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RÉSUMÉ

Nous présentons une analyse homogène de 1023 naines blanches de type DZ et 319

de type DQ. Ceci représente un progrès important par rapport aux précédentes analyses

de ce type, notamment Dufour et al. (2005 ; 56 DQs) et Dufour et al. (2007 ; 159 DZs).

Nous utilisons les parallaxes trigonométriques de la deuxième parution de données de

Gaia, ainsi que la photométrie du Sloan Digital Sky Survey, PanSTARRS, Gaia ou de

la photométrie BVRI prise de la littérature, qui nous permettent de déterminer la masse

de la vaste majorité des objets de notre échantillon. Nous utilisons les méthodes pho-

tométriques et spectroscopiques conjointement avec les plus récents modèles d’atmo-

sphère disponibles incluant les effets de haute densité pour déterminer la température,

la gravité de surface et les abondances des éléments pour chaque objet. Nous étudions

l’abondance d’hydrogène dans les étoiles DZ et les propriétés des planétésimaux accré-

tés. Nous trouvons un grand nombre d’étoiles polluées dont les progéniteurs ont une

masse supérieure à trois masses solaires, démontrant que la formation d’objets rocheux

est commune autour de ce type d’étoiles. Nous présentons des distributions de masses

pour les deux types spectraux. Celle des étoiles DQ montre deux populations séparées,

dont une plus massive. Nous explorons la nature de celle-ci à l’aide des mouvements

propres de Gaia et discutons qu’il s’agit possiblement d’une population d’étoiles ayant

fusionné. Nous observons les traces de la cristallisation dans les étoiles DQ massives.

Finalement, nous discutons de l’évolution spectrale et présentons les paramètres atmo-

sphériques pour chaque objet.

Mots clés : étoiles : paramètres atmosphériques – étoiles : évolution – naines

blanches



ABSTRACT

We present a homogeneous analysis of 1023 DZ and 319 DQ white dwarf stars taken

from the Montreal White Dwarf Database. This represents a significant increase over

the previous comprehensive studies on these types of objects, namely those of Dufour

et al. (2005; 56 DQs) and Dufour et al. (2007; 159 DZs). We use new trigonomet-

ric parallax measurements from the Gaia second data release, together with photometry

from the Sloan Digital Sky Survey, PanSTARRS, Gaia, or BVRI from the literature,

which allow the determination of the mass for the majority of the objects in our sample.

We use the photometric and spectroscopic techniques with the most recent atmosphere

models available, which include high density effects, to accurately determine the effec-

tive temperature, surface gravity, and heavy element abundances for each object. We

study the abundance of hydrogen in DZ white dwarfs and the properties of the accreted

planetesimals. We find many white dwarfs dwarfs with progenitor masses above 3 M�,

demonstrating that the formation of rocky material is not rare around this type of stars.

We also present mass distributions for both spectral types. We explore the nature of the

second sequence of DQ stars using proper motions from Gaia and discuss the possibility

that it is a population of merged white dwarfs. We highlight evidence of crystallization

in massive DQ stars. Finally, we discuss the implications of our findings in the context

of the spectral evolution of white dwarfs, and provide the atmospheric parameters for

each star.

Keywords: stars: fundamental parameters – stars: evolution – white dwarfs.
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CHAPITRE 1

INTRODUCTION

1.1 Les étoiles naines blanches

Les étoiles naines blanches représentent la dernière étape de la vie de la vaste majo-

rité des étoiles de la séquence principale, soit celles ayant une masse en deçà de 8 masses

solaires. Typiquement, elles ont un rayon proche du rayon terrestre, mais leur masse est

de l’ordre de 0.6 masse solaire. La conséquence de ceci est une densité extrême et des

propriétés particulières. Elles sont très peu brillantes et leur masse est inversement pro-

portionnelle à leur rayon. La plus importante propriété est sans doute la très forte gravité

de surface, de l’ordre de 108 cm s−2 (soit environ 100,000 fois celle de la Terre). Cette

gravité induit une séparation gravitationnelle très marquée. À la surface d’un coeur de

carbone et d’oxygène flotte une très mince couche d’hélium qui compose environ 1% de

la masse de l’étoile. Dans 80% des cas, une couche d’hydrogène flotte par-dessus. Dans

ce cas, la naine blanche sera identifiée par spectroscopie grâce aux raies d’absorption

d’hydrogène et sera classée par le type spectral DA. En l’absence d’une couche d’hy-

drogène, seules des raies d’hélium seront visibles, et elle sera classée DB si l’hélium est

neutre ou DO s’il est ionisé. Cela dit, certaines naines blanches sont trop froides pour

exciter les électrons et leur spectre observé est continu, on parle alors d’une DC.

De par cette séparation en couches, on s’attend à ce que les éléments lourds tel le

calcium, le magnésium ou le fer coulent vers le centre de l’étoile en un temps beau-

coup plus court que le temps de refroidissement de l’étoile et à ce qu’ils ne soient pas

visibles dans le spectre. Toutes les naines blanches devraient avoir une atmosphère pure

d’hydrogène ou d’hélium et on ne devrait donc voir que les types spectraux mentionnés

précédemment, DA, DB, DC ou DO (ou PG 1159, l’étape transitoire entre une nébu-

leuse planétaire et une naine blanche). Or, la réalité est toute autre. Une grande quantité

de naines blanches montrent des traces d’éléments lourds. On les regroupe en deux ca-

tégories : les types spectraux DZ et DQ, les deux ayant généralement des températures
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effectives entre 4000 et 16,000 K. Les DZ sont facilement identifiables par la présence

des raies d’absorption de Fraunhofer H et K (calcium ionisé). Si elles montrent des raies

d’hélium neutre, elles seront alors classées DBZ, et si elles montrent aussi des raies d’hy-

drogène elles seront classées DZA, ou DBZA dans le cas où elles montrent les deux. Ces

étoiles froides ont évolué sur la séquence de refroidissement depuis au moins une cen-

taine de millions d’années selon les modèles évolutifs, amplement suffisant pour que les

métaux aient eu le temps de couler sous la photosphère. Ceux-ci coulent avec un temps

caractéristique de 105 années. La présence de métaux dans l’atmosphère est donc diffi-

cilement explicable par le matériel originel. Le type spectral DQ ne montre uniquement

que des bandes moléculaires de C2 pour les plus froides et des raies de carbone pour

les plus chaudes, avec un intervalle de transition entre les deux régimes autour de Teff

≈ 10,000 K. L’étude de ces deux types de naines blanches contaminées est ce qui nous

intéresse dans ce mémoire.

1.2 Historique

La première naine blanche découverte dont l’atmosphère contient des métaux est

Van Maneen 2, découverte en 1917 (van Maanen, 1917) et d’abord qualifiée d’étoile de

type F. Kuiper (1941), dans sa liste non exhaustive de 38 naines blanches connues, la

classifie comme une étoile wG, c’est-à-dire une naine blanche ressemblant à une étoile

de type G avec ses raies d’absorption H&K (Figure 1.1). Les forces radiatives ont été

évoquées à l’époque pour expliquer la présence de métaux, mais cette hypothèse a été

écartée pour les naines blanches plus froides que 30,000 K (Fontaine & Michaud, 1979,

Paquette et al., 1986), laissant l’accrétion du milieu interstellaire comme principale hy-

pothèse. Or, celle-ci présente également un problème majeur : le milieu interstellaire est

principalement composé d’hydrogène, et le ratio d’hydrogène par rapport aux métaux

dans les DZs ne concorde pas (Dufour et al., 2007b, Dupuis et al., 1993, Wolff et al.,

2002). La cinématique des DZs en relation avec la position des nuages interstellaires ne

concorde pas non plus avec un tel scénario (Farihi et al., 2010). L’explication maintenant

acceptée est la suivante : un astéroïde passant trop près de l’étoile est détruit par sa force
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de gravité, puis forme un disque qui s’accrète tranquillement sur l’étoile (Jura & Young,

2014). Cette hypothèse est soutenue par des excès dans le domaine infrarouge autour

de certaines DZs causés par la présence de poussière circumstellaire provenant d’une

planète mineure ou d’un astéroïde détruit (Jura, 2003). Par ailleurs, Vanderburg et al.

(2015) ont découvert une planète mineure désintégrée transitant la naine blanche WD

1145+017, une étoile de type spectral DBZA. On doit bien sûr mentionner la découverte

récente de milliers d’exoplanètes par Kepler, démontrant que les systèmes planétaires

sont courant dans la Galaxie. D’une certaine façon, van Maneen a découvert la première

preuve observationnelle de l’existence d’exoplanètes, mais la bonne interprétation n’est

venue que près d’un siècle plus tard (Zuckerman, 2015).

Figure 1.1 – Le spectre de van Maneen 2, l’archétype des DZs, tel que publié dans

Greenstein (1956). Clairement visibles à 3933 at 3968 Å sont les raies d’absorption de

calcium H&K.

La découverte des deux premières DQ, c’est-à-dire des naines blanches ne montrant

uniquement que des traces de carbone, remonte quant à elle à Greenstein & Matthews

(1957). Ces naines blanches montrent des bandes moléculaires de C2. La présence de

grande quantité de carbone est aussi un mystère à cette époque, mais on sait maintenant

qu’il s’agit de carbone primordial, présent dans le coeur de l’étoile, remonté à la sur-
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face par la convection (Pelletier et al., 1986) pour les plus froides d’entre elles (celles

montrant des bandes moléculaires). La découverte de nombreuses naines blanches plus

chaudes montrant des raies atomiques de carbone par Liebert et al. (2003) apporte encore

plus de questions, car les abondances de carbone ne correspondent pas aux prédictions

des modèles évolutifs et l’origine de ces étoiles demeure une question ouverte (Dufour

et al., 2008, 2007a).

1.3 L’étude des naines blanches

L’étude des naines blanches consiste généralement, dans une première étape, à déter-

miner les propriétés atmosphériques de celles-ci, c’est-à-dire la température, la gravité

de surface et la composition chimique. La distribution de masse des ces objets contient

aussi beaucoup d’information sur l’évolution des différentes familles de naines blanches,

ce qu’on appelle l’évolution spectrale. Dans le cas des étoiles de type DA et DB, il existe

deux méthodes. La première, dite photométrique, repose sur la photométrie et la paral-

laxe trigonométrique. En l’absence de parallaxe, on doit se contenter de déterminer la

température effective en supposant une gravité de surface typique (logg = 8) et déter-

miner la masse de l’étoile est impossible. La deuxième méthode est celle dite spectro-

scopique. Cette méthode est intéressante car elle ne requiert pas la connaissance de la

distance de l’étoile. Elle consiste à comparer les profils de raie théoriques avec ceux

observés afin de déterminer les paramètres atmosphériques. Des modèles évolutifs nous

donneront la masse de l’étoile à partir de la température et de la gravité de surface.

Malheureusement, on ne peut utiliser la méthode spectroscopique pour les naines

blanches contaminées, car les métaux apportent une dégénérescence des solutions. Un

changement de température ou de gravité de surface peut être compensé par un change-

ment de composition chimique. Il faut donc utiliser les deux méthodes simultanément,

la photométrie pour la température et la gravité de surface, et la spectroscopie pour la

composition atmosphérique (Dufour et al., 2005, 2007b). En l’absence de parallaxe, il

n’y donc pas de méthode alternative pour déterminer la masse de l’objet, ce qui jusqu’à
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maintenant limitait grandement les études.

1.4 Les grands relevés

Un des buts de l’étude des naines blanches est la cosmochronologie, c’est-à-dire la

datation des populations d’étoiles et de la Galaxie. Cette science est essentielle pour

comprendre la formation de la Voie Lactée et de ses différentes composantes. Alors

que les naines blanches sont condamnées à refroidir sans jamais redémarrer la fusion

nucléaire, leur évolution n’est pas terminée pour autant. Plusieurs phénomènes vont mo-

difier la composition de leur atmosphère à mesure qu’elles se refroidissent, créant une

évolution spectrale qui complique leur datation. Bien comprendre ces phénomènes re-

quiert, outre des modèles physiques réalistes, des échantillons assez grands pour être

significatifs et des données complètes. Ceci inclut couleurs photométriques, spectres et

parallaxes.

La venue du Sloan Digital Sky Survey (SDSS) a révolutionné le domaine des naines

blanches en multipliant par plus d’un facteur dix le nombre de naines blanches connues,

en plus d’apporter des observations photométriques et spectroscopiques pour celles-

ci. La première parution de données en 2003 a mené à la découverte de 2551 naines

blanches (Kleinman et al., 2004), en doublant le nombre connu. Avec la dixième pa-

rution, ce nombre dépasse maintenant les 25,000 (Kepler et al., 2015, 2016). SDSS

n’apportant pas de données astrométriques, l’échantillon avec une parallaxe n’a pas aug-

menté. C’est ici que Gaia revêt une importance particulière.

Gaia est un télescope spatial de l’Agence Spatiale Européenne lancé en 2013. La

deuxième parution de données en 2018 a apporté des données astrométriques et photo-

métriques pour plus de 1.3 milliards d’objets allant jusqu’à une magnitude 20, formant

ainsi une carte tri-dimensionnelle de la Galaxie. Le but premier est de permettre une

meilleure compréhension de l’évolution et de la formation de la Voie Lactée. Parmi ces

objets se trouvent la majorité des naines blanches connues et environ 439,000 nouvelles

candidates (Gentile Fusillo et al., 2019). Gaia apporte maintenant la possibilité de tester

la physique des modèles en analysant de grandes quantités d’objets avec les deux mé-
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thodes décrites ci-dessus (e.g. Genest-Beaulieu & Bergeron, 2019). Elle a d’ailleurs déjà

mené à la découverte de la première preuve observationnelle de la cristallisation dans le

coeur des naines blanches (Tremblay et al., 2019b).

Quant aux étoiles contaminées par des métaux, leur nombre connu a grandement

augmenté ces dix dernières années, et on peut pour la première fois déterminer la masse

et l’âge d’une grande quantité d’entre elles. Ce mémoire vise, à la lumière des nouvelles

données et modèles disponibles, à procéder pour la première fois à une analyse d’un

grand échantillion de DZ et de DQ ayant des mesures de parallaxes. Une analyse com-

plète et uniforme permettra de mettre à jour nos connaissances en la matière et de révéler

les mystères cachés concernant leur évolution.

1.5 Contribution

Le chapitre deux est présenté sous la forme d’un article qui sera publié dans The

Astrophysical Journal. Mes contributions à la rédaction de cet article sont les suivantes :

• J’ai recueilli les données à partir des bases de données des différents télescopes et

j’ai procédé au croisement des données.

• J’ai modifié les codes de Patrick Dufour et Pierre Bergeron pour permettre l’uti-

lisation des nouvelles données ainsi que l’utilisation des nouvelles grilles de mo-

dèles d’atmosphère créées par Simon Blouin, un coauteur de l’article. Ces codes

servent à obtenir les résultats pour les étoiles individuellement.

• J’ai analysé chaque naine blanche individuellement.

• J’ai écrit les codes qui permettent l’analyse des résultats. J’ai effectué les analyses

présentés dans cet article.

• J’ai rédigé la première version de l’article, qui a ensuite été révisée et itérée par

Patrick Dufour et Pierre bergeron, deux coauteurs.
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ABSTRACT

We present a homogeneous analysis of 1023 DBZ/DZ(A) and 319 DQ white dwarf

stars taken from the Montreal White Dwarf Database. This represents a significant in-

crease over the previous comprehensive studies on these types of objects. We use new

trigonometric parallax measurements from the Gaia second data release, together with

photometry from the Sloan Digital Sky Survey, PanSTARRS, Gaia, or BVRI from the

literature, which allow the determination of the mass for the majority of the objects in

our sample. We use the photometric and spectroscopic techniques with the most recent

atmosphere models available, which include high density effects, to accurately deter-

mine the effective temperature, surface gravity, and heavy element abundances for each

object. We study the abundance of hydrogen in DBZ/DZ white dwarfs and the properties

of the accreted planetesimals. We explore the nature of the second sequence of DQ stars

using proper motions from Gaia, and highlight evidence of crystallization in massive

DQ stars. We also present mass distributions for both spectral types. Finally, we discuss

the implications of our findings in the context of the spectral evolution of white dwarfs,

and provide the atmospheric parameters for each star.

Keywords : stars : abundances – stars : atmospheres – stars : evolution – white

dwarfs
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2.1 Introduction

White dwarfs represent the final evolutionary phase of main sequence stars with ini-

tial mass below ∼8 M� and are characterized by their high surface gravity, typically

g = 108 cm s−2. Because of this, elements heavier than helium will sink below the

photosphere in characteristic timescales that are many orders of magnitude smaller than

the cooling age of the star (Paquette et al., 1986). This gravitational separation also ex-

plains why most white dwarfs — about 80% — have pure hydrogen atmospheres. The

only absorption lines present in their spectra are those of hydrogen, and they are collec-

tively known as DA stars. For a smaller fraction, practically no hydrogen survives the

late phases of stellar evolution, and a thin opaque helium layer — the lightest element

remaining — will float on top and form the atmosphere. Depending on the effective

temperature, they are classified as DO white dwarfs if they show ionized helium lines,

and DB stars if only neutral helium lines can be observed. Below Teff ∼ 12,000 K, spec-

tra of pure helium atmosphere white dwarfs become featureless as there is not enough

energy to populate the lower energy levels of He I line transitions. Such objects with

continuous optical spectra are classified as DC white dwarfs. Note that a similar phe-

nomenon also happens for hydrogen-rich white dwarfs cooler than about 5000 K as the

electrons are mostly found in the ground state, preventing Balmer line transitions. In

the absence of physical mechanisms competing with gravitational settling, the optical

spectra of all white dwarfs should thus show only hydrogen lines, helium lines, or pure

continuum. Nevertheless, white dwarfs with traces of heavy elements do exist, indicat-

ing that gravitational settling is not acting alone. These “contaminated” white dwarfs are

found mainly in two categories: i) those with traces of heavy elements (other than car-

bon) in their optical spectra, and ii) those with primarily carbon absorption lines, either

molecular or atomic.

2.1.1 Heavy Element Pollution

White dwarfs showing absorption lines from elements such as calcium, magnesium,

or iron are collectively known as DZ stars if their spectra show only heavy element lines,
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DBZ stars if they show helium and heavy elements, and DAZ stars if they display hy-

drogen and metal features. Model atmospheres show that both the DZ and DBZ stars

are helium dominated while the DAZs are hydrogen dominated. The presence of heavy

elements in these objects is now understood as external accretion of matter from a disk

of debris resulting from the destruction of a rocky object (asteroid or small planets) by

the white dwarf’s tidal forces (see Jura & Young, 2014, and references therein). These

objects are thus temporarily imprinted (diffusion timescales range from a few hundred

thousands to a few million years6, much shorter than the cooling age) with the chemical

composition of the polluting body, providing a unique opportunity to study the chemical

composition of extra-solar bodies (Blouin et al., 2019b, Dufour et al., 2012, Jura et al.,

2012, Klein et al., 2011, 2010, Koester et al., 2014, Xu et al., 2016, 2014, 2017, Zuck-

erman et al., 2007). High-resolution or UV spectroscopic observations of some samples

have shown that 25 to 50% of all white dwarfs are contaminated by heavy elements at

some level (Koester et al., 2014, Zuckerman et al., 2003, 2010).

Moreover, since observational evidence indicates that these white dwarfs had (or still

have) at least some sort of planetary system around them, they can provide information

about the correlation between stellar mass and planet occurrence, which can give insight

into the planet formation process (Johnson et al., 2010). Indeed, most observational

exoplanet surveys are biased towards lower mass stars. The Kepler mission prioritized

G-type stars (Batalha et al., 2010), which have masses around 1 M�. More massive

stars of type O and B are observed much less frequently by Kepler, mostly because of

their scarcity (they spend a very short time on the main sequence), and the Kepler field

of view was chosen to avoid young stellar populations (Batalha et al., 2010). Doppler

surveys also favor Sun-like stars, as their spectral properties make their detection easier

(Johnson et al., 2010). Thus, very little is known about the relation between planet

occurrence and stellar mass above M = 2−3 M�. While massive white dwarfs — which

had massive main sequence progenitors — are fainter, the selection bias is much less

important, especially with Gaia DR2, which is expected to be volume-complete within

6Based on calculations by G. Fontaine, included in the MWDD and available at http://www.
montrealwhitedwarfdatabase.org/evolution.html
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∼70 parsecs (Gentile Fusillo et al., 2019). Inferences of planetary systems around white

dwarfs are thus not subjected to the same limitations.

2.1.2 Carbon Pollution

White dwarfs showing mainly carbon features are collectively known as DQ stars.

They represent 9% of the white dwarfs in the local sample (D < 20 pc, Giammichele

et al., 2012). They show only atomic carbon lines when Teff � 10,000 K, and molec-

ular C2 bands at lower effective temperatures, with a smooth transition around that

temperature where both molecular bands and atomic carbon lines are simultaneously

present. Model atmosphere analyses have shown that those with molecular bands are

helium-dominated with carbon abundances ranging from log (C/He)= −7 to −2 (Du-

four et al., 2005, Koester & Knist, 2006, Weidemann & Koester, 1995), and effective

temperatures between ∼5000 K and 12,000 K. A model where the deep helium convec-

tion zone catches up with the settling carbon in the core, and dredges it up to the surface,

can successfully account for the observed abundances in most objects (Dufour et al.,

2005, Fontaine & Brassard, 2005). Dufour et al. (2005) showed, however, that several

DQ stars had larger than average carbon abundances, forming a distinct sequence about

1 dex above the bulk of the sample in a log (C/He) vs Teff diagram (see also Koester

& Knist, 2006). Since the only object with a measured trigonometric parallax belonging

to this second sequence was massive, Dufour et al. proposed that they could represent

the high-mass tail of the white dwarf mass distribution. However, Brassard et al. (2007)

showed that an evolutionary sequence at 1 M� does not correctly predict the carbon

abundance pattern that is empirically observed, indicating that another explanation to

account for these stars must be sought.

While the cooler end of the DQ sequence is consistent with the expectations from the

dredge-up model, very few stars were known at that time to test the theory on the hotter

side (Teff ≥ 13,000 K). Many hot objects showing mainly ionized or neutral carbon lines

(and also oxygen in a few cases) had been identified in the Sloan Digital Sky Survey

(SDSS) by Liebert et al. (2003). The interpretation then was that these objects were a

hotter version of the cool DQ white dwarfs, which had helium-dominated atmospheres
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with traces of carbon. However, when the hottest objects were analyzed using state-of-

the-art model atmospheres, it was found in fact that the main atmospheric constituent was

carbon, not helium (Dufour et al., 2008, 2007a). Dufour et al. (2013) then showed that,

in a u−g vs g− r color-color diagram, the hot carbon-dominated atmosphere DQ stars

(Teff ∼ 18,000− 24,000 K with mainly ionized carbon lines) seem to form a sequence

that connects with warm DQ white dwarfs with neutral atomic lines (Teff ∼ 10,000−
16,000 K), followed by cooler DQ stars with strong molecular bands (Teff < 10,000 K on

the second sequence mentioned above). Unfortunately, very few trigonometric parallax

measurements were available for these objects at that time, and thus the massive nature

of the elusive sequence was somewhat speculative.

Since the studies of Dufour et al. (2005, 2007b), there have been several improve-

ments in stellar atmosphere modeling (for example, Blouin et al. 2017, Blouin et al.

2018a). Simultaneously, several surveys have enlarged the sample of spectroscopi-

cally confirmed white dwarfs considerably, and consequently, the number of known

DQ/DZ/DBZ white dwarfs has increased by more than a factor of five. Also, thanks

to the second Gaia data release in April 2018, distances are now available, for the first

time, for most of these objects, a quantity required to obtain precise measurements of

their stellar masses.

The availability of improved model atmospheres and new data motivated us to per-

form an updated analysis of all these metal-polluted white dwarfs. We describe the

model atmospheres in Section 2.2, the observational data in Section 2.3, and the method-

ology in Section 2.4. We present the analysis for the DBZ/DZ stars in Section 2.5, and

for the DQ stars in Section 2.6. We then discuss the implications of our results on our

understanding of the spectral evolution of white dwarfs in Section 2.7. Our conclusions

follow in Section 2.8.
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2.2 Model Atmospheres

Our DZ/DBZ/DQ model atmosphere code is similar to that outlined in Dufour et al.

(2005, 2007b), but with several physical improvements described at length in Blouin

et al. (2018a, b). Of particular importance for the study of DZ/DBZ stars are the new

line profile calculations following the unified line shape theory of Allard et al. (1999)

for strong transitions, the most important being Ca II H&K, Mg I λ2852 and Mg II

λ2795/2802, the Mgb triplet, and Ca I λ4226. Less important transitions use Lorentzian

or quasistatic van der Waals broadening profiles (Walkup et al., 1984, D. Koester, pri-

vate communication). For the DQ model atmospheres, one of the main improvements

over Dufour et al. (2005) is the replacement of the “just overlapping line approximation”

(Zeidler-K.T. & Koester, 1982), to describe the C2 Swan band opacity, with a complete

linelist provided by J. O. Hornkohl (private communication; see Parigger et al. 2015 for

details of the methodology). We find that the use of this new linelist provides a much

better representation of the shape of the observed Swan bands in DQ white dwarfs, par-

ticularly in the region around 4300 Å, which was poorly fitted in Dufour et al. (2005),

compared to the prescription of Zeidler-K.T. & Koester (1982), Brooke et al. (2013), or

Kurucz linelists7. The atomic linelist of Kurucz has also been replaced by the compila-

tion from the Vienna Atomic Line Database (VALD, Piskunov et al., 1995).

For the DZ/DBZ(A) white dwarfs, we generated a 4-dimensional grid of model at-

mospheres and synthetic spectra with Teff varying from 4000 K to 16,000 K by steps of

500 K, logg from 7.0 to 9.0 by steps of 0.5 dex, logCa/He from −12 to −7 by steps of

0.5 dex, and logH/He from −7 to −3 by steps of 1 dex. We also generated a grid with

no hydrogen. Metal-to-metal ratios have been fixed to that of chondrites (Lodders, 2003)

with respect to calcium. Calcium thus serves as a proxy for the abundances of all other

heavy elements. While metal-to-metal ratios certainly differ from that of chondrites in

many objects, our assumption provides a good first order approximation of the contri-

bution of free electrons and opacity from heavy elements (see Dufour et al., 2007b, and

also discussion below).

7http://kurucz.harvard.edu/linelists.html
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For the DQ model grid, since no DQ white dwarfs are found at high effective tem-

perature and low carbon abundance, or at low effective temperature and high carbon

abundance, we generated two separate 3-dimensional grids. The first grid is generated

with Teff from 8000 K to 16,000 K by steps of 500 K, logg from 7 to 9 by steps of

0.5 dex, and logC/He from −5 to −1 by steps of 0.5 dex. The second grid covers Teff

from 6000 K to 10,000 K by steps of 500 K, logg from 7 to 9 by steps of 0.5 dex, and

logC/He from −8 to −4 by steps of 0.5 dex. No hydrogen is included in these models,

but some smaller grids with hydrogen were generated to test its effects, as discussed in

Section 2.6.3.

2.3 Observations

2.3.1 Note on Naming Convention

Some white dwarfs can have up to 20 different names. Here we decided to adopt

names based on ICRS coordinates at epoch and equinox 2000 instead of mixing names

from different catalogs. Stars will be named JHHMM±DDMM, where the first four

digits correspond to the right ascension in hours and minutes, and the last four digits to

the declination in degrees and minutes in sexagesimal notation. In some cases, a second

relevant name will be written in parentheses. Table II.I provides cross-references for

the names of the objects in our sample with Gaia source id, MWDD id, and the full

coordinates.

2.3.2 Sample Selection

We first selected from the Montreal White Dwarf Database8 (Dufour et al., 2017,

hereafter MWDD) all objects with either a Q or a Z in their spectral classification. This

includes DZ, DZA, DBZ, DBZA, DQ, etc. We did not include DAZ white dwarfs be-

cause they have hydrogen-rich atmospheres, and we are only interested here in helium-

rich atmospheres. Most objects in our sample have previously been identified in various

white dwarf catalogs from the Sloan Digital Sky Survey (SDSS; Eisenstein et al. 2006,

8www.montrealwhitedwarfdatabase.org
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Kepler et al. 2015, 2016, Kleinman et al. 2004, 2013). Many objects have also been

classified as uncertain, such as DQ: or DC-DQ. We thus visually inspected every spec-

trum and rejected those that did not show the appropriate spectral lines, or were too

noisy to make a reliable classification spectra with better signal-to-noise will eventually

confirm their spectral types). We rejected known unresolved binary systems as well as

magnetic white dwarfs. In order to ensure a homogeneous analysis based exclusively on

optical features, we also rejected some objects classified as DQ white dwarfs but with

carbon features detected only in the ultraviolet. We also excluded stars that had carbon-

dominated atmospheres, the so-called Hot DQ stars (Teff � 18,000 K), or any object for

which our preliminary analysis gave atmospheric parameters outside of our model grids

(63 objects in total, these will be analyzed elsewhere). Finally, DQpec white dwarfs

with strong distorted Swan bands were also left out of our analysis because there are still

large uncertainties regarding their modeling (see Blouin et al., 2019c). A detail analysis

of these stars will be presented elswhere (Blouin et al., in preparation).

All objects in our sample were then cross-matched with Gaia DR2 to retrieve photo-

metric and astrometric data. For one object not present in the Gaia catalog, J0739+0513

(Procyon B), we used the parallax from Hipparcos (284.56± 1.26 mas, van Leeuwen,

2007). A few objects with negative parallaxes or very large uncertainties (σπ/π > 1)

were rejected; these are unlikely to be white dwarfs, and if they are, the data are too

imprecise to allow any satisfactory analysis. Bailer-Jones (2015) demonstrated that in-

verting the parallax to estimate the distance might lead to unreliable distances when the

uncertainty on the parallax is larger than 20%, and that it can lead to incorrect error es-

timates. Fortunately, 87% of our parallax sample have smaller uncertainties. In fact, the

difference between a probabilistic analysis distance and the inverse of the parallax is less

than 1% for the majority of objects when σπ/π < 0.1.

With the availability of trigonometric parallaxes and broadband colors from Gaia for

the majority of the objects in our sample, it is now possible to place them accurately in

an observational Hertzsprung-Russell (HR) diagram (Gaia Collaboration et al., 2018).

This is illustrated in Figure 2.1, where stars that have been erroneously classified as

white dwarfs can easily be identified. Examples of such stars are the giant star SDSS
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J174618.94+262217.0 (Green, 2013) and SDSS J192013.71+383917.7, two objects that

have been erroneously classified as a DQ and a DZ white dwarf, respectively (Kleinman

et al., 2013). The similarity of the spectra of these non-degenerate stars, displayed in

Figure 2.2, with genuine DQ and DZ white dwarfs stresses the importance of using

photometric and parallax measurements in combination to spectroscopic data during the

classification process. Overall, 25 objects, listed in Table 2.I, previously classified as

white dwarfs in various catalogs were rejected this way.

To constitute our final sample, we removed 63 white dwarfs for which no optical

spectroscopy was available. In the end, we are left with a sample of 1023 DZ (679 with

parallax measurements) and 317 DQ (303 with parallax measurements) white dwarfs,

which we analyze in a homogeneous fashion in the next sections.

Figure 2.1 – Gaia HR diagram for objects misclassified as white dwarfs (orange circles).

SDSS J174618.94+262217.0 and SDSS J192013.71+383917.7, the two examples dis-

cussed in the text and displayed in Figure 2.2, are represented by a red cross and a blue

square, respectively. Black dots are Gaia objects within 100 pc selected using the cuts

proposed in Gaia Collaboration et al. (2018, Appendix B). White dwarf candidates are

located in the bottom left portion of the diagram.
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Table 2.I – Objects rejected due to their location in the Gaia HR diagram.

J Name Gaia source id MWDD id

J0205+0058 2508108382280944768 2MASS J02053812+0058354

J2112+0912 1743430270303257728 2MASS J21120843+0912019

J1642+3617 1328051961501737088 Cl* NGC 6205 KAD 606

J0239-0003 2498734800840646400 SDSS J023955.79-000312.0

J0814+3508 902942352007933568 SDSS J081424.51+350822.9

J0815+1537 655412730925191808 SDSS J081502.24+153709.7

J0914-0022 3842424562164246656 SDSS J091455.49-002219.2

J1136+4702 787028812551381248 SDSS J113612.16+470206.8

J1208-0008 3698751446481826432 SDSS J120853.36-000847.3

J1228+2057 3952475922233611776 SDSS J122829.50+205747.0

J1336+1535 3742286441879709952 SDSS J133644.21+153554.2

J1357+1252 3727838511198756224 SDSS J135713.37+125230.9

J1507+1824 1211873229279489536 SDSS J150741.36+182406.8

J1549+0436 4426232766560567296 SDSS J154918.87+043651.0

J1610+0247 4412254439017190400 SDSS J161041.62+024706.2

J1714+2324 4568671714800327680 SDSS J171432.25+232423.0

J1746+2622 4582265290590354304 SDSS J174618.94+262217.0

J1920+3839 2052876071205883520 SDSS J192013.71+383917.7

J2105+0828 1744023628624108288 SDSS J210511.38+082853.7

J2106+0642 1736767710874927872 SDSS J210632.52+064233.5

J2111+0915 1743431683347518464 SDSS J211157.26+091554.2

J2153+2750 1800030173963458048 SDSS J215306.03+275057.3

J2259-1001 2606526522781415168 SDSS J225931.60-100146.9

J0124+0541 2563653437678125568 USNO-B1.0 0956-00013686

J0257+0111 339405495907200 WD 0255+009.1
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Figure 2.2 – Optical spectra of SDSS J174618.94+262217.0 (top) and SDSS

J192013.71+383917.7 (bottom), two objects that were previously misclassified as DQ

and DZ white dwarfs, respectively.

2.3.3 Photometric and Spectroscopic Data

We cross-matched our sample with Pan-STARRS DR1 and SDSS DR14 to retrieve

grizy and ugriz PSF magnitudes, respectively. Since SDSS photometry is available for

95% of our sample, while only 80% of our objects have Pan-STARRS photometry, we

decided to rely primarily on SDSS photometry for the sake of homogeneity. Note that

although Pan-STARRS covers a much larger part of the sky than SDSS, most spectro-

scopically identified white dwarfs were discovered in the SDSS. When SDSS ugriz is not

available for an object, we rely on Pan-STARRS data, previously published BV RI pho-

tometry, or simply Gaia broadband photometry, in that order of priority. For J0739+0513

(Procyon B), we rely on HST photometry (Provencal et al., 1997).

The majority of the spectra used in this study are drawn from SDSS9. The spectra

of 51 objects without SDSS spectroscopy are taken from Limoges et al. (2015, 2013),

Subasavage et al. (2007, 2009), Bergeron et al. (2001, 1997), or archival data secured by

the Montreal group in the last few decades. Finally, the spectroscopic data for Procyon

9https://www.sdss.org/dr14/spectro/spectro_basics/
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B are from HST (Provencal et al., 2002).

2.4 Atmospheric Parameter Determination

Our fitting method is similar to that described in Dufour et al. (2005, 2007b) for

DQ and DZ stars, respectively. Briefly, we first convert the observed magnitudes into

average fluxes following the method described in Holberg & Bergeron (2006). The

magnitudes on the AB system (SDSS, Pan-STARRS) are converted using the relation

m = −2.5log f m
ν − 48.60, where f m

ν is the stellar flux averaged over the bandpass re-

sponse; the corrections from Eisenstein et al. (2006) are applied to put the SDSS photom-

etry on the AB system. The magnitudes on the Vega system (BVRI, Gaia) are converted

using the relation m =−2.5log f m
λ +cm, where cm is the zero point in the corresponding

bandpass. These zero points are calculated using the observed fluxes and magnitudes for

Vega. For the BVRI bandpass response, we use Cohen et al. (2003), and for Gaia, we use

the revised bandpasses10, while for the Vega flux, we use alpha_lyr_stis_008.fits

from the CALSPEC Calibration Database11. Our results are summarized in Table 2.II.

Table 2.II – Zero points derived for different bandpasses.

Bandpass Zero point Vega mag

G −21.51572 0.00

GBP −20.99456 0.00

GRP −22.22677 0.00

B −20.46331 0.0241

V −21.06662 0.0261

R −21.64524 0.0331

I −22.37877 0.0291

1 Holberg & Bergeron (2006)

Photometric data are also dereddened following the procedure described in Harris

et al. (2006) using the extinction maps of Schlafly & Finkbeiner (2011). We thus con-

sider the extinction to be negligible for stars with D < 100 pc, to be maximum for those

located at |z|> 250 pc from the galactic plane (z is the distance from the galactic plane),

10https://www.cosmos.esa.int/web/gaia/iow_20180316
11http://www.stsci.edu/hst/observatory/crds/calspec.html
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and to vary linearly between these two regimes. Genest-Beaulieu & Bergeron (2019)

compared this method to that used by Gentile Fusillo et al. (2019) and came to the con-

clusion that they lead to similar results for white dwarfs in the SDSS. When no parallax

measurement is available, we first obtain the photometric distance assuming log g = 8.0,

and then apply a dereddening correction using this distance, and repeat the process until

the distance (and the reddening) converge to a single value.

Next we transform the monochromatic Eddington fluxes from our model grids into

fluxes averaged over each bandpass. These synthetic average fluxes Hm
λ (or Hm

ν ) are

related to the observed fluxes by the equation:

f m
λ = 4π

(
R
D

)2

Hm
λ (2.1)

where R is the radius of the star, and D its distance from Earth. In the above equa-

tion, the average model fluxes depend on Teff, logg, and the atmospheric composition,

which refers to the carbon abundance for DQ stars, and to the hydrogen and calcium

abundances for DBZ/DZ stars. The best fit between observed photometry and synthetic

fluxes is obtained using the nonlinear least square steepest decent method of Levenberg-

Marquardt (Press et al., 1986), with the values of Teff and the solid angle π(R/D)2 left as

free parameters, while logg and the atmospheric composition are kept fixed during the

first iteration.

From the derived value of the solid angle and the distance given by the inverse of the

parallax, we determine the radius R of the star. The values of logg and mass are then

derived by interpolating in evolutionary models similar to those described in Fontaine

et al. (2001) but with C/O cores, logq(He) ≡ logMHe/M� = −2 (where M� is the mass

of the star) and logq(H) = −10, which are representative of helium-rich atmosphere

white dwarfs (Dufour et al., 2005). We repeat the process this time using the newly

determined surface gravity until convergence is reached. If the parallax is unknown, we

simply assume logg= 8 and derive a radius R from the same evolutionary models, which

yields a photometric distance when combined with the solid angle. The uncertainties on

the effective temperature and the solid angle are obtained directly from the covariance
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matrix of the fitting procedure.

We next determine the chemical composition by fitting the spectroscopic data, again

using the Levenberg-Marquardt method, keeping Teff and logg fixed to the values ob-

tained from the photometric fit. For cool DQ stars, we fit the Swan bands between 4000

and 6500 Å, while for hotter DQs, we use the atomic absorption lines between 4500 and

5500 Å. The carbon abundance, the solid angle, and a first or second degree polynomial

— to account for uncertainties in the flux calibration (see Dufour et al., 2005) — are

considered free parameters during the fitting procedure. For DBZ/DZ stars, we begin

by fixing the hydrogen abundance, either by fitting the Hα spectral line if it is visible,

or by fixing logH/He at the detection limit (we also fit stars not showing Hα with our

hydrogen-free grid; see Section 2.5 for a discussion of this matter). This detection limit

was estimated by calculating, at each temperature and logg value in our grid, the amount

of hydrogen required to reach a threshold of 500 mÅ for the equivalent width of the Hα

line. We then fit the Ca II H&K absorption lines to determine logCa/He. Then we re-

peat the photometric fit, but this time using the values of logg, calcium abundance (or

carbon abundance in the case of DQ white dwarfs), and hydrogen abundance obtained in

this last iteration. We repeat the procedure, typically 3 to 5 iterations (or more in some

cases), until the parameters have converged to a stable solution.

To obtain the uncertainty on the abundances measured from the spectroscopic fit,

we rely on the same method described in Bergeron et al. (1992), where we first assume

an arbitrary standard deviation σ = 1 for each data point, then calculate the root-mean-

square deviation of the observed spectrum from the best-fit model spectrum. This is then

propagated into the covariance matrix, from which the formal uncertainties of the fitted

atmospheric parameters are obtained. This gives an uncertainty estimation that depends

mostly on the signal-to-noise ratio of the observed spectra.
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2.5 DZ/DBZ(A) White Dwarfs

2.5.1 Photometric and Spectroscopic Fits

Following the method described in Section 2.4, we determined the atmospheric pa-

rameters for all DZ/DBZ(A) white dwarfs in our sample. Figure 2.3 shows typical fits

of the energy distribution and the Ca II H&K lines region (all our fits are available in

Appendix I), while our final parameters are given in Table II.III in Appendix II. The fit

to the Hα line, when present, is shown as an inset. Note that for stars that do not show

hydrogen, we report a solution with the hydrogen abundance fixed at the detection limit

(see explanation below).

We note that other lines, mostly Mg and Fe, are sometimes observed in addition to Ca

II H&K. Since in our model grids, the abundances of these elements relative to calcium

are fixed to the chondrite values, a visual inspection of the quality of the “fit” to these

lines provides a quick assessment of the validity of this approximation, which appears to

be adequate (or close enough) for most stars that show such lines in our sample. How-

ever, it is certainly possible that some elements depart significantly from the chondrite

values. Since what is most important, as far as the mass and effective temperature deter-

minations are concerned, is the amount of free electrons in the photosphere (effects due

to the redistribution of the flux absorbed in the UV can also play a role in some cases),

small deviations should only have a minimal impact on those parameters, even more so

when hydrogen is present, because electrons from ionized hydrogen will dominate the

free electron budget.

Recently, Hollands et al. (2018, 2017) analyzed a large sample of 230 cool DZ white

dwarfs and determined abundances of individual elements. Their results indicate that

to first order, objects are found with chemical compositions not too far from that of

bulk Earth ratios, at least for the most visible elements, which are calcium, magnesium,

and iron. Although their parameters were obtained using a different model atmosphere

code that did not include all the improvements included in our code, the differences

between our model should not be too important for such polluted, and thus less dense,

objects (differences would probably be more significative for stars cooler than ∼5000K).
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Figure 2.3 – Examples of fits to our sample of DBZ/DZ(A) white dwarfs. Left panels:

Photometric fits where error bars represent the observed data, while filled circles corre-

spond to average model fluxes. A star symbol indicates a value of logH/He fixed at the

visibility limit. Right panels: Spectroscopic fits (red) to the normalized observed spectra

(black). The inset shows the fit to Hα when present. A version of this figure with all our

fits is available in Appendix I.
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A comparison of their results for 197 objects in common with our sample suggests that

the exact metal-to-metal ratios used in their analysis has only a modest impact on the

effective temperature determination. We find that the effective temperatures obtained

with our approach are, on average, only 11 K lower than theirs, but with a somewhat

large 330 K standard deviation. We find no correlation between the differences in effec-

tive temperature and the deviation to the chondrite abundances (relative to Ca) that they

report. Instead, we find that these differences are correlated with logg values. Since the

Gaia second data release was not available at the time the analyses of Hollands et al.

(2018, 2017) were published, the authors assumed logg = 8 for their whole sample,

while our analysis makes use of the newly available parallax measurements to determine

the surface gravities. This distinction seems to be the main explanation for the different

atmospheric parameters derived in both studies. Indeed, we find a strong correlation

between the differences in effective temperature and the departure from logg = 8, our

temperatures being higher (lower) for larger (smaller) logg values. Similarly, there is

also a correlation between the differences in log Ca/He and logg. This result is not

surprising given that the difference in the strength of the calcium absorption features re-

sulting from a change in surface gravity will need to be compensated by an appropriate

change in calcium abundance, which in turn will affect the number of free electrons,

and thus the effective temperature determination. We thus conclude that the atmospheric

parameters derived using our approach should be reliable, and not significantly affected

by our assumption of the metal-to-metal ratios.

Nevertheless, when better spectroscopic data (high-resolution or UV observations)

for a given object indicate some departure from our approximation, atmospheric pa-

rameters should always be re-derived in a self-consistent way for better precision. For

example, for the DZA white dwarf Ross 640 analyzed by Blouin et al. (2018a), changes

in the abundances of Mg and Fe relative to Ca affected the UV flux level sufficiently

to warrant the calculations of a specific grid with modified abundances in order to ob-

tain atmospheric parameters in a self-consistent way. As a result, their final effective

temperature was 250 K cooler, and the corresponding mass 0.04 M� lower, than what

we obtain here with our approach. Unfortunately, since high-resolution or ultraviolet
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spectroscopic data are not likely to become available for every object in our sample in

a foreseeable future, we are forced to adopt this approximation, in particular given the

fact that most objects in our sample show only calcium lines. To conclude on this topic,

while our approach provides the best atmospheric parameters that are possible to infer

with the available data, the solutions for individual objects will always suffer from small

intrinsic uncertainties related to our adopted metal abundances.

2.5.2 Hydrogen Abundance Measurements

While for most objects in our sample, the metal-to-metal ratio assumed in our analy-

sis has only a modest impact on our atmospheric parameters, the abundance of hydrogen,

on the other hand, has a deeper impact because it can be one of the main free electron

donors, even when present below the visibility limit. For instance, Bergeron et al. (2019,

see also Serenelli et al. 2019) recently showed that adding undetectable traces of hydro-

gen in the models had a non-negligible effect on the mass determination of helium-rich

white dwarfs (this is also discussed in Dufour et al. 2005 in a similar context, but with

carbon as the main electron donor).

Only 105 of the 1023 (10%) white dwarfs in our sample show Hα in their spectrum.

This is much less than the 25% containing hydrogen reported by Dufour et al. (2007b)

for two main reasons. The first one is that the presence of hydrogen for 7% of their

objects was determined indirectly from the shape of the Ca II H&K absorption features,

in the sense that much better fits to these lines could be achieved when hydrogen was

included. However, the study of Dufour et al. was based on Lorentzian profiles, with

logg fixed at 8.0, while here we use the unified line shape theory of Allard et al. (1999),

with surface gravities constrained by parallax measurements. As a consequence, we

no longer find objects with spectroscopic fits that are significantly improved by adding

hydrogen, indicating that the need to add hydrogen in the Dufour et al. analysis was

probably only a way to compensate sub-optimal line profiles and/or incorrect surface

gravities. The second reason is that since Dufour et al., the proportion of DZ white

dwarfs too cool to show hydrogen has increased substantially, thanks to the thorough

search for metal-polluted white dwarfs near the main-sequence color space (Hollands
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et al., 2018, 2017, Koester et al., 2011).

Figure 2.4 shows the abundance of hydrogen as a function of effective temperature

for all the DBZ/DZ(A) white dwarfs in our sample. For stars that do not show Hα , we

determine the maximum amount of hydrogen that can be added without being detected

(the scatter is explained by variations in logg for each object). While the hydrogen con-

tent, and thus its impact on the free electron budget, is well constrained for Teff � 9000

K, increasingly large quantities of hydrogen can be hidden as the effective temperature

decreases. To examine the impact of the unknown amount of hydrogen on our atmo-

spheric parameter determinations, we fit each star in our sample with no detectable Hα

with both a hydrogen-free model grid, and with the abundance of hydrogen fixed at the

detection limit. The results of this experiment are displayed in Figure 2.5.

Clearly, masses and effective temperatures are significantly reduced for the coolest

stars when hydrogen is included. This reduction in both effective temperature and mass

was recently explained by Bergeron et al. (2019, see their Figures 10 and 11). Briefly,

adding hydrogen in the model increases the number of free electrons, which in turn

increases the He− free-free opacity. This has a quite dramatic effect on the continuum,

as can be appreciated from Figure 2.6, where the energy distribution of two models

that differ only by their hydrogen content are shown. As a result of the increased He−

free-free opacity, a lower temperature and a larger solid angle are required to match

the observed fluxes, which translate into a larger radius, and thus a smaller mass. Note

that this effect practically disappears for effective temperatures above ∼11,000 K, as the

contribution from ionized helium starts to dominate the free electron budget.

2.5.3 Mass Distributions

As discussed above, the parameters we derive depend intimately on the assumed

amount of invisible hydrogen present in the star. It is certainly reasonable to expect at

least some amount of hydrogen to be present in each object. After all, not only have

these white dwarfs been traveling through the interstellar medium for billions of years,

but potentially, they also have accreted bodies that may have contained large amounts of

water and ice (Farihi, 2011, Farihi et al., 2013, Klein et al., 2010, Raddi et al., 2015).
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Figure 2.4 – Hydrogen abundance as a function of effective temperature for our sample

of DBZ/DZ(A) white dwarfs. Objects with parallax measurements are represented with

filled symbols, while open symbols are used for stars for which we assumed log g =

8. Orange circles are objects with hydrogen abundances determined from fitting Hα ,

while blue triangles correspond to upper limits. The dashed line represents the visibility

limit, defined as an equivalent width of 0.5 Å for Hα at logg = 8. The black error bars

represent the average uncertainties.

Figure 2.5 – Comparison of masses and effective temperatures obtained with hydrogen-

free models (orange dots) and with models where the hydrogen abundance was set at the

visibility limit (blue dots). A black line connects the two solutions for each object.
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Figure 2.6 – Synthetic spectra (Eddington fluxes) for models at Teff = 8000 K,

logCa/He = −9, and logg = 8, with two different hydrogen abundances indicated in

the figure.

While it is impossible to determine exactly the hydrogen abundance in each object, we

know this abundance must lie within the two limiting cases explored here. We thus, in

what follows, take a deeper look at the consequences this parameter has on the derived

global properties of the sample, and most importantly on the mass distribution.

Figure 2.7 compares the mass distributions of our parallax sample for stars with

hydrogen abundances measured directly from Hα (105 objects) with those with no de-

tectable Hα feature (918 objects) analyzed both with hydrogen-free models and with hy-

drogen abundances set to the visibility limit. We find that the mean mass for the DBZA-

/DZA stars is 0.612 M�, very close to the value recently reported by Genest-Beaulieu &

Bergeron (2019) for DA (0.617 M�) and DB (0.620 M�) white dwarfs, which represents

the most comprehensive photometric and spectroscopic analysis of DA and DB white

dwarfs identified in the SDSS. However, the mean mass is significantly higher (0.675

M�) for stars without Hα if no hydrogen is included in our models. This indicates that

the effective temperatures and masses obtained from hydrogen-free models are probably

overestimated, most likely due to the presence of invisible traces of hydrogen in these

stars. Adding the maximum amount of hydrogen pushes the mass distribution towards

values that now become consistent (mean mass of 0.631 M�) with the mean mass of DA

and DB white dwarfs, although the peak is still slightly shifted towards higher masses
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with respect to the DBZA/DZA stars.

Since there is no reason to believe that these objects represent a distinct massive pop-

ulation, this probably means that our effective temperatures and masses are still slightly

overestimated for many objects using our approach, most likely due to small deviations

of the abundances of some elements with respect to the chondrite values. For example,

if the accretion episode responsible for the metal pollution in some of these stars has

stopped a long time ago, elements with different masses will start to settle with different

timescales (photospheric abundances will be very close to that of the polluting body only

during the early phase and steady state phase; Dupuis et al. 1993, Koester 2009), lead-

ing to abundances that can depart significantly from our assumed ratios. This will also

affect, to a lesser extent, the relative strength of the absorption in the UV. Consequently,

the uncertainties on the atmospheric parameters for these stars will be intrinsically larger

than the statistical values reported here. Spectroscopic observations in the ultraviolet for

every object in our sample would be required for a more accurate analysis, but unfortu-

nately, such data will not become available anytime soon. Note that DZA white dwarfs

are less affected by these uncertainties because when hydrogen is present in sufficient

quantities to be detectable, it will also be the main free electron donor at the photo-

sphere, diminishing the impact of small variations of heavy element abundance ratios

with respect to chondrites.

Even though it is not possible to derive the exact photospheric hydrogen abundance

for each object, the fact that the peak of the mass distribution appears more realistic

when traces of hydrogen are included suggests that most of these objects probably have

abundances close to the detection limit. As will be discussed in Section 2.7, this corre-

sponds also approximately to the amount of hydrogen expected if such DZ stars are the

results of convectively mixed DA white dwarfs. Consequently, our adopted atmospheric

parameters reported in Table II.III in Appendix II are obtained with the hydrogen abun-

dance set to the visibility limit, keeping in mind that the true solution for individual

objects may be off by a few hundred degrees and a few hundredth solar mass, depending

on their real hydrogen (and also metal) content.

Note finally that objects in Table II.III with M � 0.47 M� are most likely unresolved
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Figure 2.7 – Mass distributions for DZ and DZA white dwarfs in our parallax sample.

The DZA stars are shown in orange, while the DZ stars fitted with hydrogen-free models

or with the hydrogen abundance set to the visibility limit are shown in black and blue,

respectively.

double degenerate binaries, because such low mass white dwarfs would have low mass

progenitors on the main sequence, with lifetimes longer than the age of the Milky Way.

Such binaries are more luminous, resulting in a larger solid angle for a given distance,

and thus a larger radius (lower mass) is inferred when analyzed under the assumption of

a single object.

2.5.4 Accreted Material

Figure 2.8 shows the abundance of calcium as a function of effective temperature

for the 1023 DBZ/DZ(A) white dwarfs in our sample. The two gaps in the distribution

reported by Dufour et al. (2007b), namely between 5000 and 6000 K as well as in the

top right corner of the diagram, have been mostly filled, thanks to the recent discovery

of many new cool polluted white dwarfs (Hollands et al., 2018, 2017, Kepler et al.,

2015, 2016, Kleinman et al., 2013, Koester et al., 2011). The absence of objects at high

effective temperatures and low calcium abundances is still present, and is due to the

detection limit of Ca II H&K lines, as indicated in the figure. At the typical resolution of
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our spectroscopic observations, stars with such parameters would simply appear as DC

white dwarfs below Teff ∼ 12,000 K, and as DB stars above this temperature.

More interesting than the calcium-to-helium abundance ratio is the total mass of cal-

cium contained in the convection zone of these white dwarfs. Using the derived effective

temperature and surface gravity of each object, we can calculate the total mass of the he-

lium convection zone using envelope models similar to those described in Fontaine et al.

(2001, see Dufour et al. 2010 for further details) ranging from Teff = 7000 K to 30,000

K, logg = 7.5 to 9.0, and with the ML2/α = 1.0 version of the mixing-length theory

(the effect of changing the mixing length is negligible below Teff ∼ 16,000 K; see Fig-

ures 9 and 10 of Rolland et al. 2018). Our results are presented in Figure 2.9. Note that

these values represent only lower limits to the total mass accreted since we do not know

how much mass has already diffused at the bottom of the convection zone. Also shown

for comparison in Figure 2.9 is the estimated mass of calcium present in well-known

asteroids in the solar system, assuming that calcium accounts for 1.6% of the mass of a

typical planetesimal (see Farihi, 2011). Our results are similar to those presented in Far-

ihi (2011) and Hollands et al. (2018), with masses ranging from 1018 g to 1022 g, with

possibly smaller mass values at lower effective temperatures (the lack of low calcium

mass values at high effective temperatures is simply a visibility limit effect; see Figure

2.8). Surprisingly, the total mass of calcium remains constant as a function of the white

dwarf mass between 0.5 M� and 0.75 M�, with a possible decrease in more massive

white dwarfs, although we are probably dealing here with small number statistics.

2.5.5 Main Sequence Progenitors

It is also possible to estimate the mass of the white dwarf progenitors using the empir-

ical initial-final mass relation (IFMR). While there are many different IFMR published

(see Figure 8 of Williams et al. 2009 for a comparison), most of them rely on the observa-

tions of star clusters. El-Badry et al. (2018) propose an alternative way of calculating the

relation using the Gaia color-magnitude diagram. Their results agree remarkably well

with those of Williams et al. (2009), which we decided to use for simplicity. One must

keep in mind that this relation includes many systematic errors, one being the possible
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Figure 2.8 – Calcium abundance as a function of effective temperature for all DZ white

dwarfs in our sample. The black cross indicates the mean error bar. White dwarfs with

a parallax measurement are shown with filled symbols, while logg = 8 was assumed for

objects with open symbols. Orange circles represent DZA stars with hydrogen abun-

dances determined by fitting Hα , and blue circles represent DZ stars with the hydrogen

abundance fixed at the detection limit. The dashed line indicates the detection limit of

calcium, defined as an equivalent width of 0.5 Å for the Ca II H line.

dependence on initial metallicity (Marigo & Girardi, 2007), information that is lost when

evolving to the white dwarf phase. Because of this, it is difficult to determine accurate

initial masses of individual objects, but we can obtain a good idea of the distribution.

The result is shown in Figure 2.10 for stars with σπ/π < 0.1. Note that below Mi = 1

M�, the results are meaningless, since the white dwarfs in these bins have masses below

0.47 M�, and are most probably unresolved double degenerate binaries (single white

dwarfs with such low mass have long main sequence lifetime, and are not expected to

have evolved into white dwarfs within the age of the galactic disk yet).

On the basis of the results displayed in Figure 2.10, we find that 41 white dwarfs had

main sequence progenitors with masses above 3 M�, indicating that the formation of

rocky objects around massive stars may not be exceptional at all. Note that the Extrasolar

Planets Encyclopaedia12 reports only 9 exoplanets (out of 3802 exoplanets with the mass

12http://exoplanet.eu/
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Figure 2.9 – Total mass of calcium in the convection zone as a function of effective

temperature (left) and mass (right). Orange circles are objects with hydrogen abundances

determined by fitting Hα and blue circles are objects with the hydrogen abundance fixed

at the detection limit. We also show the estimated mass of calcium in Ceres, Vesta, and

Minerva, assuming that calcium constitutes 1.6% of their total mass as in bulk Earth

(Farihi, 2011).

Figure 2.10 – Mass distribution of white dwarf progenitors based on the IMFR of

Williams et al. (2009) for the DBZ/DZ(A) stars in our sample with σπ/π < 0.1.
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of the host star determined) around 8 different stars with masses above 3 M�. The very

small number of known planets around massive stars is mostly due to various selection

effects, as the method used to find them (transit, radial velocity, direct imaging) are

all less efficient around large, bright, and massive main sequence stars. Nevertheless,

theoretical models of planet formation predict that planet occurrence around massive

stars should be higher (Kennedy & Kenyon, 2008), and the presence of rocky material in

the photosphere of many polluted white dwarfs with massive main sequence progenitors

seems to confirm this hypothesis. However, to properly study planet occurrence and its

correlation with stellar mass, an analysis of a large sample of DC and DB white dwarfs

would be necessary, preferably for a complete-volume sample, something that is outside

the scope of this work.

2.5.6 Discussion of Individual Objects

J0005+7313 — The helium lines at 3889 and 4026 Å are deeper than those predicted

by the model, indicating that the temperature determined from photometry, Teff = 12,673

K, is probably underestimated. Using Gaia photometry, we find Teff = 13,152 K, which

is still too cool for a good spectroscopic fit. Bergeron et al. (2011) found Teff = 14,410

K, logH/He = −5.97, and no metals, using only spectroscopy. The absence of metals

is not the explanation, since we obtain 12,715 K fitting photometry with our metal-free

models. Because their technique is independent of photometry, one possible explanation

is the reddening due to interstellar absorption. In this work, we use the procedure of

Harris et al. (2006), and since the star is only at 34.7 parsecs, no correction for reddening

is applied. If we use the procedure of Gentile Fusillo et al. (2019) instead, we need to

apply 3.2% of the maximum absorption along the line of sight, and we now obtain Teff =

13,622 K, which provides a much better agreement with the spectra. Three dimensional

reddening maps made with Gaia should eventually allow better correction for reddening.

J0152+2418 — The Mg I lines at ∼3830 Å and the red wing of the Ca II H&K lines

are not well reproduced by our model. One possible explanation is that the abundance

ratios differ significantly from that of chondrites. A deficiency in magnesium (and pos-

sibly Fe and other elements) may explain this discrepancy. More specific adjustments of



35

the various abundances would be necessary to obtain a good fit.

J0209+2914, J1242+0829, and J1424+5657 — All three white dwarfs have “flat-

tened” Ca II lines, similar to those observed in J1249+6514, not analyzed here, which

has been identified as magnetic by Hollands et al. (2017). The spectra do not show other

lines that could be used to detect line splitting. We can only consider the values we found

to be approximate, but if the presence of magnetism is confirmed, J1242+0829 would be

the hottest known magnetic DZ star with Teff ∼ 8123 K.

J0302−0108 (GD 40) — Our effective temperature of Teff = 13,594 K is much lower

than that reported by Voss et al. (2007) — Teff = 15,316 K (with logg fixed at 8) —

obtained on the basis of metal-free models. They also relied on optical spectra rather

than photometry to derive the temperature. Part of this large difference is probably at-

tributable to the lack of heavy elements in their model atmosphere calculations, but since

our predicted helium lines are a tiny bit too shallow compared to the observations, it is

also possible that our effective temperature is slightly underestimated, possibly due to

our neglect of any reddening correction given that the distance is only 64 pc.

J0555−0410 (LP 658-2) and J2201+0219 — While these objects do not show a

clear Hα absorption line, setting the hydrogen abundance at the detection limit leads to

completely spurious fits, so we decided to adopt hydrogen-free models for these stars.

J0555−0410 was also analyzed in Blouin et al. (2018a) who also found a lower hydrogen

abundance of logH/He <−5. The difference of 61 K in Teff between both temperature

estimates can be explained by the different sets of photometry used (BVRI+JHK instead

of Pan-STARRS grizy). Blouin et al. were also able to constrain logMg/He to −8.66, a

value much higher than the −9.92 we used here on the basis of the chondrite ratio.

J0801+5329, J0842−1347, and J1428+4403 — These are objects similar to J0152+2418

where the magnesium lines and the shape of the Ca II H&K lines are not well reproduced.

Reducing logH/He improves the fit in one case (J1428+4403), but not to the point where

the fit is satisfactory. Additional adjustments of individual metal abundances are most

probably needed for these objects.

J0846+3538 and J1356+4047 — Both stars seem to have an overabundance of mag-

nesium and sharper than predicted Ca II H&K lines, as opposed to J0152+2418 and other
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similar objects discussed above. Again, a fit using a tailor-made grid with different abun-

dance ratios would probably allow a better fit for these objects.

J1214+7822 — It was impossible to obtain a good spectroscopic fit for both the Ca

II H&K lines and the Ca I line at 4226 Å simultaneously. We found the best agreement

with H&K by using hydrogen-free models and ignoring the Ca I line. However, with a

mass of only 0.31 M�, this star is most likely a double degenerate system, and a DZ+DC

system could explain the unusually narrow H&K spectral lines at this temperature. Al-

ternatively, Limoges et al. (2015) suggested that this object could have a hydrogen-rich

atmosphere, with a lower atmospheric pressure and thus narrower absorption lines.

J1234+5606 — The SDSS magnitudes for this object are ∼0.3 mag fainter than

Pan-STARRS and Gaia, which leads to two different possible solutions. We could not

reach a conclusion regarding this discrepancy, but the SDSS colors lead to a much better

spectroscopic fit of the helium lines at 5876 and 6678 Å, indicating a good estimate of

the effective temperature. We thus decided to adopt the SDSS photometric data set.

J2253−0646 (WD 2251−070) — Blouin et al. (2019a) found for this object Teff

= 4170±90 K, logg = 8.06±0.08, and logCa/He=−9.8±0.2 from fitting BVRI+JHK

and Pan-STARRS photometry, while we find Teff = 4132±53 K, logg = 8.03±0.07, and

logCa/He=−10.00±0.05. The values are very close, but Blouin et al. (2019a) show a

much better fit in their Figure 9. This is not surprising because they relied on improved

line profile calculations for the Ca I line at 4226 Å. These improved calculations are

important only for objects with Teff � 4500 K, and thus they have little impact on our

analysis. Only 4 objects in our sample are in that temperature range; J1636+1619 and

J0555−0410 do not show Ca I line, and J1214+7822 has already been discussed above.
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2.6 DQ White Dwarfs

2.6.1 Carbon Abundances

Following the method described in Section 2.4, we obtained the atmospheric param-

eters for all 317 DQ stars in our sample by fitting simultaneously the spectral energy

distribution and the carbon features (atomic and/or molecular). Figure 2.11 shows ex-

amples of spectroscopic and photometric fits for typical DQ white dwarfs (all our fits are

available in Appendix II, and our final parameters are given in Table II.II). The figures

show the spectral region used for the fit, i.e. either the Swan bands between 4000 and

6500 Å, or the carbon lines between 4500 and 5500 Å for the hotter objects. Note that

for some objects with weaker molecular absorption features, we used a smaller region

centered on the observed bands to achieve a good fit.

Figure 2.12 shows the carbon abundance as a function of effective temperature, using

a color scale to indicate the mass of each object. Two distinct populations are clearly

present: one sequence with “normal” mass (∼0.6 M�) DQ white dwarfs (bluish circles)

at low effective temperature, and a second sequence (reddish circles) of massive white

dwarfs (M ≥ 0.8 M�), with carbon abundances increasing with effective temperature.

The first sequence follows nicely the expected evolutionary path for 0.6 M� DQ stars

with logq(He) =−2.0 (Dantona & Mazzitelli 1979, Iben & MacDonald 1985, Fontaine

& Brassard 2005). Note that in Dufour et al. (2005), the bulk of the stars was following

the evolutionary sequence for logq(He) closer to −3.0. This is mainly due to the fact that

in our improved models, the band strengths with our new line list are slightly higher than

with the Zeidler-K.T. & Koester (1982) prescription, resulting in a systematic downward

shift in carbon abundances compared to the values published in Dufour et al. (2005).

Note also that the abrupt disappearance of normal mass DQ stars above ∼9500 K is

simply due to the visibility limit of carbon at these temperatures; in order to see carbon

features in the optical at higher effective temperatures, the abundance must be at least

log (C/He)= −4.5. Unless an ultraviolet spectrum is available, objects following the

predicted sequence in that range of effective temperature will simply be classified as DB

white dwarfs. Also, the absence of stars below Teff ∼ 6500 K is artificial since these were
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Figure 2.11 – Examples of fits to DQ white dwarfs in our sample. In the left panels, error

bars represent the observed data, while filled circles correspond to our best fit model,

with the atmospheric parameters given in each panel. The photometry used in the fit is

indicated at the top left of each panel. A star symbol indicates that the value of logH/He

has been fixed rather than fitted. The right panels show our spectroscopic fits (red) to the

normalized observed spectra (black). The complete version of this figure is available in

Appendix I.



39

not included in our sample due to the uncertainties in modeling the pressure-shifted Swan

bands (the so-called peculiar DQ, or DQpec; see Kowalski 2010, Blouin et al. 2019c).

More importantly, our analysis confirms the presence of a second sequence (Dufour

et al., 2005, Koester & Knist, 2006) with an abundance about one dex higher than the

bulk of DQ white dwarfs at M ∼ 0.6 M�. It appears that this second sequence is indeed

composed of massive white dwarfs, as suggested by Dufour et al. (2005), at least for

the hottest ones (Teff � 9000 K). In fact, almost all DQ white dwarfs with an effective

temperature above 10,000 K have masses higher than 0.8 M�. The coolest objects on

the second sequence, however, do not appear to have larger masses. These massive DQ

stars will be discussed in greater detail in Section 2.6.4.

2.6.2 Mass Distribution

The mass distribution of the DQ white dwarfs in our sample, displayed in Figure

2.13, reveals the two distinct populations very clearly, with the bulk of our sample cen-

tered around 0.55 M�, and a second bump centered around 1 M� where all the hottest

DQ stars in our sample are found. As stated before in the case of DBZ/DZ(A) white

dwarfs, DQ stars with derived masses below ∼0.45 M� are probably unresolved dou-

ble degenerate binaries. Such low mass stars, if isolated, could not have been formed

from single star evolution within the lifetime of the Galaxy. Moreover, these objects are

usually interpreted as helium-core white dwarfs whose core mass was truncated by mass

transfer with a companion. The presence of carbon in these apparently low-mass DQ

stars indicates that at least one component has a carbon core. These binaries are thus

probably composed of two non-DA stars (e.g., DQ + DC), which means that the masses

reported here are most likely underestimated.

Surprisingly, the main peak of the mass distribution for the DQ white dwarfs in

our sample is shifted by ∼0.05 M� relative to that obtained for the DA and DB white

dwarfs analyzed by Genest-Beaulieu & Bergeron (2019, see their Figure 21), raising

suspicions about our mass determinations of DQ stars. A way to test the accuracy of

our method for the mass determination is to look at the well-known DQ white dwarf

Procyon B (J0739+0513), which has a very accurate dynamical mass determination of
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Figure 2.12 – Carbon abundances as a function of effective temperature for DQ white

dwarfs using a color scale for the mass of each object (objects without parallax measure-

ments are shown as black diamonds). A square indicates an object fitted with models

including a trace of hydrogen (logH/He = −3, see text). Solid lines represent evo-

lutionary models from Fontaine & Brassard (2005) at 0.6 M� with, from top to bot-

tom, logq(He) = −3 and logq(He) = −2, while the dashed line is for 1.0 M� and

logq(He) = −5. The standard dredge-up scenario struggles to explain the observed

abundance pattern for massive objects.

0.592± 0.006 M� (Bond et al., 2015). Using our standard hybrid photometric/spec-

troscopic approach, we obtain a slightly lower mass of 0.554± 0.013 M� using HST

photometry. This indicates we are probably dealing with a systematic shift in the mass

determinations of DQ white dwarfs using our models13. Uncertainties related to our

dereddening procedure for our Teff and mass determinations should be irrelevant here

given the proximity of Procyon B. In fact, if we take only objects within 100 pc, where

reddening should be minimal along the line of sight for most stars, we still find that the

peak of the mass distribution is too low. In order to identify the origin of this shift in

13Note that a recent study by Koester & Kepler (2019) also finds a DQ mass distribution peaking near

0.55 M�.
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Figure 2.13 – Mass distribution of DQ white dwarfs (blue), compared to the photometric

mass distributions of DA and DB white dwarfs (orange and black lines, respectively)

taken from Figure 21 of Genest-Beaulieu & Bergeron (2019).

mass, we performed several tests using various model grids where we replaced our treat-

ment of the molecular band opacity with the old just overlapping line approximation

(Zeidler-K.T. & Koester, 1982). We also tried various treatments for the line broaden-

ing, and included undetectable traces of hydrogen or oxygen as well. In the end, similar

mass distributions were always obtained, and we could not pinpoint the exact cause of

this discrepancy.

We note, however, that several model lines in the ultraviolet have wings that extend

several hundreds of angstroms from the line center. This is probably not physically re-

alistic, and the use of the impact approximation is certainly not appropriate for these

lines. Unfortunately, the data required to compute line profiles with the unified line

shape theory of Allard et al. (1999) are not available for these lines. For stars with

available spectroscopic observations in the UV (Holberg et al., 2003)14, the use of the

quasistatic van der Waals broadening (Walkup et al., 1984, D. Koester, private commu-

nication) provides a good fit to the asymmetric C I 1930 Å line, although the carbon

14http://vega.lpl.arizona.edu/newsips/low/
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abundance needed to reproduce the observations is different than that determined from

the Swan bands. This problem is not new (see Dufour, 2011, for a detailed discussion),

and the origin of this discrepancy still remains mysterious to this day, although it is most

likely related to the uncertainties of the ultraviolet opacities. In fact, for DQ stars in

the intermediate temperature regime where both atomic lines and molecular bands are

present (∼9500 to 11,000 K), the models also have difficulties reproducing both types of

absorption features simultaneously. Examples of this problem are illustrated in Figure

2.14. While it is possible to obtain a good spectroscopic fit by increasing the effective

temperature and carbon abundance for these objects, doing so would then produce an en-

ergy distribution completely at odds with the photometric observations (see right panel

of Figure 2.14). A similar problem, based on an analysis using D. Koester’s model at-

mosphere code, was also reported by Gänsicke et al. (2010) for two DQ stars showing

traces of oxygen. For these problematic DQ stars in our sample, we compare in Table

2.III the results of our standard approach with the parameters obtained by fitting only the

optical spectra, thus ignoring all photometric information. We note that even though the

exact atmospheric parameters are somewhat uncertain because of this problem, the mas-

sive nature (M > 0.8 M�) of these objects remains unquestionable, even when allowing

for a conservative uncertainty of 0.15 M�.

While the problems mentioned above become apparent only for stars that show both

atomic and molecular lines, it is likely, however, that the whole temperature, abundance,

and mass scales for DQ white dwarfs are affected, which could perhaps also explain the

∼0.05 M� shift of the peak of the DQ mass distribution relative to DA and DB white

dwarfs. Until this problem is solved, the absolute values of the atmospheric parameters

for all DQ white dwarfs should be considered uncertain, although the relative values

between objects in the sample are probably reliable.

2.6.3 The Effects of Hydrogen

The presence of hydrogen is a rare phenomenon in DQ white dwarfs (see Dufour,

2011). Hydrogen abundance measurements are reported only for two relatively hot and

massive DQ stars in the literature, namely G35-26 (Thejll et al., 1990) and G227-5
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Figure 2.14 – Examples of DQ white dwarfs with bad spectroscopic fits when the effec-

tive temperature is derived from photometry. Left panel: best solutions when the effec-

tive temperature is obtained from fits to photometric data. Middle panel: best solutions

when fitting only the optical spectra. Right panel: corresponding energy distributions

for the two solutions. Open circles represent the best photometric/spectroscopic solu-

tions (our standard approach), while filled circles correspond to the solutions with the

effective temperature and carbon abundance determined solely from the optical spectra.

The parameter found with these two methods are indicated in Table 2.III

(Wegner & Koester, 1985), while its presence is also inferred from the detection of a

CH molecular band in two other objects — G99-37 and GJ 841B, both magnetic white

dwarfs (Blouin et al., 2019c, Vornanen et al., 2010). Our sample of cool DQ white dwarfs

with molecular carbon bands contains only six objects showing Hα , three of which have

masses below 0.47 M�, indicating they are most probably unresolved double degenerate

binaries composed of a DQ and a DA white dwarf; these are listed in Table 2.IV. Ex-

amples of other similar unresolved DQ+DA binaries can also be found in Vennes et al.
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Table 2.III – Parameters of DQ white dwarfs with bad spectroscopic fits when the effec-

tive temperature is derived from photometry.

Photometric fits Spectroscopic fits

Name Teff (K) logC/He M/M� Teff (K) logC/He M/M�
J0852+2316 11099 −3.18 0.97 12733 −1.99 1.12

J0859+3257 9486 −3.52 0.87 10407 −2.87 0.97

J0936+0607 11013 −3.07 0.97 12109 −1.99 1.09

J1000+1005 7869 −4.99 10395 −2.87

J1126+3245 9297 −4.43 11369 −2.73

J1140+0735 10651 −3.36 0.94 12395 −1.60 1.12

J1140+1824 9656 −3.54 0.81 10921 −2.62 0.94

J1148-0126 9680 −3.48 0.88 10868 −2.62 1.00

J2248+2826 9390 −4.21 0.57 11920 −2.02 0.90

(2012),Vennes & Kawka (2012) and Leggett et al. (2018). Except for the hotter DQ

J1243+1651, the other objects have an Hα line that is too narrow to be reproduced by

helium-rich models, and we believe they are also DQ + DA binaries. Hence, of the 293

DQ white dwarfs with temperatures between ∼6500 K and 10,500 K in our sample, there

is compelling evidence for the presence of hydrogen in only two objects, both hotter than

9000 K and only one showing swan bands.

Name Teff (K) M/M�
J0836+0437 8420 0.46

J0928+2638 7108 0.28

J0950+3238 8268

J1243+1651 10227 0.53

J1406+3402 7042 0.30

J2310−0057 7647 0.54

Table 2.IV – DQ white dwarfs showing hydrogen lines and swan bands.

As mentioned in Section 2.5.2, undetectable traces of hydrogen can still have an im-

pact on the atmospheric parameter determination of helium-atmosphere white dwarfs,

although in the case of DQ white dwarfs, the contribution of free electrons from carbon

is usually much more important than that of heavy elements in DZ stars. To test the

effect of hydrogen on the determination of the atmospheric parameters of cool DQ white

dwarfs, we generated a small grid of models with logH/He = −3, and refitted every
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object in our sample with Teff < 10,000 K. We find that by assuming such a hydrogen

abundance, we could produce Hα and Hβ absorption features that would be easily de-

tected above 8000 K, as well as a CH molecular band near 4300 Å for objects cooler

than ∼8500 K. Even by assuming an abundance that is clearly ruled out by the spectro-

scopic observations, we find that the presence of hydrogen has only a marginal impact

on our atmospheric parameters, increasing the derived effective temperatures by 150 K

and masses by 0.035 M�, on average. We can thus safely consider that the presence of

undetectable traces of hydrogen does not affect significantly the parameters of cool DQ

stars.

In the atomic lines regime (Teff � 10,000 K), however, spectroscopic observations

tell a different story. Although Hα is blended with the carbon lines near 6588 Å, Hβ

can be detected very clearly. These lines are observed in 40% of the objects (10/25).

We thus generated additional grids with logH/He =−2, −3, and −4, with Teff ranging

from 10,000 K to 16,000 K, We found that, surprisingly, the logH/He = −3 grid best

reproduces the observations for almost every star, suggesting that the hydrogen abun-

dance appears relatively constant in the objects where hydrogen is detected. Therefore,

the solutions with logH/He =−3 are presented in Appendix II and Table II.II when the

Balmer lines are observed. Note that it is possible that DQ stars with no detectable hy-

drogen features also contain some traces of hydrogen, since the Balmer lines are barely

predicted for some objects with higher carbon abundance and lower effective tempera-

ture. The presence of hydrogen in these objects has a marginal impact on the measured

effective temperature (265 K on average) and mass (0.032 M� on average), but the ef-

fect can be quite significant for the carbon abundance (around 0.5 dex in some cases).

Since we do not know the exact hydrogen abundance for these objects, we provide the

solutions without hydrogen in Appendix II and Table II.II.

2.6.4 Massive DQ White Dwarfs

We now turn our attention to the population of massive (M > 0.8 M�) DQ white

dwarfs clearly distinguishable in Figures 2.12 and 2.13. First, the carbon abundance pat-

tern observed for these objects indicates that they followed a different evolutionary path
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than their cooler normal mass counterparts, since the standard dredge-up prediction for

massive white dwarfs completely fails to explain their chemical composition (see also

Brassard et al., 2007). Second, such massive DQ stars could not have DB white dwarfs as

progenitors because practically no massive helium-rich white dwarfs exist at higher ef-

fective temperatures (Beauchamp et al., 1996, Bergeron et al., 2011, Genest-Beaulieu &

Bergeron, 2019, Gentile Fusillo et al., 2019, Tremblay et al., 2019a). Instead, the massive

sequence connects nicely with the carbon-dominated atmosphere white dwarfs at higher

effective temperature, the so-called Hot DQ stars (Teff ≥ 18,000 K and log (C/He)≥ 0,

see Dufour et al., 2008, 2007a, 2013). Note that Gaia trigonometric parallax measure-

ments confirm that the carbon-dominated atmosphere white dwarfs are massive as well

(Dunlap et al., submitted). We thus believe that our massive DQ stars represent cooler

versions of the carbon-atmosphere white dwarfs.

The many unusual properties of Hot DQ white dwarfs — unique chemical compo-

sition, high mass, and high incidence of magnetism — recently prompted Dunlap &

Clemens (2015) to propose that these hot carbon-atmosphere white dwarfs represent a

population of merged white dwarfs (failed type Ia supernovae). The key piece of ev-

idence for this proposed scenario comes from the kinematic properties of the sample,

which provide an independent age indicator (Dunlap & Clemens, 2015). Indeed, one

interesting characteristic that stands out about the Hot DQ population is their very high

tangential velocity, as a group, compared to other white dwarfs with the same age and

mass. Over time, a population of stars is kinematically heated through gravitational

interactions (Wegg & Phinney, 2012). Hence, as a population gets older, its velocity dis-

persion increases. In particular, Dunlap & Clemens showed that there is a discrepancy

between the young age inferred from the derived atmospheric parameters of carbon-

atmosphere white dwarfs15, and the old age derived from the velocity dispersion. The

merger scenario provides an elegant solution to this dilemma because the reheating in-

duced by the merging event resets the cooling age clock, and consequently, the cooling

age derived from the effective temperature and mass thus becomes meaningless. If the

15Such hot massive white dwarfs should descend from massive, short-live main-sequence progenitors,

and they should thus have a small total age if they evolved as single stars.
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massive DQ white dwarfs observed in Figures 2.12 and 2.13 are indeed cooled down

versions of the Hot DQ stars, a kinematic analysis of the sample should then show the

same discrepancy between the two age indicators.

We show in Figure 2.15 the cumulative distribution of transverse velocities, Vtrans,

for our sample of massive DQ white dwarfs, calculated using Gaia distances and proper

motions. We selected DQ white dwarfs with Teff > 10,000 K and M > 0.8 M�, a point

where there appears to be a clean separation between the two DQ populations. Since

there is no DQ white dwarf with “normal” masses in this temperature range, we compare

the properties of the massive DQ stars with those of our sample of DBZ/DZ(A) as well as

DA white dwarfs with signal-to-noise ratio higher than 25 taken from Genest-Beaulieu

& Bergeron (2019), a large and clean sample perfectly suited for this comparison. Also,

in order to make a meaningful comparison, we selected only DBZ/DZ(A) and DA white

dwarfs in the same range of effective temperature where the massive DQ stars are found,

i.e. between 10,000 K and 16,000 K, and we compare the distributions of transverse

velocities for stars with masses greater than 0.8 M� and in the 0.5−0.8 M� mass range.

First, we notice that the transverse velocity distribution for DBZ/DZ(A) and DA

white dwarfs are very similar, and that those with M > 0.8 M� are much less dispersed

than those with 0.5 < M < 0.8 M�. This is exactly what we expect, since massive white

dwarfs have massive progenitors with shorter main sequence lifetimes, corresponding

to a shorter total age, and thus a smaller velocity dispersion (Wegg & Phinney, 2012).

However, the velocity dispersion for the massive DQ stars displayed in Figure 2.15 is

extremely broad, in sharp contrast with what is expected for a population of massive

white dwarfs. We find indeed that 45% (10 out of 22) of the massive (M > 0.8 M�)

DQ population has Vtrans > 50 km s−1, while the fractions are only 5% (3 out of 61)

and 7% (1 out of 14) for DA and DBZ/DZ(A) with similar atmospheric parameters,

respectively. The fact that the distribution is even larger than that of stars in the 0.5−0.8

M� mass range strongly supports the idea that these objects are the descendants of the

carbon-dominated atmosphere white dwarfs (the Hot DQ stars), and consequently, that

they represent the outcome of the merging of two white dwarfs.

It is interesting to note, however, that very few massive DQ stars are found with a



48

Figure 2.15 – Cumulative distribution of transverse velocities for massive DQ,

DBZ/DZ(A) (this paper) and DA (Genest-Beaulieu & Bergeron, 2019) white dwarfs

with Teff between 10,000 and 16,000K.

large magnetic field (J1040+0635 and J1036+6522 are the only two examples, Williams

et al. 2013), in contrast with the very large fraction of magnetic Hot DQ white dwarfs

(at least 70% are magnetic at some level, Dufour et al., 2013). Magnetic fields of a few

MG would be easily detectable through line splitting in our spectra. It thus seems that

as helium finds its way to the top of the photosphere, the strength of the magnetic field

is also reduced significantly, as these stars cool down. If our hypothesis that the Hot

DQ stars represent the progenitors of the massive DQ in our sample is correct, then the

latter are probably still magnetic at some level. Unfortunately, the SDSS spectra used

in our analysis lack the signal-to-noise ratio and spectral resolution required to properly

identify weaker magnetic fields of a few 100 kG. We predict that a large fraction of these

objects will eventually show magnetism when high-resolution spectroscopic observa-

tions become available. Also, at least one third of the Hot DQ stars are variable (Barlow

et al., 2008, Dufour et al., 2011, Dunlap et al., 2010, Lawrie et al., 2013, Montgomery
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et al., 2008), presumably due to the presence of magnetic spots at the surface of a rapidly

rotating star. If magnetism is indeed still present at some level, a large fraction of the

massive DQ stars should also be variable.

Finally, we notice that there appears to be a correlation between the mass and the

effective temperature, the hottest objects near 16,000 K being significantly more mas-

sive (∼0.3 M�) than their cooler counterparts near 10,000 K. As it is expected that white

dwarfs should evolve at constant masses, we first believed that some missing ingredi-

ent in our models was responsible for either an overestimation of the masses of the

hottest stars, or an underestimation for the cooler ones. We experimented with many test

grids incorporating traces of oxygen, hydrogen, as well as different treatments of line

broadening, but none of these experiments affected the relative masses of our object in

a significant way. As mentioned in Section 2.6.2, we know there are some uncertainties

concerning the absolute values of the atmospheric parameters of DQ white dwarfs that

may explain the shifted position of the peak of the mass distribution and the difficul-

ties in reproducing simultaneously the atomic and molecular features. However, it is

unlikely that the shortcomings of our models translates into uncertainties on the masses

much larger than 0.1 M� (the radius of the star is tightly constrained from the measured

energy distribution and distance), not enough to explain the clear correlation with ef-

fective temperature that we observe in our sample. We thus believe that the observed

correlation is real and that it is most probably the manifestation of an observational bias

due to the crystallization of the core of these white dwarfs (see next section).

2.6.5 The Crystallization Sequence

As a white dwarf cools off, thermal energy is gradually lost from the star in the

form of radiation, until the kinetic motions of the ions lose amplitude and eventually

become correlated. The ionic state then evolves from a gas to a fluid to a solid, a process

referred to as crystallization (Fontaine et al., 2001). This liquid-to-solid transition, which

begins in the center of the stellar core and slowly moves outwards, represents a first-order

phase transition, and is thus accompanied by a release of latent heat, which contributes

to slowing down the cooling process significantly. Over 50 years ago, van Horn (1968)
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predicted this crystallization sequence, a process which decreases the cooling rate during

the transition, leading to a pile-up of objects that could be detected in HR diagrams.

The first direct observational evidence of this crystallization process was reported by

Tremblay et al. (2019b), in the form of a characteristic pile-up of white dwarfs forming a

tight sequence in the Gaia MG versus GBP−GRP HR diagram, the so-called “Q branch”

(see their Figure 2).

Our second, more massive sequence of DQ white dwarfs is particularly interesting in

the context of crystallization, because for ∼0.6 M� white dwarfs, crystallization occurs

at the same time as another physical process referred to as convective coupling, which

takes place when the base of the superficial convection zone reaches into the degenerate

interior (Fontaine et al., 2001). Convective coupling also decreases the cooling process

temporarily, and in ∼0.6 M� white dwarfs, the effects of crystallization and convective

coupling cannot be disentangled. Fortunately, crystallization occurs at much higher ef-

fective temperature for more massive white dwarfs, making the massive sequence of DQ

white dwarfs ideal objects to examine the crystallization process.

Figure 2.16 shows the color-magnitude diagram for our sample of DQ white dwarfs

with measured parallaxes and σπ/π < 0.1. The lowest red point in this diagram is

J0841+3329, for which the Gaia phot_bp_rp_excess_factor value is 1.34, in-

dicating possibly a bad quality of magnitudes according to Gaia Collaboration et al.

(2018). Our best fit based on SDSS photometry predicts a lower magnitude in the G

bandpass. By removing this object, all our massive DQ stars fall in the region of the

crystallization sequence reported by Tremblay et al. (2019b).

Figure 2.17 shows the masses as a function of effective temperature for the same

sample of DQ stars, together with the sample of DA white dwarfs analyzed by Bergeron

et al. (2019, see their Figure 14). The black solid lines are also described at length in

Bergeron et al. Briefly, the left line corresponds to the onset of crystallization at the

center of an evolving model (the same as in Tremblay et al., 2019b), while the right

line indicates the location where 80% of the total mass of the star has solidified. Upon

crystallization, latent heat is slowly released, and the white dwarf cooling is slowed

down, a process that is well illustrated by the tightening of the isochrones (shown in red)
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Figure 2.16 – Absolute G magnitudes as a function of GBP−GRP. Filled circles represent

DQ stars with σπ/π < 0.1, using a color scale for the mass of each object. Black dots are

white dwarf candidates within 100 pc selected from Gaia DR2 using the cuts proposed

in Appendix B of Gaia Collaboration et al. (2018).

between the two black lines. Figure 2.17 reveals that most of our massive DQ stars fall

within these lines, indicating a possible pile-up due to crystallization.

Figure 2.18 shows the masses of DBZ/DZ(A) white dwarfs in our sample as a func-

tion of effective temperature together with the same isochrones and crystallization se-

quences as before. The signature of crystallization cannot be seen, but this could be due

to the fact that there are much less massive stars above Teff = 12,000 K which is con-

sistent with the idea that DBZ(A) white dwarfs belong to the same population as DB(A)

stars. At high temperatures, it is also more difficult to see metal absorption lines (see the

detection limit in Figure 2.8) and the diagram is thus much less populated in that range.

2.6.6 Discussion of Individual Objects

J0901+5751, J0922+2928, and J1423+5729 — These stars show many O I lines,

especially at 6156 and 7772 Å, and at 5330 and 5435 Å in the case of J1423+5729. For
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Figure 2.17 – Mass as a function of Teff for the DQ white dwarfs in our sample (red

dots), and DA white dwarfs spectroscopically identified in the MWDD with σπ/π < 0.1
(white dots), taken from Figure 14 of Bergeron et al. (2019). Also reproduced are their

theoretical isochrones obtained from cooling sequences with C/O-core compositions,

q(He) = 10−2, and q(H) = 10−4, equally spaced by Δ logτcool = 0.02 (in years). The

lower black solid curve indicates the onset of crystallization at the center of evolving

models, while the upper one indicates the location where 80% of the total mass has

solidified. The dashed curve indicates the onset of convective coupling. The black cross

corresponds to the mean errors of each fitted parameter.

J0922+2928, Gänsicke et al. (2010) found Teff = 8270 K and logC/He = −2.6 using

oxygen-rich models, while we found Teff = 8022 K and logC/He = −4.93. They also

found logH/He <−5.0 and logO/He =−2.0, which implies that oxygen is more abun-

dant than carbon. White dwarfs with such a high amount of oxygen in their atmosphere

must have followed a different evolutionary path, and the authors suggest that they could

be O/Ne-core white dwarfs surrounded by a layer of carbon and oxygen. Such white

dwarfs would be massive. According to our results, only one of these can be qualified as

massive, but we determined the mass using evolutionary models with C/O cores and did



53

Figure 2.18 – Same as Figure 2.17 but for DZ/DBZ white dwarfs. Blue circles corre-

spond to DZ/DBZ stars, while orange circles represent DZA/DBZA stars.

not take atmospheric oxygen into account in our analysis. However, if we take the values

of Gänsicke et al. (2010) for J0922+2928, all these objects fall above the first sequence

in Figure 2.12, suggesting indeed a different evolutionary path. We also note that these

objects are rare and have little impact on the conclusions of this work.

J1040+0635 — This star shows magnetic splitting, suggesting that our solution may

be uncertain. To evaluate the influence of the magnetic field on our result, we fitted the

magnetic white dwarf J1036+6522 (not included in this analysis), which shows similar

line splitting. We found Teff = 15,637 K, logg = 8.8, and logC/He =−1.87, the carbon

abundance being very approximate since we do not include splitting in this exercise.

Williams et al. (2013) used magnetic synthetic spectra to fit this object and estimated

Teff ∼ 15,500 K, logg ∼ 9, and logC/He =−1, which is consistent with our solution.

J2101+3148 — This star shows a discrepancy for the Swan band at 4700 Å. Dufour

et al. (2005) also reported this problem without further explanation. With a larger sam-
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ple, we can now compare this object with other stars with similar properties (for example

J1424+0833 and J1118−0314), and this discrepancy is not observed anywhere else. A

change in temperature of ±500 K does not improve the situation. However, the finding

chart on SIMBAD clearly shows a red object very near the white dwarf (potentially a

companion or an object along the line of sight) that probably contaminates the spectra.
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2.7 On The Spectral Evolution of White Dwarfs

Thanks to the advent of Gaia, we now have, for the first time, detailed mass distribu-

tions for a large sample of both DQ and DBZ/DZ(A) white dwarfs. Although there are

still uncertainties regarding the individual mass determinations (see Sections 2.5.1 and

2.6.2), a lot of information can be extracted from the overall shape of these mass distri-

butions, and in particular with respect to the spectral evolution of these white dwarfs.

The mass distribution of DQ white dwarfs shows two distinct peaks (see Figure 2.13),

one centered around 0.55 M� and another one centered around 1 M�. As discussed

above, the location of the first peak is slightly shifted relative to that of DA and DB white

dwarfs (see Figure 21 of Genest-Beaulieu & Bergeron, 2019), most probably indicating

a systematic error due to some unknown opacity source in the ultraviolet. Putting aside

this problem, it is interesting to compare the overall shape of these mass distributions.

The main difference between the mass distribution of DB stars and that of DA stars

is the absence of a high-mass tail in the former. This difference was first noted by

Beauchamp et al. (1996), and later confirmed by Bergeron et al. (2011) and Genest-

Beaulieu & Bergeron (2019). The mass distribution of our DQ sample does not show

an extended tail extending to masses above 1 M�, but rather exhibits two distinct peaks

with a clear separation near 0.8 M�. As discussed in Section 2.6.4, there is compelling

evidence that the second peak represents a population of merged white dwarfs. Hence,

the mass distribution of DQ stars with Teff < 10,000 K — effectively removing practically

all the massive objects — resemble much more that of DB white dwarfs than that of DA

stars, reinforcing the belief that the progenitor of DQ white dwarfs are helium-rich DB

stars.

In contrast, the mass distribution of DBZ/DZ(A) white dwarfs (see Figure 2.7) re-

veals a fair number of massive objects forming some sort of a tail similar to that observed

in DA white dwarfs. The similitude is even more striking in Figure 2.19 where we show

the mass distributions of our sample for effective temperatures above and below 12,000

K. We see that at low effective temperatures, the mass distribution — composed es-

sentially of DZ(A) stars — clearly shows a high mass tail, which is barely present in
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the mass distribution of hotter white dwarfs, containing essentially only DBZ(A) white

dwarfs. We note that the differences in the morphology of these mass distributions can-

not be explained by the presence of a significant number of statistical outliers due to poor

precision on parallax measurements (and thus mass determination) since our conclusions

remain the same if we look only at stars with σπ/π < 0.1.

Figure 2.19 – Comparison of the mass distributions of DBZ/DZ(A) white dwarfs for

effective temperatures above and below 12,000 K.

The most logical explanation for this phenomenon is that the progenitors of a sig-

nificant fraction of DZ(A) white dwarfs are DA stars that were convectively mixed, and

transformed into helium-atmosphere white dwarfs. Indeed, it is well known that the ratio

of non-DA to DA white dwarfs increases considerably with decreasing effective temper-

atures. This has been interpreted as the result of convective mixing, a process which be-

comes important below 12,000 K, as discussed at length in Rolland et al. (2018) and ref-

erences therein. This is a process where the thin hydrogen layer is mixed with the deeper

and more massive helium layer through convection, effectively turning a hydrogen-rich

white dwarf into a helium-rich one. Our results thus suggest that many DZ(A) stars, and

certainly most of the massive ones, represent the outcome of mixed DA white dwarfs that

have also accreted planetary material. In fact, Rolland et al. (2018) also demonstrated

that most DZA stars below Teff ∼ 12,000 K could not be the descendants of DBA (or
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DBZA) stars, and that these objects must be the result of hydrogen-rich stars that turned

helium-rich as a result of convective mixing. For the DBZ(A) white dwarfs, it is reason-

able to consider these objects as being simply the metal-polluted version of DB(A) stars.

These polluted DBZ(A) stars, when they cool off, will eventually become helium-rich

white dwarfs, or DZ(A) stars if they also accrete material (they would not become DQ

stars, however, see below).

Finally, the DQ white dwarfs with masses near the peak of the mass distribution

— which rarely show any trace of hydrogen (see Section 2.6.3) — are most likely the

descendants of the so-called “pure helium” DB stars that show no hydrogen feature.

In these nearly hydrogen-free DB stars, hydrogen has probably been largely depleted

during the earlier born-again post-AGB evolutionary phase (Rolland et al., 2018). This

interpretation could simultaneously explain the rarity of DQZ objects16 (i.e. DQ stars

showing traces of metals), if the surroundings of the progenitor have been cleared of

rocky debris during the active earlier post-AGB phases.

16There are only 4 stars with Ca II H&K absorption lines in our sample: J0739+0513 (Procyon B),

J0900+0331, J1332+2740, and J1534+4145.
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2.8 Conclusion

We presented an analysis of 1023 DBZ/DZ(A) and 319 DQ white dwarfs based on

state-of-the-art model atmospheres using new parallaxes, proper motions, and photome-

try from Gaia DR2, as well as photometry from SDSS, Pan-STARRS, previously pub-

lished BVRI, and spectroscopy from various sources. This represents a significant in-

crease over the previous comprehensive studies on these types of objects, namely those

of Dufour et al. (2007b, 159 DZs) and Dufour et al. (2005, 56 DQs). Calcium abun-

dance measurements for our large sample of DBZ/DZ(A) white dwarfs indicate that the

rocky objects that polluted their photosphere had masses similar to those of large aster-

oids found in our solar system. We found several polluted white dwarfs with progenitor

masses well above 3 M�, confirming that the formation of rocky material is also common

for early type stars. The availability of parallax measurements for nearly three quarters

of our sample allowed us to determine, for the first time, meaningful mass distributions

for these types of objects (the mass distributions for DQ and DZ stars of Dufour et al.

2005, 2007b contained only 11 and 16 objects, respectively). These mass distributions

revealed several interesting aspects about the properties of our samples that we summa-

rize here:

1. The mean mass for the DBZ/DZ white dwarfs (i.e. objects not showing Hα) is

significantly higher than that of DBZA/DZA stars. The two distributions are in

much better agreement when undetectable traces of hydrogen are included in the

model fits.

2. The mass distribution of DZ(A) white dwarfs cooler than Teff = 12,000 K shows a

high-mass tail similar to that observed for DA stars. This high-mass tail is absent

for objects in our sample hotter than 12,000K. We interpret this as a signature that

a significant fraction of the DZ(A) stars are convectively mixed DA white dwarfs

that have accreted rocky material.

3. The mass distribution of DQ white dwarfs shows two distinct peaks, one centered

at 0.55 M�, whose carbon abundances are well explained by the standard carbon
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dredge-up scenario, and another one centered at ∼1 M�, whose high kinematic

properties are consistent with the idea that they represent a population of merged

white dwarfs. We note that the location of the 0.55 M� peak is slightly shifted

towards smaller masses relative to that of DB white dwarfs, most probably due to

some unknown opacity source in the ultraviolet in our DQ models.

While traces of hydrogen are detected (or needed) in nearly all DBZ/DZ(A) white

dwarfs, its presence is extremely rare in cool DQ stars. This indicates that the nature of

these two populations of helium-atmosphere white dwarfs are clearly distinct. The most

logical way to explain the abundance pattern and mass distributions of these objects

is to interpret hydrogen-free DB white dwarfs as progenitors of cool DQ stars, while

the other types of cool helium-atmosphere white dwarfs, namely the DC and DZ(A)

stars, would originate from both convectively mixed DA and cooled down DB(A) white

dwarfs. Within this scenario, the rarity of both hydrogen and heavy elements in DQ white

dwarfs is also naturally explained by invoking particularly active post-AGB phases that

would eliminate practically all the remaining hydrogen, as well as most nearby rocky

objects in orbit.

The presence of hydrogen in 40% of the hotter DQ is, however, somewhat mysteri-

ous. We showed that this population of massive stars have much larger space velocities

than what is expected for a relatively young star population. As originally proposed by

Dunlap & Clemens (2015) in the case of Hot DQ white dwarfs, this indicates that the

massive DQ stars in our sample, which are most likely cooled-down version of the Hot

DQs, would also be the result of the merging of two C/O white dwarfs. Dufour et al.

(2008, 2007a) proposed that the Hot DQ white dwarfs would disguise themselves as

massive DB white dwarfs until the underlying convection zone completely dilutes the

thin helium layer, effectively transforming the object into a C/O-dominated atmosphere

when the star cools to about 24,000 K. However, such massive, and most probably mag-

netic, DB white dwarfs are very scarce. Another possibility is that these merger remnants

could instead hide as DA stars with very thin hydrogen layers, or possibly as some of the

massive magnetic white dwarfs that are often found at higher effective temperatures. We

predict that spectropolarimetric or high-resolution spectroscopic observations of massive
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DQ white dwarfs should reveal that most of them are magnetic at some level.

Interestingly, we find there is a correlation between the stellar mass and the effective

temperature for these massive DQ white dwarfs. Despite the uncertainties associated

with the temperature, abundance, and mass scales for these objects (due most probably to

some missing opacity in the ultraviolet), we believe the observed trend to be real, and that

it represents a manifestation of an accumulation of stars at certain effective temperatures

due to the slowing of the cooling process, when the stellar core eventually crystallizes.

Future work should address the shortcomings in the modeling of DQ white dwarfs in

order to reduce the uncertainties on the atmospheric parameters of these objects.
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CHAPITRE 3

CONCLUSION

Le but de ce mémoire était de mettre à jour nos connaissances sur les étoiles naines

blanches polluées par des métaux à la lumière du télescope Gaia. Celui-ci permet d’éva-

luer la distance de milliers de naines blanches, ce que nous ne pouvions faire que pour

une poignée d’entre elles auparavant. De plus, de nombreuses naines blanches polluées

ont été identifiées au cours des dernières années et de nouveaux modèles d’atmosphère

permettent une meilleure détermination des paramètres de celles-ci.

Nous avons donc présenté une analyse homogène de 1023 naines blanches de type

spectral DZ et 319 de type DQ. Nous avons utilisé les nouvelles données astrométriques

du télescope Gaia et nous avons amassé des données photométriques et spectroscopiques

du Sloan Digital Sky Survey, PanSTARRS et de la littérature afin d’avoir le plus grand

échantillon possible. Nous avons aussi utilisé des modèles d’atmosphère à jour incluant

des effets de haute densité, effets importants pour les étoiles les plus froides.

Nous avons étudié l’abondance d’hydrogène, la plupart du temps invisible, dans les

DZs et avons conclu que la majorité contient des traces d’hydrogène sous la limite de

visibilité. Nous avons trouvé une masse moyenne de 0.631 M� pour les DZs et 0.612

M� pour les DZAs.

Les étoiles DZ sont une source d’information indirecte sur les exoplanètes. Nous

avons examiné l’occurrence de planétoïdes autour des étoiles en relation avec leur masse

et avons trouvé que ces objets ne sont pas rares autour des étoiles massives. Les naines

blanches permettent donc d’étudier les exoplanètes dans le contexte des étoiles massives,

une chose difficile à faire avec les méthodes de détection actuelles. Cela-dit, des études

statistiques dans un volume complet sont nécessaires pour en apprendre plus. Avec Gaia,

les données astrométriques sont complètes pour plusieurs dizaines de parsecs, mais il

faudrait des relevés photométriques et spectroscopiques plus complets. Nous avons aussi

calculé des limites inférieures sur la masse des objets accrétés et avons trouvé qu’ils sont

en accord avec la masse de certains astéroïdes dans notre système solaire.
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Nous avons examiné la présence et l’effet de l’hydrogène dans les DQs et avons

trouvé qu’il est très rare dans les DQs montrant des bandes moléculaires, mais très

fréquent dans celles, plus chaudes, montrant des raies atomiques. Nous avons présenté

une distribution de masse avec une moyenne de 0.599 M� centrée à ∼ 0.55 M�. Nous

avons discuté des limitations de nos modèles en ce qui a trait à l’absorption dans l’ul-

traviolet, et que cela pourrait faire en sorte que nous avons sous-estimé la masse de ces

étoiles. Du travail reste à faire pour mieux déterminer les paramètres atmosphériques

de ces naines blanches. Nous avons utilisé les données astrométriques de Gaia pour

calculer les vitesses transversales de notre échantillon. Les vitesses transversales des

étoiles plus jeunes devraient être moins dispersées et les DQs massives devraient être

plus jeunes car elles ont passé moins de temps sur la séquence principale. Par contre,

celles-ci montrent au contraire une grande dispersion dans les vitesses transversales, in-

diquant une évolution différente. Nous avons suggéré que celles-ci pourraient être le

résultat d’étoiles ayant fusionné. Nous avons aussi discuté de la cristallisation du coeur

des naines blanches et comment elle est visible dans notre échantillon de DQs.

Finalement, nous avons discuté d’évolution spectrale, notamment que la majorité des

DZs sont probablement le résultat du mélange convectif transformant une naine blanche

riche en hydrogène en une étoile riche en hélium.
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doi: 10.3847/1538-3881/aabc4f

Bailer-Jones, C. A. L. 2015, PASP, 127, 994, doi: 10.1086/683116

Barlow, B. N., Dunlap, B. H., Rosen, R., & Clemens, J. C. 2008, ApJL, 688, L95,

doi: 10.1086/595584

Batalha, N. M., Borucki, W. J., Koch, D. G., et al. 2010, ApJL, 713, L109, doi: 10.

1088/2041-8205/713/2/L109

Beauchamp, A., Wesemael, F., Bergeron, P., Liebert, J., & Saffer, R. A. 1996, in Astro-

nomical Society of the Pacific Conference Series, Vol. 96, Hydrogen Deficient Stars,

ed. C. S. Jeffery & U. Heber, 295

Bergeron, P., Dufour, P., Fontaine, G., et al. 2019, ApJ, 876, 67, doi: 10.3847/

1538-4357/ab153a

Bergeron, P., Leggett, S. K., & Ruiz, M. T. 2001, ApJS, 133, 413, doi: 10.1086/

320356

Bergeron, P., Ruiz, M. T., & Leggett, S. K. 1997, ApJS, 108, 339, doi: 10.1086/

312955

Bergeron, P., Saffer, R. A., & Liebert, J. 1992, ApJ, 394, 228, doi: 10.1086/171575



65

Bergeron, P., Wesemael, F., Dufour, P., et al. 2011, ApJ, 737, 28, doi: 10.1088/

0004-637X/737/1/28

Blouin, S., Allard, N. F., Leininger, T., Gadéa, F. X., & Dufour, P. 2019a, ApJ, 875, 137,

doi: 10.3847/1538-4357/ab1266

Blouin, S., Dufour, P., & Allard, N. F. 2018a, ApJ, 863, 184, doi: 10.3847/

1538-4357/aad4a9

Blouin, S., Dufour, P., Allard, N. F., & Kilic, M. 2018b, ApJ, 867, 161, doi: 10.3847/

1538-4357/aae53a

Blouin, S., Dufour, P., Allard, N. F., et al. 2019b, ApJ, 872, 188, doi: 10.3847/

1538-4357/ab0081

Blouin, S., Dufour, P., Thibeault, C., & Allard, N. F. 2019c, ApJ, 878, 63, doi: 10.

3847/1538-4357/ab1f82

Blouin, S., Kowalski, P. M., & Dufour, P. 2017, ApJ, 848, 36, doi: 10.3847/

1538-4357/aa8ad6

Bond, H. E., Gilliland, R. L., Schaefer, G. H., et al. 2015, ApJ, 813, 106, doi: 10.

1088/0004-637X/813/2/106

Brassard, P., Fontaine, G., Dufour, P., & Bergeron, P. 2007, in Astronomical Society of

the Pacific Conference Series, Vol. 372, 15th European Workshop on White Dwarfs,

ed. R. Napiwotzki & M. R. Burleigh, 19

Brooke, J. S., Bernath, P. F., Schmidt, T. W., & Bacskay, G. B. 2013, Journal of Quan-

titative Spectroscopy and Radiative Transfer, 124, 11 , doi: https://doi.org/

10.1016/j.jqsrt.2013.02.025

Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, arXiv e-prints,

arXiv:1612.05560. https://arxiv.org/abs/1612.05560



66

Cohen, M., Megeath, S. T., Hammersley, P. L., Martín-Luis, F., & Stauffer, J. 2003, AJ,

125, 2645, doi: 10.1086/374362

Dantona, F., & Mazzitelli, I. 1979, A&A, 74, 161

Dufour, P. 2011, Stars with Unusual Compositions: Carbon and Oxygen in Cool White

Dwarfs, ed. D. W. Hoard, 53–88

Dufour, P., Béland, S., Fontaine, G., Chayer, P., & Bergeron, P. 2011, ApJL, 733, L19,

doi: 10.1088/2041-8205/733/2/L19

Dufour, P., Bergeron, P., & Fontaine, G. 2005, ApJ, 627, 404, doi: 10.1086/430373

Dufour, P., Blouin, S., Coutu, S., et al. 2017, in Astronomical Society of the Pacific Con-

ference Series, Vol. 509, 20th European White Dwarf Workshop, ed. P.-E. Tremblay,

B. Gaensicke, & T. Marsh, 3

Dufour, P., Fontaine, G., Liebert, J., Schmidt, G. D., & Behara, N. 2008, ApJ, 683, 978,

doi: 10.1086/589855

Dufour, P., Kilic, M., Fontaine, G., et al. 2010, ApJ, 719, 803, doi: 10.1088/

0004-637X/719/1/803

—. 2012, ApJ, 749, 6, doi: 10.1088/0004-637X/749/1/6

Dufour, P., Liebert, J., Fontaine, G., & Behara, N. 2007a, Nature, 450, 522, doi: 10.

1038/nature06318

Dufour, P., Vornanen, T., Bergeron, P., & Fontaine, A., B. 2013, in Astronomical Society

of the Pacific Conference Series, Vol. 469, 18th European White Dwarf Workshop.,

167

Dufour, P., Bergeron, P., Liebert, J., et al. 2007b, ApJ, 663, 1291, doi: 10.1086/

518468

Dunlap, B. H., Barlow, B. N., & Clemens, J. C. 2010, ApJL, 720, L159, doi: 10.1088/

2041-8205/720/2/L159



67

Dunlap, B. H., & Clemens, J. C. 2015, in Astronomical Society of the Pacific Con-

ference Series, Vol. 493, 19th European Workshop on White Dwarfs, ed. P. Dufour,

P. Bergeron, & G. Fontaine, 547

Dupuis, J., Fontaine, G., & Wesemael, F. 1993, ApJS, 87, 345, doi: 10.1086/191808

Eisenstein, D. J., Liebert, J., Koester, D., et al. 2006, AJ, 132, 676, doi: 10.1086/

504424

El-Badry, K., Rix, H.-W., & Weisz, D. R. 2018, ApJL, 860, L17, doi: 10.3847/

2041-8213/aaca9c

Farihi, J. 2011, in American Institute of Physics Conference Series, Vol. 1331, American

Institute of Physics Conference Series, ed. S. Schuh, H. Drechsel, & U. Heber, 193–

210

Farihi, J., Barstow, M. A., Redfield, S., Dufour, P., & Hambly, N. C. 2010, MNRAS,

404, 2123, doi: 10.1111/j.1365-2966.2010.16426.x

Farihi, J., Gänsicke, B. T., & Koester, D. 2013, Science, 342, 218, doi: 10.1126/

science.1239447

Fontaine, G., & Brassard, P. 2005, in Astronomical Society of the Pacific Confer-

ence Series, Vol. 334, 14th European Workshop on White Dwarfs, ed. D. Koester

& S. Moehler, 49

Fontaine, G., Brassard, P., & Bergeron, P. 2001, PASP, 113, 409, doi: 10.1086/

319535

Fontaine, G., & Michaud, G. 1979, ApJ, 231, 826, doi: 10.1086/157247

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, A1, doi: 10.

1051/0004-6361/201629272

Gaia Collaboration, Babusiaux, C., van Leeuwen, F., et al. 2018, A&A, 616, A10,

doi: 10.1051/0004-6361/201832843



68

Gänsicke, B. T., Koester, D., Girven, J., Marsh, T. R., & Steeghs, D. 2010, Science, 327,

188, doi: 10.1126/science.1180228

Genest-Beaulieu, C., & Bergeron, P. 2019, ApJ, 871, 169, doi: 10.3847/

1538-4357/aafac6

Gentile Fusillo, N. P., Tremblay, P.-E., Gänsicke, B. T., et al. 2019, MNRAS, 482, 4570,

doi: 10.1093/mnras/sty3016

Giammichele, N., Bergeron, P., & Dufour, P. 2012, ApJS, 199, 29, doi: 10.1088/

0067-0049/199/2/29

Ginsburg, A., & Mirocha, J. 2011, PySpecKit: Python Spectroscopic Toolkit, Astro-

physics Source Code Library. http://ascl.net/1109.001

Green, P. 2013, ApJ, 765, 12, doi: 10.1088/0004-637X/765/1/12

Greenstein, J. L. 1956, Vistas in Astronomy, 2, 1299, doi: 10.1016/

0083-6656(56)90056-3

Greenstein, J. L., & Matthews, M. S. 1957, ApJ, 126, 14, doi: 10.1086/146364

Harris, H. C., Munn, J. A., Kilic, M., et al. 2006, AJ, 131, 571, doi: 10.1086/497966

Holberg, J. B., Barstow, M. A., & Burleigh, M. R. 2003, ApJS, 147, 145, doi: 10.

1086/374886

Holberg, J. B., & Bergeron, P. 2006, AJ, 132, 1221, doi: 10.1086/505938

Hollands, M. A., Gänsicke, B. T., & Koester, D. 2018, MNRAS, 477, 93, doi: 10.

1093/mnras/sty592

Hollands, M. A., Koester, D., Alekseev, V., Herbert, E. L., & Gänsicke, B. T. 2017,

MNRAS, 467, 4970, doi: 10.1093/mnras/stx250

Hunter, J. D. 2007, Computing In Science & Engineering, 9, 90, doi: 10.1109/MCSE.

2007.55



69

Iben, I., J., & MacDonald, J. 1985, ApJ, 296, 540, doi: 10.1086/163473

Johnson, J. A., Aller, K. M., Howard, A. W., & Crepp, J. R. 2010, PASP, 122, 905,

doi: 10.1086/655775

Jura, M. 2003, ApJL, 584, L91, doi: 10.1086/374036

Jura, M., Xu, S., Klein, B., Koester, D., & Zuckerman, B. 2012, ApJ, 750, 69, doi: 10.

1088/0004-637X/750/1/69

Jura, M., & Young, E. D. 2014, Annual Review of Earth and Planetary Sciences, 42, 45,

doi: 10.1146/annurev-earth-060313-054740

Kennedy, G. M., & Kenyon, S. J. 2008, ApJ, 673, 502, doi: 10.1086/524130

Kepler, S. O., Pelisoli, I., Koester, D., et al. 2015, MNRAS, 446, 4078, doi: 10.1093/

mnras/stu2388

—. 2016, MNRAS, 455, 3413, doi: 10.1093/mnras/stv2526

Klein, B., Jura, M., Koester, D., & Zuckerman, B. 2011, ApJ, 741, 64, doi: 10.1088/

0004-637X/741/1/64

Klein, B., Jura, M., Koester, D., Zuckerman, B., & Melis, C. 2010, ApJ, 709, 950,

doi: 10.1088/0004-637X/709/2/950

Kleinman, S. J., Harris, H. C., Eisenstein, D. J., et al. 2004, ApJ, 607, 426, doi: 10.

1086/383464

Kleinman, S. J., Kepler, S. O., Koester, D., et al. 2013, ApJS, 204, 5, doi: 10.1088/

0067-0049/204/1/5

Koester, D. 2009, A&A, 498, 517, doi: 10.1051/0004-6361/200811468

Koester, D., Gänsicke, B. T., & Farihi, J. 2014, A&A, 566, A34, doi: 10.1051/

0004-6361/201423691



70

Koester, D., Girven, J., Gänsicke, B. T., & Dufour, P. 2011, A&A, 530, A114, doi: 10.

1051/0004-6361/201116816

Koester, D., & Kepler, S. O. 2019, arXiv e-prints, arXiv:1905.11174. https://

arxiv.org/abs/1905.11174

Koester, D., & Knist, S. 2006, A&A, 454, 951, doi: 10.1051/0004-6361:

20065287

Kowalski, P. M. 2010, A&A, 519, L8, doi: 10.1051/0004-6361/201015238

Kuiper, G. P. 1941, PASP, 53, 248, doi: 10.1086/125335

Lawrie, K. A., Burleigh, M. R., Dufour, P., & Hodgkin, S. T. 2013, MNRAS, 433, 1599,

doi: 10.1093/mnras/stt832

Leggett, S. K., Bergeron, P., Subasavage, J. P., et al. 2018, ApJS, 239, 26, doi: 10.

3847/1538-4365/aae7ca

Liebert, J., Harris, H. C., Dahn, C. C., et al. 2003, AJ, 126, 2521, doi: 10.1086/

378911

Limoges, M.-M., Bergeron, P., & Lépine, S. 2015, ApJS, 219, 19, doi: 10.1088/

0067-0049/219/2/19

Limoges, M.-M., Lépine, S., & Bergeron, P. 2013, AJ, 145, 136, doi: 10.1088/

0004-6256/145/5/136

Lodders, K. 2003, ApJ, 591, 1220, doi: 10.1086/375492

Marigo, P., & Girardi, L. 2007, A&A, 469, 239, doi: 10.1051/0004-6361:

20066772

Montgomery, M. H., Williams, K. A., Winget, D. E., et al. 2008, ApJL, 678, L51,

doi: 10.1086/588286



71

Oliphant, T. 2006, NumPy: A guide to NumPy, USA: Trelgol Publishing. http://

www.numpy.org/

Paquette, C., Pelletier, C., Fontaine, G., & Michaud, G. 1986, ApJS, 61, 197, doi: 10.

1086/191112

Parigger, C. G., Woods, A. C., Surmick, D. M., et al. 2015, Spectrochimica Acta Part

B: Atomic Spectroscopy, 107, 132 , doi: https://doi.org/10.1016/j.sab.

2015.02.018

Pelletier, C., Fontaine, G., Wesemael, F., Michaud, G., & Wegner, G. 1986, ApJ, 307,

242, doi: 10.1086/164410

Piskunov, N. E., Kupka, F., Ryabchikova, T. A., Weiss, W. W., & Jeffery, C. S. 1995,

A&AS, 112, 525

Press, W. H., Flannery, B. P., & Teukolsky, S. A. 1986, Numerical recipes. The art of

scientific computing (Cambridge University Press)

Provencal, J. L., Shipman, H. L., Koester, D., Wesemael, F., & Bergeron, P. 2002, ApJ,

568, 324, doi: 10.1086/338769

Provencal, J. L., Shipman, H. L., Wesemael, F., et al. 1997, ApJ, 480, 777, doi: 10.

1086/304003

Raddi, R., Gänsicke, B. T., Koester, D., et al. 2015, MNRAS, 450, 2083, doi: 10.

1093/mnras/stv701

Rolland, B., Bergeron, P., & Fontaine, G. 2018, ApJ, 857, 56, doi: 10.3847/

1538-4357/aab713

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103, doi: 10.1088/0004-637X/

737/2/103

Subasavage, J. P., Henry, T. J., Bergeron, P., et al. 2007, AJ, 134, 252, doi: 10.1086/

518739



72

Subasavage, J. P., Jao, W.-C., Henry, T. J., et al. 2009, AJ, 137, 4547, doi: 10.1088/

0004-6256/137/6/4547

Thejll, P., Shipman, H. L., MacDonald, J., & Macfarland, W. M. 1990, ApJ, 361, 197,

doi: 10.1086/169183

Tremblay, P. E., Cukanovaite, E., Gentile Fusillo, N. P., Cunningham, T., & Hollands,

M. A. 2019a, MNRAS, 482, 5222, doi: 10.1093/mnras/sty3067

Tremblay, P.-E., Fontaine, G., Fusillo, N. P. G., et al. 2019b, Nature, 565, 202, doi: 10.

1038/s41586-018-0791-x

van der Walt, S., Colbert, S. C., & Varoquaux, G. 2011, Computing in Science Engineer-

ing, 13, 22, doi: 10.1109/MCSE.2011.37

van Horn, H. M. 1968, ApJ, 151, 227, doi: 10.1086/149432

van Leeuwen, F. 2007, A&A, 474, 653, doi: 10.1051/0004-6361:20078357

van Maanen, A. 1917, PASP, 29, 258, doi: 10.1086/122654

Vanderburg, A., Johnson, J. A., Rappaport, S., et al. 2015, Nature, 526, 546, doi: 10.

1038/nature15527

Vennes, S., & Kawka, A. 2012, ApJL, 745, L12, doi: 10.1088/2041-8205/745/

1/L12

Vennes, S., Kawka, A., O’Toole, S. J., & Thorstensen, J. R. 2012, ApJL, 756, L5,

doi: 10.1088/2041-8205/756/1/L5

Vornanen, T., Berdyugina, S. V., Berdyugin, A. V., & Piirola, V. 2010, ApJ, 720, L52,

doi: 10.1088/2041-8205/720/1/L52

Voss, B., Koester, D., Napiwotzki, R., Christlieb, N., & Reimers, D. 2007, A&A, 470,

1079, doi: 10.1051/0004-6361:20077285



73

Walkup, R., Stewart, B., & Pritchard, D. E. 1984, Phys. Rev. A, 29, 169, doi: 10.1103/

PhysRevA.29.169

Wegg, C., & Phinney, E. S. 2012, MNRAS, 426, 427, doi: 10.1111/j.1365-2966.

2012.21394.x

Wegner, G., & Koester, D. 1985, ApJ, 288, 746, doi: 10.1086/162842

Weidemann, V., & Koester, D. 1995, A&A, 297, 216

Wenger, M., Ochsenbein, F., Egret, D., et al. 2000, A&AS, 143, 9, doi: 10.1051/

aas:2000332

Williams, K. A., Bolte, M., & Koester, D. 2009, ApJ, 693, 355, doi: 10.1088/

0004-637X/693/1/355

Williams, K. A., Winget, D. E., Montgomery, M. H., et al. 2013, ApJ, 769, 123, doi: 10.

1088/0004-637X/769/2/123

Wolff, B., Koester, D., & Liebert, J. 2002, A&A, 385, 995, doi: 10.1051/

0004-6361:20020194

Xu, S., Jura, M., Dufour, P., & Zuckerman, B. 2016, ApJL, 816, L22, doi: 10.3847/

2041-8205/816/2/L22

Xu, S., Jura, M., Koester, D., Klein, B., & Zuckerman, B. 2014, ApJ, 783, 79, doi: 10.

1088/0004-637X/783/2/79

Xu, S., Zuckerman, B., Dufour, P., et al. 2017, ApJL, 836, L7, doi: 10.3847/

2041-8213/836/1/L7

Zeidler-K.T., E. M., & Koester, D. 1982, A&A, 113, 173

Zuckerman, B. 2015, in Astronomical Society of the Pacific Conference Series, Vol. 493,

19th European Workshop on White Dwarfs, ed. P. Dufour, P. Bergeron, & G. Fontaine,

291



74

Zuckerman, B., Koester, D., Melis, C., Hansen, B. M., & Jura, M. 2007, ApJ, 671, 872,

doi: 10.1086/522223

Zuckerman, B., Koester, D., Reid, I. N., & Hünsch, M. 2003, ApJ, 596, 477, doi: 10.

1086/377492

Zuckerman, B., Melis, C., Klein, B., Koester, D., & Jura, M. 2010, ApJ, 722, 725,

doi: 10.1088/0004-637X/722/1/725



Appendix I

Figures



xii

Figure I.1 – Fits to DQ white dwarfs in our sample. In the left panels, error bars represent

the observed data, while filled circles correspond to our best fit model, with the atmo-

spheric parameters given in each panel. The photometry used in the fit is indicated at the

top left of each panel. A dagger symbol indicates that the logg value has been fixed at

8.0, when no trigonometric parallax is available. A star symbol indicates that the value

of logH/He has been fixed rather than fitted. The right panels show our spectroscopic

fits (red) to the normalized observed spectra (black).
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lxv

Figure I.2 – Fits to our sample of DBZ/DZ(A) white dwarfs. Left panels: Photomet-

ric fits where error bars represent the observed data, while filled circles correspond to

average model fluxes. A dagger symbol indicates that logg is fixed at 8.0 (no parallax

measurement available), while a star symbol indicates a value of logH/He fixed at the

visibility limit. Right panels: Spectroscopic fits (red) to the normalized observed spectra

(black). The inset shows the fit to Hα when present.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.



ccxxiv

Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Figure I.2 – Fits to the DBZ/DZ(A) white dwarfs - continued.
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Table II.II – Atmospheric parameters for DQ stars. A star indicate that the value of

logH/He have been fixed rather than fitted. A dagger indicates that the distance is a

photometric distance based on the value of logg = 8 in the absence of a parallax.

J Name Teff logg M/M� logC/He logH/He D (pc)

J0000-0026 7420(163) 7.87(+0.09
−0.08) 0.50(+0.05

−0.04) -6.11(0.12) 125.9(4.5)

J0000-0850 7853(226) 7.42(+0.19
−0.17) 0.30(+0.07

−0.05) -5.51(0.09) 207.3(18.4)

J0006+1800 7422(155) 7.90(+0.06
−0.06) 0.52(+0.03

−0.03) -5.98(0.03) 57.9(0.4)

J0007+2821 7409(195) 7.92(+0.15
−0.15) 0.53(+0.09

−0.08) -5.89(0.10) 184.5(15.1)

J0008+2507 10801(525) 8.10(+0.28
−0.26) 0.64(+0.18

−0.15) -3.37(0.21) -3.00* 311.1(53.6)

J0008-1034 7587(543) 7.86(+0.26
−0.24) 0.50(+0.15

−0.12) -5.85(0.14) 145.0(7.5)

J0015+0309 7261(217) 7.98(+0.21
−0.20) 0.56(+0.13

−0.11) -6.03(0.12) 199.2(23.0)

J0024-1107 8330(202) 7.88(+0.07
−0.07) 0.51(+0.04

−0.04) -5.09(0.06) 108.1(2.1)

J0033+0418 7658(214) 7.86(+0.10
−0.10) 0.49(+0.06

−0.05) -6.00(0.07) 133.4(5.0)

J0041+7321 9433(349) 7.84(+0.07
−0.06) 0.49(+0.04

−0.03) -4.38(0.12) 55.8(0.1)

J0044+1259 7109(195) 8.03(+0.18
−0.17) 0.59(+0.12

−0.10) -6.28(0.10) 174.5(18.2)

J0055+0850 6552(160) 7.98(+0.08
−0.08) 0.56(+0.05

−0.05) -6.74(0.06) 88.1(2.2)

J0100+0814 6384(98) 8.00 -5.63(0.04) 165.9(5.2)†
J0103-0429 7215(227) 7.49(+0.40

−0.33) 0.32(+0.19
−0.10) -5.81(0.11) 269.7(53.3)

J0107+0102 6600(108) 8.04(+0.06
−0.06) 0.60(+0.04

−0.04) -6.65(0.05) 93.3(2.2)

J0116+2346 8047(189) 7.93(+0.06
−0.06) 0.54(+0.04

−0.03) -5.46(0.04) 89.4(1.1)

J0116+2402 9217(258) 7.97(+0.14
−0.13) 0.56(+0.08

−0.07) -4.59(0.14) 175.8(13.5)

J0118+1610 8833(218) 7.96(+0.06
−0.06) 0.56(+0.03

−0.03) -4.90(0.06) 16.8(0.0)

J0136+2004 7115(211) 8.00 -5.21(0.07) 289.1(16.3)†
J0137+0047 8127(216) 7.95(+0.24

−0.23) 0.55(+0.15
−0.12) -5.28(0.19) 187.7(26.2)

J0144-0757 7296(240) 8.30(+0.18
−0.17) 0.77(+0.12

−0.11) -6.06(0.11) 140.4(15.6)

J0145+2317 7731(188) 8.02(+0.06
−0.06) 0.58(+0.04

−0.04) -5.55(0.02) 61.0(0.4)

J0145-0822 8002(236) 8.97(+0.05
−0.05) 1.17(+0.02

−0.02) -5.85(0.14) 71.6(0.8)

J0154+1403 6529(100) 7.97(+0.05
−0.05) 0.55(+0.03

−0.03) -6.72(0.05) 61.7(0.7)

J0154-0040 7321(147) 7.94(+0.07
−0.07) 0.54(+0.04

−0.04) -6.01(0.09) 113.5(3.0)

J0200+0715 6758(120) 8.04(+0.07
−0.07) 0.60(+0.04

−0.04) -6.23(0.04) 98.0(2.5)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J0208-0315 7233(253) 8.00 -6.13(0.26) 235.2(13.5)†
J0209+1425 7117(192) 7.45(+0.23

−0.21) 0.31(+0.10
−0.07) -6.20(0.12) 184.3(21.0)

J0227+0018 9646(504) 8.00 -3.37(0.10) 511.5(38.3)†
J0236+2503 13376(697) 8.70(+0.12

−0.11) 1.03(+0.07
−0.07) -1.58(0.25) 175.6(13.0)

J0239+0027 7134(185) 7.59(+0.22
−0.20) 0.36(+0.11

−0.08) -5.97(0.14) 212.2(23.6)

J0243+0101 8225(172) 8.63(+0.17
−0.16) 0.99(+0.10

−0.11) -4.23(0.15) 174.9(23.6)

J0248+3408 6009(68) 8.00(+0.05
−0.05) 0.57(+0.03

−0.03) -6.87(0.03) 76.7(1.5)

J0253+3414 7489(234) 7.39(+0.34
−0.28) 0.29(+0.14

−0.08) -5.98(0.20) 255.4(42.9)

J0305+0557 8446(365) 8.00 -4.91(0.32) 305.7(20.3)†
J0320-0716 6510(89) 8.02(+0.09

−0.09) 0.59(+0.05
−0.05) -5.29(0.03) 125.4(5.9)

J0332-0037 8017(190) 8.01(+0.07
−0.07) 0.58(+0.04

−0.04) -5.30(0.05) 110.6(2.5)

J0352-0605 7519(179) 7.81(+0.09
−0.09) 0.47(+0.05

−0.05) -6.08(0.15) 132.8(4.8)

J0416+0713 7266(213) 7.96(+0.14
−0.14) 0.55(+0.09

−0.08) -6.21(0.11) 153.5(11.0)

J0437-0849 6396(121) 7.96(+0.05
−0.05) 0.55(+0.03

−0.03) -6.31(0.01) 9.4(0.0)

J0707+3825 6929(191) 7.82(+0.27
−0.25) 0.47(+0.16

−0.12) -6.29(0.11) 219.8(31.8)

J0710+3740 6643(159) 7.94(+0.06
−0.06) 0.54(+0.03

−0.03) -6.43(0.02) 24.4(0.0)

J0723+3908 9086(230) 7.84(+0.07
−0.07) 0.49(+0.04

−0.03) -4.88(0.11) 118.0(2.3)

J0737+6455 7215(176) 7.69(+0.17
−0.16) 0.41(+0.09

−0.07) -5.95(0.10) 196.2(16.8)

J0739+0513 7585(33) 7.96(+0.02
−0.02) 0.55(+0.01

−0.01) -5.86(0.03) 3.5(0.0)

J0740+1810 6993(144) 8.15(+0.13
−0.13) 0.67(+0.09

−0.08) -6.08(0.06) 138.1(10.9)

J0742+4348 8042(208) 7.95(+0.09
−0.08) 0.55(+0.05

−0.05) -5.33(0.11) 139.6(4.5)

J0750+1328 8085(210) 7.91(+0.10
−0.09) 0.52(+0.06

−0.05) -5.47(0.09) 162.4(6.6)

J0750+2329 7194(218) 8.19(+0.20
−0.19) 0.69(+0.13

−0.12) -6.04(0.12) 187.0(23.0)

J0804+0750 7828(236) 7.84(+0.25
−0.23) 0.49(+0.15

−0.11) -5.59(0.15) 214.2(29.2)

J0807+1949 13501(682) 8.78(+0.10
−0.09) 1.08(+0.05

−0.05) -1.24(0.11) -3.00* 176.6(10.4)

J0813+3047 7570(177) 7.92(+0.09
−0.09) 0.53(+0.05

−0.05) -5.75(0.09) 138.0(5.5)

J0814+2455 7919(186) 7.94(+0.06
−0.06) 0.54(+0.04

−0.03) -5.71(0.05) 58.9(0.3)

J0827+6017 6391(141) 7.01(+0.33
−0.43) 0.18(+0.09

−0.09) -6.46(0.05) 270.5(41.5)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J0832-0408 6791(77) 8.10(+0.04
−0.04) 0.63(+0.03

−0.03) -4.67(0.01) 82.1(1.3)

J0833+3638 7699(196) 7.97(+0.11
−0.10) 0.56(+0.06

−0.06) -5.65(0.12) 142.1(7.1)

J0836+0437 8420(226) 7.79(+0.11
−0.11) 0.46(+0.06

−0.05) -5.28(0.10) 172.8(8.6)

J0836+4817 7281(157) 7.92(+0.08
−0.08) 0.53(+0.05

−0.05) -6.29(0.19) 121.2(4.1)

J0837+0321 8168(229) 7.94(+0.13
−0.12) 0.54(+0.08

−0.07) -5.56(0.12) 172.8(10.7)

J0838+1121 7467(181) 8.04(+0.11
−0.11) 0.60(+0.07

−0.06) -5.72(0.06) 141.9(7.7)

J0840+4529 7798(185) 7.98(+0.07
−0.07) 0.56(+0.04

−0.04) -5.66(0.05) 105.1(2.3)

J0841+3329 6937(110) 8.71(+0.07
−0.06) 1.03(+0.04

−0.04) -6.16(0.07) 53.2(2.6)

J0845+6143 7900(180) 7.93(+0.06
−0.06) 0.53(+0.04

−0.03) -5.36(0.03) 76.4(0.6)

J0846+1024 8825(732) 7.72(+0.29
−0.26) 0.43(+0.15

−0.11) -5.13(0.12) 129.5(3.5)

J0847+1830 8307(199) 7.86(+0.06
−0.06) 0.50(+0.04

−0.03) -5.54(0.07) 73.1(0.6)

J0847+1919 7558(302) 8.00 -5.13(0.14) 361.8(26.2)†
J0850+0709 8379(230) 7.53(+0.19

−0.17) 0.34(+0.08
−0.06) -5.25(0.13) 240.3(22.1)

J0852+0428 9918(273) 7.94(+0.13
−0.12) 0.55(+0.08

−0.07) -3.43(0.08) 209.8(14.7)

J0852+2316 11099(458) 8.61(+0.13
−0.12) 0.97(+0.08

−0.08) -3.18(0.21) 190.7(17.4)

J0852+5223 8837(547) 8.00 -4.58(0.35) 402.2(38.4)†
J0855+0639 7273(142) 7.96(+0.06

−0.06) 0.55(+0.03
−0.03) -6.08(0.05) 76.4(1.1)

J0856+4513 9484(278) 8.51(+0.18
−0.17) 0.91(+0.11

−0.11) -3.27(0.06) 208.2(27.1)

J0857+0603 8290(218) 7.98(+0.08
−0.08) 0.56(+0.05

−0.05) -5.25(0.13) 123.2(3.6)

J0859+3257 9486(206) 8.45(+0.04
−0.04) 0.87(+0.03

−0.03) -3.52(0.02) 23.1(0.0)

J0859+6016 7572(167) 7.96(+0.06
−0.06) 0.55(+0.03

−0.03) -5.64(0.05) 41.8(0.1)

J0900+0331 7627(178) 7.94(+0.08
−0.08) 0.54(+0.05

−0.04) -5.87(0.07) 116.2(3.4)

J0901+5751 13576(763) 8.76(+0.09
−0.09) 1.07(+0.05

−0.05) -1.99(0.24) 152.9(5.1)

J0902+5037 7599(215) 7.86(+0.13
−0.13) 0.50(+0.08

−0.07) -5.81(0.19) 164.3(10.4)

J0904+3954 7284(171) 8.06(+0.14
−0.14) 0.61(+0.09

−0.08) -5.79(0.11) 156.4(12.3)

J0905+0904 8216(192) 7.88(+0.06
−0.06) 0.51(+0.03

−0.03) -5.41(0.04) 59.6(0.3)

J0915+2019 8731(234) 7.93(+0.17
−0.16) 0.54(+0.10

−0.09) -5.09(0.14) 193.5(18.4)

J0916+1011 8406(201) 7.93(+0.06
−0.06) 0.53(+0.03

−0.03) -5.21(0.03) 38.8(0.1)



cccxi

Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J0918+4843 9203(280) 8.80(+0.15
−0.14) 1.09(+0.08

−0.08) -3.72(0.11) 176.4(21.6)

J0919+0236 11319(478) 8.61(+0.10
−0.10) 0.98(+0.06

−0.06) -2.85(0.07) 156.3(9.2)

J0920+3603 7795(203) 7.98(+0.12
−0.11) 0.56(+0.07

−0.06) -5.72(0.10) 154.2(8.9)

J0921+3421 8239(202) 7.42(+0.12
−0.11) 0.30(+0.05

−0.04) -5.20(0.06) 181.4(10.3)

J0922+2928 8022(175) 8.06(+0.09
−0.09) 0.61(+0.06

−0.05) -4.93(0.04) 114.6(5.1)

J0923+1842 6879(118) 8.00 -6.33(0.06) 89.9(2.8)†
J0925+5256 9505(251) 7.92(+0.07

−0.06) 0.53(+0.04
−0.03) -4.68(0.12) 126.0(2.2)

J0926+0605 8404(217) 8.00 -5.42(0.15) 134.1(5.5)†
J0926+4725 7215(139) 8.01(+0.06

−0.06) 0.58(+0.04
−0.04) -6.31(0.09) 93.4(2.1)

J0926+6212 7026(269) 7.96(+0.63
−0.53) 0.55(+0.41

−0.25) -5.89(0.09) 272.6(96.5)

J0928+2638 7108(144) 7.36(+0.07
−0.07) 0.28(+0.03

−0.02) -6.42(0.07) 101.4(2.2)

J0929+3310 6587(76) 7.85(+0.06
−0.06) 0.49(+0.04

−0.03) -5.17(0.02) 90.8(2.6)

J0930+2959 8233(200) 7.81(+0.15
−0.14) 0.47(+0.08

−0.07) -5.28(0.07) 157.5(12.2)

J0931+1230 6544(172) 8.00 -6.37(0.08) 177.2(8.3)†
J0934+1158 8421(217) 7.81(+0.11

−0.11) 0.47(+0.06
−0.05) -5.24(0.07) 159.7(8.7)

J0935+2417 8697(224) 7.93(+0.09
−0.09) 0.54(+0.05

−0.05) -5.07(0.09) 126.6(4.7)

J0936+0607 11013(421) 8.61(+0.11
−0.11) 0.97(+0.07

−0.07) -3.07(0.09) 162.0(12.1)

J0939+5201 8527(201) 7.96(+0.06
−0.06) 0.56(+0.03

−0.03) -5.00(0.03) 73.6(0.6)

J0940+0210 7229(134) 8.12(+0.05
−0.05) 0.65(+0.03

−0.03) -6.00(0.03) 52.0(0.3)

J0941+0901 8550(200) 7.32(+0.06
−0.06) 0.27(+0.02

−0.02) -5.24(0.08) 89.5(1.0)

J0941+4414 8222(203) 7.98(+0.08
−0.08) 0.57(+0.05

−0.05) -5.22(0.07) 134.5(4.6)

J0945+5558 7371(212) 8.12(+0.12
−0.12) 0.65(+0.08

−0.07) -6.09(0.30) 168.2(10.4)

J0948+1232 7218(146) 8.16(+0.06
−0.06) 0.67(+0.04

−0.04) -6.29(0.11) 80.5(1.3)

J0950+3238 8268(199) 8.00 -5.54(0.06) 77.8(2.9)†
J0950+5315 8031(188) 7.91(+0.06

−0.06) 0.52(+0.04
−0.03) -5.62(0.04) 27.5(0.0)

J0951+6243 9060(535) 8.03(+0.19
−0.18) 0.60(+0.12

−0.10) -4.60(0.08) 168.9(8.1)

J0959+4537 7274(196) 7.45(+0.35
−0.29) 0.31(+0.15

−0.09) -5.48(0.12) 256.2(44.2)

J1000+1005 7869(190) 8.00 -4.99(0.04) 155.4(6.4)†
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1005-0114 8376(233) 7.85(+0.20
−0.19) 0.49(+0.12

−0.09) -5.13(0.11) 196.5(21.4)

J1010+2300 8534(204) 7.89(+0.09
−0.09) 0.51(+0.05

−0.05) -5.02(0.06) 137.3(5.4)

J1012+0040 9184(229) 7.75(+0.07
−0.07) 0.44(+0.04

−0.03) -4.63(0.07) 119.2(3.3)

J1013+4350 8569(263) 7.95(+0.10
−0.09) 0.55(+0.06

−0.05) -5.03(0.09) 144.1(5.5)

J1015+3518 8097(208) 7.79(+0.15
−0.14) 0.46(+0.08

−0.07) -5.37(0.11) 173.0(12.7)

J1017+3736 7184(137) 7.95(+0.09
−0.09) 0.54(+0.05

−0.05) -6.02(0.06) 124.0(5.3)

J1018+0838 7576(164) 7.93(+0.06
−0.06) 0.53(+0.03

−0.03) -6.03(0.06) 43.8(0.2)

J1022+2845 7244(162) 7.94(+0.10
−0.09) 0.54(+0.06

−0.05) -5.97(0.09) 139.7(6.1)

J1026+2725 8270(223) 7.95(+0.12
−0.12) 0.55(+0.07

−0.07) -5.28(0.10) 150.9(9.5)

J1026+5807 8133(189) 7.90(+0.06
−0.06) 0.52(+0.03

−0.03) -5.35(0.06) 69.1(0.5)

J1027+1218 7230(146) 8.11(+0.07
−0.07) 0.64(+0.05

−0.04) -6.38(0.15) 97.1(3.0)

J1028+2537 6672(115) 7.91(+0.07
−0.07) 0.52(+0.04

−0.04) -6.44(0.06) 109.7(2.8)

J1031+2217 6986(172) 8.57(+0.18
−0.17) 0.95(+0.11

−0.11) -6.15(0.14) 135.9(18.2)

J1032+2101 8193(212) 8.00(+0.11
−0.10) 0.57(+0.07

−0.06) -5.22(0.08) 166.9(8.7)

J1032+3509 8332(223) 7.86(+0.10
−0.10) 0.50(+0.06

−0.05) -5.12(0.11) 146.8(6.0)

J1032+4519 8905(227) 7.86(+0.08
−0.08) 0.50(+0.04

−0.04) -4.76(0.07) 126.1(3.6)

J1040+0635 13882(849) 8.40(+0.24
−0.22) 0.84(+0.15

−0.14) -2.08(0.26) 277.3(42.8)

J1041+2200 7608(347) 8.00 -5.69(0.19) 335.5(25.3)†
J1042+5833 7236(145) 8.07(+0.08

−0.08) 0.62(+0.05
−0.05) -5.88(0.07) 125.8(4.8)

J1043+0303 6833(128) 8.18(+0.11
−0.11) 0.69(+0.07

−0.07) -6.25(0.10) 115.5(7.4)

J1045+2134 7662(196) 7.89(+0.12
−0.11) 0.51(+0.07

−0.06) -5.72(0.10) 153.9(8.4)

J1047+5912 8201(192) 7.82(+0.07
−0.06) 0.48(+0.04

−0.03) -5.39(0.08) 101.3(1.4)

J1049+1659 12799(659) 8.92(+0.12
−0.11) 1.15(+0.05

−0.06) -1.64(0.09) -3.00* 173.6(14.9)

J1052+5911 7903(204) 7.90(+0.08
−0.07) 0.52(+0.04

−0.04) -5.62(0.04) 113.8(2.0)

J1058+2846 9422(265) 8.49(+0.09
−0.09) 0.89(+0.06

−0.06) -3.60(0.04) 154.3(8.9)

J1058+3440 6779(161) 8.15(+0.17
−0.16) 0.67(+0.11

−0.10) -6.47(0.08) 165.7(16.9)

J1100+1758 12367(465) 8.76(+0.10
−0.09) 1.07(+0.05

−0.05) -1.28(0.18) -3.00* 141.6(9.8)

J1101+5218 8431(235) 7.86(+0.12
−0.12) 0.50(+0.07

−0.06) -5.11(0.10) 191.6(11.3)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1107+4059 7077(132) 7.99(+0.06
−0.05) 0.57(+0.03

−0.03) -6.46(0.04) 54.3(0.6)

J1108+1349 7530(162) 8.02(+0.06
−0.06) 0.59(+0.04

−0.04) -6.18(0.07) 89.8(1.6)

J1109+4249 8677(316) 7.88(+0.09
−0.09) 0.51(+0.05

−0.05) -5.34(0.09) 88.0(1.6)

J1113+4455 8023(207) 7.92(+0.13
−0.12) 0.53(+0.08

−0.07) -5.52(0.09) 149.7(9.8)

J1116-1228 8476(434) 7.56(+0.89
−0.62) 0.35(+0.51

−0.18) -4.69(0.19) 385.3(166.0)

J1118-0314 9095(226) 7.85(+0.06
−0.06) 0.50(+0.03

−0.03) -4.85(0.05) 36.6(0.1)

J1120+1200 8416(213) 7.90(+0.09
−0.09) 0.52(+0.05

−0.05) -5.33(0.12) 124.2(4.5)

J1120+4252 7404(153) 8.01(+0.08
−0.08) 0.58(+0.05

−0.04) -5.96(0.10) 109.4(3.7)

J1120-1102 9863(317) 7.41(+0.50
−0.36) 0.31(+0.22

−0.09) -3.88(0.14) 349.6(89.6)

J1123+3347 7752(192) 8.18(+0.14
−0.13) 0.69(+0.09

−0.08) -5.69(0.09) 129.4(10.7)

J1126+3245 9297(284) 8.00 -4.43(0.11) 165.1(7.1)†
J1126+4419 6997(134) 8.02(+0.08

−0.08) 0.59(+0.05
−0.05) -6.28(0.07) 121.4(4.5)

J1130-0734 7925(260) 8.13(+0.42
−0.37) 0.66(+0.27

−0.21) -5.05(0.22) 234.9(60.1)

J1131+0736 7530(170) 7.82(+0.08
−0.07) 0.47(+0.04

−0.04) -5.93(0.09) 116.5(2.7)

J1131+1845 8396(252) 7.90(+0.16
−0.16) 0.52(+0.10

−0.08) -5.30(0.10) 153.9(13.0)

J1133+1900 7821(196) 7.64(+0.16
−0.15) 0.38(+0.08

−0.06) -5.59(0.07) 184.1(14.8)

J1133+6331 11517(562) 8.57(+0.11
−0.11) 0.95(+0.07

−0.07) -2.68(0.21) 193.6(11.0)

J1140+0735 10651(387) 8.56(+0.09
−0.09) 0.94(+0.06

−0.06) -3.36(0.09) 160.9(9.6)

J1140+1540 6472(116) 7.96(+0.09
−0.09) 0.55(+0.06

−0.05) -6.63(0.08) 115.9(5.1)

J1140+1824 9656(228) 8.35(+0.05
−0.05) 0.81(+0.03

−0.03) -3.54(0.03) 94.8(1.4)

J1141+3836 6004(48) 8.30(+0.06
−0.06) 0.77(+0.04

−0.04) -5.00(0.03) 79.1(2.6)

J1142+0352 7702(234) 7.72(+0.16
−0.15) 0.42(+0.08

−0.07) -5.63(0.09) 182.4(14.2)

J1145-6450 7951(351) 8.01(+0.10
−0.10) 0.58(+0.06

−0.06) -5.50(0.03) 4.6(0.0)

J1148-0126 9680(222) 8.46(+0.04
−0.04) 0.88(+0.03

−0.03) -3.48(0.03) 68.1(0.7)

J1151+4527 8698(208) 7.88(+0.06
−0.06) 0.51(+0.04

−0.03) -4.84(0.06) 106.4(1.6)

J1151-2732 6436(148) 7.97(+0.06
−0.05) 0.56(+0.03

−0.03) -6.70(0.04) 25.2(0.0)

J1156+2212 7022(117) 8.14(+0.08
−0.08) 0.66(+0.05

−0.05) -5.53(0.03) 110.0(4.9)

J1159-4629 7101(249) 8.02(+0.09
−0.08) 0.58(+0.05

−0.05) -6.02(0.03) 63.1(0.5)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1201+3400 6134(62) 8.22(+0.03
−0.03) 0.71(+0.02

−0.02) -5.97(0.01) 40.5(0.2)

J1203+6451 12359(455) 8.77(+0.05
−0.05) 1.07(+0.03

−0.03) -1.59(0.14) 87.3(0.8)

J1209+5355 11721(649) 8.53(+0.16
−0.15) 0.92(+0.10

−0.10) -2.71(0.53) 225.9(20.8)

J1212+5452 8186(195) 7.95(+0.06
−0.06) 0.55(+0.04

−0.03) -5.29(0.04) 94.5(1.0)

J1215+4700 13230(764) 8.87(+0.09
−0.09) 1.13(+0.05

−0.05) -2.00(0.10) -3.00* 148.1(6.7)

J1220+2700 6185(98) 7.20(+0.09
−0.09) 0.22(+0.03

−0.02) -7.29(0.13) 135.8(4.7)

J1225+4706 6292(79) 7.92(+0.07
−0.07) 0.53(+0.04

−0.04) -5.35(0.05) 112.6(4.0)

J1233+1253 6807(112) 8.04(+0.05
−0.05) 0.60(+0.03

−0.03) -6.52(0.04) 50.4(0.3)

J1235+3918 9295(233) 8.02(+0.06
−0.05) 0.59(+0.03

−0.03) -4.45(0.05) 79.6(0.7)

J1236+3502 9052(238) 7.85(+0.09
−0.08) 0.49(+0.05

−0.04) -4.66(0.16) 157.5(5.7)

J1237+4156 6169(53) 8.23(+0.03
−0.03) 0.72(+0.02

−0.02) -5.24(0.01) 36.2(0.1)

J1240+2748 8492(224) 8.13(+0.42
−0.38) 0.66(+0.28

−0.22) -4.05(0.11) 252.7(66.6)

J1240-0144 8443(241) 7.82(+0.18
−0.17) 0.47(+0.10

−0.08) -5.32(0.18) 209.8(19.5)

J1243+1651 10227(286) 7.91(+0.07
−0.07) 0.53(+0.04

−0.04) -4.00(0.09) 140.1(3.5)

J1243+3607 8513(209) 7.95(+0.07
−0.07) 0.55(+0.04

−0.04) -4.94(0.08) 116.8(2.4)

J1244+2709 7922(205) 7.26(+0.09
−0.08) 0.25(+0.03

−0.02) -5.07(0.05) 162.9(5.2)

J1247+4113 8590(212) 7.99(+0.07
−0.06) 0.57(+0.04

−0.04) -4.96(0.06) 119.2(2.0)

J1249+2800 7482(167) 8.23(+0.07
−0.07) 0.72(+0.05

−0.04) -6.37(0.24) 93.3(2.6)

J1249+3407 8441(201) 7.93(+0.06
−0.06) 0.54(+0.04

−0.03) -5.16(0.04) 71.7(0.5)

J1250+0205 7103(184) 7.86(+0.16
−0.16) 0.49(+0.10

−0.08) -6.04(0.07) 187.2(16.1)

J1251+4646 8687(244) 7.92(+0.08
−0.07) 0.53(+0.04

−0.04) -4.92(0.09) 106.7(1.4)

J1252+1943 6863(122) 7.52(+0.08
−0.08) 0.33(+0.03

−0.03) -6.49(0.04) 84.1(2.5)

J1253+0139 8655(254) 7.94(+0.12
−0.12) 0.55(+0.07

−0.06) -4.74(0.14) 177.8(10.6)

J1257+5938 7682(238) 8.07(+0.15
−0.15) 0.62(+0.10

−0.09) -5.56(0.18) 204.2(17.0)

J1302+0923 7279(156) 7.92(+0.08
−0.07) 0.53(+0.04

−0.04) -5.91(0.05) 113.6(3.1)

J1309+4445 7955(137) 8.30(+0.05
−0.05) 0.77(+0.03

−0.03) -4.36(0.03) 109.4(2.2)

J1313+3811 6903(161) 7.93(+0.19
−0.18) 0.54(+0.12

−0.10) -6.34(0.15) 196.2(20.7)

J1315+4711 7562(165) 7.84(+0.06
−0.06) 0.49(+0.03

−0.03) -6.01(0.05) 84.5(0.7)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1316+0810 6773(113) 8.04(+0.06
−0.06) 0.60(+0.04

−0.04) -6.66(0.07) 87.7(2.0)

J1319+1401 7753(197) 7.91(+0.09
−0.09) 0.52(+0.05

−0.05) -5.57(0.09) 144.9(5.5)

J1322+3730 7729(219) 8.01(+0.09
−0.09) 0.58(+0.06

−0.05) -5.85(0.12) 138.7(5.2)

J1328+3640 8213(199) 7.93(+0.07
−0.07) 0.54(+0.04

−0.04) -5.14(0.03) 126.1(2.8)

J1329+0746 8067(186) 7.97(+0.06
−0.06) 0.56(+0.04

−0.03) -5.51(0.05) 70.2(0.5)

J1331+6704 8990(253) 7.95(+0.09
−0.08) 0.55(+0.05

−0.05) -4.63(0.08) 172.7(5.9)

J1332+2355 14205(872) 8.70(+0.13
−0.13) 1.03(+0.08

−0.08) -1.76(0.12) -3.00* 226.8(19.4)

J1332+2740 8316(200) 7.97(+0.06
−0.06) 0.56(+0.04

−0.03) -5.41(0.08) 71.8(0.6)

J1333+2357 7847(199) 7.97(+0.09
−0.08) 0.56(+0.05

−0.05) -5.57(0.08) 131.7(4.4)

J1334+1622 8757(216) 7.97(+0.07
−0.07) 0.56(+0.04

−0.04) -4.87(0.06) 118.4(2.4)

J1341+0346 13765(1084) 8.76(+0.22
−0.20) 1.07(+0.11

−0.12) -2.18(0.13) -3.00* 215.5(33.9)

J1344+1849 8137(201) 7.79(+0.08
−0.07) 0.46(+0.04

−0.04) -5.70(0.08) 115.3(2.2)

J1347+1528 8306(228) 8.19(+0.10
−0.10) 0.70(+0.07

−0.06) -5.14(0.07) 147.3(7.7)

J1347+3817 8118(213) 8.08(+0.09
−0.09) 0.63(+0.06

−0.06) -5.32(0.08) 156.3(6.7)

J1347+5019 8195(169) 7.89(+0.09
−0.09) 0.51(+0.05

−0.05) -4.41(0.04) 154.2(6.2)

J1351+6623 8935(219) 7.97(+0.06
−0.06) 0.56(+0.03

−0.03) -4.80(0.11) 100.2(0.9)

J1352+2218 8000(208) 7.94(+0.11
−0.11) 0.54(+0.07

−0.06) -5.28(0.08) 169.6(9.2)

J1352+2658 7849(265) 7.94(+0.10
−0.10) 0.54(+0.06

−0.06) -5.51(0.09) 154.0(6.6)

J1354+1217 7756(219) 7.58(+0.26
−0.23) 0.36(+0.12

−0.09) -5.59(0.09) 215.9(28.5)

J1355+3636 8059(169) 7.91(+0.06
−0.06) 0.53(+0.03

−0.03) -4.74(0.01) 85.7(0.8)

J1356-0009 6555(85) 8.08(+0.05
−0.05) 0.62(+0.03

−0.03) -5.80(0.02) 78.1(1.3)

J1357+2949 7581(185) 7.96(+0.08
−0.07) 0.55(+0.05

−0.04) -5.83(0.10) 119.1(2.7)

J1358+0552 8360(223) 7.88(+0.12
−0.12) 0.51(+0.07

−0.06) -5.07(0.09) 170.6(10.3)

J1400-0154 9394(237) 8.69(+0.12
−0.12) 1.02(+0.07

−0.07) -3.56(0.11) 146.0(13.6)

J1402+1113 7238(250) 8.00(+0.12
−0.12) 0.58(+0.08

−0.07) -5.90(0.06) 114.7(3.4)

J1406+0148 7713(186) 7.91(+0.08
−0.08) 0.52(+0.04

−0.04) -5.83(0.13) 112.9(2.8)

J1406+0204 7680(186) 7.35(+0.11
−0.10) 0.28(+0.04

−0.03) -5.64(0.17) 177.1(7.8)

J1406+3402 7042(137) 7.43(+0.07
−0.06) 0.30(+0.03

−0.02) -6.62(0.12) 99.5(1.3)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1407+2039 8387(209) 7.73(+0.11
−0.11) 0.43(+0.06

−0.05) -5.11(0.08) 157.9(8.3)

J1416+3016 7518(253) 8.15(+0.28
−0.26) 0.67(+0.19

−0.16) -5.87(0.10) 224.4(38.6)

J1417+2412 7930(194) 8.06(+0.07
−0.07) 0.61(+0.05

−0.04) -5.48(0.09) 119.9(3.2)

J1423+5729 10727(397) 8.07(+0.09
−0.09) 0.62(+0.06

−0.05) -3.67(0.12) 174.7(5.9)

J1424+0833 9094(226) 7.85(+0.07
−0.06) 0.49(+0.04

−0.03) -4.79(0.07) 112.8(2.1)

J1425+1801 7924(204) 7.86(+0.09
−0.09) 0.50(+0.05

−0.05) -5.44(0.07) 132.0(4.5)

J1427+6110 6461(96) 7.98(+0.05
−0.05) 0.56(+0.03

−0.03) -6.63(0.02) 43.0(0.1)

J1428+3238 10718(355) 8.56(+0.08
−0.08) 0.94(+0.05

−0.05) -3.20(0.16) 159.0(7.3)

J1431+3750 6319(132) 7.37(+0.12
−0.11) 0.27(+0.04

−0.04) -6.97(0.13) 158.2(7.9)

J1434+2258 14575(788) 8.75(+0.11
−0.10) 1.06(+0.06

−0.06) -1.14(0.12) -3.00* 206.8(14.4)

J1435+2120 8832(275) 7.93(+0.14
−0.14) 0.54(+0.09

−0.07) -4.77(0.13) 200.0(14.9)

J1435+4554 6980(181) 7.99(+0.13
−0.13) 0.57(+0.08

−0.07) -6.18(0.12) 180.3(11.9)

J1435+5318 15167(1164) 8.85(+0.12
−0.11) 1.12(+0.06

−0.06) -1.91(0.16) -3.00* 199.8(10.0)

J1438+2234 8310(221) 7.79(+0.14
−0.14) 0.46(+0.08

−0.07) -5.37(0.14) 190.4(13.6)

J1440+0958 8100(189) 7.93(+0.06
−0.06) 0.54(+0.04

−0.03) -5.49(0.06) 72.6(0.8)

J1441+2347 7233(150) 8.11(+0.11
−0.11) 0.64(+0.07

−0.07) -5.76(0.07) 128.8(8.0)

J1442+4202 8636(231) 7.89(+0.12
−0.12) 0.52(+0.07

−0.06) -4.91(0.09) 189.8(11.4)

J1443+3810 8843(216) 7.89(+0.07
−0.06) 0.52(+0.04

−0.03) -4.86(0.09) 137.4(2.5)

J1444+0434 9813(301) 8.44(+0.19
−0.18) 0.87(+0.12

−0.12) -3.47(0.09) 191.8(25.3)

J1448-0047 7075(129) 8.05(+0.06
−0.06) 0.60(+0.04

−0.04) -6.31(0.08) 89.5(2.0)

J1449+2916 7873(217) 7.97(+0.12
−0.12) 0.56(+0.07

−0.07) -5.77(0.12) 159.5(9.3)

J1452+6020 12572(659) 8.65(+0.13
−0.12) 1.00(+0.08

−0.08) -1.73(0.43) 239.2(19.7)

J1453+4719 7928(313) 8.28(+0.19
−0.18) 0.75(+0.13

−0.12) -5.39(0.16) 216.1(25.1)

J1455+4209 14288(876) 8.78(+0.14
−0.13) 1.08(+0.07

−0.08) -1.48(0.77) 266.1(25.4)

J1501+0627 7116(133) 8.16(+0.08
−0.07) 0.67(+0.05

−0.05) -6.08(0.07) 107.8(4.2)

J1509+1620 8356(221) 7.88(+0.14
−0.14) 0.51(+0.08

−0.07) -5.33(0.12) 160.3(12.1)

J1511+5008 7779(197) 7.96(+0.08
−0.08) 0.55(+0.05

−0.05) -5.62(0.15) 146.7(4.3)

J1514+1423 6661(84) 8.14(+0.07
−0.07) 0.66(+0.05

−0.04) -4.94(0.05) 115.2(4.3)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1517+2256 7464(154) 7.98(+0.06
−0.06) 0.57(+0.03

−0.03) -6.07(0.06) 79.3(0.8)

J1519+3856 8250(213) 7.91(+0.09
−0.09) 0.53(+0.05

−0.05) -5.34(0.10) 169.0(5.9)

J1520+2703 7800(219) 7.78(+0.13
−0.12) 0.45(+0.07

−0.06) -5.61(0.07) 173.1(9.6)

J1527+2752 8278(156) 8.32(+0.07
−0.07) 0.78(+0.05

−0.05) -4.12(0.04) 133.0(5.0)

J1528+0442 7303(166) 7.90(+0.13
−0.12) 0.52(+0.07

−0.06) -6.03(0.17) 142.0(9.0)

J1528+4003 7588(198) 8.00(+0.08
−0.08) 0.57(+0.05

−0.05) -5.83(0.09) 139.4(4.2)

J1528+5134 7578(167) 8.01(+0.06
−0.06) 0.58(+0.04

−0.04) -5.65(0.04) 103.8(1.5)

J1534+4145 7684(172) 7.92(+0.06
−0.06) 0.53(+0.04

−0.03) -6.10(0.07) 65.8(0.3)

J1537+1337 7952(192) 7.89(+0.08
−0.08) 0.52(+0.05

−0.04) -5.53(0.08) 117.6(3.4)

J1542+1314 7952(191) 7.96(+0.08
−0.07) 0.55(+0.05

−0.04) -5.44(0.04) 116.9(3.1)

J1542+2544 6682(121) 8.03(+0.08
−0.08) 0.59(+0.05

−0.05) -6.44(0.07) 121.4(4.3)

J1542+4329 9799(287) 8.49(+0.09
−0.08) 0.89(+0.06

−0.06) -3.61(0.16) 175.2(9.1)

J1545+2854 7260(156) 7.94(+0.10
−0.09) 0.54(+0.06

−0.05) -5.81(0.13) 158.4(7.2)

J1548+5626 7911(208) 8.03(+0.08
−0.08) 0.60(+0.05

−0.05) -5.42(0.12) 145.9(4.3)

J1551+0824 6768(109) 7.98(+0.05
−0.05) 0.56(+0.03

−0.03) -6.28(0.03) 71.9(0.7)

J1552+1148 7764(205) 8.00(+0.10
−0.10) 0.58(+0.06

−0.06) -5.54(0.10) 140.0(6.3)

J1552+3910 7570(169) 8.04(+0.07
−0.06) 0.60(+0.04

−0.04) -5.67(0.08) 113.7(2.3)

J1554+0336 6626(117) 7.94(+0.07
−0.07) 0.54(+0.04

−0.04) -6.78(0.13) 102.5(2.7)

J1555+3123 8227(156) 8.26(+0.06
−0.06) 0.74(+0.04

−0.04) -4.29(0.04) 128.6(3.7)

J1555+3219 9195(239) 8.59(+0.11
−0.11) 0.96(+0.07

−0.07) -3.74(0.31) 184.2(15.1)

J1609+0655 6828(333) 7.76(+0.11
−0.11) 0.44(+0.06

−0.05) -6.73(0.07) 85.6(0.9)

J1610+3036 8054(207) 7.97(+0.09
−0.09) 0.56(+0.05

−0.05) -5.27(0.06) 159.5(5.8)

J1613+5116 7979(226) 8.00(+0.10
−0.10) 0.58(+0.06

−0.06) -5.42(0.13) 161.3(6.8)

J1616+3924 7225(139) 7.95(+0.06
−0.05) 0.55(+0.03

−0.03) -6.07(0.05) 93.6(1.0)

J1620+1809 7763(180) 7.88(+0.07
−0.07) 0.51(+0.04

−0.04) -5.79(0.06) 100.8(1.6)

J1621+2253 7839(209) 7.89(+0.08
−0.08) 0.51(+0.05

−0.04) -5.82(0.10) 123.3(2.5)

J1634+5710 6006(119) 7.97(+0.06
−0.06) 0.55(+0.03

−0.03) -7.28(0.03) 14.9(0.0)

J1638+1244 8532(204) 7.90(+0.06
−0.06) 0.52(+0.04

−0.03) -5.07(0.04) 101.4(1.4)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J1640+7310 8426(275) 7.95(+0.07
−0.07) 0.55(+0.04

−0.04) -4.98(0.05) 53.7(0.1)

J1641+4833 7652(172) 8.01(+0.06
−0.06) 0.58(+0.04

−0.03) -5.80(0.04) 91.4(1.0)

J1643+4002 7352(169) 8.11(+0.09
−0.08) 0.64(+0.06

−0.05) -6.05(0.17) 137.4(5.3)

J1643+4129 7224(310) 8.43(+0.40
−0.36) 0.86(+0.25

−0.23) -6.02(0.14) 219.6(60.1)

J1647+4350 9041(238) 7.88(+0.07
−0.07) 0.51(+0.04

−0.04) -4.83(0.11) 157.5(3.6)

J1647+5119 8091(222) 7.89(+0.09
−0.09) 0.51(+0.05

−0.05) -5.61(0.11) 150.5(4.6)

J1653+1113 6690(160) 8.08(+0.12
−0.12) 0.63(+0.08

−0.07) -6.58(0.10) 143.0(9.6)

J1654+3157 7281(140) 8.01(+0.05
−0.05) 0.58(+0.03

−0.03) -5.89(0.03) 63.4(0.3)

J1655+3722 8831(220) 7.91(+0.07
−0.07) 0.53(+0.04

−0.04) -4.79(0.07) 147.3(3.5)

J1712+3406 7982(213) 7.90(+0.11
−0.10) 0.52(+0.06

−0.06) -5.47(0.10) 180.5(8.4)

J1713+3240 7908(182) 7.97(+0.06
−0.06) 0.56(+0.04

−0.03) -5.38(0.03) 69.6(0.3)

J1724+5333 6660(164) 8.13(+0.16
−0.15) 0.66(+0.10

−0.09) -6.35(0.22) 178.2(16.4)

J1728+5558 14453(683) 8.90(+0.06
−0.06) 1.14(+0.03

−0.03) -1.37(0.07) -3.00* 47.2(0.1)

J1833+1945 7124(133) 7.97(+0.05
−0.05) 0.56(+0.03

−0.03) -6.20(0.03) 39.3(0.1)

J1838+4046 7126(229) 8.43(+0.31
−0.29) 0.86(+0.20

−0.19) -5.76(0.13) 199.5(43.6)

J2046-0715 8025(210) 7.75(+0.10
−0.10) 0.44(+0.05

−0.05) -5.45(0.16) 162.7(6.6)

J2053-0702 6584(80) 8.04(+0.06
−0.06) 0.60(+0.04

−0.04) -5.27(0.04) 98.1(2.9)

J2101+3148 9100(348) 7.86(+0.07
−0.07) 0.50(+0.04

−0.04) -4.97(0.08) 32.2(0.0)

J2111-0036 7199(141) 7.91(+0.06
−0.06) 0.52(+0.04

−0.04) -6.17(0.08) 94.5(1.9)

J2135+0003 6427(110) 7.93(+0.21
−0.20) 0.53(+0.13

−0.11) -6.53(0.08) 120.7(14.5)

J2140-0045 7524(192) 8.02(+0.12
−0.12) 0.58(+0.08

−0.07) -5.90(0.07) 154.3(9.9)

J2142+0908 7211(169) 8.14(+0.18
−0.17) 0.66(+0.12

−0.11) -5.92(0.06) 131.0(14.6)

J2142+2059 7515(262) 7.86(+0.08
−0.08) 0.50(+0.04

−0.04) -6.29(0.06) 11.0(0.0)

J2149+2039 8663(238) 7.63(+0.20
−0.18) 0.39(+0.10

−0.07) -4.72(0.08) 211.5(22.0)

J2150-0113 8785(213) 7.94(+0.06
−0.06) 0.54(+0.04

−0.04) -5.06(0.06) 90.4(1.5)

J2156+0559 6911(127) 8.07(+0.06
−0.06) 0.62(+0.04

−0.04) -6.38(0.06) 97.2(2.3)

J2157+1137 8522(206) 7.80(+0.10
−0.09) 0.47(+0.05

−0.05) -4.99(0.06) 151.9(6.7)

J2207+0135 6514(131) 8.12(+0.09
−0.09) 0.65(+0.06

−0.05) -6.67(0.08) 115.6(5.1)
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Table II.II – Atmospheric parameters for DQ stars – continued.

J Name Teff logg M/M� logC/He logH/He D (pc)

J2218+2123 8120(188) 7.95(+0.06
−0.06) 0.55(+0.04

−0.04) -5.29(0.04) 96.5(1.5)

J2220+1420 8542(228) 8.03(+0.09
−0.09) 0.60(+0.06

−0.05) -4.98(0.05) 134.6(5.6)

J2225+1251 6388(176) 7.82(+0.24
−0.22) 0.47(+0.14

−0.11) -6.86(0.08) 155.6(19.5)

J2239+2303 8116(239) 7.99(+0.14
−0.13) 0.57(+0.09

−0.08) -5.51(0.14) 177.6(12.9)

J2248+2826 9390(311) 7.98(+0.16
−0.16) 0.57(+0.10

−0.09) -4.21(0.12) -3.00* 233.7(21.1)

J2250+1240 9801(292) 8.50(+0.13
−0.13) 0.90(+0.08

−0.08) -3.66(0.15) 173.1(15.9)

J2302+2430 6816(116) 8.06(+0.05
−0.05) 0.61(+0.03

−0.03) -6.54(0.04) 72.5(0.9)

J2310-0057 7647(138) 7.94(+0.12
−0.11) 0.54(+0.07

−0.06) -4.63(0.02) 143.9(9.2)

J2314-0632 7352(197) 7.96(+0.07
−0.06) 0.55(+0.04

−0.04) -6.06(0.03) 25.9(0.0)

J2341-0101 8499(220) 7.93(+0.08
−0.08) 0.54(+0.05

−0.04) -5.07(0.10) 122.6(3.6)

J2354+4027 7555(232) 7.93(+0.07
−0.07) 0.53(+0.04

−0.04) -5.75(0.04) 22.1(0.0)
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Table II.III – Atmospheric parameters for DZ stars. A dagger indicates that the distance

is a photometric distance based on the value of logg = 8 in the absence of a parallax.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0002+3209 6447(121) 8.30(+0.23
−0.22) 0.77(+0.16

−0.14) -9.00(0.18) <-3.08 180.6(28.7)

J0002-0627 7306(428) 8.00 -9.62(0.31) <-4.05 343.6(28.3)†
J0003+2240 5493(269) 8.00 -10.27(0.22) <-3.00 229.1(22.4)†
J0004+0819 5896(234) 8.00 -8.86(0.16) <-3.00 337.4(27.7)†
J0004+2432 10490(614) 8.26(+0.28

−0.25) 0.75(+0.18
−0.16) -9.74(0.18) <-5.82 287.9(49.8)

J0004+2531 12132(1141) 8.32(+0.81
−0.62) 0.79(+0.45

−0.36) -8.27(0.35) <-6.04 431.5(214.5)

J0005+0018 8073(208) 7.81(+0.14
−0.14) 0.47(+0.08

−0.07) -10.05(0.09) <-5.01 156.4(11.6)

J0005+4003 8829(427) 8.03(+0.09
−0.09) 0.59(+0.06

−0.05) -10.42(0.04) -4.48(0.21) 64.3(0.3)

J0005+7313 12673(759) 7.95(+0.08
−0.08) 0.56(+0.05

−0.04) -10.07(0.36) -6.11(0.00) 34.7(0.0)

J0006+0520 5906(160) 7.97(+0.27
−0.25) 0.55(+0.17

−0.14) -9.78(0.10) <-3.00 178.3(27.0)

J0009+0152 7159(212) 8.25(+0.32
−0.30) 0.73(+0.22

−0.19) -9.45(0.12) <-3.81 180.4(38.1)

J0010-0430 7089(160) 8.25(+0.29
−0.27) 0.73(+0.19

−0.17) -8.04(0.09) <-3.77 204.1(38.4)

J0010-0628 7883(1189) 8.00 -9.87(0.29) <-4.51 488.1(105.7)†
J0013+1109 5939(283) 8.00 -9.96(0.67) <-3.00 275.2(24.9)†
J0015+1830 7346(417) 8.00 -8.86(0.30) <-4.07 320.0(26.3)†
J0017+0230 7477(495) 8.00 -9.06(0.68) <-4.14 448.5(42.1)†
J0018-0012 9958(331) 8.16(+0.08

−0.08) 0.68(+0.05
−0.05) -9.28(0.04) <-5.81 151.4(5.3)

J0019+1848 6977(312) 7.39(+0.63
−0.51) 0.29(+0.30

−0.14) -10.34(0.12) <-4.28 307.7(91.8)

J0019+2209 5676(152) 7.58(+0.34
−0.30) 0.35(+0.17

−0.11) -10.18(0.16) <-3.00 187.7(31.5)

J0026-0006 5020(1185) 8.00 -10.75(0.11) <-3.00 324.9(154.2)†
J0027+0102 8573(374) 8.23(+0.34

−0.31) 0.72(+0.22
−0.19) -9.25(0.14) <-4.95 246.8(52.9)

J0027+3350 7114(384) 8.00 -9.62(0.21) <-3.97 297.0(22.3)†
J0030-0254 7011(904) 8.00 -9.99(0.61) <-3.91 451.8(87.1)†
J0031+2040 7853(584) 8.00 -8.87(0.42) <-4.47 373.8(40.4)†
J0031+3252 6537(332) 8.00 -10.01(0.23) <-3.44 287.6(23.8)†
J0032+0827 5771(320) 7.84(+0.20

−0.20) 0.48(+0.12
−0.10) -10.16(0.10) <-3.00 133.6(8.5)

J0033+2845 7117(353) 7.35(+1.24
−1.47) 0.27(+0.69

−0.25) -11.09(0.18) <-4.47 401.2(218.5)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0036-1112 7513(108) 8.20(+0.04
−0.04) 0.70(+0.02

−0.02) -9.06(0.08) <-4.02 52.3(0.3)

J0038+1645 6609(313) 8.54(+0.46
−0.40) 0.93(+0.26

−0.26) -10.06(0.19) <-3.05 170.3(55.3)

J0039+1416 6557(327) 8.00 -8.77(0.24) <-3.46 327.0(29.2)†
J0040+2349 8170(231) 8.22(+0.11

−0.11) 0.72(+0.07
−0.07) -9.73(0.06) <-4.54 158.6(10.0)

J0040+2723 6448(375) 7.71(+1.14
−0.86) 0.42(+0.70

−0.28) -10.39(0.22) <-3.61 280.0(154.9)

J0040+3016 7411(658) 8.00 -10.25(0.12) <-4.10 302.8(39.2)†
J0041+1511 8259(278) 8.02(+0.16

−0.16) 0.59(+0.10
−0.09) -10.62(0.08) <-4.95 187.7(16.5)

J0042+2255 7726(495) 7.48(+1.05
−0.77) 0.32(+0.60

−0.20) -11.44(0.23) <-5.04 373.8(180.4)

J0044+0418 6058(54) 8.20(+0.04
−0.04) 0.70(+0.03

−0.03) -9.76(0.05) <-3.00 74.1(1.3)

J0046+0024 9866(266) 8.29(+0.26
−0.24) 0.76(+0.17

−0.15) -7.70(0.18) <-5.72 230.9(39.8)

J0046+0635 6738(134) 8.04(+0.07
−0.07) 0.60(+0.05

−0.04) -11.05(0.05) <-3.63 101.9(3.0)

J0046+2717 8041(262) 8.53(+0.26
−0.24) 0.92(+0.16

−0.16) -7.43(0.23) <-4.09 219.9(42.3)

J0049+0523 6106(211) 8.20(+0.08
−0.08) 0.70(+0.06

−0.05) -9.92(0.03) <-3.01 4.3(0.0)

J0050+1828 7029(372) 8.00 -9.33(0.26) <-3.92 323.6(25.2)†
J0050-0621 6466(234) 8.29(+0.34

−0.31) 0.76(+0.22
−0.20) -9.21(0.16) <-3.10 194.4(43.0)

J0052+1846 5021(138) 8.00 -9.73(0.37) <-3.00 198.3(13.6)†
J0053+3115 6290(374) 8.00 -9.71(0.71) <-3.19 282.8(28.2)†
J0055+2413 7652(412) 8.00 -9.10(0.86) <-4.27 353.4(26.7)†
J0056+0005 6567(306) 8.00 -9.85(0.39) <-3.47 346.3(26.4)†
J0056+2453 5206(153) 8.00 -10.10(0.31) <-3.01 203.1(13.3)†
J0058+0507 8817(759) 8.00 -9.69(0.27) <-5.45 426.1(50.8)†
J0058+1102 6366(93) 8.04(+0.09

−0.09) 0.60(+0.06
−0.05) -9.67(0.09) <-3.23 113.3(5.5)

J0059+0017 10839(415) 8.15(+0.19
−0.18) 0.67(+0.13

−0.11) -8.80(0.12) <-5.94 242.6(29.0)

J0102+1817 6374(245) 8.00 -9.18(0.25) <-3.27 293.1(19.6)†
J0102+3112 7001(566) 8.00 -9.61(0.34) <-3.90 331.6(39.0)†
J0104-0030 7615(931) 8.00 -9.37(0.77) <-4.23 592.6(105.9)†
J0106+2412 5590(4814) 8.00 -10.40(0.07) <-3.00 349.3(419.7)†
J0106-0103 11222(493) 7.90(+0.15

−0.14) 0.53(+0.09
−0.07) -8.10(0.09) -4.32(0.12) 226.1(17.8)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0107+2650 5258(80) 8.18(+0.06
−0.06) 0.69(+0.04

−0.04) -9.47(0.17) <-3.00 68.3(1.6)

J0107+2905 6904(111) 7.88(+0.19
−0.18) 0.51(+0.11

−0.09) -9.38(0.14) <-3.90 171.9(18.5)

J0108-0537 6326(160) 7.35(+0.48
−0.42) 0.27(+0.21

−0.11) -9.10(0.14) <-3.75 260.3(60.4)

J0111+1501 10838(413) 7.98(+0.18
−0.17) 0.57(+0.11

−0.09) -8.46(0.12) <-6.01 275.7(28.3)

J0111+2848 7217(964) 8.00 -9.47(0.48) <-4.02 399.8(75.4)†
J0113-0006 7617(202) 7.92(+0.15

−0.15) 0.53(+0.09
−0.08) -10.17(0.08) <-4.32 176.9(14.6)

J0113-0959 10480(384) 8.00(+0.07
−0.07) 0.58(+0.04

−0.04) -8.44(0.09) -5.19(0.13) 129.9(2.3)

J0114+3505 6233(165) 8.00 -8.46(0.15) <-3.14 242.1(12.8)†
J0115-0542 7739(417) 7.76(+0.81

−0.62) 0.44(+0.50
−0.23) -10.14(0.12) <-4.67 324.7(135.3)

J0116+0328 7204(368) 8.00 -9.64(0.22) <-4.01 281.5(21.5)†
J0116+0345 7377(500) 8.00 -9.61(0.29) <-4.08 301.5(30.6)†
J0116+1744 7122(215) 8.20(+0.21

−0.20) 0.70(+0.14
−0.13) -10.02(0.15) <-3.83 193.2(25.7)

J0116+2050 6258(33) 8.02(+0.03
−0.03) 0.58(+0.02

−0.02) -8.81(0.05) <-3.15 73.6(1.0)

J0116+2229 8603(394) 8.00 -8.10(0.83) <-5.33 444.2(30.4)†
J0117+0021 7068(86) 8.08(+0.09

−0.08) 0.63(+0.06
−0.05) -8.57(0.06) <-3.89 141.3(7.0)

J0117+0039 6135(510) 8.00 -10.06(0.35) <-3.07 388.3(57.7)†
J0119+1758 5327(143) 8.00 -9.79(0.25) <-3.01 238.5(17.1)†
J0120-0041 11792(423) 7.84(+0.12

−0.11) 0.50(+0.07
−0.06) -9.12(0.24) <-6.10 227.4(13.9)

J0121+1504 8149(836) 8.00 -8.56(0.52) <-4.84 579.2(92.6)†
J0121+3440 6906(134) 8.13(+0.05

−0.05) 0.65(+0.03
−0.03) -10.80(0.06) <-3.72 38.9(0.2)

J0123+1324 7341(239) 8.33(+0.19
−0.18) 0.79(+0.12

−0.12) -9.85(0.25) <-3.86 178.8(22.0)

J0125+2346 7009(477) 8.00 -10.19(0.27) <-3.91 347.8(36.1)†
J0126+2534 5692(162) 8.58(+0.19

−0.18) 0.95(+0.12
−0.12) -9.11(0.20) <-3.01 113.0(15.5)

J0127+1545 6576(307) 8.00 -8.95(0.29) <-3.48 329.7(26.2)†
J0130+2218 6568(677) 8.00 -9.26(0.55) <-3.48 385.9(59.4)†
J0131+0250 4808(139) 8.00 -10.04(0.21) <-3.00 164.1(11.8)†
J0134+1857 6525(253) 8.15(+0.32

−0.29) 0.67(+0.21
−0.18) -10.22(0.13) <-3.28 210.5(40.8)

J0135+1302 6005(63) 8.11(+0.07
−0.07) 0.64(+0.05

−0.04) -9.23(0.14) <-3.00 98.9(4.0)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0135-0027 4811(127) 7.62(+0.23
−0.22) 0.37(+0.11

−0.09) -11.09(0.11) <-3.00 108.5(11.7)

J0136+0229 7032(422) 8.00 -9.19(0.47) <-3.92 408.2(36.1)†
J0138+0031 9494(329) 8.13(+0.26

−0.24) 0.66(+0.17
−0.14) -9.95(0.14) <-5.77 216.2(34.4)

J0140+3125 6741(674) 8.00 -9.67(0.24) <-3.67 343.3(54.6)†
J0140+3357 6473(133) 8.09(+0.08

−0.08) 0.63(+0.05
−0.05) -10.95(0.10) <-3.28 101.5(4.1)

J0141+2921 6647(189) 7.87(+0.21
−0.19) 0.50(+0.12

−0.10) -10.54(0.07) <-3.69 184.2(20.3)

J0142+0118 6727(244) 7.84(+0.28
−0.26) 0.48(+0.17

−0.13) -11.00(0.11) <-3.79 219.4(32.8)

J0143+0113 7297(95) 8.20(+0.09
−0.09) 0.70(+0.06

−0.06) -8.08(0.05) <-3.92 145.1(8.0)

J0143+0424 7403(393) 8.00 -8.61(0.34) <-4.10 359.5(29.3)†
J0144+0305 6272(280) 8.00 -9.96(0.37) <-3.17 288.8(22.6)†
J0144+1920 5863(198) 8.00 -9.06(0.11) <-3.00 190.4(12.6)†
J0147+1541 8762(1288) 8.00 -8.58(1.43) <-5.42 660.0(137.1)†
J0147-0623 7330(557) 8.00 -9.56(0.43) <-4.06 372.7(40.5)†
J0148-0112 6791(166) 7.69(+1.17

−0.87) 0.41(+0.71
−0.27) -9.04(0.17) <-3.94 312.5(177.7)

J0150+1354 6996(124) 8.32(+0.15
−0.14) 0.78(+0.10

−0.09) -8.34(0.15) <-3.63 170.0(16.8)

J0150+1710 8422(598) 7.72(+0.66
−0.52) 0.43(+0.40

−0.19) -10.39(0.16) <-5.47 374.5(126.0)

J0152+2418 7465(115) 8.08(+0.04
−0.04) 0.62(+0.03

−0.03) -9.24(0.07) <-4.07 52.9(0.3)

J0153+0101 7480(774) 8.00 -9.95(0.35) <-4.14 478.2(73.6)†
J0158-0942 6126(177) 8.06(+0.30

−0.28) 0.61(+0.20
−0.16) -10.07(0.13) <-3.04 176.8(31.9)

J0200+0040 10467(359) 8.16(+0.10
−0.10) 0.68(+0.06

−0.06) -9.10(0.14) <-5.90 169.4(8.4)

J0201+2015 6306(194) 8.16(+0.23
−0.21) 0.67(+0.15

−0.13) -8.99(0.13) <-3.10 170.2(23.2)

J0201-0039 9863(261) 8.15(+0.06
−0.06) 0.67(+0.04

−0.04) -7.99(0.05) <-5.81 111.2(2.0)

J0202+2459 6248(353) 8.00 -9.19(0.47) <-3.15 359.4(40.1)†
J0209+0558 8575(464) 7.62(+0.79

−0.57) 0.38(+0.46
−0.18) -9.91(0.22) <-5.63 382.1(150.4)

J0209+2914 6790(226) 8.52(+0.16
−0.15) 0.91(+0.10

−0.10) -9.27(0.10) <-3.22 146.3(16.3)

J0211-0046 10701(454) 7.79(+0.37
−0.31) 0.46(+0.21

−0.14) -8.91(0.50) -5.36(0.57) 354.5(71.9)

J0213+2848 6920(316) 7.80(+0.25
−0.23) 0.46(+0.14

−0.11) -10.69(0.08) <-3.96 207.7(25.1)

J0214+0536 7492(355) 8.01(+0.40
−0.36) 0.58(+0.26

−0.19) -10.16(0.13) <-4.13 269.1(63.0)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0218-0919 10273(321) 8.19(+0.06
−0.06) 0.70(+0.04

−0.04) -9.81(0.04) <-5.84 96.2(1.1)

J0221-0445 7719(873) 8.00 -10.45(0.30) <-4.33 423.8(70.4)†
J0225-0018 6207(101) 8.24(+0.15

−0.14) 0.73(+0.10
−0.09) -10.01(0.12) <-3.02 135.4(13.1)

J0226-0444 7247(757) 8.00 -10.37(0.20) <-4.03 405.8(64.3)†
J0228-0009 8573(312) 8.41(+0.30

−0.27) 0.84(+0.19
−0.18) -8.79(0.79) <-4.64 227.1(47.1)

J0231-0142 7037(736) 8.00 -10.17(0.23) <-3.92 397.6(65.2)†
J0234-0510 6696(245) 8.00 -8.55(0.18) <-3.62 303.9(19.3)†
J0241-0533 8379(226) 7.99(+0.09

−0.09) 0.57(+0.05
−0.05) -9.61(0.07) -3.34(0.11) 143.3(5.6)

J0251+7341 7531(155) 8.07(+0.05
−0.05) 0.62(+0.03

−0.03) -9.97(0.08) <-4.12 61.4(0.3)

J0252+0054 7433(130) 8.01(+0.18
−0.17) 0.58(+0.11

−0.10) -8.55(0.21) <-4.10 205.3(21.8)

J0252-0401 6936(150) 8.03(+0.29
−0.27) 0.59(+0.19

−0.15) -8.59(0.10) <-3.83 220.4(37.9)

J0302-0108 13594(1735) 8.02(+0.19
−0.18) 0.60(+0.12

−0.10) -7.58(0.10) -6.11(0.16) 64.4(0.3)

J0308-0657 10049(487) 8.30(+0.28
−0.26) 0.77(+0.18

−0.16) -8.08(0.54) <-5.72 289.0(52.3)

J0314+0524 14241(1314) 8.09(+0.23
−0.21) 0.64(+0.14

−0.12) -7.43(0.32) <-6.03 277.0(31.4)

J0314-0827 11810(625) 8.21(+0.57
−0.48) 0.72(+0.36

−0.27) -7.79(0.78) <-6.05 353.2(126.4)

J0319+3630 6335(307) 8.12(+0.12
−0.11) 0.64(+0.08

−0.07) -9.37(0.14) <-3.15 32.0(0.1)

J0411-0548 10069(652) 8.43(+0.33
−0.30) 0.86(+0.21

−0.20) -9.18(0.43) <-5.60 291.7(65.6)

J0438+4109 15680(1633) 8.04(+0.16
−0.15) 0.62(+0.10

−0.09) -8.51(0.56) -4.34(0.06) 53.7(0.2)

J0447+1124 6598(141) 7.81(+0.29
−0.27) 0.47(+0.17

−0.13) -9.28(0.17) <-3.69 206.6(33.6)

J0536+6154 10953(398) 8.02(+0.07
−0.06) 0.59(+0.04

−0.04) -8.32(0.06) -5.59(0.13) 132.7(2.1)

J0555-0410 4491(67) 7.92(+0.06
−0.06) 0.52(+0.03

−0.03) -11.16(0.02) <-30.00 6.4(0.0)

J0618+6413 9000(289) 8.02(+0.11
−0.11) 0.59(+0.07

−0.06) -10.37(0.06) <-5.54 186.1(9.1)

J0627+1002 8429(411) 8.07(+0.09
−0.09) 0.62(+0.06

−0.05) -10.50(0.03) <-5.08 52.8(0.2)

J0649+3726 6627(124) 8.25(+0.14
−0.13) 0.74(+0.09

−0.09) -9.98(0.11) <-3.28 142.6(12.8)

J0721+3928 5997(164) 8.00 -9.47(0.15) <-3.00 189.1(9.9)†
J0721+3955 6731(90) 7.92(+0.05

−0.05) 0.53(+0.03
−0.03) -9.73(0.07) <-3.72 96.1(1.9)

J0730+3456 10970(420) 8.04(+0.07
−0.07) 0.61(+0.04

−0.04) -8.94(0.06) -5.31(0.09) 98.0(1.2)

J0732+2746 12084(553) 8.01(+0.16
−0.15) 0.59(+0.10

−0.08) -8.76(0.15) -5.74(0.33) 238.0(21.3)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0733+3727 7599(291) 7.88(+0.42
−0.37) 0.51(+0.26

−0.18) -10.84(0.21) <-4.35 252.0(59.2)

J0734+4448 13863(822) 8.42(+0.20
−0.19) 0.86(+0.13

−0.12) -9.34(0.56) <-6.02 288.5(38.4)

J0736+4118 4676(70) 7.99(+0.11
−0.11) 0.56(+0.07

−0.06) -9.73(0.24) <-3.00 80.3(3.9)

J0738+3844 10280(279) 8.11(+0.24
−0.22) 0.65(+0.16

−0.13) -7.27(0.21) -4.78(0.51) 300.5(45.4)

J0739+3024 7106(624) 8.00 -9.75(0.32) <-3.96 427.7(56.1)†
J0740-1724 7545(587) 7.99(+0.16

−0.16) 0.57(+0.10
−0.09) -10.93(0.05) -3.38(0.04) 9.2(0.0)

J0741+3146 6065(113) 8.29(+0.20
−0.19) 0.76(+0.13

−0.12) -8.63(0.12) <-3.00 154.5(20.5)

J0741+4829 6741(217) 8.34(+0.20
−0.19) 0.80(+0.14

−0.13) -10.59(0.15) <-3.32 174.9(23.7)

J0742+2422 7106(469) 8.00 -10.13(0.27) <-3.96 332.4(33.3)†
J0743+4240 12303(728) 7.72(+0.63

−0.47) 0.44(+0.37
−0.17) -8.45(0.86) <-6.14 511.7(172.1)

J0744+1640 4943(85) 8.11(+0.24
−0.23) 0.64(+0.16

−0.14) -9.88(0.27) <-3.00 118.5(16.8)

J0744+2701 7735(189) 8.20(+0.33
−0.30) 0.70(+0.22

−0.19) -8.30(0.19) <-4.17 246.0(52.1)

J0744+4408 6655(246) 8.00 -8.69(0.24) <-3.57 310.2(21.0)†
J0744+4649 5045(61) 8.15(+0.05

−0.05) 0.66(+0.03
−0.03) -8.25(0.03) <-3.00 56.0(0.9)

J0747+3732 10165(373) 7.79(+0.27
−0.24) 0.46(+0.15

−0.11) -9.18(0.24) <-6.00 322.4(47.3)

J0747+4001 8688(268) 8.14(+0.09
−0.09) 0.66(+0.06

−0.06) -10.82(0.18) <-5.21 150.6(5.9)

J0747+4825 6647(185) 7.83(+0.34
−0.31) 0.48(+0.20

−0.14) -10.45(0.08) <-3.72 198.1(36.5)

J0748+2544 6497(512) 8.00 -10.60(0.43) <-3.40 383.1(49.5)†
J0748+3506 11168(481) 7.27(+1.26

−0.71) 0.27(+0.65
−0.14) -9.23(0.40) <-6.21 600.7(337.0)

J0749+3124 6678(90) 8.12(+0.05
−0.05) 0.65(+0.03

−0.03) -9.97(0.04) <-3.47 91.7(2.1)

J0749+4343 9459(477) 8.55(+0.30
−0.27) 0.93(+0.18

−0.18) -9.18(0.25) <-5.38 253.3(54.6)

J0751+1310 11886(458) 7.92(+0.10
−0.10) 0.54(+0.06

−0.05) -8.26(0.19) <-6.10 227.9(10.7)

J0753+2332 11150(914) 8.50(+0.82
−0.61) 0.91(+0.39

−0.39) -9.67(0.34) -4.85(0.79) 340.3(178.2)

J0753+2741 6548(369) 8.00 -9.41(0.47) <-3.45 388.1(36.3)†
J0753+6613 7485(179) 8.03(+0.15

−0.14) 0.59(+0.09
−0.08) -9.45(0.17) <-4.12 198.5(17.0)

J0755+2112 6843(131) 8.25(+0.12
−0.11) 0.73(+0.08

−0.07) -9.46(0.10) <-3.53 148.3(10.9)

J0756+3353 7909(256) 7.82(+0.26
−0.24) 0.48(+0.15

−0.12) -9.69(0.10) <-4.78 262.8(37.7)

J0758+1013 5600(144) 8.00 -8.50(0.14) <-3.00 219.3(13.0)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0758+3225 10532(467) 8.55(+0.26
−0.24) 0.94(+0.16

−0.16) -9.58(0.24) <-5.56 236.2(44.7)

J0800+2242 6153(172) 8.05(+0.58
−0.51) 0.60(+0.38

−0.26) -9.82(0.17) <-3.06 210.6(71.8)

J0801+1344 10073(523) 8.12(+0.56
−0.47) 0.66(+0.36

−0.26) -9.30(0.36) <-5.85 367.6(124.7)

J0801+1414 15066(1062) 8.08(+0.11
−0.11) 0.64(+0.07

−0.06) -8.46(0.32) -5.50(0.21) 177.9(5.0)

J0801+5329 8805(210) 8.22(+0.06
−0.05) 0.72(+0.04

−0.04) -8.36(0.16) <-5.21 82.4(0.9)

J0802+3012 10471(544) 8.14(+0.97
−0.71) 0.67(+0.56

−0.35) -8.14(0.35) <-5.91 419.8(231.2)

J0802+4050 13247(794) 7.91(+0.13
−0.12) 0.54(+0.07

−0.06) -9.54(0.26) -5.22(0.14) 196.7(7.0)

J0802+4257 6705(230) 7.83(+0.66
−0.55) 0.48(+0.42

−0.23) -9.85(0.13) <-3.77 250.8(88.9)

J0803+4502 9225(327) 8.18(+0.22
−0.21) 0.69(+0.15

−0.13) -9.38(0.23) -3.68(0.37) 238.5(33.2)

J0805+3832 10680(354) 8.11(+0.06
−0.06) 0.65(+0.04

−0.04) -9.60(0.02) <-5.95 45.3(0.1)

J0805+5406 12942(535) 8.08(+0.07
−0.07) 0.64(+0.05

−0.04) -9.27(0.19) -6.13(0.37) 154.6(3.7)

J0806+3055 6708(153) 8.00 -8.72(0.14) <-3.63 255.0(10.0)†
J0806+3640 10881(533) 7.81(+0.73

−0.55) 0.48(+0.46
−0.21) -8.23(0.47) <-6.06 459.9(182.2)

J0806+3702 6751(229) 8.02(+0.31
−0.29) 0.59(+0.20

−0.16) -10.48(0.13) <-3.66 209.4(37.6)

J0806+3747 9800(263) 8.19(+0.14
−0.13) 0.70(+0.09

−0.08) -7.93(0.13) <-5.78 236.0(20.3)

J0807+4930 5281(138) 8.15(+0.29
−0.27) 0.66(+0.19

−0.16) -8.21(0.14) <-3.00 153.7(26.2)

J0808+2118 9048(1059) 8.00 -9.38(0.40) <-5.58 577.7(99.0)†
J0808+2809 6878(155) 8.24(+0.27

−0.25) 0.73(+0.18
−0.16) -8.21(0.13) <-3.58 214.5(37.6)

J0809+1034 6842(138) 8.27(+0.07
−0.07) 0.75(+0.05

−0.05) -10.18(0.06) <-3.51 109.0(4.1)

J0809+3106 11657(434) 7.85(+0.11
−0.10) 0.50(+0.06

−0.05) -9.55(0.24) -5.44(0.26) 230.0(11.8)

J0812+0942 10593(332) 7.76(+0.17
−0.15) 0.45(+0.09

−0.07) -7.59(0.16) <-6.08 293.0(26.5)

J0812+3614 7612(388) 8.00 -9.79(0.23) <-4.23 360.7(27.3)†
J0813+3453 6753(300) 8.00 -9.61(0.35) <-3.68 331.4(22.3)†
J0813+3506 7094(172) 8.06(+0.45

−0.40) 0.61(+0.30
−0.22) -9.12(0.25) <-3.91 247.4(67.6)

J0816+2330 7143(415) 8.00 -9.81(0.35) <-3.98 310.9(25.6)†
J0818+1247 6872(264) 8.00 -9.03(0.36) <-3.80 310.6(19.3)†
J0818-3110 6535(645) 8.28(+0.19

−0.18) 0.75(+0.13
−0.12) -8.99(0.04) <-3.17 19.4(0.0)

J0819+0027 11366(567) 8.19(+0.23
−0.21) 0.70(+0.15

−0.13) -8.47(0.21) -4.16(0.56) 250.3(34.8)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0819+5732 6074(80) 7.99(+0.04
−0.04) 0.56(+0.03

−0.03) -11.10(0.10) <-3.04 54.5(0.3)

J0822+3910 11277(765) 7.87(+0.81
−0.59) 0.51(+0.51

−0.24) -8.83(0.37) <-6.05 440.1(191.2)

J0822+5202 6639(346) 8.00 -10.28(0.13) <-3.55 262.3(22.8)†
J0822+5203 10039(369) 8.07(+0.20

−0.19) 0.62(+0.13
−0.11) -9.30(0.09) <-5.87 237.6(27.7)

J0823+2015 10575(374) 8.05(+0.12
−0.12) 0.61(+0.08

−0.07) -8.68(0.07) <-5.98 220.3(14.4)

J0825+2009 8457(397) 8.00(+0.28
−0.26) 0.58(+0.18

−0.14) -9.89(0.24) <-5.21 271.6(43.7)

J0825+2148 6411(147) 8.22(+0.10
−0.10) 0.71(+0.07

−0.07) -10.96(0.19) <-3.12 126.7(7.2)

J0827+1731 10537(382) 8.06(+0.08
−0.08) 0.62(+0.05

−0.05) -9.70(0.04) -4.27(0.07) 129.1(2.7)

J0827+2857 7465(277) 8.78(+0.35
−0.30) 1.07(+0.17

−0.19) -8.68(0.57) <-3.57 183.4(51.3)

J0827+3304 8489(203) 7.94(+0.23
−0.21) 0.54(+0.14

−0.11) -8.50(0.36) <-5.32 259.1(33.9)

J0827+5504 7371(511) 8.00 -10.14(0.30) <-4.08 341.2(35.5)†
J0829+0759 10016(287) 8.15(+0.09

−0.09) 0.67(+0.06
−0.06) -7.95(0.10) <-5.83 176.1(8.7)

J0829+3551 6682(678) 8.00 -10.28(0.45) <-3.60 390.4(62.5)†
J0830-0319 6365(105) 7.70(+0.13

−0.12) 0.41(+0.06
−0.06) -9.51(0.13) <-3.52 174.4(11.3)

J0831+1801 7103(436) 8.00 -10.50(0.17) <-3.96 284.8(26.6)†
J0833+0512 12185(555) 7.42(+0.41

−0.30) 0.32(+0.17
−0.08) -9.37(0.30) <-6.18 424.0(91.5)

J0834+2422 11590(456) 8.04(+0.12
−0.11) 0.61(+0.07

−0.06) -8.18(0.15) -5.25(0.14) 214.2(13.0)

J0834+3927 8117(673) 8.00 -8.42(0.37) <-4.80 532.6(66.0)†
J0834+4641 7065(84) 8.04(+0.07

−0.07) 0.60(+0.04
−0.04) -9.20(0.13) <-3.91 123.1(4.4)

J0835+0906 8546(315) 8.18(+0.13
−0.13) 0.69(+0.09

−0.08) -9.60(0.11) <-5.00 155.7(11.3)

J0838+2322 6037(61) 8.25(+0.05
−0.05) 0.73(+0.03

−0.03) -9.84(0.13) <-3.00 84.4(2.2)

J0838+5455 6795(315) 8.25(+0.53
−0.47) 0.73(+0.34

−0.28) -10.51(0.27) <-3.47 205.8(69.3)

J0839+2158 8340(265) 8.26(+0.14
−0.14) 0.74(+0.09

−0.09) -8.78(0.31) <-4.63 162.3(14.0)

J0839+2618 14581(1486) 8.09(+0.27
−0.24) 0.64(+0.17

−0.14) -8.29(0.67) -3.98(0.28) 315.8(39.2)

J0840+0237 7398(302) 7.53(+0.51
−0.41) 0.34(+0.26

−0.13) -11.02(0.10) <-4.59 318.1(80.7)

J0840+1306 6854(216) 7.96(+0.35
−0.32) 0.55(+0.22

−0.17) -11.03(0.16) <-3.81 198.5(39.7)

J0840+3202 7535(886) 8.00 -10.07(0.38) <-4.17 453.9(78.8)†
J0840+3812 7421(760) 8.00 -9.96(0.26) <-4.11 478.6(68.9)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0841+3723 12036(493) 7.93(+0.08
−0.08) 0.55(+0.05

−0.04) -7.95(0.08) <-6.11 171.3(5.2)

J0841+5414 7884(304) 7.83(+0.21
−0.20) 0.48(+0.12

−0.10) -10.33(0.07) <-4.73 220.5(24.1)

J0842+1406 7111(55) 7.99(+0.04
−0.04) 0.57(+0.03

−0.03) -8.45(0.06) <-3.97 99.1(2.1)

J0842+1536 5932(137) 8.00 -9.88(0.23) <-3.00 198.7(9.1)†
J0842+3625 10322(424) 8.02(+0.13

−0.13) 0.59(+0.08
−0.07) -9.00(0.15) -4.78(0.21) 213.7(14.2)

J0842-1347 5010(89) 8.05(+0.06
−0.06) 0.60(+0.04

−0.04) -9.93(0.13) <-3.00 14.8(0.0)

J0843+1247 6507(163) 8.52(+0.16
−0.15) 0.92(+0.10

−0.10) -10.23(0.13) <-3.00 134.9(15.4)

J0843+5614 6581(183) 8.32(+0.25
−0.24) 0.78(+0.17

−0.16) -8.78(0.15) <-3.17 183.9(31.4)

J0844+5446 7033(412) 8.36(+0.39
−0.35) 0.81(+0.25

−0.23) -9.77(0.16) <-3.62 216.9(55.3)

J0845+1258 9473(329) 8.38(+0.42
−0.37) 0.82(+0.26

−0.24) -7.98(0.37) <-5.57 275.4(79.2)

J0845+4115 8194(248) 7.43(+0.32
−0.26) 0.31(+0.13

−0.08) -9.62(0.25) <-5.51 297.3(47.2)

J0845+4802 8145(871) 8.00 -8.46(0.50) <-4.84 608.1(103.0)†
J0845+5352 7138(167) 8.21(+0.09

−0.09) 0.71(+0.06
−0.06) -10.68(0.14) <-3.83 125.4(5.7)

J0846+3538 8791(204) 8.16(+0.05
−0.05) 0.68(+0.03

−0.03) -8.69(0.10) <-5.27 24.6(0.0)

J0847+4507 8921(394) 8.46(+0.18
−0.17) 0.88(+0.12

−0.12) -9.51(0.22) <-5.09 210.6(26.0)

J0848+0028 11667(380) 7.89(+0.11
−0.10) 0.52(+0.06

−0.05) -7.55(0.08) <-6.09 236.4(12.9)

J0848+3548 7864(189) 8.17(+0.06
−0.06) 0.68(+0.04

−0.04) -10.49(0.04) <-4.30 89.3(1.8)

J0848+5214 8349(221) 8.07(+0.07
−0.07) 0.62(+0.04

−0.04) -10.72(0.06) <-4.98 106.1(2.4)

J0849+0710 8477(218) 8.32(+0.18
−0.17) 0.78(+0.12

−0.11) -8.34(0.29) -3.49(0.55) 198.6(24.3)

J0849+1827 6127(67) 8.06(+0.05
−0.05) 0.61(+0.03

−0.03) -10.50(0.09) <-3.05 88.4(2.0)

J0849+1836 8805(287) 8.03(+0.41
−0.37) 0.60(+0.27

−0.20) -8.39(0.38) <-5.41 309.6(76.2)

J0849+4036 9388(295) 8.20(+0.08
−0.08) 0.70(+0.05

−0.05) -10.12(0.09) <-5.69 123.2(3.5)

J0851+0538 7415(183) 8.09(+0.19
−0.18) 0.63(+0.12

−0.11) -9.50(0.31) <-4.04 195.0(22.6)

J0851+1543 6495(63) 8.21(+0.05
−0.05) 0.71(+0.03

−0.03) -8.71(0.09) <-3.19 96.1(2.4)

J0852+1124 6656(476) 8.00 -10.21(0.30) <-3.57 392.3(45.3)†
J0852+3402 5036(100) 7.98(+0.31

−0.29) 0.56(+0.20
−0.16) -9.56(0.25) <-3.00 154.8(27.4)

J0852+5124 7827(721) 8.00 -9.63(0.42) <-4.44 432.7(60.4)†
J0853+1603 7538(526) 8.11(+1.88

−1.02) 0.64(+1.05
−0.44) -10.32(0.18) <-4.09 307.6(248.6)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0854+0603 7340(345) 7.85(+0.43
−0.38) 0.49(+0.26

−0.17) -10.90(0.17) <-4.19 282.9(65.2)

J0854+1847 8119(243) 8.23(+0.14
−0.13) 0.72(+0.09

−0.09) -9.94(0.09) <-4.48 170.7(14.5)

J0855+5438 7903(936) 8.00 -8.50(1.25) <-4.53 615.5(111.4)†
J0857+1438 8180(201) 8.11(+0.15

−0.14) 0.64(+0.10
−0.09) -9.09(0.42) <-4.72 184.7(16.2)

J0857+2630 6402(127) 7.82(+0.24
−0.22) 0.47(+0.14

−0.11) -10.86(0.11) <-3.46 144.0(18.9)

J0859+5732 13140(903) 8.08(+0.21
−0.20) 0.63(+0.13

−0.11) -7.96(0.37) <-6.09 301.8(36.1)

J0900+1020 7301(378) 8.00 -10.61(0.18) <-4.05 316.7(24.7)†
J0901+0752 6995(117) 7.91(+0.31

−0.29) 0.52(+0.19
−0.15) -7.87(0.08) <-3.95 216.7(38.8)

J0901+1113 7545(465) 8.00 -10.51(0.23) <-4.18 378.7(35.8)†
J0901+5337 5802(284) 8.00 -10.71(0.65) <-3.00 253.0(23.9)†
J0903-0120 8731(1234) 8.00 -9.80(0.26) <-5.41 536.4(107.7)†
J0904-0029 7933(421) 8.00 -10.35(0.12) <-4.57 329.5(25.2)†
J0905+0133 7977(227) 8.25(+0.13

−0.12) 0.73(+0.08
−0.08) -10.24(0.12) <-4.33 157.9(11.9)

J0905+0846 6152(201) 8.00 -10.09(0.28) <-3.08 242.2(14.0)†
J0905+5235 7650(126) 8.15(+0.09

−0.09) 0.67(+0.06
−0.06) -9.07(0.22) <-4.14 143.4(7.8)

J0906+1141 6592(161) 8.00 -8.50(0.19) <-3.50 282.9(12.5)†
J0906+1628 7099(340) 8.00 -10.60(0.22) <-3.96 270.7(19.7)†
J0906+5956 9953(277) 8.31(+0.12

−0.11) 0.77(+0.08
−0.07) -7.77(0.16) <-5.71 214.3(15.5)

J0907+2533 8745(286) 8.22(+0.15
−0.15) 0.71(+0.10

−0.09) -9.30(0.09) <-5.16 184.2(17.0)

J0908+4119 6268(206) 8.00 -9.87(0.46) <-3.17 268.7(15.3)†
J0908+5136 5811(62) 7.80(+0.09

−0.09) 0.46(+0.05
−0.04) -10.12(0.10) <-3.00 125.2(5.6)

J0909-0045 9160(293) 8.13(+0.13
−0.13) 0.66(+0.09

−0.08) -9.40(0.08) <-5.59 196.4(14.3)

J0910+1045 9425(270) 8.26(+0.11
−0.11) 0.74(+0.08

−0.07) -8.60(0.10) <-5.66 202.0(13.7)

J0911+2433 6731(655) 8.00 -10.06(0.44) <-3.66 433.2(70.9)†
J0912-0128 7509(409) 8.00 -9.33(0.28) <-4.16 323.5(26.3)†
J0913+2627 5342(96) 8.22(+0.14

−0.13) 0.71(+0.09
−0.09) -9.69(0.18) <-3.00 106.8(9.0)

J0913+3116 5446(45) 8.29(+0.05
−0.05) 0.76(+0.03

−0.03) -10.06(0.06) <-3.00 55.0(1.3)

J0913+4127 5932(126) 8.00 -8.77(0.32) <-3.00 229.2(10.0)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0916+0110 7527(339) 8.00 -10.34(0.08) <-4.17 238.8(15.5)†
J0916+2540 5652(57) 8.13(+0.04

−0.04) 0.65(+0.03
−0.03) -7.64(0.04) <-3.00 46.3(0.4)

J0916-0212 6672(300) 7.19(+0.57
−0.59) 0.22(+0.22

−0.13) -11.25(0.09) <-4.21 326.1(84.9)

J0917+2146 6674(319) 8.00 -9.29(0.33) <-3.59 357.8(28.1)†
J0917+2224 6771(432) 8.00 -10.64(0.27) <-3.70 311.6(31.9)†
J0921+1204 13314(898) 7.95(+0.34

−0.30) 0.56(+0.21
−0.15) -7.97(0.55) -4.47(0.44) 406.3(79.9)

J0922+2007 8377(218) 7.98(+0.08
−0.08) 0.57(+0.05

−0.04) -11.20(0.20) -3.73(0.16) 120.0(3.7)

J0923+4823 9334(1365) 8.00 -9.09(0.60) <-5.77 705.1(138.0)†
J0924+4301 5537(117) 8.00 -10.08(0.20) <-3.00 209.6(9.1)†
J0925+2256 6748(297) 8.00 -9.74(0.35) <-3.67 303.5(21.0)†
J0925+3130 5901(58) 8.00 -8.97(0.12) <-3.00 88.9(2.0)†
J0928+1801 10189(364) 8.22(+0.15

−0.14) 0.72(+0.10
−0.09) -9.88(0.11) <-5.81 210.8(18.7)

J0928+6124 9167(303) 7.08(+1.55
−1.46) 0.21(+0.77

−0.19) -8.08(0.40) <-6.10 582.6(370.6)

J0929+4247 6683(88) 7.86(+0.24
−0.22) 0.50(+0.14

−0.11) -8.26(0.15) <-3.72 217.7(29.1)

J0930+2601 9843(636) 8.26(+0.33
−0.30) 0.74(+0.22

−0.19) -10.36(0.29) -4.01(0.46) 259.5(54.2)

J0930+3013 11366(508) 7.98(+0.19
−0.17) 0.57(+0.11

−0.09) -9.42(0.09) -4.71(0.12) 242.7(24.7)

J0931+0730 11699(537) 7.75(+0.68
−0.50) 0.45(+0.41

−0.19) -8.28(0.27) <-6.10 445.6(162.6)

J0931+1210 7431(424) 8.00 -9.11(0.34) <-4.11 378.1(31.0)†
J0932+4856 8831(257) 8.08(+0.30

−0.28) 0.63(+0.20
−0.16) -8.34(0.47) <-5.39 288.8(53.7)

J0933+6334 6265(165) 8.00 -8.55(0.33) <-3.17 265.1(14.6)†
J0934+0822 9453(291) 8.19(+0.08

−0.07) 0.70(+0.05
−0.05) -9.50(0.03) <-5.72 110.6(3.2)

J0934+2626 8367(354) 8.30(+0.37
−0.33) 0.77(+0.24

−0.21) -10.28(0.16) <-4.60 236.4(56.9)

J0934+5632 6494(92) 8.23(+0.06
−0.06) 0.72(+0.04

−0.04) -9.55(0.41) <-3.18 108.7(3.3)

J0935+0037 10098(490) 7.82(+0.85
−0.61) 0.48(+0.53

−0.23) -7.83(0.44) <-5.98 492.7(222.6)

J0935+2420 8289(284) 7.72(+0.45
−0.38) 0.42(+0.26

−0.15) -9.60(0.33) <-5.35 294.0(71.2)

J0935+4450 7484(170) 8.02(+0.07
−0.07) 0.59(+0.04

−0.04) -11.13(0.14) <-4.12 109.6(2.9)

J0936+1815 11520(641) 7.21(+0.70
−0.44) 0.26(+0.28

−0.09) -9.07(0.82) -5.66(0.61) 548.1(190.5)

J0937+2842 13743(865) 8.00 -9.29(0.61) -5.08(0.31) 365.1(25.5)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0937+3646 11733(565) 7.95(+0.16
−0.15) 0.55(+0.10

−0.08) -9.13(0.37) -5.02(0.32) 286.0(23.4)

J0937+5228 6621(80) 7.97(+0.09
−0.09) 0.56(+0.06

−0.05) -8.59(0.07) <-3.56 142.2(7.3)

J0938+6343 7980(743) 8.00 -10.09(0.22) <-4.63 392.4(52.7)†
J0939+4136 6251(124) 8.44(+0.25

−0.23) 0.86(+0.16
−0.16) -8.14(0.16) <-3.00 152.0(27.3)

J0939+5019 6086(97) 7.98(+0.11
−0.11) 0.56(+0.07

−0.06) -8.01(0.26) <-3.04 145.6(8.8)

J0939+5550 9023(186) 8.07(+0.05
−0.05) 0.62(+0.03

−0.03) -8.18(0.05) -4.57(0.06) 68.4(0.4)

J0940+6136 9205(202) 8.29(+0.05
−0.05) 0.76(+0.03

−0.03) -8.00(0.05) <-5.53 113.9(1.7)

J0940+6422 6875(177) 7.74(+0.11
−0.11) 0.43(+0.06

−0.05) -10.87(0.08) <-3.97 155.2(7.6)

J0941+5022 11230(437) 7.79(+0.20
−0.19) 0.47(+0.11

−0.09) -8.07(0.18) <-6.07 354.3(39.6)

J0942+0743 9777(299) 8.00(+0.20
−0.19) 0.58(+0.13

−0.11) -8.35(0.16) <-5.89 214.9(25.9)

J0942+5755 11264(454) 8.10(+0.18
−0.17) 0.65(+0.11

−0.10) -8.06(0.44) <-6.00 292.4(30.8)

J0944+3939 11106(862) 8.39(+0.23
−0.21) 0.83(+0.15

−0.14) -8.64(0.24) <-5.89 235.3(34.1)

J0944+4408 10997(425) 7.87(+0.25
−0.23) 0.51(+0.15

−0.11) -8.19(0.34) <-6.04 346.6(50.0)

J0944-0039 12625(604) 8.13(+0.08
−0.07) 0.66(+0.05

−0.05) -7.80(0.08) <-6.08 160.3(4.5)

J0945+0846 10880(409) 8.03(+0.16
−0.15) 0.60(+0.10

−0.09) -9.47(0.21) <-5.99 227.0(20.5)

J0946+2024 7557(191) 8.00 -8.05(0.22) <-4.19 338.2(14.2)†
J0947+1916 9996(359) 8.00 -9.47(0.27) <-5.90 297.5(14.1)†
J0947+4238 9611(335) 8.36(+0.23

−0.22) 0.81(+0.15
−0.14) -9.05(0.25) <-5.62 216.2(34.2)

J0948+3008 6233(137) 7.22(+0.39
−0.38) 0.23(+0.14

−0.09) -9.52(0.15) <-3.75 278.4(52.1)

J0950+4716 6803(172) 8.45(+0.24
−0.22) 0.87(+0.15

−0.15) -9.39(0.18) <-3.28 164.6(28.0)

J0950+4848 6995(230) 8.52(+0.23
−0.21) 0.91(+0.14

−0.14) -8.84(0.26) <-3.43 174.3(28.9)

J0951+4033 8306(218) 8.20(+0.06
−0.05) 0.70(+0.04

−0.04) -10.07(0.03) -3.95(0.09) 72.3(0.6)

J0953+1510 6933(220) 8.11(+0.28
−0.26) 0.65(+0.19

−0.16) -10.83(0.20) <-3.76 181.7(31.3)

J0953+1719 7072(305) 7.66(+0.95
−0.72) 0.39(+0.58

−0.23) -10.35(0.15) <-4.14 315.2(148.3)

J0954+1814 11325(445) 8.00 -8.29(0.12) -5.50(0.19) 217.1(9.4)†
J0954+3347 10290(345) 8.25(+0.07

−0.07) 0.74(+0.05
−0.05) -9.09(0.08) <-5.80 143.4(4.1)

J0954+5635 9404(314) 8.16(+0.16
−0.15) 0.68(+0.10

−0.09) -9.35(0.22) <-5.72 216.1(20.2)

J0955+5233 7620(175) 7.92(+0.23
−0.22) 0.53(+0.14

−0.11) -8.65(0.15) <-4.32 245.8(32.9)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J0956+5912 8723(105) 8.13(+0.05
−0.05) 0.66(+0.03

−0.03) -7.12(0.09) -3.54(0.18) 138.8(3.1)

J0957+2822 6494(218) 7.62(+0.37
−0.32) 0.37(+0.19

−0.12) -11.44(0.33) <-3.75 240.4(44.6)

J0958+0550 10960(402) 8.00 -8.66(0.09) -5.84(0.25) 179.9(7.2)†
J0959+2556 9304(284) 8.17(+0.07

−0.07) 0.68(+0.04
−0.04) -10.81(0.04) <-5.66 57.1(0.5)

J1000+3518 12666(640) 7.95(+0.11
−0.11) 0.56(+0.06

−0.06) -8.54(0.15) -5.65(0.16) 212.4(10.0)

J1000+4420 13430(909) 7.85(+0.20
−0.18) 0.50(+0.11

−0.09) -8.51(0.24) -4.25(0.14) 255.2(23.4)

J1000-0230 5318(203) 8.00 -10.16(0.24) <-3.01 188.4(15.1)†
J1002+0313 9997(333) 8.06(+0.15

−0.14) 0.61(+0.09
−0.08) -8.89(0.11) <-5.87 214.0(18.3)

J1003+1421 5725(312) 8.00 -10.46(0.73) <-3.00 298.2(30.5)†
J1004+0451 7797(194) 7.82(+0.24

−0.22) 0.47(+0.14
−0.11) -9.77(0.19) <-4.65 211.5(28.0)

J1004+4231 8152(356) 8.33(+0.19
−0.18) 0.79(+0.12

−0.12) -10.01(0.15) <-4.36 189.9(22.2)

J1005+1746 5749(214) 8.00 -10.39(0.47) <-3.00 229.9(16.3)†
J1005+2032 6522(281) 8.00 -10.44(0.29) <-3.43 266.1(19.0)†
J1005+2244 6006(224) 8.00 -9.60(0.25) <-3.00 267.1(19.1)†
J1005+2655 8038(206) 8.01(+0.10

−0.10) 0.58(+0.06
−0.06) -9.90(0.04) <-4.69 141.5(6.8)

J1006+1752 5883(127) 8.43(+0.17
−0.16) 0.85(+0.11

−0.11) -8.82(0.24) <-3.00 135.8(15.6)

J1006+6116 6935(229) 8.10(+0.19
−0.18) 0.63(+0.12

−0.11) -10.74(0.12) <-3.77 183.0(19.6)

J1008+0248 7648(184) 7.95(+0.10
−0.10) 0.55(+0.06

−0.06) -11.32(0.13) <-4.31 118.2(6.0)

J1008+4349 11380(444) 8.02(+0.09
−0.09) 0.60(+0.06

−0.05) -10.13(0.09) -5.28(0.10) 146.1(5.4)

J1009+3337 6543(244) 8.00 -10.11(0.30) <-3.45 238.8(14.7)†
J1010+2119 6968(408) 8.00 -9.64(0.37) <-3.88 401.8(35.2)†
J1010+3948 8371(170) 8.05(+0.06

−0.06) 0.61(+0.04
−0.04) -8.81(0.06) -4.09(0.12) 122.8(2.9)

J1012+4435 9065(483) 8.75(+1.43
−0.74) 1.06(+0.86

−0.47) -8.48(0.73) <-4.82 219.4(161.8)

J1012-1843 5938(213) 8.05(+0.09
−0.08) 0.60(+0.05

−0.05) -10.19(0.05) <-3.00 18.1(0.0)

J1013-0251 7065(631) 8.00 -9.84(0.33) <-3.94 385.0(53.1)†
J1014+2827 6243(196) 8.00 -8.04(0.41) <-3.15 264.1(18.0)†
J1015+4141 9694(241) 7.95(+0.15

−0.14) 0.55(+0.09
−0.08) -7.84(0.09) -4.91(0.20) 236.6(20.3)

J1015+6327 8230(595) 8.00 -8.82(0.48) <-4.95 494.5(55.2)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1017+1948 15794(1718) 8.56(+0.36
−0.32) 0.94(+0.21

−0.21) -7.25(0.62) -4.96(0.71) 291.1(74.6)

J1017+2419 6831(97) 8.51(+0.27
−0.25) 0.91(+0.17

−0.17) -8.37(0.08) <-3.26 132.4(27.1)

J1017+3447 5995(143) 7.97(+0.23
−0.22) 0.55(+0.14

−0.12) -10.27(0.23) <-3.00 182.8(23.8)

J1018+0344 9264(370) 8.17(+0.40
−0.36) 0.68(+0.26

−0.21) -8.69(0.44) <-5.64 275.4(68.7)

J1018+3708 15508(1643) 8.18(+0.18
−0.17) 0.70(+0.11

−0.10) -7.23(0.28) <-5.85 272.3(20.3)

J1018+3726 10543(361) 7.98(+0.07
−0.07) 0.57(+0.04

−0.04) -7.93(0.22) -3.62(1.83) 137.7(2.9)

J1019+2045 5552(133) 8.00 -9.45(0.44) <-3.00 191.7(9.6)†
J1019+3535 6079(227) 8.00 -9.45(0.50) <-3.04 261.2(17.6)†
J1019+3752 12697(593) 8.04(+0.18

−0.17) 0.61(+0.11
−0.10) -9.36(0.19) -5.52(0.19) 243.9(25.7)

J1023-0014 7549(603) 8.00 -9.42(0.45) <-4.18 397.9(46.7)†
J1024+1014 6226(129) 8.00 -7.72(0.10) <-3.13 195.1(9.4)†
J1024+2227 7517(434) 8.00 -10.41(0.17) <-4.16 367.2(30.9)†
J1024+4531 6375(134) 8.38(+0.16

−0.16) 0.82(+0.11
−0.10) -8.68(0.16) <-3.01 148.7(16.5)

J1024-0017 7370(390) 8.00 -8.84(0.29) <-4.08 355.4(27.5)†
J1025+2016 7612(680) 8.00 -9.95(0.58) <-4.23 461.7(59.5)†
J1026+1948 10703(387) 8.00 -8.23(0.09) <-6.01 246.9(10.3)†
J1026+2646 6803(371) 8.00 -10.56(0.24) <-3.73 305.3(26.8)†
J1027+4532 9076(202) 7.92(+0.23

−0.21) 0.53(+0.14
−0.11) -8.13(0.07) <-5.65 195.8(25.9)

J1028+2507 5847(214) 8.00 -9.47(0.41) <-3.00 273.8(20.0)†
J1028-0135 12948(776) 7.95(+0.21

−0.19) 0.56(+0.12
−0.10) -8.55(0.27) -5.61(0.23) 304.3(34.1)

J1029+1227 7158(401) 8.00 -10.33(0.24) <-3.99 304.9(26.4)†
J1029+2013 6281(232) 8.00 -10.75(0.28) <-3.18 226.8(14.0)†
J1029+3103 9423(335) 8.39(+0.43

−0.38) 0.83(+0.27
−0.25) -7.83(0.39) <-5.55 268.3(79.9)

J1030+0026 6747(161) 8.02(+0.12
−0.12) 0.58(+0.08

−0.07) -10.37(0.08) <-3.66 148.5(9.8)

J1031+0936 11104(423) 8.10(+0.13
−0.12) 0.64(+0.08

−0.07) -9.84(0.14) <-5.98 200.9(14.0)

J1031+1203 8486(177) 8.12(+0.06
−0.06) 0.65(+0.04

−0.04) -8.94(0.12) <-5.05 100.5(2.6)

J1032+1338 5588(131) 8.00 -8.99(0.23) <-3.00 208.8(11.5)†
J1032-0240 11010(518) 8.66(+0.36

−0.31) 1.01(+0.19
−0.20) -8.78(0.12) -4.12(0.21) 173.9(47.1)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1033+1809 6324(94) 8.35(+0.10
−0.09) 0.80(+0.06

−0.06) -8.46(0.36) <-3.01 117.1(7.3)

J1033+2837 6681(240) 8.00 -9.05(0.27) <-3.60 291.2(17.5)†
J1033+6247 7474(171) 8.09(+0.07

−0.07) 0.63(+0.05
−0.05) -10.04(0.09) <-4.07 127.5(4.1)

J1034+2245 7214(75) 8.21(+0.03
−0.03) 0.71(+0.02

−0.02) -8.85(0.04) <-3.88 40.8(0.2)

J1036+4837 11247(470) 7.71(+0.24
−0.21) 0.43(+0.12

−0.09) -8.28(0.19) -5.37(0.30) 346.0(44.4)

J1037+0709 11153(462) 8.10(+0.18
−0.17) 0.64(+0.12

−0.10) -7.65(0.11) -4.62(0.32) 258.3(28.4)

J1037+4341 11075(425) 8.06(+0.13
−0.12) 0.62(+0.08

−0.07) -8.28(0.11) <-5.99 242.9(17.1)

J1038+0432 6319(139) 8.00 -8.37(0.26) <-3.22 216.2(9.0)†
J1038+1342 9088(211) 8.25(+0.12

−0.11) 0.74(+0.08
−0.07) -8.25(0.09) <-5.46 172.7(12.7)

J1038-0036 7795(82) 8.00 -8.14(0.06) <-4.41 65.0(1.4)†
J1039+2648 13421(637) 7.97(+0.11

−0.11) 0.57(+0.07
−0.06) -9.76(0.32) -5.41(0.14) 183.8(9.4)

J1039+4612 6994(91) 7.77(+0.14
−0.13) 0.45(+0.07

−0.06) -9.45(0.14) <-4.02 134.7(10.1)

J1040+1349 7605(339) 8.00 -10.24(0.14) <-4.23 293.2(19.0)†
J1040+2408 5899(67) 8.12(+0.06

−0.06) 0.64(+0.04
−0.04) -8.63(0.14) <-3.00 93.3(2.5)

J1041+2746 7480(222) 7.84(+0.40
−0.35) 0.49(+0.24

−0.16) -10.12(0.08) <-4.30 220.9(49.0)

J1041+3432 7672(249) 8.35(+0.36
−0.33) 0.80(+0.24

−0.21) -8.28(0.21) <-4.04 254.8(62.7)

J1041+4110 7204(150) 8.34(+0.33
−0.30) 0.79(+0.22

−0.20) -8.84(0.25) <-3.77 204.4(46.5)

J1043+3516 6115(58) 8.15(+0.05
−0.05) 0.67(+0.03

−0.03) -8.84(0.07) <-3.02 85.5(2.3)

J1044+2023 8411(293) 8.11(+0.08
−0.08) 0.64(+0.05

−0.05) -10.46(0.03) <-4.99 89.2(1.6)

J1044+2143 10000(401) 8.19(+0.16
−0.15) 0.70(+0.11

−0.10) -8.86(0.15) <-5.80 210.1(20.2)

J1045+5254 10990(641) 7.30(+1.61
−0.90) 0.27(+0.87

−0.18) -8.89(0.55) <-6.20 684.9(464.3)

J1045+6009 7651(387) 7.80(+0.45
−0.39) 0.47(+0.27

−0.17) -10.43(0.13) <-4.51 313.2(74.3)

J1045+6254 9566(574) 8.02(+0.41
−0.36) 0.59(+0.26

−0.19) -9.60(0.38) <-5.86 378.3(87.9)

J1046+1329 5251(88) 7.97(+0.21
−0.20) 0.55(+0.13

−0.11) -9.47(0.21) <-3.01 140.2(16.6)

J1046+2424 6252(87) 8.09(+0.05
−0.05) 0.63(+0.03

−0.03) -10.85(0.06) <-3.11 59.1(0.7)

J1047+5219 7095(254) 8.56(+0.24
−0.22) 0.94(+0.15

−0.15) -9.87(0.15) <-3.49 165.2(28.8)

J1048+2623 6911(182) 8.00 -9.10(0.32) <-3.83 274.7(12.2)†
J1049+2128 6850(452) 8.00 -9.83(0.31) <-3.78 368.7(39.1)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1049+5154 7224(73) 8.10(+0.04
−0.04) 0.64(+0.02

−0.02) -8.77(0.05) <-3.95 79.7(1.0)

J1049-0007 9286(221) 7.98(+0.14
−0.13) 0.57(+0.08

−0.07) -8.11(0.08) -4.68(0.16) 197.9(15.1)

J1050+3138 9394(324) 8.22(+0.12
−0.11) 0.72(+0.08

−0.07) -8.00(0.21) <-5.67 187.5(12.5)

J1051+2751 8735(591) 8.00 -7.72(0.32) <-5.41 633.4(66.7)†
J1051+5947 6995(521) 8.00 -10.33(0.33) <-3.90 332.2(39.0)†
J1051-0303 7241(539) 8.00 -9.27(1.34) <-4.03 349.6(37.3)†
J1052+0659 11224(469) 7.97(+0.22

−0.20) 0.57(+0.13
−0.11) -9.09(0.50) <-6.02 320.3(40.3)

J1055+3509 10767(397) 8.10(+0.11
−0.10) 0.64(+0.07

−0.06) -8.59(0.07) <-5.96 197.4(11.1)

J1055+3725 5869(104) 7.76(+0.20
−0.19) 0.44(+0.11

−0.09) -8.49(0.11) <-3.00 177.0(19.0)

J1055+4115 10058(395) 7.88(+0.17
−0.16) 0.51(+0.10

−0.08) -10.93(0.24) <-5.95 245.2(22.3)

J1056+0128 10278(378) 8.07(+0.07
−0.07) 0.62(+0.05

−0.04) -8.99(0.06) -4.92(0.10) 118.7(2.0)

J1056+5714 7300(181) 8.05(+0.07
−0.07) 0.60(+0.04

−0.04) -10.69(0.09) <-4.02 94.3(1.2)

J1056-0004 11862(494) 8.00 -7.34(0.35) -4.74(0.79) 402.1(18.4)†
J1057+1053 5947(252) 8.00 -9.49(0.28) <-3.00 280.0(23.8)†
J1057-0413 6529(375) 8.05(+0.14

−0.14) 0.60(+0.09
−0.08) -10.28(0.02) <-3.38 36.3(0.1)

J1058+1124 10153(358) 8.16(+0.14
−0.13) 0.68(+0.09

−0.08) -9.18(0.11) <-5.84 229.5(18.5)

J1058+3022 10216(397) 8.40(+0.31
−0.28) 0.84(+0.20

−0.19) -8.95(0.24) <-5.65 238.0(51.8)

J1058+3143 7135(91) 8.14(+0.07
−0.07) 0.66(+0.05

−0.05) -8.87(0.06) <-3.88 125.4(5.2)

J1058+6041 9327(515) 8.29(+0.29
−0.27) 0.77(+0.19

−0.17) -9.31(0.45) <-5.59 287.9(53.7)

J1059+5038 6922(288) 8.00 -9.57(0.29) <-3.84 302.5(18.9)†
J1100+1439 7146(478) 8.00 -10.01(0.31) <-3.98 359.8(37.3)†
J1101+2730 7735(629) 8.00 -9.02(0.59) <-4.35 470.1(55.0)†
J1102+0214 5699(58) 8.14(+0.08

−0.08) 0.66(+0.06
−0.05) -9.78(0.14) <-3.00 96.5(4.8)

J1102+1755 6949(159) 8.30(+0.19
−0.18) 0.77(+0.13

−0.12) -9.60(0.15) <-3.60 166.8(20.8)

J1102+2653 6938(140) 8.27(+0.19
−0.18) 0.75(+0.13

−0.12) -9.36(0.12) <-3.61 177.5(22.0)

J1102+2827 6324(222) 8.00 -8.24(0.44) <-3.22 278.6(19.5)†
J1103+4144 5812(92) 7.59(+0.20

−0.18) 0.36(+0.09
−0.07) -9.36(0.08) <-3.03 153.7(15.2)

J1104+0711 11167(399) 8.03(+0.08
−0.08) 0.60(+0.05

−0.04) -9.58(0.09) <-6.00 166.6(4.7)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1104+1657 6959(339) 8.00 -9.40(0.56) <-3.87 303.0(22.1)†
J1104+2439 10453(305) 8.27(+0.11

−0.10) 0.75(+0.07
−0.07) -7.34(0.09) -3.50(0.26) 164.6(11.0)

J1104+6426 5668(148) 7.29(+0.62
−0.61) 0.25(+0.27

−0.15) -10.75(0.26) <-3.09 272.2(77.1)

J1104-1607 8182(559) 8.75(+0.34
−0.29) 1.06(+0.17

−0.18) -8.52(0.52) <-3.99 189.2(48.6)

J1105+0228 5848(143) 8.00 -9.51(0.40) <-3.00 170.9(8.0)†
J1105+1949 6616(498) 8.00 -10.13(0.43) <-3.53 370.0(46.1)†
J1105+3801 7843(280) 7.54(+1.83

−1.46) 0.34(+0.97
−0.31) -8.97(0.41) <-5.10 411.4(312.9)

J1106+0104 6989(218) 8.15(+0.16
−0.16) 0.67(+0.11

−0.10) -11.27(0.29) <-3.77 172.1(16.5)

J1106-0039 11350(457) 8.06(+0.27
−0.25) 0.62(+0.18

−0.14) -8.19(0.13) <-6.02 285.8(48.1)

J1108+3033 6530(207) 8.00(+0.27
−0.25) 0.57(+0.17

−0.14) -10.37(0.09) <-3.44 188.7(28.8)

J1109+2112 6684(268) 8.00 -10.83(0.20) <-3.60 228.9(15.2)†
J1112+0700 6664(120) 7.76(+0.15

−0.15) 0.44(+0.08
−0.07) -10.00(0.17) <-3.80 156.3(12.7)

J1113+2228 6631(196) 8.00 -10.76(0.13) <-3.55 199.9(9.9)†
J1113+4550 9836(315) 8.09(+0.09

−0.09) 0.63(+0.06
−0.05) -10.76(0.18) <-5.85 138.4(5.1)

J1114+2957 6689(167) 8.00 -9.95(0.09) <-3.61 179.8(7.4)†
J1115+1720 8112(792) 8.00 -10.45(0.24) <-4.80 433.2(62.3)†
J1117+0826 8657(667) 8.00 -9.93(0.24) <-5.37 412.0(45.5)†
J1117+3311 7918(432) 8.32(+0.44

−0.39) 0.78(+0.28
−0.25) -9.71(0.15) <-4.21 253.3(72.5)

J1118+0838 9058(876) 8.00 -9.40(0.32) <-5.59 468.7(67.1)†
J1121+1417 8921(352) 8.04(+0.13

−0.13) 0.60(+0.08
−0.07) -11.13(0.19) -3.71(0.15) 164.5(8.4)

J1122+5041 9512(181) 8.01(+0.18
−0.17) 0.59(+0.11

−0.09) -7.34(0.23) -4.95(0.39) 257.8(27.4)

J1123+3026 9215(377) 8.00 -9.15(0.20) <-5.69 270.9(15.0)†
J1125+2853 10952(431) 8.32(+0.15

−0.14) 0.78(+0.10
−0.09) -9.10(0.14) <-5.89 222.8(20.8)

J1125+3823 10437(330) 8.17(+0.07
−0.07) 0.69(+0.05

−0.04) -8.17(0.07) <-5.88 131.2(3.8)

J1126+5241 8967(266) 8.07(+0.08
−0.08) 0.62(+0.05

−0.05) -9.60(0.04) -4.40(0.17) 140.1(3.8)

J1127-0138 7655(95) 8.11(+0.05
−0.05) 0.64(+0.03

−0.03) -8.63(0.22) <-4.17 95.0(2.0)

J1129+2917 8346(440) 7.92(+0.46
−0.40) 0.53(+0.29

−0.19) -10.99(0.25) <-5.20 256.8(65.0)

J1129-0152 8955(266) 8.05(+0.14
−0.14) 0.61(+0.09

−0.08) -8.59(0.08) -3.60(0.14) 202.0(16.5)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1130+1036 9144(214) 8.52(+0.09
−0.08) 0.91(+0.06

−0.05) -8.16(0.11) <-5.27 133.6(7.5)

J1131+2315 7656(529) 8.00 -10.89(0.18) <-4.27 353.4(37.0)†
J1132+1002 7239(479) 8.00 -9.69(0.33) <-4.02 314.4(30.5)†
J1132+3323 6168(170) 8.00 -8.26(0.20) <-3.09 256.1(14.1)†
J1132+4705 7553(372) 7.21(+1.39

−1.47) 0.23(+0.73
−0.21) -10.17(0.23) <-5.14 434.0(252.9)

J1132-0106 7755(417) 8.01(+0.55
−0.48) 0.58(+0.36

−0.24) -10.93(0.19) <-4.35 272.2(85.9)

J1133+0610 10711(364) 8.05(+0.09
−0.08) 0.61(+0.05

−0.05) -10.04(0.07) <-5.99 158.6(5.7)

J1133+1804 7780(356) 7.21(+1.38
−1.47) 0.23(+0.72

−0.21) -9.04(0.20) <-5.36 422.8(246.6)

J1134+1236 6960(172) 8.36(+0.13
−0.12) 0.81(+0.09

−0.08) -9.58(0.10) <-3.54 144.7(12.2)

J1134+1542 6850(223) 8.00 -8.52(0.20) <-3.78 317.2(18.7)†
J1134+5928 8378(274) 8.08(+0.11

−0.11) 0.63(+0.07
−0.07) -10.25(0.14) <-5.00 195.1(10.8)

J1137+0343 6793(126) 8.09(+0.05
−0.05) 0.63(+0.03

−0.03) -10.95(0.10) <-3.64 65.0(0.9)

J1137-0023 10003(359) 8.18(+0.16
−0.15) 0.69(+0.10

−0.09) -9.61(0.07) <-5.80 214.4(20.2)

J1138-0130 5493(231) 8.00 -10.18(0.18) <-3.00 229.4(19.2)†
J1139+6239 7252(198) 7.87(+0.32

−0.29) 0.50(+0.19
−0.14) -9.06(0.28) <-4.12 270.7(48.6)

J1139+6737 6600(196) 7.94(+0.22
−0.21) 0.54(+0.14

−0.11) -10.05(0.14) <-3.57 206.6(25.6)

J1139-0132 5204(152) 8.00 -10.46(0.20) <-3.01 200.8(12.5)†
J1140+5328 9829(323) 8.14(+0.12

−0.12) 0.67(+0.08
−0.07) -8.26(0.12) -4.65(0.39) 219.4(15.0)

J1142+1104 10424(341) 8.08(+0.19
−0.18) 0.63(+0.12

−0.11) -8.00(0.10) <-5.94 242.1(28.2)

J1143+1928 7845(198) 8.11(+0.11
−0.10) 0.64(+0.07

−0.06) -10.86(0.06) <-4.34 115.7(6.7)

J1143-0145 9583(342) 7.99(+0.16
−0.15) 0.58(+0.10

−0.09) -9.76(0.06) <-5.88 208.1(18.1)

J1144+1218 5500(47) 8.11(+0.04
−0.04) 0.64(+0.02

−0.02) -9.25(0.09) <-3.00 50.5(0.6)

J1144+3259 7324(289) 7.98(+0.13
−0.12) 0.56(+0.08

−0.07) -10.28(0.08) <-4.08 142.5(8.1)

J1144+3720 7379(165) 7.84(+0.35
−0.32) 0.49(+0.21

−0.15) -8.54(0.17) <-4.22 279.6(55.5)

J1145+6619 7556(480) 8.64(+0.57
−0.46) 0.99(+0.28

−0.30) -10.04(0.32) <-3.78 220.9(88.9)

J1147+4928 7573(174) 8.07(+0.06
−0.06) 0.62(+0.04

−0.04) -10.06(0.05) <-4.14 102.0(1.8)

J1147+5429 5178(117) 8.00 -9.19(0.64) <-3.01 204.4(12.3)†
J1148+4109 6698(98) 7.89(+0.07

−0.07) 0.51(+0.04
−0.04) -10.03(0.05) <-3.72 117.9(3.4)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1148+4124 11119(433) 8.31(+0.15
−0.15) 0.78(+0.10

−0.10) -9.18(0.29) <-5.93 249.4(24.6)

J1148+5708 10207(337) 8.25(+0.08
−0.07) 0.73(+0.05

−0.05) -8.39(0.09) <-5.79 170.7(5.4)

J1149+0519 7004(94) 7.84(+0.20
−0.19) 0.48(+0.12

−0.10) -8.88(0.15) <-3.99 189.4(21.9)

J1149+4943 7597(464) 8.00 -10.41(0.19) <-4.22 372.0(33.8)†
J1150+4928 7261(227) 8.11(+0.17

−0.16) 0.64(+0.11
−0.10) -9.51(0.17) <-3.96 192.0(19.1)

J1152+2834 6844(232) 8.02(+0.26
−0.25) 0.58(+0.17

−0.14) -10.32(0.10) <-3.76 187.5(28.4)

J1152+5101 5080(132) 8.00 -9.92(0.32) <-3.00 178.5(11.0)†
J1155+4327 9902(339) 7.93(+0.10

−0.10) 0.54(+0.06
−0.05) -9.73(0.09) <-5.92 174.9(8.0)

J1157+6138 7008(477) 8.00 -8.54(0.23) <-3.91 378.0(42.8)†
J1158+0454 5433(100) 8.12(+0.29

−0.28) 0.65(+0.20
−0.17) -8.51(0.08) <-3.00 149.6(27.0)

J1158+1845 6910(117) 8.16(+0.22
−0.20) 0.67(+0.14

−0.13) -8.12(0.09) <-3.70 185.9(25.5)

J1158+4712 8026(242) 8.32(+0.47
−0.41) 0.78(+0.30

−0.26) -7.99(0.17) <-4.28 284.5(88.2)

J1158+5942 5816(129) 7.87(+0.20
−0.19) 0.50(+0.12

−0.10) -10.04(0.34) <-3.00 190.7(21.0)

J1159+2059 7407(659) 8.00 -10.56(0.23) <-4.10 398.3(54.3)†
J1159+4045 7839(186) 8.00(+0.08

−0.08) 0.58(+0.05
−0.05) -9.92(0.09) <-4.46 137.7(4.7)

J1203+0834 6009(54) 7.96(+0.05
−0.05) 0.55(+0.03

−0.03) -10.21(0.05) <-3.01 62.7(1.2)

J1203+2323 6559(316) 8.00 -8.92(0.27) <-3.47 312.6(25.5)†
J1203+2439 13959(1027) 8.17(+0.13

−0.12) 0.69(+0.08
−0.08) -9.40(0.17) -5.20(0.07) 99.2(1.1)

J1204+1030 5630(212) 8.00 -10.08(0.35) <-3.00 242.1(17.6)†
J1204+5007 8496(498) 8.81(+0.30

−0.26) 1.09(+0.14
−0.16) -8.55(0.44) <-4.10 206.8(49.6)

J1205+3536 5918(133) 8.14(+0.18
−0.18) 0.66(+0.12

−0.11) -8.94(0.06) <-3.00 157.7(17.2)

J1205+4312 7000(311) 7.61(+0.61
−0.49) 0.37(+0.34

−0.16) -10.73(0.16) <-4.12 331.9(101.7)

J1206+1310 6644(519) 8.00 -10.17(0.34) <-3.56 332.6(42.0)†
J1206+1454 6774(226) 8.38(+0.65

−0.54) 0.82(+0.38
−0.34) -9.80(0.16) <-3.32 216.3(92.2)

J1206+2650 6322(169) 8.00 -10.02(0.20) <-3.22 203.5(9.9)†
J1208+1907 7375(176) 8.14(+0.09

−0.09) 0.66(+0.06
−0.06) -10.47(0.07) <-3.99 120.6(5.5)

J1209+3026 6850(97) 8.01(+0.12
−0.12) 0.58(+0.08

−0.07) -9.42(0.17) <-3.77 161.7(11.5)

J1210+0553 9391(558) 7.69(+0.16
−0.15) 0.41(+0.08

−0.06) -9.79(0.06) -4.61(0.16) 194.9(11.7)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1210+3136 9121(275) 8.12(+0.10
−0.10) 0.65(+0.06

−0.06) -9.18(0.13) <-5.57 175.0(8.3)

J1210+4332 7926(783) 8.00 -10.28(0.25) <-4.56 474.1(67.2)†
J1210+4751 7263(348) 8.77(+0.46

−0.38) 1.07(+0.20
−0.24) -9.90(0.22) <-3.41 177.8(62.8)

J1211+2326 6699(199) 8.77(+0.27
−0.24) 1.07(+0.13

−0.15) -8.04(0.16) <-3.02 149.8(31.6)

J1212+5409 8388(241) 8.14(+0.07
−0.07) 0.67(+0.04

−0.04) -9.61(0.04) <-4.90 123.7(2.5)

J1212+6351 7596(140) 7.76(+0.16
−0.15) 0.44(+0.09

−0.07) -8.67(0.09) <-4.51 241.1(20.8)

J1214+2216 7575(194) 7.99(+0.11
−0.11) 0.57(+0.07

−0.06) -10.58(0.10) <-4.21 146.1(8.4)

J1214+7822 4329(61) 7.48(+0.07
−0.07) 0.31(+0.03

−0.02) -11.23(0.13) <-30.00 32.7(0.1)

J1215+3953 9971(436) 8.31(+0.29
−0.27) 0.78(+0.19

−0.17) -9.02(0.35) <-5.71 257.6(49.6)

J1216+6208 7624(439) 8.00 -8.89(0.52) <-4.24 421.8(35.5)†
J1217+1157 6149(155) 7.53(+0.33

−0.29) 0.33(+0.16
−0.10) -9.48(0.07) <-3.36 230.0(37.7)

J1217+6420 10688(402) 8.10(+0.13
−0.13) 0.64(+0.09

−0.08) -9.14(0.10) <-5.96 245.2(18.1)

J1218+0023 6456(77) 8.31(+0.08
−0.07) 0.77(+0.05

−0.05) -9.51(0.13) <-3.09 112.3(5.3)

J1218+6023 6700(416) 8.00 -9.70(0.41) <-3.62 337.9(32.6)†
J1219+0848 7964(520) 8.00 -8.71(0.16) <-4.61 390.2(35.9)†
J1219+3018 8193(383) 8.00 -8.62(0.34) <-4.90 415.6(29.9)†
J1219+5720 7249(510) 8.00 -10.26(0.24) <-4.03 341.8(36.6)†
J1220+0929 6842(239) 8.00 -8.31(0.10) <-3.77 285.7(17.5)†
J1222+6343 10027(410) 8.25(+0.16

−0.15) 0.74(+0.10
−0.10) -9.56(0.24) <-5.76 254.9(23.9)

J1223+1600 7695(663) 8.00 -8.57(0.56) <-4.31 479.3(63.2)†
J1223+1935 5313(207) 8.00 -10.44(0.30) <-3.01 232.5(18.1)†
J1224+2838 5096(84) 8.07(+0.08

−0.07) 0.61(+0.05
−0.05) -10.05(0.13) <-3.00 81.7(2.4)

J1225-0245 6934(245) 8.16(+0.46
−0.41) 0.67(+0.30

−0.24) -10.22(0.12) <-3.72 209.5(59.1)

J1226+4445 11861(1068) 8.01(+0.21
−0.20) 0.59(+0.13

−0.11) -9.48(0.18) <-6.09 222.7(9.3)

J1227+4434 6231(218) 8.00 -9.92(0.30) <-3.14 277.4(16.6)†
J1227+6330 7418(82) 8.07(+0.04

−0.04) 0.62(+0.02
−0.02) -8.71(0.09) <-4.05 96.8(1.3)

J1229+0743 6079(141) 7.32(+0.54
−0.49) 0.26(+0.23

−0.13) -8.62(0.12) <-3.47 263.5(67.2)

J1229+1606 8025(562) 8.00 -8.79(0.71) <-4.68 498.9(51.4)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1229+3021 6000(138) 8.31(+0.18
−0.17) 0.77(+0.12

−0.11) -10.36(0.21) <-3.00 142.0(16.7)

J1229+4254 11868(692) 7.99(+0.64
−0.51) 0.58(+0.41

−0.24) -8.30(0.55) <-6.09 470.0(172.3)

J1229+5129 9660(388) 8.06(+0.13
−0.13) 0.62(+0.08

−0.08) -9.57(0.12) <-5.85 227.6(15.1)

J1230+0813 7133(941) 8.00 -10.71(0.30) <-3.98 449.5(93.7)†
J1230+3143 6282(149) 7.69(+0.35

−0.31) 0.41(+0.19
−0.13) -9.64(0.17) <-3.41 228.6(42.2)

J1232+3232 7682(862) 8.00 -10.24(0.22) <-4.29 468.1(77.8)†
J1232+3729 7000(535) 8.00 -9.33(1.54) <-3.90 478.0(55.8)†
J1234+3051 7552(380) 7.39(+0.71

−0.56) 0.29(+0.35
−0.14) -10.58(0.23) <-4.95 371.0(125.0)

J1234+5208 7534(63) 8.05(+0.04
−0.04) 0.61(+0.03

−0.02) -7.59(0.07) <-4.13 115.1(2.1)

J1234+5606 11787(423) 8.30(+0.06
−0.06) 0.77(+0.04

−0.04) -7.41(0.06) -5.52(0.14) 173.8(3.6)

J1234-0330 9184(287) 8.19(+0.08
−0.07) 0.70(+0.05

−0.05) -10.54(0.07) <-5.57 107.1(2.6)

J1236+2144 6660(612) 8.00 -9.79(0.40) <-3.58 405.5(60.7)†
J1238+1328 6785(147) 8.23(+0.15

−0.15) 0.72(+0.10
−0.09) -9.69(0.22) <-3.49 141.6(13.6)

J1238+2149 5768(128) 8.30(+0.20
−0.19) 0.77(+0.13

−0.12) -8.26(0.32) <-3.00 150.6(19.1)

J1239+0756 6962(182) 8.29(+0.24
−0.23) 0.76(+0.16

−0.15) -9.38(0.41) <-3.62 204.0(33.3)

J1239+3522 7717(719) 8.00 -10.05(0.36) <-4.33 470.6(63.2)†
J1240+1603 6499(158) 8.19(+0.18

−0.18) 0.70(+0.12
−0.11) -10.56(0.12) <-3.21 150.8(17.3)

J1240+1911 7137(437) 8.00 -10.03(0.32) <-3.98 340.6(30.7)†
J1240-0037 8514(177) 8.13(+0.06

−0.06) 0.66(+0.04
−0.04) -8.91(0.20) <-5.05 114.5(2.6)

J1241+3010 7525(233) 8.08(+0.23
−0.22) 0.63(+0.15

−0.13) -9.66(0.22) <-4.10 217.7(30.3)

J1242+0829 8123(161) 8.17(+0.14
−0.13) 0.68(+0.09

−0.08) -8.62(0.12) <-4.57 183.5(15.5)

J1244+3724 6637(87) 8.14(+0.10
−0.10) 0.66(+0.07

−0.06) -9.37(0.10) <-3.41 142.2(8.7)

J1244+5732 6973(496) 8.00 -10.36(0.17) <-3.88 310.6(35.5)†
J1244-0118 8466(185) 8.14(+0.10

−0.10) 0.67(+0.07
−0.06) -8.65(0.17) <-4.98 164.7(9.5)

J1245+0822 5924(159) 7.30(+0.96
−1.25) 0.25(+0.48

−0.22) -9.16(0.19) <-3.31 308.1(131.7)

J1245+6700 7842(338) 7.40(+0.50
−0.39) 0.29(+0.23

−0.11) -10.49(0.14) <-5.25 363.6(89.1)

J1246+1155 8182(142) 8.05(+0.05
−0.05) 0.61(+0.03

−0.03) -8.77(0.10) <-4.81 79.9(0.8)

J1246-0236 5540(1292) 8.00 -10.27(0.21) <-3.00 459.2(210.8)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1247+4934 15150(1357) 7.97(+0.13
−0.12) 0.57(+0.07

−0.07) -7.57(0.14) -5.12(0.11) 120.4(1.1)

J1248+1411 12755(802) 8.05(+0.27
−0.24) 0.61(+0.17

−0.13) -7.07(0.40) <-6.09 366.5(57.9)

J1249+0806 7016(166) 8.16(+0.08
−0.08) 0.67(+0.05

−0.05) -10.98(0.14) <-3.79 116.2(4.1)

J1250+5249 6889(270) 8.62(+0.64
−0.50) 0.98(+0.30

−0.33) -9.17(0.24) <-3.23 197.6(88.4)

J1252+3327 7283(461) 8.00 -10.83(0.19) <-4.04 337.1(32.6)†
J1252+3330 6922(699) 8.00 -9.77(0.42) <-3.84 457.7(69.4)†
J1252+6401 6394(414) 8.00 -10.26(0.27) <-3.29 327.9(37.3)†
J1253+1808 13459(741) 7.90(+0.35

−0.30) 0.53(+0.21
−0.15) -8.51(0.31) <-6.11 312.5(63.1)

J1253+3842 7367(540) 8.00 -10.19(0.26) <-4.08 435.9(48.7)†
J1254+2233 15366(1585) 8.20(+0.21

−0.19) 0.71(+0.13
−0.12) -7.14(0.22) -3.40(0.13) 277.5(26.5)

J1254+3551 6685(174) 8.20(+0.30
−0.28) 0.70(+0.20

−0.17) -8.79(0.15) <-3.40 213.8(40.7)

J1254-0236 6903(123) 8.23(+0.05
−0.05) 0.72(+0.03

−0.03) -10.27(0.08) <-3.62 78.7(1.2)

J1255+4001 6297(326) 8.00 -10.19(0.33) <-3.20 372.1(34.4)†
J1257+3238 5531(209) 8.00 -8.63(0.17) <-3.00 230.5(21.9)†
J1257-0310 6471(166) 8.00 -8.34(0.10) <-3.37 226.9(10.7)†
J1259+3112 5976(82) 8.20(+0.08

−0.08) 0.70(+0.05
−0.05) -9.13(0.24) <-3.00 115.3(5.5)

J1259+4729 5706(207) 7.90(+0.38
−0.35) 0.51(+0.24

−0.17) -9.83(0.37) <-3.00 210.7(42.9)

J1302+2215 7092(310) 7.45(+0.84
−0.67) 0.31(+0.46

−0.18) -10.38(0.24) <-4.33 365.8(145.7)

J1303+4055 6542(115) 8.09(+0.09
−0.09) 0.63(+0.06

−0.05) -8.81(0.08) <-3.36 147.0(7.0)

J1303+4418 6849(449) 8.00 -10.83(0.26) <-3.77 294.2(31.2)†
J1307+0307 8152(208) 7.91(+0.08

−0.08) 0.53(+0.05
−0.04) -9.67(0.07) -3.54(0.11) 134.5(4.7)

J1308+0258 6075(160) 8.00 -9.00(0.11) <-3.03 214.0(11.1)†
J1308+0957 7946(373) 8.00 -8.00(0.28) <-4.58 417.2(30.2)†
J1309+3812 8234(650) 8.00 -8.36(0.44) <-4.95 545.0(65.9)†
J1309+4913 8677(243) 8.10(+0.06

−0.06) 0.64(+0.04
−0.04) -10.11(0.03) <-5.26 78.9(0.5)

J1310+0645 7935(662) 8.00 -8.45(0.25) <-4.57 469.5(59.8)†
J1310+1323 7701(675) 8.00 -9.98(0.33) <-4.31 394.5(50.4)†
J1310+3149 6925(449) 8.00 -10.04(0.27) <-3.84 375.2(37.5)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1311+1019 7359(152) 7.72(+0.26
−0.24) 0.42(+0.14

−0.10) -8.99(0.14) <-4.33 251.6(35.0)

J1313+5738 8801(227) 7.99(+0.06
−0.06) 0.57(+0.04

−0.03) -9.38(0.03) -4.67(0.17) 68.0(0.3)

J1313+5813 6808(136) 7.91(+0.12
−0.12) 0.52(+0.07

−0.06) -9.75(0.20) <-3.81 189.9(12.6)

J1314+3748 6107(147) 8.40(+0.27
−0.25) 0.83(+0.18

−0.17) -8.64(0.49) <-3.00 168.3(31.6)

J1314+5223 11351(434) 8.01(+0.07
−0.07) 0.59(+0.04

−0.04) -8.43(0.08) -5.43(0.15) 143.6(2.6)

J1316+1916 12686(674) 8.11(+0.13
−0.12) 0.65(+0.08

−0.07) -8.84(0.16) -4.22(0.15) 230.0(13.4)

J1316+1918 5250(129) 7.81(+0.38
−0.35) 0.46(+0.23

−0.16) -10.33(0.30) <-3.01 185.0(37.4)

J1316+5117 6465(195) 8.00 -9.20(0.36) <-3.36 282.7(14.6)†
J1316-2007 4667(103) 8.14(+0.06

−0.06) 0.66(+0.04
−0.04) -10.74(0.09) <-3.00 23.2(0.1)

J1318+2022 6167(166) 8.24(+0.24
−0.23) 0.72(+0.16

−0.15) -9.49(0.29) <-3.01 181.8(28.2)

J1319+0844 9040(273) 8.16(+0.07
−0.07) 0.68(+0.05

−0.05) -11.13(0.08) <-5.48 108.5(2.1)

J1319+3025 9506(302) 8.11(+0.08
−0.08) 0.65(+0.05

−0.05) -9.57(0.05) <-5.79 160.6(5.3)

J1319+3641 7335(165) 8.24(+0.17
−0.17) 0.73(+0.12

−0.11) -8.85(0.18) <-3.91 209.3(23.8)

J1320+0204 7070(349) 8.22(+0.95
−0.73) 0.71(+0.54

−0.39) -9.02(0.39) <-3.78 282.0(155.0)

J1320+4332 6649(262) 7.83(+0.26
−0.24) 0.48(+0.15

−0.12) -10.32(0.13) <-3.72 215.6(28.2)

J1321+1614 6659(101) 8.18(+0.06
−0.06) 0.69(+0.04

−0.04) -9.98(0.08) <-3.39 103.3(3.2)

J1321+2019 7484(273) 8.95(+0.26
−0.23) 1.16(+0.10

−0.12) -8.61(0.32) <-3.39 156.3(34.9)

J1321-0237 5632(117) 7.92(+0.31
−0.29) 0.53(+0.19

−0.15) -8.59(0.27) <-3.00 171.2(29.7)

J1322+1224 6824(372) 8.00 -9.42(0.44) <-3.75 367.7(31.2)†
J1322+6707 9971(435) 8.52(+0.29

−0.27) 0.92(+0.18
−0.18) -7.82(0.27) -4.35(0.46) 287.1(61.4)

J1323+2112 6871(525) 8.00 -10.03(0.31) <-3.80 417.3(50.0)†
J1323+3849 10623(454) 7.82(+0.11

−0.11) 0.48(+0.06
−0.05) -8.94(0.09) -4.75(0.19) 229.2(10.3)

J1325+6521 11833(601) 8.04(+0.14
−0.13) 0.61(+0.09

−0.08) -8.49(0.15) -4.27(0.27) 260.2(17.2)

J1326+1854 9259(423) 7.29(+0.82
−0.56) 0.27(+0.38

−0.12) -8.86(0.48) <-6.07 547.5(213.5)

J1326+4235 6948(418) 8.00 -10.09(0.20) <-3.86 360.9(34.4)†
J1327+4508 7073(292) 8.37(+0.19

−0.18) 0.81(+0.12
−0.12) -10.48(0.32) <-3.64 185.3(22.1)

J1327+5519 6941(450) 8.00 -9.33(0.59) <-3.86 387.3(38.3)†
J1329+1301 6800(129) 7.68(+0.24

−0.22) 0.40(+0.12
−0.09) -8.83(0.10) <-3.95 228.0(28.9)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1329+6459 6904(499) 8.00 -9.44(0.58) <-3.82 399.0(44.0)†
J1332+1522 7313(161) 8.03(+0.07

−0.07) 0.59(+0.05
−0.04) -10.58(0.08) <-4.03 116.4(3.4)

J1332+5446 9279(1339) 8.00 -9.54(0.32) <-5.73 632.1(134.6)†
J1333+3254 12021(492) 8.02(+0.14

−0.13) 0.60(+0.08
−0.07) -7.03(0.09) <-6.10 296.8(22.5)

J1333+6349 15316(1559) 7.96(+0.17
−0.16) 0.57(+0.10

−0.08) -7.17(0.19) -5.07(0.18) 292.7(17.4)

J1335+2254 6388(332) 8.00 -9.97(0.43) <-3.28 346.3(31.4)†
J1336+3012 9400(786) 8.00 -8.17(0.39) <-5.81 560.1(63.3)†
J1336+3547 6247(31) 8.08(+0.03

−0.03) 0.62(+0.02
−0.02) -8.85(0.03) <-3.11 59.7(0.4)

J1338+1334 13396(634) 8.05(+0.13
−0.13) 0.61(+0.08

−0.07) -9.75(0.49) -5.20(0.21) 252.4(17.4)

J1338+3255 7104(286) 8.19(+0.31
−0.29) 0.69(+0.21

−0.18) -10.23(0.12) <-3.83 230.5(45.3)

J1338-0130 10338(322) 8.02(+0.07
−0.07) 0.59(+0.04

−0.04) -9.32(0.08) <-5.96 138.6(3.5)

J1339+2643 6456(53) 8.07(+0.06
−0.06) 0.62(+0.04

−0.04) -9.28(0.09) <-3.29 103.8(3.3)

J1339+6401 8070(616) 8.00 -9.84(0.18) <-4.74 387.7(42.4)†
J1340+0835 7546(180) 8.23(+0.08

−0.08) 0.72(+0.06
−0.05) -10.60(0.14) <-4.03 112.4(4.9)

J1340+2702 8414(277) 8.78(+0.48
−0.39) 1.07(+0.21

−0.25) -7.05(0.22) <-4.07 246.9(91.1)

J1341+1338 10507(368) 7.91(+0.18
−0.17) 0.53(+0.11

−0.09) -8.40(0.16) <-6.04 271.9(27.7)

J1341+2216 8102(214) 7.98(+0.15
−0.14) 0.56(+0.09

−0.08) -8.66(0.15) <-4.81 214.6(17.3)

J1341+3024 6436(183) 7.96(+0.21
−0.20) 0.55(+0.13

−0.11) -10.76(0.13) <-3.37 166.5(19.5)

J1341-0112 8533(242) 8.30(+0.17
−0.16) 0.77(+0.11

−0.10) -8.87(0.41) <-4.77 196.4(21.3)

J1341-3124 7935(463) 8.01(+0.12
−0.12) 0.58(+0.08

−0.07) -10.39(0.05) <-4.56 67.8(0.9)

J1342+0522 8189(150) 8.02(+0.12
−0.12) 0.59(+0.08

−0.07) -8.77(0.25) <-4.86 154.8(10.9)

J1342+1813 5635(133) 8.00 -8.88(0.55) <-3.00 201.4(10.7)†
J1343+2941 11271(616) 8.17(+0.17

−0.16) 0.69(+0.11
−0.10) -7.88(0.11) <-5.99 249.9(25.0)

J1343+4641 6531(182) 8.05(+0.17
−0.16) 0.60(+0.11

−0.10) -10.92(0.16) <-3.39 167.8(16.1)

J1344+6505 10516(429) 8.15(+0.21
−0.19) 0.68(+0.13

−0.12) -9.01(0.39) <-5.91 311.1(39.0)

J1345+1153 6064(102) 8.22(+0.11
−0.11) 0.71(+0.07

−0.07) -8.03(0.10) <-3.00 120.1(7.8)

J1345+5854 7258(270) 8.22(+0.21
−0.20) 0.71(+0.14

−0.13) -9.63(0.18) <-3.89 219.0(28.2)

J1347+0720 6787(232) 8.00 -9.76(0.23) <-3.71 237.6(12.2)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1347+1415 6489(76) 8.18(+0.10
−0.10) 0.69(+0.07

−0.06) -8.56(0.07) <-3.21 136.8(8.9)

J1347+1733 6953(208) 8.22(+0.27
−0.25) 0.71(+0.18

−0.16) -9.53(0.13) <-3.68 183.3(32.0)

J1349+0209 5935(164) 8.00 -9.51(0.22) <-3.00 198.8(10.4)†
J1349+0243 13408(863) 8.06(+0.12

−0.12) 0.63(+0.08
−0.07) -8.07(0.20) <-6.10 228.0(10.9)

J1350+1058 5359(117) 8.64(+0.18
−0.17) 0.99(+0.11

−0.11) -9.10(0.23) <-3.00 105.3(14.6)

J1350+2148 6997(725) 8.00 -9.70(0.45) <-3.90 427.5(66.9)†
J1351+1900 14528(1593) 7.58(+0.88

−0.54) 0.38(+0.50
−0.15) -7.05(0.39) <-6.00 709.1(311.6)

J1351+2645 5850(109) 7.86(+0.16
−0.16) 0.49(+0.09

−0.08) -8.48(0.09) <-3.00 171.2(14.7)

J1351+4253 6506(104) 8.12(+0.05
−0.04) 0.65(+0.03

−0.03) -11.16(0.09) <-3.29 39.4(0.1)

J1351+6136 6858(171) 8.14(+0.09
−0.08) 0.66(+0.06

−0.05) -10.45(0.14) <-3.66 141.9(5.4)

J1353+1347 8319(258) 8.60(+0.28
−0.25) 0.97(+0.16

−0.17) -8.49(0.22) <-4.13 202.9(43.5)

J1353+3239 8360(234) 8.03(+0.07
−0.07) 0.60(+0.05

−0.04) -10.82(0.04) <-5.06 112.9(1.9)

J1355+0810 7160(146) 8.25(+0.14
−0.14) 0.74(+0.09

−0.09) -9.04(0.17) <-3.81 160.5(14.6)

J1356+0236 7722(114) 8.12(+0.28
−0.26) 0.65(+0.19

−0.16) -7.80(0.09) <-4.22 189.7(33.8)

J1356+2416 6317(54) 8.08(+0.05
−0.05) 0.62(+0.03

−0.03) -8.95(0.13) <-3.16 100.6(2.5)

J1356+4047 6792(145) 8.11(+0.06
−0.06) 0.64(+0.04

−0.04) -10.08(0.07) <-3.62 109.0(2.5)

J1356+4342 6942(610) 8.00 -9.65(0.29) <-3.86 394.5(53.0)†
J1357+5727 6976(456) 8.00 -9.78(0.41) <-3.88 345.1(35.4)†
J1359+3810 6552(301) 8.00 -10.47(0.11) <-3.46 181.4(17.7)†
J1400+4507 7238(294) 8.16(+0.23

−0.22) 0.67(+0.15
−0.13) -9.97(0.09) <-3.92 221.0(30.1)

J1401+2840 9200(293) 7.97(+0.11
−0.10) 0.56(+0.06

−0.06) -10.04(0.05) <-5.70 180.1(8.2)

J1401+3009 8283(510) 8.64(+0.30
−0.27) 0.99(+0.17

−0.18) -9.04(0.28) <-4.09 229.5(51.1)

J1401+3659 5891(42) 7.94(+0.04
−0.04) 0.54(+0.03

−0.02) -10.14(0.09) <-3.00 84.3(1.4)

J1402+2506 9224(286) 8.28(+0.07
−0.07) 0.75(+0.05

−0.05) -8.81(0.08) <-5.55 131.8(3.3)

J1402+2518 6777(143) 8.26(+0.09
−0.09) 0.74(+0.06

−0.06) -9.67(0.09) <-3.44 132.0(6.7)

J1402+4742 7847(354) 8.00 -8.37(0.24) <-4.47 407.1(29.0)†
J1403+1954 13117(867) 8.14(+0.19

−0.18) 0.67(+0.12
−0.11) -8.81(0.41) -4.17(0.30) 274.6(27.3)

J1404+3620 6448(45) 8.27(+0.03
−0.03) 0.75(+0.02

−0.02) -8.85(0.08) <-3.11 81.7(1.2)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1404-0232 7597(164) 8.17(+0.08
−0.08) 0.68(+0.05

−0.05) -9.76(0.13) <-4.09 128.1(4.8)

J1405+1549 6952(61) 8.02(+0.09
−0.09) 0.59(+0.06

−0.05) -8.60(0.08) <-3.85 124.7(6.7)

J1405+2542 5653(150) 8.00 -10.28(0.35) <-3.00 201.8(10.3)†
J1406+1814 8664(267) 8.12(+0.11

−0.11) 0.65(+0.07
−0.07) -9.86(0.06) <-5.22 168.0(9.3)

J1406-0037 7522(197) 8.10(+0.51
−0.45) 0.64(+0.34

−0.25) -8.78(0.24) <-4.09 253.4(79.1)

J1407+3218 6988(162) 7.70(+0.24
−0.22) 0.41(+0.13

−0.09) -9.24(0.22) <-4.06 244.2(30.9)

J1408+1535 10502(370) 8.32(+0.11
−0.11) 0.79(+0.07

−0.07) -8.30(0.09) <-5.77 184.3(12.1)

J1408+1750 7484(472) 8.00 -9.58(0.49) <-4.14 413.1(38.4)†
J1409+1254 6215(334) 8.00 -9.83(0.56) <-3.13 316.2(30.3)†
J1409+1511 6542(112) 8.14(+0.06

−0.06) 0.66(+0.04
−0.04) -10.75(0.10) <-3.31 87.2(1.8)

J1410+1445 13152(674) 8.12(+0.18
−0.17) 0.66(+0.12

−0.10) -8.82(0.32) <-6.08 321.4(35.2)

J1411+3410 5527(93) 8.39(+0.14
−0.13) 0.83(+0.09

−0.09) -8.20(0.88) <-3.00 120.1(11.1)

J1412+1343 10166(382) 8.12(+0.13
−0.12) 0.66(+0.08

−0.08) -8.39(0.09) <-5.86 232.5(16.4)

J1412+4011 9370(797) 8.00 -7.17(0.48) <-5.79 818.8(106.2)†
J1413+1659 7946(1078) 8.00 -9.88(0.36) <-4.58 553.7(104.5)†
J1413+1820 7034(412) 8.00 -9.99(16.68) <-3.92 303.4(27.1)†
J1414-0113 8697(238) 7.98(+0.07

−0.07) 0.57(+0.04
−0.04) -10.82(0.07) <-5.41 108.4(1.9)

J1416+0230 7003(401) 8.00 -10.07(0.24) <-3.90 288.5(26.2)†
J1417+2931 5887(325) 8.00 -9.56(0.19) <-3.00 328.5(36.0)†
J1419+4400 7292(273) 8.33(+0.15

−0.15) 0.79(+0.10
−0.10) -9.91(0.13) <-3.83 197.9(18.0)

J1420+4405 5780(227) 8.00 -10.03(0.41) <-3.00 315.6(25.1)†
J1420+4759 11369(412) 7.89(+0.11

−0.11) 0.52(+0.06
−0.06) -9.79(0.17) <-6.06 250.1(13.6)

J1421+1843 6610(117) 8.06(+0.27
−0.26) 0.61(+0.18

−0.15) -8.27(0.11) <-3.46 204.4(34.1)

J1421+5703 6980(255) 8.14(+0.20
−0.19) 0.66(+0.13

−0.12) -9.94(0.12) <-3.78 215.8(25.5)

J1422+5229 12016(531) 7.55(+0.23
−0.20) 0.36(+0.10

−0.07) -9.29(0.32) -5.81(0.51) 443.7(53.1)

J1424+5657 6723(206) 8.25(+0.11
−0.10) 0.73(+0.07

−0.07) -9.95(0.11) <-3.40 148.8(8.0)

J1425+2302 11839(514) 8.05(+0.15
−0.14) 0.62(+0.09

−0.08) -7.64(0.14) -5.23(0.22) 248.8(20.9)

J1425-0050 7116(149) 8.19(+0.05
−0.05) 0.70(+0.04

−0.03) -10.90(0.07) <-3.83 70.8(1.0)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1427+4825 7561(174) 7.96(+0.07
−0.06) 0.55(+0.04

−0.04) -10.87(0.08) <-4.23 116.7(2.2)

J1428+4210 7422(311) 8.42(+0.39
−0.35) 0.85(+0.24

−0.23) -9.66(0.21) <-3.85 246.8(65.9)

J1428+4403 6602(59) 8.06(+0.03
−0.03) 0.61(+0.02

−0.02) -9.44(0.11) <-3.45 44.9(0.1)

J1429+3841 5761(112) 7.75(+0.25
−0.23) 0.43(+0.14

−0.11) -10.07(0.22) <-3.00 208.7(27.2)

J1429+5839 9382(301) 8.24(+0.11
−0.11) 0.73(+0.07

−0.07) -8.55(0.33) <-5.65 217.0(13.3)

J1430+3245 7294(669) 8.00 -9.73(0.49) <-4.05 491.2(66.8)†
J1430-0151 6098(88) 7.95(+0.08

−0.08) 0.54(+0.05
−0.05) -8.34(0.25) <-3.06 118.9(4.8)

J1432+0354 11164(532) 8.05(+0.17
−0.16) 0.61(+0.11

−0.09) -8.40(0.12) -4.51(0.17) 238.2(22.5)

J1432+1522 10489(406) 8.14(+0.16
−0.15) 0.67(+0.10

−0.09) -9.42(0.20) <-5.92 244.1(23.0)

J1432+3542 6800(193) 7.86(+0.37
−0.33) 0.49(+0.22

−0.16) -9.87(0.17) <-3.83 260.4(53.3)

J1433+0714 11282(418) 7.98(+0.07
−0.07) 0.57(+0.04

−0.04) -9.26(0.05) -5.56(0.09) 97.6(1.3)

J1433+6139 7843(464) 8.00 -8.35(0.36) <-4.46 499.5(46.0)†
J1436+2152 7286(429) 8.00 -9.88(0.47) <-4.04 338.2(28.8)†
J1438+1046 6971(708) 8.00 -10.17(0.42) <-3.88 461.0(74.3)†
J1440+1227 7763(1062) 8.00 -9.74(0.38) <-4.37 528.4(105.5)†
J1440-0232 6719(173) 7.96(+0.10

−0.09) 0.55(+0.06
−0.05) -10.56(0.09) <-3.68 100.2(2.2)

J1441+0831 7056(146) 7.99(+0.08
−0.08) 0.57(+0.05

−0.05) -10.83(0.04) <-3.94 100.9(3.6)

J1441+4714 7176(345) 8.00 -10.26(0.15) <-4.00 308.5(22.2)†
J1441+5215 7839(414) 8.00 -9.48(0.37) <-4.46 358.7(27.3)†
J1442+5833 6774(225) 8.33(+0.25

−0.24) 0.79(+0.17
−0.16) -9.20(0.19) <-3.37 208.7(35.3)

J1443+2054 6582(700) 8.00 -10.73(0.44) <-3.49 380.6(67.6)†
J1443+3014 7001(302) 8.00 -8.23(0.29) <-30.00 405.7(32.4)†
J1443+5833 7056(402) 8.00 -8.49(0.23) <-3.94 398.7(38.7)†
J1444+1151 4937(185) 8.00 -10.53(0.23) <-3.00 188.1(15.1)†
J1444+2059 7636(827) 8.00 -9.53(0.71) <-4.25 539.1(87.2)†
J1444+4741 5431(167) 8.00 -10.07(0.29) <-3.00 257.8(17.5)†
J1444+5741 9105(412) 8.25(+0.29

−0.27) 0.74(+0.19
−0.17) -8.36(1.00) <-5.48 316.7(57.9)

J1445+0913 7154(309) 8.00 -7.64(0.23) <-3.99 380.4(29.1)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1445+5850 13052(673) 7.96(+0.09
−0.09) 0.56(+0.05

−0.05) -8.69(0.17) <-6.11 179.0(3.9)

J1445-0208 6467(86) 8.14(+0.05
−0.05) 0.66(+0.03

−0.03) -10.27(0.05) <-3.23 87.3(1.6)

J1446+0111 6391(632) 8.00 -10.81(0.54) <-3.29 333.7(55.0)†
J1446+0112 7293(556) 8.00 -10.21(0.22) <-4.05 326.5(36.2)†
J1447+1340 4999(175) 8.00 -10.38(0.30) <-3.00 209.7(16.8)†
J1448+1047 6316(47) 8.16(+0.04

−0.04) 0.67(+0.03
−0.03) -9.06(0.06) <-3.10 88.9(2.1)

J1448+2946 7678(612) 8.00 -9.99(0.25) <-4.29 409.9(48.2)†
J1448+2958 8819(268) 8.28(+0.10

−0.10) 0.75(+0.07
−0.06) -9.33(0.08) <-5.17 162.3(9.1)

J1452+1346 12206(546) 8.19(+0.19
−0.18) 0.70(+0.12

−0.11) -9.04(0.19) <-6.07 256.4(29.9)

J1452+4544 8678(650) 8.00 -9.38(0.27) <-5.38 470.4(51.3)†
J1453+2452 5907(171) 8.00 -9.73(0.28) <-3.00 240.4(14.1)†
J1453+3003 7644(539) 8.00 -9.37(40.72) <-4.26 475.9(50.3)†
J1453+3241 6371(123) 8.01(+0.10

−0.09) 0.58(+0.06
−0.06) -10.74(0.11) <-3.26 128.2(6.1)

J1455+2010 7737(285) 8.93(+0.49
−0.37) 1.16(+0.17

−0.21) -8.38(0.24) <-3.64 171.3(65.7)

J1458+4719 12741(854) 8.02(+0.19
−0.18) 0.60(+0.12

−0.10) -7.58(0.29) -4.68(0.47) 322.6(33.0)

J1500+2315 6682(304) 8.00 -8.29(0.33) <-3.60 371.4(31.9)†
J1501+3807 7206(483) 8.00 -10.73(0.24) <-4.01 342.2(35.8)†
J1501+5609 9471(266) 8.20(+0.07

−0.07) 0.70(+0.05
−0.04) -7.99(0.06) <-5.72 104.9(1.2)

J1502+3744 5556(62) 8.09(+0.07
−0.06) 0.63(+0.04

−0.04) -10.05(0.15) <-3.00 106.2(3.5)

J1503+4414 8682(916) 8.00 -9.52(0.73) <-5.38 570.7(85.4)†
J1503+4642 7089(724) 8.00 -9.91(0.88) <-3.95 406.8(62.8)†
J1506+4152 9463(295) 8.17(+0.07

−0.07) 0.68(+0.04
−0.04) -10.54(0.04) <-5.74 95.7(0.8)

J1506+5844 7107(197) 8.01(+0.10
−0.10) 0.58(+0.06

−0.06) -10.56(0.08) <-3.95 164.6(7.4)

J1507+2633 7249(249) 7.89(+0.13
−0.13) 0.51(+0.08

−0.07) -11.38(0.09) <-4.10 145.0(6.8)

J1507+4034 7352(290) 8.00 -7.97(0.22) <-4.07 371.3(25.7)†
J1508+0622 9991(352) 7.90(+0.23

−0.22) 0.52(+0.14
−0.11) -9.59(0.15) <-5.94 261.0(34.7)

J1509+1838 7943(282) 7.86(+0.31
−0.28) 0.49(+0.19

−0.14) -9.16(0.22) <-4.78 262.8(45.5)

J1510+3814 9248(230) 7.89(+0.15
−0.14) 0.51(+0.09

−0.07) -8.22(0.24) -4.70(0.37) 259.5(21.4)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1511+2654 6381(172) 8.10(+0.24
−0.23) 0.64(+0.16

−0.14) -10.49(0.12) <-3.19 176.3(25.9)

J1512+5304 8221(593) 8.00 -8.25(0.28) <-4.94 542.6(58.5)†
J1514+5012 10508(559) 8.74(+0.26

−0.23) 1.05(+0.14
−0.15) -9.11(0.43) <-5.37 239.7(49.2)

J1515+1348 6736(202) 8.03(+0.23
−0.22) 0.59(+0.15

−0.12) -10.53(0.12) <-3.63 194.0(25.9)

J1515+4532 7476(218) 7.97(+0.18
−0.17) 0.56(+0.11

−0.09) -9.10(0.21) <-4.16 235.4(23.4)

J1516+2118 9588(302) 8.24(+0.07
−0.07) 0.73(+0.04

−0.04) -10.39(0.06) <-5.72 107.6(1.8)

J1516-0040 13006(735) 7.95(+0.10
−0.10) 0.56(+0.06

−0.05) -8.59(0.14) -4.83(0.08) 141.9(2.4)

J1518+0506 5366(76) 8.27(+0.07
−0.07) 0.74(+0.04

−0.04) -9.33(0.22) <-3.00 69.2(2.2)

J1518+5619 7373(550) 8.00 -9.90(0.26) <-4.08 369.1(39.5)†
J1520+2718 7414(568) 8.00 -9.75(0.17) <-4.10 416.4(49.5)†
J1523+5601 7520(485) 8.00 -10.05(0.26) <-4.16 386.1(36.3)†
J1524+4049 6250(93) 8.22(+0.09

−0.09) 0.71(+0.06
−0.06) -8.57(0.09) <-3.04 146.4(7.7)

J1524+4052 5777(485) 8.00 -10.11(0.44) <-3.00 357.4(57.0)†
J1525+1625 6757(221) 8.71(+0.21

−0.19) 1.03(+0.11
−0.12) -9.81(0.14) <-3.08 153.1(24.8)

J1525+4258 10491(378) 8.22(+0.11
−0.10) 0.72(+0.07

−0.07) -8.96(0.12) <-5.86 226.7(13.1)

J1526+1308 7373(630) 8.00 -10.20(0.33) <-4.08 403.2(50.1)†
J1528+0753 7480(125) 8.09(+0.14

−0.14) 0.63(+0.09
−0.08) -8.43(0.11) <-4.07 190.3(16.7)

J1531+2505 7591(587) 8.00 -9.71(0.59) <-4.22 410.5(46.2)†
J1531+4240 6998(126) 8.00(+0.05

−0.05) 0.57(+0.03
−0.03) -10.05(0.06) <-3.90 86.7(1.0)

J1532+1006 5085(178) 8.00 -10.01(0.30) <-3.00 254.3(21.0)†
J1532+1611 7167(680) 8.00 -10.22(0.31) <-3.99 449.2(63.8)†
J1532+2748 6871(452) 8.00 -9.12(0.44) <-3.80 450.5(55.6)†
J1533+5301 11632(459) 7.90(+0.14

−0.13) 0.53(+0.08
−0.07) -8.33(0.14) <-6.08 321.4(24.1)

J1534+1242 6386(265) 8.00 -7.78(0.18) <-3.28 324.6(27.5)†
J1534+1345 13652(720) 8.07(+0.19

−0.18) 0.63(+0.12
−0.10) -9.11(1.04) <-6.08 302.6(32.9)

J1535+1247 6012(28) 8.20(+0.02
−0.02) 0.70(+0.02

−0.02) -8.48(0.03) <-3.00 19.3(0.0)

J1537+3608 5564(128) 8.00 -9.81(0.35) <-3.00 198.8(9.5)†
J1537+4625 7445(173) 8.16(+0.22

−0.21) 0.68(+0.15
−0.13) -8.99(0.35) <-4.01 230.7(32.4)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1539+1930 7140(203) 8.15(+0.13
−0.13) 0.67(+0.09

−0.08) -9.80(0.21) <-3.88 166.2(12.9)

J1539+5248 6995(422) 8.00 -10.45(0.20) <-3.90 331.0(31.5)†
J1540+2109 7001(293) 8.42(+0.42

−0.37) 0.85(+0.26
−0.24) -9.96(0.15) <-3.52 199.3(57.2)

J1540+3737 8226(310) 7.91(+0.29
−0.27) 0.52(+0.18

−0.14) -8.89(1.01) <-5.07 327.2(53.8)

J1540+5149 8107(289) 8.06(+0.19
−0.19) 0.61(+0.13

−0.11) -9.92(0.20) <-4.70 228.1(25.5)

J1540+5352 6486(189) 8.00 -8.71(0.28) <-3.39 296.1(15.8)†
J1541+0715 7461(770) 8.00 -10.24(0.29) <-4.13 444.3(67.0)†
J1542+4650 6206(185) 8.32(+0.19

−0.18) 0.78(+0.13
−0.12) -8.14(0.24) <-3.00 183.2(22.3)

J1543+2024 6341(255) 8.00 -8.65(0.19) <-3.24 304.1(23.2)†
J1544+2345 6693(141) 7.97(+0.13

−0.13) 0.56(+0.08
−0.07) -10.27(0.08) <-3.64 151.5(10.9)

J1545+4921 9628(453) 8.17(+0.32
−0.29) 0.68(+0.21

−0.17) -8.18(0.70) <-5.78 339.0(66.6)

J1545+5236 6034(85) 8.08(+0.10
−0.10) 0.62(+0.06

−0.06) -9.18(0.12) <-3.00 142.9(8.2)

J1546+1750 8206(595) 8.00 -8.99(0.62) <-4.92 491.0(52.4)†
J1546+3927 8924(216) 8.13(+0.09

−0.09) 0.66(+0.06
−0.06) -8.46(0.22) <-5.41 191.6(9.4)

J1547+0659 8737(244) 8.04(+0.06
−0.06) 0.60(+0.04

−0.04) -9.74(0.03) <-5.36 87.8(0.9)

J1548+0222 8359(277) 8.32(+0.11
−0.11) 0.78(+0.08

−0.07) -10.45(0.07) <-4.54 156.0(10.1)

J1548+2135 11084(442) 7.99(+0.09
−0.08) 0.58(+0.05

−0.05) -9.13(0.07) -5.41(0.11) 167.1(4.9)

J1549+0239 8684(487) 8.00 -9.60(0.50) <-5.38 300.8(23.2)†
J1549+1906 6331(249) 8.00 -8.60(0.28) <-3.23 286.6(21.2)†
J1549+2020 7150(251) 8.34(+0.68

−0.56) 0.79(+0.40
−0.34) -8.79(0.29) <-3.74 240.5(104.6)

J1549+2633 7178(184) 8.28(+0.28
−0.26) 0.76(+0.19

−0.17) -8.56(0.13) <-3.80 225.9(41.7)

J1549+4422 6428(158) 8.01(+0.12
−0.11) 0.58(+0.07

−0.07) -10.49(0.13) <-3.31 163.7(9.4)

J1550+2013 5944(334) 8.00 -9.77(0.56) <-3.00 309.9(32.4)†
J1550+5214 7531(384) 8.00 -9.49(0.35) <-4.17 388.1(29.9)†
J1551+1529 7501(1032) 8.00 -10.17(0.28) <-4.15 520.9(106.1)†
J1551+2547 7677(671) 8.00 -8.46(0.47) <-4.29 590.4(78.5)†
J1552+0815 10758(550) 8.31(+0.54

−0.46) 0.78(+0.34
−0.28) -8.93(0.49) <-5.85 333.1(116.7)

J1554+1735 6768(46) 8.20(+0.03
−0.03) 0.70(+0.02

−0.02) -8.71(0.05) <-3.50 56.4(0.4)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1557+2157 8630(223) 7.93(+0.10
−0.09) 0.54(+0.06

−0.05) -9.03(0.11) -3.46(0.19) 171.5(7.8)

J1558+0312 7734(122) 7.91(+0.11
−0.10) 0.52(+0.06

−0.06) -8.77(0.17) <-4.46 161.4(9.4)

J1558+1507 10090(592) 8.19(+0.13
−0.12) 0.70(+0.08

−0.08) -9.40(0.10) <-5.81 150.7(5.5)

J1558+2512 7201(155) 8.06(+0.05
−0.05) 0.61(+0.03

−0.03) -10.89(0.05) <-3.97 54.0(0.2)

J1559+0445 7389(225) 8.07(+0.18
−0.17) 0.62(+0.11

−0.10) -10.14(0.12) <-4.04 171.0(17.5)

J1600+1833 8154(435) 7.52(+0.81
−0.58) 0.34(+0.45

−0.16) -10.14(0.27) <-5.41 405.3(158.2)

J1600+3819 7101(328) 8.00 -8.75(0.30) <-3.96 365.2(26.3)†
J1600+4120 7765(639) 8.00 -9.88(0.36) <-4.38 404.4(49.1)†
J1600-0009 6544(138) 8.00 -10.58(0.15) <-3.45 117.0(4.4)†
J1601+1824 5240(196) 8.00 -10.04(0.25) <-3.01 219.1(18.1)†
J1602+1923 5267(324) 8.00 -10.41(0.28) <-3.01 249.1(31.5)†
J1603+4140 7673(706) 8.00 -9.56(0.41) <-4.29 453.7(63.7)†
J1604+0831 11757(452) 7.89(+0.13

−0.12) 0.52(+0.07
−0.06) -9.20(0.14) -5.51(0.17) 234.9(15.8)

J1604+1830 6459(104) 8.13(+0.10
−0.10) 0.65(+0.07

−0.06) -9.61(0.12) <-3.24 139.1(8.3)

J1606+1908 7788(563) 8.00 -10.37(0.19) <-4.40 384.3(40.8)†
J1606+4712 8227(488) 7.37(+1.28

−1.01) 0.29(+0.72
−0.22) -11.33(0.28) <-5.57 518.2(292.2)

J1607+3950 7397(239) 8.49(+0.44
−0.38) 0.89(+0.26

−0.25) -8.88(0.32) <-3.79 212.7(66.1)

J1607+5321 9657(441) 8.09(+0.21
−0.20) 0.63(+0.14

−0.12) -9.16(0.17) <-5.84 300.2(36.3)

J1608+1342 9223(219) 8.23(+0.09
−0.09) 0.73(+0.06

−0.06) -8.16(0.25) <-5.57 168.8(8.2)

J1608+3831 6507(170) 8.05(+0.11
−0.11) 0.61(+0.07

−0.07) -10.39(0.08) <-3.35 158.9(9.1)

J1610+3714 11462(464) 8.24(+0.12
−0.12) 0.74(+0.08

−0.08) -7.66(0.11) -4.81(0.25) 262.8(18.6)

J1610+4006 6053(158) 8.00 -9.83(0.39) <-3.02 238.7(11.6)†
J1611+1117 7676(169) 7.85(+0.10

−0.10) 0.49(+0.06
−0.05) -9.72(0.24) <-4.48 168.2(8.0)

J1612+1845 7376(531) 8.00 -10.06(0.18) <-4.08 363.0(38.8)†
J1612+3534 7058(320) 8.00 -8.90(0.53) <-3.94 379.1(27.0)†
J1615+1746 9613(456) 7.14(+2.49

−1.60) 0.23(+1.18
−0.21) -7.95(0.60) <-6.14 740.2(633.9)

J1616+3303 6382(72) 7.93(+0.06
−0.06) 0.53(+0.04

−0.03) -8.49(0.05) <-3.34 127.3(3.6)

J1618+4452 9867(261) 7.94(+0.13
−0.12) 0.54(+0.07

−0.07) -7.63(0.18) <-5.92 266.0(18.2)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1619+4745 8888(603) 8.00 -8.25(0.39) <-5.49 555.0(53.8)†
J1622+4731 7716(279) 8.00 -8.20(0.22) <-4.33 408.5(24.0)†
J1622+6319 11586(785) 8.39(+0.20

−0.19) 0.83(+0.13
−0.12) -7.69(0.33) -4.88(0.43) 325.5(40.9)

J1624+3310 6628(216) 8.00 -9.16(0.36) <-3.54 300.0(16.4)†
J1626+3303 6918(261) 8.00 -8.34(0.21) <-3.84 309.1(20.2)†
J1627+1443 9121(435) 8.24(+0.26

−0.24) 0.73(+0.17
−0.15) -10.19(0.20) <-5.50 267.2(42.3)

J1627+4646 5639(114) 7.54(+0.21
−0.19) 0.33(+0.10

−0.07) -10.59(0.36) <-3.01 201.1(20.6)

J1628+3646 8316(435) 7.98(+0.09
−0.09) 0.57(+0.06

−0.05) -9.07(0.08) -3.66(0.03) 15.9(0.0)

J1629+1758 10709(465) 7.92(+0.26
−0.23) 0.54(+0.15

−0.12) -8.91(0.37) <-6.04 342.6(50.0)

J1633+1840 10298(325) 8.03(+0.07
−0.07) 0.60(+0.04

−0.04) -8.81(0.06) <-5.95 165.2(4.3)

J1636+1619 4416(66) 8.08(+0.09
−0.09) 0.62(+0.06

−0.05) -9.83(0.20) <-3.00 69.1(2.4)

J1638+3837 7247(179) 7.70(+0.27
−0.25) 0.41(+0.15

−0.10) -9.19(0.25) <-4.25 271.3(39.3)

J1640+3154 6857(108) 8.04(+0.06
−0.06) 0.60(+0.04

−0.03) -9.98(0.06) <-3.75 111.6(2.6)

J1641+1856 5559(90) 8.01(+0.11
−0.11) 0.58(+0.07

−0.06) -10.16(0.08) <-3.00 131.2(8.0)

J1642+3211 7278(341) 8.00 -10.30(0.22) <-4.04 297.9(20.8)†
J1642+3749 6706(592) 8.00 -9.65(0.68) <-3.63 473.6(66.6)†
J1642+4529 7649(431) 8.00 -9.98(0.20) <-4.26 353.3(29.2)†
J1643+1422 6374(98) 8.05(+0.05

−0.05) 0.60(+0.03
−0.03) -11.23(0.08) <-3.23 75.7(1.1)

J1644+3853 6054(158) 8.32(+0.47
−0.41) 0.78(+0.30

−0.26) -9.75(0.22) <-3.00 182.3(56.4)

J1646+2742 13810(1412) 8.07(+0.27
−0.25) 0.63(+0.17

−0.14) -7.42(0.31) -3.14(0.23) 378.3(50.1)

J1647+2636 7034(120) 8.00(+0.05
−0.05) 0.57(+0.03

−0.03) -9.99(0.05) <-3.93 50.5(0.2)

J1647+4156 6876(395) 8.00 -9.65(0.45) <-3.80 359.7(32.0)†
J1648+5241 6934(225) 8.29(+0.17

−0.17) 0.76(+0.12
−0.11) -9.73(0.19) <-3.59 185.5(20.5)

J1649+2238 5180(86) 8.12(+0.17
−0.17) 0.65(+0.12

−0.10) -9.09(0.20) <-3.00 137.1(14.2)

J1649+4152 5678(293) 8.00 -10.01(0.24) <-3.00 266.5(27.4)†
J1650+4055 7113(766) 8.00 -9.65(0.44) <-3.97 433.8(67.9)†
J1655+2134 7040(460) 8.00 -10.05(0.18) <-3.93 354.6(35.6)†
J1657+3738 7503(175) 8.12(+0.10

−0.09) 0.65(+0.06
−0.06) -9.91(0.12) <-4.06 163.7(8.3)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J1657+4759 7377(285) 8.00 -8.75(0.23) <-4.08 359.1(22.3)†
J1700+2047 7156(473) 8.00 -8.84(0.74) <-3.99 474.1(47.7)†
J1703+2541 8848(244) 7.94(+0.07

−0.06) 0.54(+0.04
−0.04) -10.33(0.03) -4.09(0.10) 109.6(1.4)

J1706+2541 5397(152) 8.00 -10.27(0.20) <-3.01 193.0(12.4)†
J1707+4250 6574(335) 7.55(+0.66

−0.53) 0.34(+0.36
−0.17) -10.67(0.17) <-3.89 340.0(109.1)

J1708+0257 6396(262) 8.11(+0.09
−0.08) 0.64(+0.06

−0.05) -9.93(0.02) <-3.20 17.9(0.0)

J1711+2201 9256(340) 8.06(+0.23
−0.21) 0.61(+0.15

−0.12) -9.02(0.29) <-5.69 286.4(38.8)

J1714+3658 10680(429) 7.77(+0.12
−0.12) 0.46(+0.07

−0.06) -9.20(0.11) -5.26(0.19) 244.6(13.6)

J1714+5501 9761(589) 8.63(+0.26
−0.24) 0.99(+0.15

−0.16) -9.29(0.31) <-5.33 266.0(50.3)

J1715+2804 8328(238) 8.16(+0.07
−0.07) 0.67(+0.05

−0.05) -10.83(0.12) <-4.81 127.0(2.6)

J1719+5623 9783(309) 8.08(+0.09
−0.08) 0.63(+0.05

−0.05) -8.55(0.09) <-5.85 203.4(7.6)

J1722+2723 8108(367) 8.60(+0.19
−0.18) 0.96(+0.12

−0.12) -9.63(0.31) -3.11(0.27) 208.8(29.2)

J1728+0815 10597(628) 8.57(+0.35
−0.31) 0.95(+0.20

−0.20) -9.84(0.29) -4.24(0.39) 255.0(64.1)

J1728+3250 12123(496) 7.87(+0.09
−0.09) 0.51(+0.05

−0.04) -9.01(0.19) <-6.12 230.8(8.0)

J2007-1208 12151(506) 7.95(+0.08
−0.07) 0.56(+0.04

−0.04) -9.81(0.17) -5.03(0.07) 111.2(1.2)

J2050-0110 10240(306) 8.44(+0.22
−0.20) 0.86(+0.14

−0.14) -7.30(0.22) <-5.61 249.4(39.2)

J2103-0108 8496(195) 8.07(+0.13
−0.12) 0.62(+0.08

−0.07) -8.85(0.52) <-5.15 188.8(13.6)

J2107-0055 7276(167) 7.90(+0.10
−0.09) 0.51(+0.06

−0.05) -10.66(0.10) <-4.11 125.3(5.5)

J2109-0039 5764(92) 7.82(+0.16
−0.15) 0.47(+0.09

−0.08) -9.78(0.60) <-3.00 153.0(12.9)

J2110+0512 5704(197) 8.00 -10.01(0.48) <-3.00 242.6(16.1)†
J2110-0001 10781(400) 7.95(+0.09

−0.09) 0.55(+0.05
−0.05) -9.57(0.07) -3.73(0.12) 149.4(4.7)

J2114-0051 6952(2067) 7.35(+0.96
−0.88) 0.27(+0.50

−0.20) -10.05(0.10) <-4.31 238.7(33.5)

J2123+0016 5492(90) 8.29(+0.27
−0.25) 0.75(+0.18

−0.16) -9.65(0.23) <-3.00 112.1(20.0)

J2124-0114 7732(153) 8.05(+0.07
−0.07) 0.61(+0.04

−0.04) -9.49(0.14) <-4.29 121.1(3.4)

J2127+0319 6957(132) 8.09(+0.17
−0.16) 0.63(+0.11

−0.10) -9.30(0.12) <-3.80 159.7(16.7)

J2130-0243 7234(402) 8.00 -9.96(0.23) <-4.02 300.7(24.3)†
J2132-0203 5562(244) 8.00 -10.40(0.44) <-3.00 239.2(20.8)†
J2136+1137 11642(523) 8.13(+0.11

−0.11) 0.66(+0.07
−0.06) -10.57(0.22) -4.64(0.10) 175.0(7.8)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J2139+0354 7688(889) 8.00 -9.69(0.47) <-4.30 490.8(83.1)†
J2141+0225 6809(488) 8.00 -9.20(0.45) <-3.74 446.6(51.6)†
J2141-3300 6908(760) 8.05(+0.23

−0.21) 0.60(+0.15
−0.12) -8.80(0.08) <-3.79 16.1(0.0)

J2142+2252 9505(297) 8.09(+0.07
−0.07) 0.64(+0.04

−0.04) -10.22(0.03) <-5.80 46.6(0.2)

J2143-0019 6638(381) 8.00 -9.63(0.44) <-3.55 348.9(31.2)†
J2151-0112 6930(254) 8.00 -8.58(0.18) <-3.85 286.6(17.3)†
J2155+4103 6106(317) 8.17(+0.13

−0.12) 0.68(+0.08
−0.08) -11.28(0.07) <-3.01 59.0(0.5)

J2157+1206 6103(82) 8.00(+0.14
−0.13) 0.57(+0.08

−0.08) -9.03(0.06) <-3.05 131.4(10.4)

J2201+0219 4599(66) 7.92(+0.08
−0.08) 0.52(+0.05

−0.04) -11.00(0.16) <-30.00 63.8(1.6)

J2202+0013 7458(636) 8.00 -9.80(0.28) <-4.13 431.7(54.3)†
J2202+0320 6421(407) 8.00 -9.68(0.29) <-3.32 328.4(33.6)†
J2206+1007 5878(142) 7.76(+0.46

−0.41) 0.44(+0.28
−0.17) -10.27(0.19) <-3.00 210.5(51.8)

J2207+2319 7238(1143) 8.00 -9.73(0.65) <-4.02 469.4(111.2)†
J2209+1223 14752(1192) 7.97(+0.12

−0.11) 0.57(+0.07
−0.06) -7.30(0.12) <-5.95 165.8(3.8)

J2211+2145 6731(239) 8.63(+0.16
−0.15) 0.99(+0.10

−0.10) -10.27(0.16) <-3.09 131.2(15.6)

J2213+0103 6706(256) 8.00 -9.19(0.25) <-3.63 322.9(19.8)†
J2218+3908 8914(199) 8.21(+0.05

−0.05) 0.71(+0.03
−0.03) -8.34(0.15) <-5.34 48.3(0.1)

J2220+0140 6996(484) 8.00 -9.05(0.32) <-3.90 376.7(39.1)†
J2225+2338 6100(114) 7.99(+0.11

−0.10) 0.57(+0.06
−0.06) -9.31(0.08) <-3.05 123.9(6.8)

J2228+1207 6887(92) 8.09(+0.04
−0.04) 0.63(+0.02

−0.02) -9.68(0.03) <-3.74 33.9(0.1)

J2230+1905 5593(134) 8.00 -8.57(0.48) <-3.00 171.0(9.7)†
J2230+3052 6719(223) 8.30(+0.17

−0.17) 0.76(+0.12
−0.11) -10.70(0.24) <-3.34 163.4(17.5)

J2231+0040 8456(319) 8.08(+0.25
−0.24) 0.63(+0.17

−0.14) -10.66(0.26) <-5.08 223.6(33.8)

J2231+0906 5726(72) 8.05(+0.08
−0.08) 0.60(+0.05

−0.05) -9.84(0.07) <-3.00 90.0(3.9)

J2232+0109 6886(156) 8.01(+0.12
−0.11) 0.58(+0.07

−0.07) -10.55(0.15) <-3.80 134.6(8.2)

J2235-0056 6486(144) 8.00 -8.54(0.15) <-3.38 214.3(8.5)†
J2236+0109 13339(708) 8.34(+0.26

−0.24) 0.80(+0.17
−0.15) -8.95(0.37) -5.16(0.25) 253.6(44.4)

J2236+0413 7145(577) 8.00 -10.32(0.22) <-3.98 341.3(40.5)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J2238+0101 7135(158) 8.15(+0.10
−0.10) 0.67(+0.07

−0.06) -9.93(0.11) <-3.87 121.0(7.3)

J2238+0213 7096(224) 8.00 -8.65(0.19) <-3.96 268.5(13.1)†
J2238-0113 6222(198) 7.53(+0.87

−0.71) 0.33(+0.50
−0.20) -9.54(0.21) <-3.46 290.8(121.1)

J2239+2932 6595(451) 8.00 -9.41(0.69) <-3.51 335.1(37.6)†
J2243+3210 11295(447) 7.83(+0.14

−0.13) 0.49(+0.07
−0.06) -9.00(0.17) <-6.06 252.6(17.4)

J2245+2748 6607(276) 8.16(+0.19
−0.18) 0.68(+0.13

−0.11) -10.27(0.08) <-3.35 157.5(11.1)

J2248+1318 11676(465) 8.25(+0.13
−0.13) 0.74(+0.09

−0.08) -8.67(0.13) <-6.02 228.2(18.4)

J2248-0153 7493(350) 8.00 -10.60(0.22) <-4.15 262.9(18.1)†
J2253-0646 4132(53) 8.03(+0.07

−0.07) 0.59(+0.05
−0.04) -10.00(0.05) <-3.00 8.5(0.0)

J2258-0006 8832(1006) 8.00 -9.64(0.33) <-5.46 530.2(84.2)†
J2258-0829 14262(1391) 8.54(+0.33

−0.29) 0.93(+0.19
−0.19) -8.99(0.94) -5.26(0.68) 354.8(78.6)

J2259+1251 6748(261) 7.94(+0.34
−0.31) 0.54(+0.22

−0.16) -10.53(0.11) <-3.72 191.4(36.7)

J2259+1748 7476(842) 8.00 -10.76(0.24) <-4.14 317.9(54.5)†
J2300+2204 7000(122) 8.06(+0.05

−0.05) 0.61(+0.03
−0.03) -10.15(0.04) <-3.86 60.8(0.4)

J2302+1626 7311(299) 8.00 -8.93(0.39) <-4.05 301.5(17.7)†
J2304+2415 5269(80) 8.07(+0.08

−0.07) 0.62(+0.05
−0.05) -8.92(0.16) <-3.01 87.1(2.5)

J2305+2307 11055(427) 7.99(+0.10
−0.10) 0.58(+0.06

−0.05) -8.31(0.08) -5.58(0.16) 198.0(9.5)

J2306+2111 9580(433) 7.72(+0.28
−0.25) 0.43(+0.15

−0.10) -10.85(0.21) -5.07(0.82) 267.8(38.8)

J2309+0608 11885(490) 7.94(+0.09
−0.09) 0.55(+0.05

−0.05) -7.41(0.06) -4.11(0.12) 176.9(5.5)

J2310+2203 10049(444) 8.06(+0.29
−0.26) 0.62(+0.19

−0.15) -9.65(0.19) <-5.88 300.6(51.6)

J2311+1042 6180(142) 8.25(+0.22
−0.21) 0.73(+0.15

−0.13) -9.72(0.10) <-3.01 151.2(21.2)

J2311+1510 7073(472) 8.00 -10.17(0.16) <-3.95 310.0(31.6)†
J2311+3343 6605(553) 8.00 -10.23(0.25) <-3.52 353.2(48.5)†
J2311-0041 12701(746) 8.18(+0.12

−0.11) 0.70(+0.08
−0.07) -7.32(0.24) <-6.07 234.4(13.7)

J2315-0209 6389(60) 8.10(+0.03
−0.03) 0.64(+0.02

−0.02) -9.80(0.03) <-3.20 29.7(0.1)

J2316+0041 7696(565) 8.00 -8.69(0.41) <-4.31 460.1(48.9)†
J2318+2916 6635(295) 8.00 -9.93(0.20) <-3.55 298.8(21.3)†
J2318-0320 6935(542) 8.00 -10.27(0.15) <-3.85 308.7(37.1)†
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J2319+3018 7454(269) 8.94(+0.43
−0.34) 1.16(+0.16

−0.19) -8.41(0.34) <-3.38 164.1(57.1)

J2321+0807 8386(258) 8.00(+0.26
−0.25) 0.58(+0.17

−0.13) -9.20(0.15) <-5.13 240.3(37.4)

J2324+1135 7685(504) 8.00 -10.49(0.15) <-4.30 304.0(29.3)†
J2324+1207 9128(246) 7.91(+0.06

−0.06) 0.52(+0.03
−0.03) -9.09(0.10) -3.97(0.18) 50.3(0.2)

J2328+0711 8735(758) 8.00 -9.56(0.29) <-5.41 417.7(50.0)†
J2328+0830 5663(230) 8.00 -9.02(0.37) <-3.00 242.0(22.0)†
J2330+1015 8661(447) 7.89(+1.34

−0.86) 0.52(+0.76
−0.32) -8.50(0.26) <-5.48 360.3(237.9)

J2330+2620 7263(384) 7.57(+0.91
−0.69) 0.35(+0.54

−0.20) -10.91(0.13) <-4.39 324.4(142.3)

J2330+2805 6470(228) 8.16(+0.50
−0.44) 0.67(+0.33

−0.25) -9.02(0.18) <-3.22 215.8(65.8)

J2333+1058 6971(343) 8.00 -8.30(0.28) <-3.88 349.3(29.0)†
J2336+1657 7284(738) 8.00 -9.28(0.90) <-4.04 455.2(65.6)†
J2336+2021 7311(534) 8.00 -9.80(0.25) <-4.05 321.2(34.5)†
J2337+2607 7179(810) 8.00 -10.38(0.28) <-4.00 393.2(69.5)†
J2339+4631 10178(372) 7.95(+0.14

−0.13) 0.55(+0.08
−0.07) -10.21(0.15) -3.98(0.22) 226.3(15.8)

J2340+0124 6167(63) 8.06(+0.09
−0.08) 0.61(+0.05

−0.05) -8.84(0.09) <-3.06 115.0(5.7)

J2340+0817 6123(146) 8.18(+0.21
−0.20) 0.69(+0.14

−0.12) -8.65(0.22) <-3.01 146.0(19.0)

J2340+1621 7637(773) 8.00 -10.14(0.08) <-4.25 413.1(60.1)†
J2341+0059 6325(145) 8.07(+0.26

−0.24) 0.62(+0.17
−0.14) -10.00(0.16) <-3.17 180.6(28.0)

J2341+2448 6203(203) 7.68(+0.20
−0.19) 0.40(+0.10

−0.08) -11.43(0.18) <-3.31 190.4(18.2)

J2342-0006 10399(376) 7.73(+0.24
−0.21) 0.44(+0.13

−0.09) -8.06(0.09) -4.40(0.18) 322.3(41.5)

J2343+2242 8193(513) 7.53(+1.57
−1.10) 0.34(+0.89

−0.26) -10.91(0.18) <-5.43 432.1(294.7)

J2343+3155 7578(495) 8.00 -9.29(0.57) <-4.21 436.6(42.9)†
J2343-0010 5672(112) 7.45(+0.35

−0.31) 0.30(+0.16
−0.10) -10.15(0.30) <-3.03 210.6(35.9)

J2344+1343 7886(248) 7.98(+0.55
−0.48) 0.56(+0.36

−0.23) -8.67(0.40) <-4.53 313.9(100.5)

J2344+1813 7805(992) 8.00 -8.90(0.60) <-4.42 539.3(95.9)†
J2345+2857 7548(458) 8.00 -9.83(0.40) <-4.18 354.4(31.1)†
J2346+2816 8363(1646) 8.00 -9.89(0.26) <-5.11 477.5(131.9)†
J2348+1341 11065(568) 7.42(+0.26

−0.21) 0.31(+0.10
−0.06) -8.59(0.17) -3.96(0.24) 354.5(46.8)
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Table II.III – Atmospheric parameters for DZ stars – continued.

J Name Teff logg M/M� logCa/He logH/He D (pc)

J2348-4428 4886(125) 8.11(+0.08
−0.08) 0.64(+0.05

−0.05) -10.94(0.39) <-3.00 36.3(0.2)

J2349+0325 7564(794) 8.00 -8.54(0.32) <-4.19 557.2(85.6)†
J2351+0633 9724(328) 8.29(+0.12

−0.12) 0.76(+0.08
−0.08) -9.12(0.07) <-5.70 174.3(12.3)

J2351+3612 11311(803) 7.94(+0.33
−0.30) 0.55(+0.21

−0.15) -9.33(0.27) <-6.04 344.7(65.5)

J2352+1922 6126(209) 8.00 -8.38(0.28) <-3.06 266.1(19.2)†
J2352+3344 6629(212) 8.00 -9.69(0.26) <-3.54 270.0(13.7)†
J2352-0146 6568(182) 8.05(+0.17

−0.17) 0.60(+0.11
−0.10) -10.76(0.09) <-3.42 154.0(15.2)

J2353+0415 6551(330) 8.00 -10.01(0.23) <-3.46 260.7(20.7)†
J2353+3720 15152(6173) 8.14(+0.84

−0.63) 0.68(+0.51
−0.32) -7.85(0.73) -5.22(0.47) 422.2(94.8)

J2355+1431 6523(113) 8.10(+0.08
−0.08) 0.64(+0.05

−0.05) -10.58(0.10) <-3.32 111.3(4.6)

J2356-0320 8219(854) 8.00 -9.65(0.39) <-4.94 508.9(71.9)†
J2357+2348 6314(285) 8.00 -8.76(0.10) <-3.21 270.0(21.8)†
J2357-0324 9152(358) 8.07(+0.19

−0.18) 0.62(+0.12
−0.11) -9.86(0.08) <-5.61 199.2(21.7)

J2358+0445 8065(724) 8.00 -8.68(0.48) <-4.73 482.0(65.6)†
J2359+0243 7902(558) 8.00 -9.46(0.28) <-4.53 387.4(38.8)†
J2359+0347 6886(203) 8.36(+0.16

−0.16) 0.81(+0.11
−0.11) -9.78(0.10) <-3.46 153.9(16.7)


