Tacc in Figure 3, and the assumed debris disk e-folding timescale, τdisk.
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Figure 5.4 Schematic diagram depicting the proposed environment for formation of ices

enriched in spallogenic nuclides. The source of the trapped magnetospheric particles is ex-

ternal, mainly from stellar winds. Once trapped, high-energy protons mirror along magnetic

field lines until they interact with icy material in the ring by the reaction 16O(p,X)9Be. The

mass of the rings is transferred back and forth from fine particles to moonlets, until eventu-

ally icy ring material accretes around a rocky core and a moon is formed at the outer edge

of the disk that includes the product 9Be (Cuzzi et al., 2009; Charnoz et al., 2009, 2011).
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Table 5.1 Abundances by number for GALEX J2339-0424 (GALEX 2667197548689621056)

adapted from Klein et al. (ApJ, in revision)

GALEX J2339-0424

z n(z)/n(He) σspread n(z)/n(Fe) σspread

(10−8) (10−8)

Be 0.0041 0.0010 3.98× 10−4 1.40× 10−4

O 298.9 25.7 29.02 7.74

Mg 26.48 4.0 2.56 0.75

Si 25.6 4.3 2.49 0.75

Ca 0.94 0.28 9.13× 10−2 3.56× 10−2

Ti 0.027 0.007 2.62× 10−3 9.49× 10−4

V 0.0046 0.0012 4.47× 10−4 1.62× 10−4

Cr 0.19 0.03 1.85× 10−2 5.49× 10−3

Mn 0.094 0.006 9.13× 10−3 2.38× 10−3

Fe 10.3 2.6 1.00 0.36
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CHAPTER 6

Future Work

I have three immediate goals with polluted white dwarfs. Firstly, I anticipate continuing

to build upon my previous work, through acquiring better observational data in order to

decrease errors and increasing the number of polluted WDs exhibiting all major rock-forming

elements. I currently have data for 9 polluted helium-dominated WDs. All 9 WDs exhibit

the four major rock-forming elements, increasing the data-set of WDs with abundances of

oxygen by ∼ 50%. I plan to write an observational paper about these stars, detailing the

observing and data reduction processes as well as examining the geochemistry of the accreted

material, within the context of my thesis work.

Additionally, I intend to build on our recent discovery of evidence for icy exomoons

evidenced in two polluted WDs (Chapter 4, Klein et al., ApJ, in revision). Chapter 5 (Doyle

et al., ApJL, in press) describes that the presence of excess Be in polluted WDs is indicative

of accretion of icy exomoons that formed in the radiation belts of giant exoplanets. However,

one also expects to see WDs with over-abundances of the other spallogenic nuclides, Li and B,

produced by the same processes. The detection of each of these elements depends on factors

related to the effective temperature of the WD, Teff, and the resolution and wavelength range

of the observations. Lithium is easily ionized and thus is more difficult to observe in the

optical regime for stars with higher Teff, and the strongest line of boron can be found in

the UV (1362.461 Å). The eventual detection of Li and B excesses is seemingly inevitable

given the detections of excess Be in two polluted WDs if the excess Be is indeed indicative

of icy exomoons that formed around giant exoplanets. By observing polluted WDs either

with lower Teff or observing WDs in the UV, we can search for WDs with excesses in Li or

B, in order to better constrain the frequency of icy exomoons accreting onto WDs and the

range of excesses in spallogenic nuclides expected for icy moons formed around giant planets

in general.
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Secondly, I would like to focus on the debris disks around WDs. Generally, large spreads

in Fe fractions in polluted WDs have been interpreted as a result of igneous differentiation

and collision, meaning pollutants can represent compositions ranging from core-like to crustal

for the accreting parent body (e.g., Xu et al., 2013; Jura et al., 2013). It is clear that WD data

fall along a differentiation trend line (Jura and Young, 2014), but observational data also

show increased abundances for refractory elements, such as Ca and Ti, which would be an

evaporative effect. Indeed, it has been proposed that disrupted planetessimals surrounding

WDs may be evaporating (Xu et al., 2019). This would mean that the observed metals

in the WD atmosphere may be preferentially volatile elements, during the initial phases of

accretion, and refractory elements in the declining phases of accretion. By modeling igneous

differentiation using pMELTS (or MELTS) (Ghiorso et al., 2002) and evaporation trends

using existing thermodynamic data (Chase, 1998), we can disentangle these processes and

determine the effect of evaporation on elemental abundances in polluted WDs. Preliminary

results suggest that element ratios in WDs follow both evaporation and differentiation trends

(Figure 6.1). More modeling work on evaporative properties of rocks will be involved in order

to match observational trends. This work will be vital for evaluating proper treatment and

analyses of WD data.

Finally, I would like to develop new methods that will allow me to use WD data in similar

ways as I would rocks on Earth. In Chapter 3 (Doyle et al., 2020) I detail the difficulty in

discovering reduced extrasolar bodies akin to Mercury using polluted white dwarfs. I would

like to utilize experimentally determined partition coefficients of elements to calculate the

oxidation states of rocky exoplanetary material that cannot be calculated using current

methods. Variations in partition coefficients can be related to variations in temperature,

pressure and oxygen fugacity by assuming a constant volume change and the effects of metal

and silicate composition can be studied by performing multiple linear regression on a wide

range of compiled experimental data (e.g. Righter and Chabot, 2011; Rai and van Westrenen,

2013, 2014; Steenstra et al., 2016, 2017).

For instance, phosphorus is considered to be slightly siderophile, meaning it has a slight

preference for Fe-rich metal at or near zero pressure. However, elements can become more

or less siderophile due to changes in pressure, temperature, fO2 , and silicate and metal com-
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position. The relationships between the partition coefficient for P and individual variables

are determined through experimental studies (e.g. Newsom and Drake, 1983; Schmitt et al.,

1989; Hillgren et al., 1996; Righter et al., 1997; Siebert et al., 2011) and are often applied

to rocky bodies in the solar system (e.g. Gu et al., 2019; Steenstra et al., 2020). Generally,

phosphorus becomes more siderophile under more reducing conditions. This means that a

reduced body like Mercury is likely to have more phosphorus in its core than a more oxidized

body like Earth. By combining observational data from polluted WDs with experimental

data detailing how elements partition between rock and metal, I can expand the range of

geochemical analyses we can perform on polluted WDs and better constrain the geochemical

compositions of extrasolar rocky bodies accreting onto the WDs. Two polluted WDs readily

lend themselves to an application of this methodology. Both WDs are accreting a parent

body with an abundance of P, one appearing core-like and the other appearing crustal in

composition (Gaensicke et al., 2012; Melis and Dufour, 2017).
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Figure 6.1 Log abundance by number for Mg and Na normalized to Ca. WD data are

from Hollands et al. (2017) (circles). Igneous differentiation is modeled using pMELTS (or

MELTS) (Ghiorso et al., 2002) starting with mantle composition (red) and CI chondrite

composition (blue). Evaporation trend lines are calculated at various temperatures (1300 -

1700K) using existing thermodynamic data (Chase, 1998).
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