
� � � � �� 	 
 � 	 � � 
 � � �


 � �� � �� � � 	 � � ��� �� � � �� � �� 	 �� � �� � � � 	 � � � �

� � � � � � 	 
 � � � 	 � 
 � � � ��� � ���� � � � �� �

� �� � � �� � 
 � � � 	 � 
 � � � ��� � ���� � � � �� ���� � � �� � �� � � � �	 ��� �� � � �
 � �� �
� � �� � � � � � � � � �� ��   ! ��� �	 	 � � � � � �� � ��" � � � � �� �
 � � � � �# � �
 � � 	 ��$�
� � �%	 &' ' � � ��� � � ' (  �) ! !  * ' (  ) *+( !

�,- � � �%	 &' ' � � ��� � � ' (  �) ! !  * ' (  ) *+( !

. �� � � 	 -�� � � � � $�/ � � � ��$�� � � � ������ %%� � %� �� �� ��-�� � 
 � �� � � � �� � � �� � � �� � � � / � � �
� � � � � � �� �� � �� � � � �%� � 0 �	 	 �� � �	 � � � � 0 � � � ��� � 0 �� � � �� � � � � 1	 2�� �
� � / � �� � �� � �%� � �$�/ � %$� �� � � � � �0 � � �� � �� � �� � ��� / �� � � � ��� �0 $��� � 	 �	 �
� �	 	 � � � � � �� � ��� � �%� � 3� / � �� � %� � � ��� ��� � �� � �� �	 � � �� � � �� � �� 	 �	 %� / ���� �
� � �� � ��-�/ � � � ��$�� � � � �� � � �
 � � 	 �� � �-�	 � � 0 �� �� � ��	 �� � � �	 � 0 � �� 	 �� � � �
� %%� � 
 � � �� $�0 $�� � 
 �	 � � $�/ � 0 0 ���� � ��-�� � � � � $�� � � � � �� � �" � � � � ��

 � � � � �# � �
 � � 	 ��$�� � ��� 	 �� � � � � 	 �� � � �� � � � � 4/ �� 	 �
 � ���/ � � 	 � �� � �� � / � �
 �
� � � �0 � 5� �� / / � 	 	 �� �� ��� � � � � �� � � �/ � � � �� �� � 	 �	 %� / ���� � �� � �� � �
0 $��� � 	 �	 ��� �	 	 � � � � � �� � ��� � �%� � 3� / � �� � %� � � ��� �� � � �� �� � ��� �%� � � ���
� ����� � 0 	 �� ��0 � � �� ��� � � �� � �� � � � � �� � � �5� � � � ��-�� � � � �� �� ���� � � � �
� � � � � 	 � �%�� �� � � 	 �� � �� � � �/ � %$� �� � � �� ��� � � �� � � 	 �	 ��� �	 	 � � � � � �� � �� �
%� � 3� / � �� � %� � � ��-�� �	 � �� � � � �� �� � � �� �� � � �� � �� 	 � ��� ��� � � � � �� � � 5	 �1	 � / �
� 	 �� � � �/ �� 	 �� � �� � � 5	 2�� ���� � �%� � � �� ��� � �	 �� � � 	 �	 ��� �	 	 � � � � � �� � ��� �
%� � 3� / � �� � %� � � �

� � � � �� � � �� � � � � �)�(��( �(6&)*& 7

8�� 5��� �-�� 0 � � �%	 &' ' � � ��� � � � �� �� � � ' �  �)   �( 69*6' ( � � *+

http://dx.doi.org/https://doi.org/10.57709/1059817
https://hdl.handle.net/20.500.14694/12298


White Dwarfs in the Solar Neighborhood

by

John P. Subasavage, Jr.

Under the Direction of Todd J. Henry

Abstra ct

The study of white dwarfs (WDs) providesinsight into understandingWD formation

rates,evolution, and spacedensity. Individually , nearby WDs areexcellent candidates

for astrometric planetary searchesbecausethe astrometric signature is greater than

for an identical, more distant WD system. As a population, a complete volume-

limited sample is necessaryto provide unbiased statistics; however, their intrinsic

faintnesshasallowed someto escape detection.

The aim of this dissertation is to identify nearby WDs, accurately characterize

them, and target a subsetof potentially interesting WDs for follow-up analyses.The

most unambiguousmethod of identifying new WDs is by their proper motions. After

evaluating all previoussouthernhemisphereproper motion catalogsand selectingvi-

ablecandidates,we embarkedon our own southernhemisphereproper motion survey,

the SuperCOSMOS-RECONS(SCR) survey. A number of interesting objects were

discovered during the survey, including the 24th neareststar system { an M dwarf



with a brown dwarf companion. After a seriesof spectroscopicobservations, a total

of 56 new WD systemswas identi�ed (18 from the SCR survey and 38 from other

proper motion surveys).

CCD photometry wasobtainedfor mostof the 56newsystemsin an e�ort to model

the physicalparametersand obtain distanceestimatesvia spectral energydistribution

�tting. An independent distanceestimate was also obtained by deriving a color-M V

relation for several colors basedon WDs with known distances. Any object whose

distanceestimatewaswithin 25 pc was targeted for a trigonometric parallax via our

parallax program, CTIOPI.

Currently, there are 62 WD systemson CTIOPI. A subset of 53 systemshas

enough data for at least a preliminary parallax (24 are de�nitiv e). Of those 53

systems,nine are previously known WDs within 10 pc that we are monitoring for

perturbations from unseencompanions,and an additional 29 have distanceswithin

25pc. Previously, there were109known WDs with parallaxesplacing them within 25

pc; therefore,our e�ort hasalready increasedthe nearby sampleby 27%. In addition,

at least two objects show hints of perturbations from unseencompanionsand need

follow-up analyses.

INDEX WORDS: white dwarfs,nearby stars,proper motion, trigonometric parallax,
Sirius, Procyon, 40 Eridani, spectroscopy, photometry, astrome-
try, stellar structure, double degenerate
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Chapter 1

In tro duction

All stars lessmassive than � 8 M � will becomewhite dwarfs (WDs), such that they

will eventually be oneof the most populousclassesof objects in the Universe. WDs

arenothing morethan burning embersthat wereoncethe coresof thriving stars. The

Sun, for instance,will live out its main-sequencelifetime ( � 10 billion yearsin total),

spend an additional � 1 billion yearsasan evolving red giant, and �nally blow o� its

outer layers into the void of spaceas a planetary nebula. While theseouter layers

dissipate into darkness,what remains is the electron degeneratecentral core and a

residualatmospherewith a surfacetemperature of � 60,000K. Over a relatively short

time, astronomically speaking, radiation pressurefrom the core pusheso� most of

the residualatmosphereleaving the exposedcorewith a surfacetemperature greater

than � 100,000K. The surrounding nebula fadesto black and the core, roughly the

size of the Earth, begins to cool, and is formally consideredto be a WD. Because

there are no signi�cant fueling/heating mechanismsin WDs, they continue to cool

uninterrupted for billions of yearsuntil they, too, becometoo faint to see.

1.1 In the Beginning

Fortunately, the Universeis not old enoughfor even the oldest WDs to disappear

completely; however, they have proven to be elusive becauseof their faintness. The

very existenceof WDs escaped detection observationally until the mid-19th century.
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A �rm theoretical understandingof theseobjects was realizedin the early 20th cen-

tury, only after quantum mechanicswas su�cien tly honedand the theory of general

relativit y was available.

1.1.1 Sirius B

The �rst WD (although the namesake wascoinednearly a century later) wasdiscov-

eredasa closecompanionto the brightest star in the night sky, the Dog Star, Sirius.

The existenceof the companionwas �rst inferred astrometrically as a perturbation

on the position of Sirius in 1834by Friedrich Wilhelm Besselwho predicted that the

likely causeof the perturbation wasa faint companionwith a � 50yearperiod (Bessel

1844). This companionwas�rst seendirectly in 1862nearapastronby the sonof lens-

maker Alvan Clark, who wastesting the new 18-inch refractor, the largestof the day,

purchasedby Dearborn Observatory at NorthwesternUniversity. Although this faint

companionwasnow visible, its true nature wasa completemystery becauseof Sirius'

overwhelmingglow, � 10,000times brighter than the faint companion. Observations

continued for decades(when the companionwas far enoughfrom Sirius to be seen)

to better map out the orbit. As the orbital parametersbecamebetter constrained,

Arth ur Auwers (1864) estimated that the massof the companionnecessaryto pro-

duce the perturbation seenon Sirius would have to be roughly half that of Sirius.

If both components had the samephysical makeup, the diameter of the companion

would be � 80%of the diameter of Sirius (Struve 1866);the vast brightnessdi�erence

prohibited such a scenario.
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Roughly 50 years after the �rst observation, again at apastron, the companion

was separatedfrom Sirius by � 1000. Telescopes and instrumentation were available

to not only resolve the companion but to obtain a spectrum of it. After making

attempts for two years, Adams (1915) �nally managedto obtain a spectrum using

the 60-inch re
ector at Mt. Wilson Observatory under superb seeingconditions. The

companion spectrum was clearly demarcated on the photographic plate from the

spectrum producedby the overall glow of Sirius. The determination wasspectral type

A0, identical to that of Sirius. One could easily argue that this was an indication

of contamination from the much brighter Sirius, so the mystery of the Dog Star's

companionwould continue to linger.

1.1.2 Pro cyon B

In 1840, Besselnoticed a signi�cant discrepancybetween the predicted and true

positions of another bright star near the Sun, Procyon. Ironically, this discrepancy

wasalsolikely indicativeof an unseencompanionwith a � 50yearorbit (Bessel1844).

Procyon wasobserved for decadesin hopesof resolvinga companionwhosemasswas

expectedto be \not lessthan three-quartersof the massof the Sun" (Auwers1862).

In 1873,fameddoublestar observer Otto Wilhelm von Struve detecteda faint ob-

ject 11.700from the primary (Struve 1873). After comparingthe separationand posi-

tion anglewith thosepredicted by the theoretical orbit calculatedby Arth ur Auwers,

he was convinced this object was the infamousperturber on Procyon. Furthermore,
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Struve's distinguished status as a double star expert eliminated any skepticism of

theseresults, causingDr. Auwers to revisehis orbit basedon theseobservations (al-

though Dr. Auwers states that if these observations are correct, Procyon A would

be the most massive star known at � 80 M � and the companionwould be � 7 M � )

(Auwers1873). Other researcherstried desperately to resolveStruve'scompanionbut

nonedid. After careful reconsideration,Struvebecameconvincedthat the companion

he saw was merely an optical illusion. The causeof this illusion was unknown but

it seemedto occur when observingbright stars. As a test, he observed three bright

stars, Regulus, Capella, and Arcturus, and found a faint source� 1000nearly hori-

zontal from the primary in all three cases(Anonymous 1877). Thus, the perturbing

companionto Procyon remainedundetected.

Nearly two decadeslater, the mystery was resolved when Schaeberle (1896) wit-

nesseda faint companionseparatedby 4.600from Procyon. HeusedLick Observatory's

relatively new36-inch refractor, which heldopticsdevelopedby the greatAlvan Clark.

Within a yearof steadymonitoring, Schaeberlewasconvinced that the faint compan-

ion was indeed responsible for the perturbation of Procyon. Eventually, Procyon B

was consideredan object similar to Sirius B even though a spectrum was impossible

to obtain. In fact, the �rst reliable spectrum of the companion had to await the

arrival of HubbleSpace Telescope (HST) a century later (Provencalet al. 2002).
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1.1.3 40 Eridani B

Another star near the Sun, a K dwarf named40 Eridani (� 2 Eridani), was found to

be a wide binary in 1783by Sir William Friedrich Wilhelm Herschel. The primary, 40

Eridani A, is separatedby more than 10 from the fainter companion. In 1851,Otto

Wilhelm von Struve discovered that the fainter companion was actually a double

star with a separation � 600. The brighter component of the double star, the WD,

was labeled 40 Eridani B while the fainter, an M dwarf, was labeled 40 Eridani C.

Observers continually monitored the double star, realizing that the period was long

and the orbit was signi�cantly elliptical. After 40 years, the M dwarf had passed

through nearly a 60� arc allowing Burnham (1893)to estimatea period of � 180years

(the currently acceptedvalue is � 250years).

For a decadebeforethe turn of the 20th century and several decadesafter, Har-

vard CollegeObservatory catalogedspectral typesfor literally hundredsof thousands

of stars, now known as the Henry Draper Catalog. A prominent astronomerof the

time, Henry Norris Russell,wasa friend and colleagueof E. C. Pickering, then direc-

tor of Harvard Observatory. Around 1910,Russellthought it would be a good idea to

obtain spectra of certain parallax stars; he suggested40 Eridani B asa start. Picker-

ing promptly telephonedMrs. Williamina Fleming, then the curator of astronomical

photographsat Harvard Observatory. Indeed, a spectrum of this object had been

taken, yet not classi�ed. Within half an hour, sheretreived the spectrum and stated,
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unquestionably, that it was of spectral type A. Pickering looked to Russelland said,

\I wouldn't worry. It's just thesethings which we can't explain that lead to advances

in our knowledge." Russelllater stated of that moment, \I knew enough,even then,

to know what it meant. I was 
abb ergasted. I was really ba�ed trying to make out

what it meant. Well, at that moment, Pickering, Mrs. Fleming and I were the only

peoplein the world who knewof the existenceof white dwarfs." Pickering and Russell

exchangedletters from December 1910and June 1911addressingthe anomaly of 40

Eridani B's luminosity and spectrum although nothing was published (Philip et al.

1977).

In May of 1914,Russellpublisheda benchmark paper describingthe �rst Russell

diagram [now known as the Hertzsprung-Russell(H-R) Diagram]. This diagram was

�rst seenby the astronomicalcommunity at the 1913American Astronomical Society

meeting in Atlanta, GA. On this diagram lies a single point notably below and to

the left of the main-sequence(seeFigure 1.1). Russellstates, \The single apparent

exception is the faint double companionto � 2 Eridani, concerningthe parallax and

brightnessof which there can be no doubt, but the spectrum of which, though ap-

parently of ClassA, is renderedvery di�cult of observation by the proximit y of its

far brighter primary." hinting at his reluctancy to trust the spectrum (Russell1914).

A few months later, in October of 1914,Walter Adams (who, the following year, also

published the �rst spectral type of Sirius B as discussedabove) published a single

paragrapharticle stating that \the spectrum of [40 Eridani B] is A0" (Adams 1914).
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Figure. 1.1: First publishedRussellDiagram (now known asthe Hertzsprung-Russell
Diagram). 40 Eridani B is the isolated point below and to the left of the main-
sequence.The Y-axis is absolutemagnitude. Reproducedfrom Russell(1914).
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Nearly a decadelater, Willem Luyten (1922) coined the term \white dwarf".

Prominent theoretician Arth ur Eddington (1924) adopted this terminology and re-

ferred to these three objects as such. In that work, Eddington points out that the

densities implied in these WDs (� 53,000times that of water for Sirius B) \is not

absurd, and we should accept it without demur if the evidencewere su�cien t". He

goes on to point out that at these densities, Einstein's recently formulated theory

of relativit y predicts a gravitational redshift of � 20 km s� 1, a quantit y capableof

direct measurement. Shortly thereafter, Adams (1925) made careful measurements

of the spectra of Sirius A and B and found a relative di�erence (after inclusion of the

di�erencesdueto orbital motion) of 21km s� 1. Adamsconcludes\the resultsmay be

considered,therefore,asa�ording direct evidencefrom stellar spectra for the validit y

of the third test of the theory of generalrelativit y, and for the remarkable densities

predicted by Eddington for the dwarf stars of early type of spectrum". While both

the predicted gravitational redshift (basedon using the meanmolecularmassof hy-

drogen) and the observed gravitational redshift (basedon spectra that were highly

contaminated by the spectral featuresof Sirius A) were too small by a factor of four

with respect to the modern value (+89 � 16 km s� 1, Greensteinet al. 1971), these

results provided momentum to achieve a deeper theoretical understandingof WDs.
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1.2 The Theory behind White Dw arfs

Not surprisingly, Arth ur Eddington wasoneof the �rst to evaluate the theory of WDs.

He was able to show that at theseextreme densitiesand energies,electrons
o wed

freely within the matter, energeticenoughto escape any nearby nuclei. A paradox

arosefrom this analysis { if one assumesthere is a correlation betweenenergyand

temperature(entirely valid basedon observationsof the era), then oneexpectsa star's

internal temperature to be higher than at the surfaceto drive the radiation (hence

energy) out. Presumably, radiation will continue to be emitted as long as the star

contains matter at a high temperature. According to Eddington, eventually the star

will have radiated so much energythat it will have lessenergythan normal matter

in a low density environment and at zero temperature (Eddington 1926). Of course,

this is not possibleand arosebecauseof somesimplifying assumptions. The most

exact statistical mechanicswould be necessaryto resolve this paradox.

1.2.1 A Sequential Progression of our Understanding

Quantum Mechanics was born near the turn of the 20th century. During its �rst

few decades,physicists worked to re�ne the theory and exploit its many implica-

tions. By the mid 1920s,it was generallyagreedthat an electron in an atom could

be characterizedby four quantities, the principal quantum number, the orbital angu-

lar momentum quantum number, the magnetic quantum number, and the intrinsic
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angular momentum quantum number (although this quantit y was not predicted by

current theory of that time but was necessarybasedon experiment). In 1925,Wolf-

gangPauli showed that no two electronscould occupy the samequantum mechanical

state (i.e., containing all four identical quantum numbers),a \rule" now known asthe

Pauli exclusionprinciple. The following year, Enrico Fermi announceda statistical

approach to describe atoms that incorporated the exclusionprinciple, now known as

Fermi-Dirac statistics.

Later that year, physicist Ralph Fowler utilized theselatest tools to solve Edding-

ton's paradox (Fowler 1926). He demonstratedthat individual electrons in such a

denseenvironment must be degeneratein that all possiblelow energyquantum me-

chanical statesareoccupied. At absolutezero,the electronsstill havea kinetic energy

equivalent to the thermal energyof normal particles in a low density environment up

to millions of degrees.In addition, he showed that the pressure,P, of the WD gasis

una�ected by its temperatureand is only a�ected by its massdensity, � , beingrelated

asP / � 5=3 (Lang & Gingerich 1979). This result further paved the road for a deeper

theoretical understandingof the internal makeup of WDs by subsequent researchers.

In 1927,Werner Heisenberg presented an essay describinga fundamental limita-

tion dictated by quantum mechanicsnow known asHeisenberg'suncertainty principle.

It states that the precisionto which one can simultaneously know both the position

and the momentum of a particle can be no better than ~/2 (~ = h=2� ), whereh is

Planck's constant. This, coupledwith the Pauli exclusionprinciple, providestwo key-
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stonesto the theoretical framework describingdegeneracypressure,to be discussed

further in the next section.

In 1929,Wilhelm Andersondemonstratedthat the electronswithin a degenerate

gasbegin to reach velocities approaching a sizablefraction of the speedof light. He

utilized the equationsof special relativit y to show that for a relativistic degenerate

electron gas, the relation between pressureand massdensity is P / � 4=3. He and

Edmund C. Stoner quickly realized that this degenerategas can only be stable up

to a �nite mass(for WD masseslarger than � 1 M � ), above which there are no

equilibrium WD con�gurations; however, no detailed calculationswereperformed.

In 1931,Subrahmanyan Chandrasekharderived the equation of state of a degen-

erategasin the extremerelativistic limit and found a uniquely determinedWD mass.

Above this limit, the instabilit y producesa catastrophic explosion,obliterating the

WD, which we now know as a Type Ia supernova. The canonical maximum mass

is � 1.4 M � and is known as the Chandrasekharlimit (even though Andersonand

Stoner recognizedthis e�ect �rst) becauseof the detailed derivations he completed.

This calculation marked a signi�cant advancement in our understandingof the na-

ture of WDs { almost two decadesafter the �rst WDs were fairly well characterized

observationally.



12

1.2.2 The Physics of Electron Degeneracy Pressure

Electronsare fermionsand assuch, they obey the Pauli exclusionprinciple; therefore,

no two electronscanhavethe samequantum mechanicalstate. All particles, including

electrons, obey the Heisenberg uncertainty principle, which limits the accuracy to

which one can know a particle's position and momentum simultaneously. This can

be expressedas

� x� px >
~
2

(1.1)

where� x and � px arethe uncertainties in position and momentum respectively and ~

is Planck's constant, h, divided by 2� . One can approximate the electrondegeneracy

pressureusing a straightforward approach and a few assumptions.We start with the

pressureintegral expressionas follows

P =
1
3

Z 1

0
nppv dp; (1.2)

where p and v are the particle's initial momentum and velocity respectively, while

np is the number density of particles having momenta betweenp and p + dp. If we

assume(rather unrealistically) that all of the electronshave the samemomentum p

then this integral reducesto
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P �
1
3

nepv; (1.3)

with ne representing the total electron number density. We needto �nd expressions

for each variable in our simpli�ed pressureequation.

Step1: BecauseWDs have overall chargeneutrality, we expect that the number

density of ions (n+ ) of atomic number Z will equal the number density of electrons

(i.e., Zn+ = ne). Additionally , becausenucleonsare signi�cantly more massive than

electrons,we can neglectthe electron massin the determination of the massdensity

� (i.e., � = Ampn+ + mene ' Ampn+ , where A is the atomic mass,mp is the rest

massof the proton, and me is the rest massof the electron). Coupledtogether, these

two relations give an expressionfor the electronnumber density

ne =
�

# electrons
nucleon

� �
# nucleons

volume

�
=

�
Z
A

�
�

mp
: (1.4)

Step 2: Becauseof the Pauli exclusionprinciple, electronshave to be separated

by at least the amount of their physical size. If we evaluate this limit, we �nd

that the separation between neighboring electrons � x � ne
� 1=3. Substituting this

into Heisenberg's uncertainty relation givesus an estimate of the momentum of the

electron,

p � � p �
~

� x
� ~ne

1=3 (1.5)
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p � ~
� �

Z
A

�
�

mp

� 1=3

; (1.6)

ignoring the factor of two that arisesbecauseelectronscan have anti-parallel spins.

Step3: Perhapsthe most trivial expressionis that for the velocity; nonrelativistic

electronshave velocity

v =
p

me
(1.7)

v �
~

me

��
Z
A

�
�

mp

� 1=3

: (1.8)

Incorporating Eqs. (1.4), (1.6), and (1.8) into Eq. (1.3), we �nd that the electron

degeneracypressureis

P �
~2

3me

� �
Z
A

�
�

mp

� 5=3

: (1.9)

This expressionis a fairly closeapproximation (within roughly a factor of �v e) to the

more preciseexpressiongiven as

P =
(3� 2)2=3

5
~2

me

��
Z
A

�
�

mp

� 5=3

: (1.10)

While this result describes the electron degeneracypressurethat is the stabilizing

mechanism preventing WD collapse,the details are not quite right. For instance,we

haveneglectedrelativistic e�ects that would bepresent becausethe electronsaremov-
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ing a signi�cant fraction of the speedof light in a WD. Subrahmanyan Chandrasekhar

evaluated the degeneratepressurein the limit that v = c and obtained

P =
(3� 2)1=3

4
~c

��
Z
A

�
�

mp

� 4=3

; (1.11)

which corresponds to a dynamically unstable situation. Any deviation from equilib-

rium will causeelectron degeneracyto fail and the WD will collapse.This situation

arisesat a maximum massfor the WD, the Chandrasekharlimit, and the implications

are vital to our current understandingof cosmologyas discussednext.

1.3 Wh y are White Dw arfs Useful?

The very nature of WDs, in that their physicsis moderatelywell understood, allowsus

to usetheir predictable attributes asconstraints for a broad rangeof astrophysically

interesting problems. Here I outline only a few and begin with the largest scale

applications and end with thoseclosestto home(the focusof my research).

1.3.1 Indicators of the Age of the Univ erse

We have long sought an answer to the question, how old is the universe? Early

estimatesusing approximate agesof the oldest stars in the Galaxy yielded an ageof

� 15 billion years. However, early estimatesbasedon the Hubble constant (i.e., the

expansionof the universe)yielded an ageof � 9 billion years. The discrepancycould

be explainedif the Hubble constant is not constant. A particular type of WD, a Type
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Ia supernova, hasbeenusedto probe deeper into this conundrum. Thesesupernovae

erupt becausea closecompaniondumps matter onto a WD, pushing it beyond the

critical Chandrasekharlimit. In theory, all Type Ia supernovae will have the same

luminosities becausethe massesand physical processesinvolved are the same.Thus,

they can be usedas standard candlesto infer the universe'sexpansionrate because

a measureof the apparent brightness provides a constraint on the distance. After

observing50 Type Ia supernovae (36 \nearby" and 14 with redshifts from 0.16 to

0.62),Riesset al. (1998)have concludedthat the farthest supernovaeare fainter than

expected. Theseresults imply that the universeis expandingat an acceleratingrate

(hencethe Hubble constant is not constant) and was awarded the \Breakthrough of

the Year" in 1998by ScienceMagazine. Accounting for this e�ect, the cosmological

modelspredict a more consistent ageof � 14 billion years.

BecauseWDs do not have signi�cant energygenerationmechanisms,they merely

cool as they radiate the thermal energyleft over from when they were \aliv e". This

property enablesus to infer a WD's agefrom its temperature (i.e., the oldestWDs are

the coolest). As a completely independent check on the universe'sage,Richer et al.

(2002)have usedthe Wide Field Planetary Camera2 (WFPC2) on HST to imagethe

faintest WDs in the nearestglobular cluster, M4. They �nd that the coolest WDs

in this cluster are between12 and 13 billion yearsold. Including the relatively short

amount of time it took for the cluster to form after the Big Bang, this ageis entirely

consistent with the Type Ia supernovae conclusions. The secondnearest globular
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cluster, NGC 6397, has undergonesimilar intense observations using HST, except

the AdvancedCamerafor Surveys(ACS) wasusedinstead of the WFPC2 (ACS has

a resolution superior to WFPC2). Hansenet al. (2007) measuredthe most precise

agedetermination of NGC 6397to date, 11.47� 0.47billion years,by observingand

modeling the entire WD cooling sequence. This slightly younger age implies that

NGC 6397wasformedat a redshift � 3, an era in which star formation wasat a peak,

asmeasuredby deepcosmologicalsurveys(Madau et al. 1996;Thompsonet al. 2006).

1.3.2 Pro xies for Galactic Comp onents and Dark Matter

By the very sameprocess,WD cooling agescan constrain agesof Galactic compo-

nents, thin disk, thick disk, and halo. Several researchers have attempted to tackle

this problem by generatinga WD luminosity function. In general,a luminosity func-

tion is derived using a completevolume limited sampleby counting the number of

objects within various luminosity bins. The point at which the luminosity function

\turns over" and the number of WDs falls o� quickly givesan indication of the age

of the oldest members in that sample. It has beenpointed out that thick disk WDs

dominate the luminosity function at low luminosities, so the agederived would per-

tain to the thick disk rather than the thin disk. The results seemto indicate that

the Galactic thick disk is no older than 10 billion years,while the thin disk's major

star formation was 7 to 8 billion yearsago (seeReid 2005,and referencestherein).

Unfortunately, the halo WD population is, at present, not well de�ned.
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One would expect halo WDs to be � 14 billion years old { nearly as old as the

Galaxy. This is usedas a constraint for halo WD members rather than using WDs

to constrain the age of the halo. The reasonfor this is that halo WDs have been

suggestedto explain at least someof the dark matter in the Galaxy. By observing

microlensingevents in the direction of the Large Magellanic Cloud (LMC), Alcock

et al. (2000) �nd that � 20%of the halo is madeup of massive compacthalo objects

(MA CHOs) with massesfrom 0.1 M � to 1 M � , with a peak at 0.5 M � . Because

the local WD massdistribution peaksat � 0.6 M � (Liebert et al. 2003), it has been

suggestedthat MACHOs areactually old, faint WDs. Attempts to detect thesefaint,

compactobjectshave led to signi�cant controversy. Oppenheimeret al. (2001b)claim

to have directly detected halo dark matter by discovering 38 cool WDs with space

motions indicative of halo-type kinematics. More recently, Bergeron et al. (2005)

have shown that many (or perhapsall, depending on whether they are hydrogen or

helium WDs) of theseobjects are likely too warm (hencetoo young) to be halo WDs,

although precisetrigonometric parallaxesare necessaryto constrain the modeling.

A large scalee�ort called SPY (SN Ia Progenitor surveY) is currently underway

to identify progenitors to Type Ia supernovae. With fairly high resolution spectra,

this team has determinedthe kinematics of 398 hydrogenWDs, which they claim is

the \largest homogeneoussampleof [WDs] for which 3D spacemotions have been

determined" (Pauli et al. 2006). Again, basedon kinematics, they �nd seven halo

candidates,indicating that 2%of their magnitudelimited samplebelongsto the halo.
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If we assumethese398WDs are representativ e of all WDs, then theseresults indicate

that WDs do not makeup a sizeablefraction of the dark matter in the halo, much less

a sizeablefraction of the MACHOs. Our understandingof objects in the halo is rather

neophytic, thus, the possibility remainsthat halo WDs do contribute signi�cantly to

the dark matter in the Galaxy.

1.3.3 Surrogates for Planetary Evolution

Unlike the previoustwo sectionsthat describe usefulapplications for WDs that have

been tested and sometimescon�rmed, this application has yet to be witnessedob-

servationally. Currently known are two exoplanet systemsthat contain WDs (GJ

86 and HD 147513);however, the planets orbit distant main-sequencecompanions

to the WDs rather than the WDs themselves (Raghavan et al. 2006). Theory dic-

tates that the Sun will lose more than half of its massand becomea WD. When

it does, the outer planets will remain in orbit (albeit with transformations of their

own). Presumably, this has already occurred in the Milky Way and systemssuch as

thesemerely await detection. If found, we could probe thesesystemsto better un-

derstandwhat impact stellar evolution hason planetary evolution, both individually

(i.e., atmosphericchanges)and as a system(i.e., orbit migrations).

Becauseof the faintnessand spectral signaturesof WDs (i.e., few, if any, broad

absorption lines), current radial velocity techniquesare inadequatefor planet detec-

tion, leaving astrometric techniquesasthe only viable option. For a givensystem,the
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astrometric signature is inverselyrelated to distance. Hence,nearby WDs are excel-

lent candidatesfor astrometric planetary searchesbecausethe astrometric signature

is greaterthan for an identical WD systemmoredistant. As a population, a complete

volumelimited WD sampleis necessaryto provide unbiasedstatistics; however, their

intrinsic faintnesshasallowed many to escape detection.

One main focus of my dissertation research is to signi�cantly improve the WD

samplewithin 25 pc, as well as to monitor WDs within 10 pc to detect astrometric

perturbations causedby unseencompanions.Also, I intend to thoroughly characterize

nearby WDs using many aspects of observational astronomy including photometry,

spectroscopy, and astrometry. With this wealth of data, unusual objects are sure

to present themselves (as you will soon see). In particular, I hope to identify po-

tential double degenerates(binary WDs). Once identi�ed, I will utilize additional

high resolution observational techniques, i.e., speckle, adaptive optics, high resolu-

tion spectroscopy, and interferometry via HST's Fine Guidance Sensors(FGS), in

hopes of resolving the pair and constraining dynamical massesfor the components.

Theseresultswill lead to a better understandingof binary evolution and will test the

reliabilit y of the theoretical WD mass-radiusand initial-to-�nal-mass relationships.
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Chapter 2

Kno wn Nearb y WD Statistics

As of August 2006,there are 5557WD systemscataloguedin the McCook and Sion

online WD database1 (McCook & Sion 1999),the most comprehensive WD database

available. More than half of these systemshave been catalogued in recent years

by the Sloan Digital Sky Survey (SDSS).Yet, only 318 systemshave trigonometric

parallaxes,and of those,only 109systemshave trigonometric parallaxesplacing them

within 25 pc (the horizon of the Catalog of Nearby Stars (CNS, Gliese & Jahrei�

1991) and the NStars database(Henry et al. 2003)). If we constrict the volume to

encompassonly thoseWDs within 10 pc (the RECONS horizon), we �nd a mere18

systemseach containing only one WD. While this may seemsmall comparedto the

230main-sequencesystemswithin 10 pc (as of January 1, 2007),this sampleof WDs

is thought to be largely complete;e.g.,Holberg et al. (2002)predict that all WDs out

to 13 pc have been found. We needto evaluate theseassertionsby taking a closer

look at the 10 pc WD sample.

2.1 WDs within 10 pc (the RECONS Horizon)

Is the 10 pc WD samplecomplete? If it is, then there are interesting \curiosities"

about the WDs' proper motions and sky distribution. Note that the characteristics

presented here are probably not statistically signi�cant becausewe are evaluating a

very small sampleof objects (18); hencethey are addressedas \curiosities".

1Seehttp://heasarc.gsfc.nasa.gov/W3Bro wse/star-catalog/mcksion.html
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2.1.1 Prop er Motion Distribution

Table 2.1 is a compilation of the astrometric data for the WD 10 pc sampleprior to

the results contained in this dissertation. The �rst curiosity occurs if we look at the

proper motions (column 4). With oneexception,all 10 pc WDs have proper motions

greater than 1.000 yr � 1 (94%). By comparison, of the 230 main-sequencesystems

within 10 pc, only 114 have proper motions greater than 1.000yr � 1 (50%). There

exists the possibility that selectione�ects, which arise from several WD discovery

methods to be discussedin Chapter 3, are to blame. It is necessaryto �rst addressa

few other possibilities for this discrepancy.

Table. 2.1: Astrometric Data for Known White Dwarfs within 10 pc.

WD Name R.A. Decl. � � Ref. Parallax Ref. Vtan Notes
(J2000) (00 yr � 1 ) (deg) (mas) (km s� 1 )

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

2359� 434...... 00 02 10.73 � 43 09 55.6 1.020 139.7 S 127.40� 6.80 Y 37.9
0038� 226...... 00 41 26.03 � 22 21 02.3 0.604 230.5 S 101.20� 10.40 Y 28.3
0046+051...... 00 49 09.91 +05 23 19.1 2.978 152.9 H 231.88� 1.79 Y,H 60.9 1
0413� 077...... 04 15 21.80 � 07 39 29.3 4.088 213.2 H 199.00� 0.77 Y,H 97.4 1
0426+588...... 04 31 11.48 +58 58 37.6 2.427 147.6 H 180.63� 0.78 Y,H 63.7 1,2
0435� 088...... 04 37 47.41 � 08 49 10.6 1.573 171.9 S 105.20� 2.60 Y 70.9
0552� 041...... 05 55 09.53 � 04 10 07.1 2.377 167.0 L 155.00� 2.10 Y 72.7
0553+053...... 05 56 25.47 +05 21 48.4 1.026 205.1 Le 125.00� 3.60 Y 38.9
0642� 166...... 06 45 08.92 � 16 42 58.0 1.339 204.1 H 380.02� 1.28 Y,H 16.7 1,2
0736+053...... 07 39 18.12 +05 13 30.0 1.259 214.7 H 286.05� 0.81 Y,H 20.9 1,2
0738� 172...... 07 40 20.78 � 17 24 49.2 1.252 116.0 L 112.40� 2.70 Y 52.8
0752� 676...... 07 53 08.16 � 67 47 31.5 2.128 135.8 S 141.20� 8.40 Y 71.4
0839� 327...... 08 41 32.43 � 32 56 32.9 1.745 322.0 S 112.70� 9.70 Y 73.4
1132� 325...... 11 34 29.49 � 32 49 52.8 1.063 320.8 H 104.84� 0.81 Y,H 46.1 1,2
1142� 645...... 11 45 42.93 � 64 50 29.7 2.688 97.4 H 216.57� 2.01 Y,H 58.8 1
1334+039...... 13 36 31.85 +03 40 46.1 3.880 252.8 Le 121.40� 3.40 Y 151.5
1748+708...... 17 48 08.02 +70 52 36.0 1.685 311.6 Le 164.70� 2.40 Y 48.5
2251� 070...... 22 53 53.35 � 06 46 54.5 2.586 105.2 S 123.70� 4.30 Y 99.1

Notes .|Units of righ t ascensionare hours, minutes, and seconds,and units of declination are degrees,arcmin utes,
and arcseconds.

(1) Parallax is a weighted mean of the independent measurements of the Hipparcos and the Yale Parallax catalogs.
(2) Coordinates, prop er motion, and parallax are for the primary component. These quantities are not determined

directly for the WD secondary becausethe angular separation is small.
References .|(H) Perryman et al. 1997; (L) Luyten 1979a; (Le) L�epine & Shara 2005; (S) SCR, this work; (Y)

van Altena et al. 1995
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The �rst possibleexplanation is that WDs, in general,are old objects that have

completednumerousorbits around the Galaxy over their lifetimes. Thus, they have

had plenty of time to undergo closeencounters with giant molecular clouds, which

causeperturbations that changetheir velocity vectorsand may give them abnormally

large transversevelocities relative to our lines of sight. If this is the casewith the

10 pc WD sample,we should seesimilar characteristicsin another aging population,

the M dwarfs. Reid et al. (2002) conductedsimulations that predict the averageage

of an M dwarf to be 4.5 Gyr, assuminga disk age of 10 Gyr and a uniform birth

rate. In addition, M dwarfs are signi�cantly lessmassive so perturbations will be

ampli�ed. Therefore,we shouldexpect to seea similar proper motion distribution in

the nearby M dwarf population. Of the 230main-sequencesystemswithin 10 pc, 179

have M dwarf primaries. This subsetof 179 systemshas only 86 (48%) with proper

motions greater than 1.000yr � 1. Figure 2.1 illustrates this discrepancy. Therefore,

disk heating of WDs is probably not a signi�cant factor to explain the WD proper

motion distribution.

A secondpossibleexplanation for only high � WDs nearby is that high velocity

(i.e., tangential velocities > 100 km s� 1) WDs are the donor remnants of Type Ia

supernovae events. In this scenario,a WD component of a binary system accretes

material from its companion. The accretionmust be largeenoughto facilitate steady

burning; otherwise,nova eruptionswill occur and relieve the WD of its accretedmass.

Conversely, the accretionmust be small enoughto prevent a swelling of the accretion
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Figure. 2.1: Histogram plot of the proper motion distributions for the 10 pc WDs
(blue) and the 10 pc red dwarfs (red). Proper motions are binned by 0.500.

disk to the point that it swallows the donor and producesa commonenvelope phase

(Hansen2003). When the accretionpushesthe WD beyond the Chandrasekharlimit,

it will go supernova and the donor companion will retain its presupernova orbital

velocity. The donor companionwill then, over time, evolve into a WD. This scenario

will inevitably producea population of high velocity WDs. While this scenariomight

soundlike a rarit y, Hansen(2003)suggeststhat the local density could be ashigh as

2 � 10� 4 pc� 3. Thus, we would expect to �nd only one within 10 pc. As predicted,
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the tangential velocities for all but one2 of the 10 pc WD sample(column 9 of Table

2.1) are lessthan 100km s� 1. WD 1334+039,with a tangential velocity of 151.5km

s� 1, might very well represent an exampleof the donor remnant scenario. To date,

no mention is made in the published literature of this possibility. Nonetheless,we

can reasonablyconcludethat the donor remnant scenariocannot explain the proper

motion distribution of the 10 pc WD samplebecausethe majorit y of the sampledoes

not have velocities that are high enough.

There seems,asyet, to be no solid explanation for the fact that all but oneof the

known WDs within 10 pc have rather large proper motions other than the obvious

{ the sample is incomplete and is biased against slower proper motions. We will

return to this discussionin x 2.3 and evaluate whether the evidencesupports the

hypothesisthat all WDs within 10 pc areknown. First, we will examineanother type

of distribution for the 10 pc WD samplein hopes of unraveling this mystery { the

sky distribution.

2.1.2 Sky Distribution

With the knowledgethat many di�eren t typesof stars of di�eren t masses,ages,and

chemical compositions becomeWDs, we would expect to �nd WDs homogeneously

within the Galactic disk at least on 10 pc or 25 pc scales.We can assume,at least

2A revisedparallax for WD 2251� 070,discussedin x 8.3, re�nes the tangential velocity to a value
of 105.6km s� 1.
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Figure. 2.2: Sky distribution plot for the 10 pc WD sample(18 systemsrepresented
by stars). The �lled arrows represent the proper motion vectors for each WD. The
overplotted light curves are Galactic coordinate gridlines in increments of 10� with
the north and south Galactic poleslabeledas \NGP" and \SGP", respectively. The
heavy curve is the Galactic planewith the Galactic center and the Galactic anticenter
labeled as \GC" and \GA C", respectively. The encircleddot is the direction of the
apex of solar motion and the encircledcrossis the direction of the antapex of solar
motion.

as a �rst guess,that a volume limited WD sample (providing it is a large enough

sample)should be evenly distributed acrossthe sky. It can easilybe arguedthat the

10 pc WD sample(18 objects) is not nearly large enoughto expect a homogeneous

distribution. What is interesting,nonetheless,is the actual distribution of this sample

(plotted in Figure 2.2).



27

On this plot, the 18 WDs are labeled with �lled stars. Attached to each star

is a �lled arrow that represents the proper motion vector of each WD. The light

curves represent Galactic coordinate gridlines incremented by 10� , with the north

and south Galactic poles labeled as \NGP" and \SGP", respectively. The Galactic

planeis represented with a heavy curveand the Galactic center aswell asthe Galactic

anticenter are labeled \GC" and \GA C", respectively. The encircleddot and cross

represent the direction of the apex and antapex of solar motion, respectively, as

de�ned by Mihalas & Binney (1981). In general, we expect to �nd relatively few

high proper motion objects in the directions of the apex and antapex of solar motion

becauseany object rotating in the Galactic disk with the Sun will have little or no

tangential motion (just as it is hard to estimate the speed of an oncoming vehicle

when you are in the middle of the road, while it is easierand safer to estimate the

speedwhen standing o� to the side of the road and watch the vehicle go by). One

exception would be if a star was not rotating with the Galactic disk but rather is

passingthrough the disk much like a halo object would. Yet, whenwe look at Figure

2.2, we seethe majorit y of 10 pc WD systemsclusteredrather closeto the antapex

of solar motion (encircled cross). Interestingly enough, the majorit y of these have

proper motion vectors pointing south and four have position angleswithin � 10� of

oneanother and of these,three have proper motions within 0.300yr � 1 of oneanother

(seeTable 2.1). One possibleexplanation is that these are members of a moving

group although further analysisis necessaryto make a reliable assertionto this e�ect.
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Given that all but one of thesesystemshas a proper motion greater than 1.000yr � 1,

we might assumethat these WDs are not rotating in the disk. Thus, they likely

belongto another Galactic population such asthe halo or the thick disk. We can rule

out the notion that any of theseare halo objects simply becausethey are too young,

including their main-sequencelifetimes, which are estimated from the massesof the

WDs and subsequent inferencesabout the massesof the progenitors. Perhapsa few

may belongto the thick disk but many are still too young for even that population.

Another interesting\curiosit y" is the number of 10pc WD systemsin the northern

hemispherevs. the southern hemisphere.Historically, the northern hemispherehas

beenbetter sampledbecausedeepall sky surveysbeganearlier. Only within the past

several decadeshas the southern hemispherebeen similarly observed. However, if

we were to draw a line at Declination = 0� in Figure 2.2 and count the number of

systemsabove and below it, we would �nd that 12 of 18 systems(two-thirds) lie in

the southern hemisphere{ in complete contrast to expectations { and only two lie

north of declination = +10 � !

Given the evidencepresented here, we could arrive at one of two conclusions,

(1) that the 10 pc WD sampleis completeand thesecuriosities are not statistically

signi�cant becauseof the samplesizeor, (2) that the 10 pc WD sampleis incomplete

with a signi�cant bias against lower proper motions. I, for one, am in favor of the

secondoption and hope to �ll in someof the potentially missingWDs.
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2.2 WDs within 25 pc (the NStars Horizon)

The advantageof extendingthe sampleout to 25pc is that we begin to reach a statis-

tically signi�cant sample. In total, there are109WD systemsthat have trigonometric

parallaxesplacing them within 25 pc. By evaluating this samplein a similar manner

as that of the 10 pc sample, we will seethat at least a few WDs are still missing

within 25 pc.

2.2.1 Prop er Motion Distribution

To avoid a lengthy table of astrometric data for the 109WD systemswithin 25 pc in

this section,I have included a table of relevant data for this samplein AppendicesA

and B. Rather than comparing this WD sampleto the sampleof red dwarfs within

25 pc, which number in the thousands, I have comparedthem to the sampleof A

and F main-sequencestars within 25 pc. This samplewas compiled by sifting the

Hipparcos catalog for objects within 25 pc that have M V between 0.6 (A0 = 0.6,

Binney & Merri�eld 1998)and 4.3 (G0 = 4.4, Binney & Merri�eld 1998). A further

constraint, a color boundary, was addedto remove any evolved stars (at least highly

evolved stars). If the star's (B � V) was lessthan the value de�ned by the line

(B � V) =
MV + 0:02

6:2
; (2.1)
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Figure. 2.3: H-R Diagram for Hipparcos stars within 25 pc. The A and F main-
sequencestars selectedby color are inclosedin the shadedparallelogramde�ned by
limits discussedin the text.

then it was included in the sample. In total, 138A and F stars make up this sample

and are inclosedin the shadedregion of Figure 2.3. We can be highly con�dent that

the A and F stars represent a completesample(except for any that wereremoved be-

causeof bad color or no color information) becausethe Hipparcoscatalogis complete

to a V of 7.3. At this magnitude, even a late F star (M V = 4.3) would be detected

out to � 40 pc. The main-sequencesamplewas selectedfor comparisonbecauseit is

thesestellar typesthat werethe progenitorsof most of the WDs in the 25 pc sample.

A comparisonmight hint at the incompletenessof the WD sampleand may shedlight

on what e�ect stellar evolution hason the kinematics of an object.
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Figure. 2.4: Histogram plot of the proper motion distributions for the 25 pc WDs
(blue) and the 25 pc A and F main-sequencestars (green). The bin height of WD
systemsat lower proper motion bins is indicated by a solid line through the taller bin
height of the main-sequencesystems.Proper motions are binned by 0.2500.

We seefrom Figure 2.4 that the proper motions of the two samplesare not con-

sistent. The main-sequencesampleis skewed to lower proper motions. The dearth

of WDs at lower proper motions relative to the main-sequencesamplemight indicate

that the WD sampleis incomplete in this proper motion regime. What is clear from

Figure 2.4, with the con�dence we have in the completenessof the main-sequence

sample,is that thesetwo samplesare fundamentally di�eren t in terms of proper mo-

tion. We can be reasonablycon�dent that the number of WD systemsmoving faster
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than 1.000yr � 1 is complete(except for perhapsa few very cool and faint WDs). Thus,

the discrepancyat larger proper motions is likely a real e�ect. A number of scenarios

might provide an explanation. The most likely are (1) age e�ects mentioned in x

2.1.1, (2) population membership (i.e., thin disk vs. thick disk) and, (3) a velocity

kick during the later stagesof evolution.

The above comparisonmay indicate that we should expect WDs to have larger

proper motions than their main-sequenceprogenitors. In light of this, it may be no

surprisethat the 10pc WD sampleanalyzedin x 2.1 is heavily skewedto largerproper

motions. After a brief assessment of the sky distribution for the 25 pc WD sample,

we'll compile all the analysesto determine if we are missingnearby WDs.

2.2.2 Sky Distribution

Not so surprising becauseof the greater numbers, the 25 pc WD sampleis far more

homogeneouslydistributed acrossthe sky than the 10 pc WD sampleas shown in

Figure 2.5. Again, proper motion vectorsare represented by arrows. Perhapsworthy

of note, most of the highest proper motion WDs (longest arrows) are found in the

half of the sky betweenright ascensions0 hours and 12 hours. When we divide up

the sky by equalareabins, we seesubtle inhomogeneitiesin the number densities.

As is evident in Table2.2, there appearsto bea paucity of systemsin the southern

hemispherebut particularly in the quarter of sky below declination = � 30� (where

telescopesin the United Statescannot reach). As mentioned previously, the sampling
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Figure. 2.5: Sky distribution plot for the 25 pc WD sample(109 systemsrepresented
by �lled stars). The �lled arrows represent the proper motion vectors for each WD.
The overplotted light curvesareGalactic coordinategridlinesin increments of 10� with
the north and south Galactic poleslabeled as \NGP" and \SGP" respectively. The
heavy curve is the Galactic planewith the Galactic center and the Galactic anticenter
labeled as \GC" and \GA C", respectively. The encircleddot is the direction of the
apex of solar motion and the encircledcrossis the direction of the antapex of solar
motion.

Table. 2.2: 25 pc WD Sky Distribution

Declination # of
Range Systems

+90 to +30.......... 32
+30 to +00.......... 37
� 00 to � 30.......... 25
� 30 to � 90.......... 15
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of the two hemispheresis not equal. It seemswe now have a good indication that

there are nearby WDs that we do not yet know about. The next aim is to quantify

how many systemsare missing.

2.3 Missing WDs

Thus far, the analysesaimed at identifying incompletenessin the WD sample are

rather ambiguous. It seemsthe nearby WD samplehas larger proper motions than

both a young A and F dwarf sampleand an older M dwarf sample (for the 10 pc

sample). This e�ect may be a natural consequenceof stellar evolution or it may

be a selectione�ect that is biasedagainst slower proper motion. As an independent

approach, we will evaluate incompletenessby setting a distancelimit within which we

believe the sampleis completeand then extrapolate to a further distanceassuminga

constant density.

If we make two assumptions,(1) that all WDs out to 10 pc are known and (2)

that the WD local density is constant out to 25 pc, we can estimate the number of

missingWDs out to 25pc. Wehavealreadyassessedthat the �rst assumptionmay be

problematic. The secondassumptionis likely valid becausewe are concernedwith a

rather small volumecomparedto the � 300pc scaleheight derived for main-sequence

objects with M V � 3 within 1 kpc of the Galactic disk (Gilmore & Reid 1983). The

equation for density as a function of height above/below the disk is:
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D(z) = D(0)e�j zj=� ; (2.2)

whereD(0) is the density in the plane,and � is the scaleheight (300pc in this case).

If we set D(0) = 1, we can evaluate the percentage of the decline in density as we

climb out of the plane to z = 50 pc. In doing so, we �nd that at 50 pc, the density

will be � 79%that of the density at the plane (assumingthe Sun is at a z of 20 pc).

In addition, WDs as a population tend to be older than many main-sequencestars

and certainly make up a portion of the thick disk, which has a larger scaleheight

(� 1350 pc, Gilmore & Reid 1983). We can reasonablyassumethat the WD scale

height is larger than the 300 pc assumedfor this calculation, so that the � 79% is a

lower limit. Thus, we expect there to be no signi�cant density gradient over the 50

pc diameter \bubble" we are evaluating.

Figure 2.6 shows that if thesetwo assumptionshold true, we are missing64%of

the WDs that are between10 pc and 25 pc. Also indicated is the tick mark at 13

pc, the distanceassumedto be completeby Holberg et al. (2002). What is evident

from this analysis is that the 13 pc WD sampleis not likely completeand that the

number of WDs out to 10 pc follows the constant density curve rather well, hinting

that perhapsthis sampleis complete. If it is not complete, the number missingout

to 25 pc increases(i.e., the constant density curve climbs vertically) such that the

percentage missingof 64%is only a lower limit.
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Figure. 2.6: A plot of the number of missing WDs assumingthat all WDs out to
10 pc are known and that the local WD density is constant out to 25 pc. The
red curve is the constant density curve and the blue �lled circles are the WDs with
trigonometric parallaxeswithin 25 pc. There is a tick mark at 10 pc noting the limit
of completenessassumed. There is another tick mark at 13 pc noting the limit of
completenessassumedby other authors (e.g. Holberg et al. 2002).
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Someof thesemissingWDs are not actually missing; they are known but do not

yet have trigonometric parallax determinations. Parallaxesare required for inclusion

in the samplebecausewe see,all too often, distance estimatesthat are erroneous.

Many authors include WDs with estimateddistancesweighted equally with distances

determined via trigonometric parallax. This is, in fact, the reasonHolberg et al.

(2002) believe the nearby WD population to be complete to 13 pc. The main con-

taminant that leads to erroneousdistance estimatesis unresolved multiplicit y. If a

WD is presumedto be nearby but is actually an unresolved pair of equalmagnitude

WDs, the distance will be underestimatedby � 40%. Another contaminant is mis-

classi�cation. Cool WDs show little or no absorption lines and if a noisy spectrum is

obtainedand no prominent linesareseen,the object is classi�ed asa WD (becauseno

other astronomicalobject that we know of hasa featurelessspectrum). Often times,

with a higher signal to noise(S/N) spectrum, theseobjects are reclassi�ed as more

luminousand distant subdwarfs with a few narrow absorption lines that blendedwith

the noisein the poorer spectrum. Even if all the known WDs presumedto be within

25 pc are actually that near, we are still missing � 53% using the constant density

analysis. While I have targeted the known WDs estimated to be within 25 pc for

trigonometric parallax determinations, I also wanted to seekout and identify new

WDs that could be nearby (especially within 10 pc).
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Chapter 3

How do We Detect WDs?

For the past several decadesthat WDs have been hunted, there have been three

primary approaches that led to successfulWD detections. Here I discusseach, and

provide exampleapplications.

3.1 Color Selection

By taking imagesof the sky through di�eren t �lters, we can determine the approxi-

mate colorsof objects. If we know what color a speci�c type of object should be, we

cansingleout objectsof that color for follow-up spectroscopy. For instance,mostWDs

are relatively hot and will appear blue. In practice, there is usually considerablecon-

tamination from other typesof objects that have similar colorssuch asdistant A and

F dwarfs. One survey that employed this method found considerablecontamination,

mainly from distant hot sdO and sdB \subdwarfs". The Palomar-Green(PG) survey

usedtwo photographicplatesof di�eren t colorsto selectultraviolet excess(i.e., blue)

objects for a quarter of the entire sky (Green1976). Theseobjects werethen followed

up spectroscopicallyto discern their true identities. Of the 1715stellar-like objects

with ultraviolet excesses,the majorit y were hot sdO and sdB objects (53%), while

448wereWDs (26%) (Greenet al. 1986). The nature of the selectioncriteria implies

that theseWDs will be hot, thus luminous and distant (a hundred pc or more).
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More recently, this approach has beenusedby the SDSS,which usescolors from

�v e CCD photometric bands (Harris et al. 2003). Using combinations of colors, the

hot WDs (Te� � 20,000K) are fully distinguishedfrom QSOs. The only contaminant

is that of the hot subdwarfs, sdO and sdB, which have evolved past their planetary

nebulaphaseand areon their way to becomingWDs. At moderatetemperatures,Te�

� 7,000K to 12,000K, low-redshift QSOsand emissionline galaxiesbecomecontam-

inants. Below Te� � 7,000K, main-sequencestars becomedominant contaminants so

that follow-up spectroscopy for all candidatesis not feasible.Despite this, the SDSS

is responsiblefor doubling the number of known WDs in just a few years. The down-

side is that the survey is covering much of the samearea as that of the PG survey,

near the galactic cap, so that 75% of the sky remains neglected. Also, the coolest

(i.e., oldest) WDs are largely being missedbecauseof main-sequencecontamination.

It is thesecool WDs that have a greater probability of being nearby becausethey

are the least luminous and, given a magnitude limited survey, can only be detected

if they are relatively close.A di�eren t approach is necessaryto better target nearby

WDs.

3.2 Pro ximit y to Kno wn Nearb y Stars

A straightforward approach to �nding nearby WDs is to look in the vicinit y of nearby

main-sequencestars. We have already seenin Chapter 1 that the �rst three WDs

discovered are companionsto bright, nearby stars. A fortunate property of most
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of the nearby stars is that they exhibit signi�cant proper motion acrossthe sky.

If one comparesthe star �eld around a nearby star at two epochs separatedby at

least a few years, one would seethe position of the nearby star shift relative to

background stars. If this star had a widely separated(and bright enoughto appear

on the images)companion,it would exhibit the sameproper motion as the primary.

Gould & Chanam�e (2004) usedthis technique to evaluate stars that have measured

parallaxesvia the Hipparcos spaceastrometry mission(Perryman et al. 1997). They

found 424faint companionsthat exhibited the sameproper motions asthe primaries,

and of those 20 are WDs. All but one of theseWDs have parallaxeswithin 100 pc,

but only six are within 25 pc.

Another application of the sameapproach wasusedby Oppenheimeret al. (2001a),

in which they observed all the stars within 8 pc and north of declination = � 35� .

They usedthe newly designedadaptive optics coronagraph(AOC) �t to the 60 inch

telescope on Mt. Palomar. After imaging 107 systemsat two di�eren t epochs with

this instrument, they found seven new companions.Curiously enough,noneof these

new companionswere WDs. It seemsall four WD companionsto stars within 8 pc

were discoveredprior to 1930,the three mentioned previously (Sirius B, Procyon B,

40 Eridani B) and Stein 2051B discovered by Stein (1930). Even more interesting,

two of these(Sirius B and Procyon B) werediscoveredastrometrically, decadesbefore

they wereactually seen.



41

3.3 Prop er Motion Selection

The third approach is, by far and away, the most e�ectiv e method of identifying

nearby WDs. BecauseWDs are generallyblue and faint, they can easilybe confused

with main-sequencestars of similar temperatures that are much farther away. One

way to minimize this confusionis to selectobjects that have sizeableproper motions

(i.e., � > 0.200yr � 1). The assumptionhereis that if distant bluemain-sequenceobjects

have sizeableproper motions, their spacemotions would be large enoughthat they

would no longer be bound to the Galaxy and should have left long ago. Presumably,

if any remain today, these types of objects are rare and contribute negliglibly to

surveys. Thus, we concludethat detectedobjects must be much lessluminous, less

distant, WDs. Of course,a more quantitativ e approach is necessaryfor this method

to be useful.

Dating back to the early 20th century, beforeWDs were well understood, Ejnar

Hertzsprung (1922) useda method now known as reducedproper motion (RPM) to

separatedwarfs from giants. It basicallyservesto correlateproper motion with prox-

imit y. Though not entirely valid, it acts as a powerful diagnostic for assigningrough

luminosity classes.At the time, its applicability to WDs wasnot yet conceived. The

modern form of the equation is nearly identical to the absolutemagnitude equation

with � replacingdistance.
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H = m + 5 + 5log�; (3.1)

wherem is the apparent magnitude of the object and � is its proper motion in units

of arcsecyr � 1. This equation e�ectiv ely relates two observable quantities, apparent

magnitudeandproper motion, to a combination of two intrinsic properties,luminosity

(absolute magnitude) and tangential velocity. We know that transversevelocity is

related to distanceby

VT = 4:74�d (3.2)

d =
VT

4:74�
; (3.3)

whereVT is an object's transversevelocity in units of km sec� 1 and d is its distance

in pc. We can then incorporate this into the absolutemagnitude equation,

m = M + 5logd � 5; (3.4)

whereM is absolutemagnitude. Finally, we correlate RPM with tangential velocity

as follows,

H = M + 5logVT � 3:38: (3.5)
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As a result, the RPM diagram is also e�cien t at separating high velocity objects

such as halo/thic k disk subdwarfs. Note, the term \subdwarf" as usedhere is very

di�eren t than the hot sdO and sdB type subdwarfs mentioned in x 3.1 (seeJao et al.

2007,in preparation for a full discussion).Here,subdwarf refersto the old metal-poor

stars likely not formed in the thin disk (luminosity classVI).

The most comprehensive proper motion catalog ever compiled for the northern

hemispherewas done by L�epine & Shara (2005), called the LSPM-North catalog

(to be discussedfurther in x 4.3). In it are 61,977stars that have proper motions

greater than 0.1500yr � 1. Prior to this work, the proper motion catalog standard for

25 years was the NLTT Catalogue (discussedin x 4.1). Also included is the best

available magnitudeand color information for each star, primarily from photographic

plates. With thesetwo piecesof information, the authors createda RPM diagram,

shown in Figure 3.1. The WD region is clearly delineatedfrom the halo/thic k disk

subdwarf region. There is signi�cant contamination betweenthe halo subdwarfs and

the disk dwarfs. While no singleobject's luminosity classis con�rmed without follow-

up spectroscopy, it is clear that this approach provides a vetted sampleof promising

WD candidates.

In an e�ort to identify new nearby WDs in the southern hemisphere,I usedthe

RPM diagram as well. To date, no similar comprehensive proper motion catalog to

the LSPM-North catalog has beencompiled in the southern hemisphere.Therefore,

I will brie
y outline the various proper motion studies conducted in the south, as
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Figure. 3.1: Reducedproper motion diagram for the 61,977stars in the LSPM-North
catalog. Clearly delineatedare the WDs from the halo subdwarfs, which are much
lessdelineatedfrom the dwarfs. Reproducedfrom L�epine& Shara(2005).

well as give a detailed description of the proper motion survey we conducted,called

the SuperCOSMOS-RECONSproper motion survey. I will then discussmy WD

discoveriesfrom the RPM diagram oncethesesurveyshave beenaddressed.
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Chapter 4

Prop er Motion Surv eys

Stars have beenknown to exhibit proper motions for centuries. A small sampleof

stars have rather large proper motions. This quantit y for a given star is usually

the �rst measurement indicating that the star is nearby. This reasoningfollows the

analogyof a passengerriding in a car and looking out the window. The nearby light

postsalongthe road passvery quickly, while the distant mountains in the background

seemto move very slowly. Similarly, if a star hasa very largeproper motion, it seems

to speed by while the background stars stay put. The di�erence in the analogy is

that neither the light posts nor the mountains have any intrinsic motion; all of the

perceived motion is becauseof the moving car. In contrast, not only is the Sun (our

celestialcar) moving, but also every other star in the Galaxy. Thus, proper motion

is a convolution of our motion and the star's intrinsic motion, which is why proper

motion and distance are not perfectly correlated. Nonetheless,the compilations of

proper motions have proved vital for detecting nearby stars.

Proper motion objects are primarily discoveredby imaging the samepieceof sky

at least twice separatedby several years in time. This technique of imaging for the

sake of detecting proper motion stars �rst begannear the turn of the 20th century

(e.g., Kretz 1900). By blinking the two photographic plates, the high proper motion

(HPM) objects were easily noticed becausetheir positions change relative to the

background stars. Becausethe motion is relative to the background stars, it is known
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as relative proper motion. Another older technique usedto discover HPM objects is

with meridian circle observations (e.g. Tucker 1905). This technique usesa telescope

that only observes the meridian and measuresthe precisetime that a star crosses

the meridian. The changein this measurement over time for a given object re
ects

the star's proper motion. Becausethis measurement doesnot depend on background

stars, it is consideredan absolute measurement. The correction from relative to

absolute depends on the averageproper motion of the background stars and is on

order of a few milliarcseconds(mas).

4.1 The LHS and NL TT Surv eys

The �rst catalog of stars with proper motions greater than 0.500yr � 1 was compiled

by van Maanen(1915) and contained 533entries. Over time, measurement precision

improved and more objects were found. Arguably the most famous compilation of

starswith proper motions greater than 0.500yr � 1 wasthat of Luyten (1979a). Willem

Luyten was a prominent astronomerthroughout much of the 20th century, remem-

bered for coining the term \white dwarf" in 1922and the publication of his proper

motion catalogs in 1979. The Luyten Half-Second(LHS) cataloguecontains 3602

objects with proper motions greater than 0.500yr � 1 (Luyten 1979a).The majorit y of

the objects in this compilation werediscoveredvia the Palomar Survey and the Bruce

Proper Motion Survey. The Palomar Survey covereddeclinationsnorth of � 33� and

reached magnitude limits of mpg � 21.1 and mR � 19.4. The Bruce Survey covered
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the remainderof the southernhemispherebut only reached a magnitude limit of mpg

� 16.0.

As a continuation of this e�ort, Luyten compiled the New Luyten Two-Tenths

(NLTT) catalogue, which consistedof 58,845objects with proper motions greater

than 0.1800yr � 1 (Luyten 1979b). With a samplesize this large, it is informative to

plot the sky distribution of theseobjects to seeif there areany undersampledregions.

Figure. 4.1: Plot of the sky distribution of the 58,845objects in the NLTT catalogue.
The heavy line represents the Galactic plane. Coordinatesare epoch J2000.

As is evident in Figure 4.1, the southern hemisphereis grossly undersampled,

especially at declinations below � 33� . Also evident is the region � 10� above and
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below the Galactic plane, which is depletedof points. As Luyten pointed out, these

are \high density �elds in low galactic latitude which cannot now be handled". While

it will take a more careful analysisto deal with thesehigh density �elds, the region

south of declination = � 33� remaineda happy hunting ground for newproper motion

objects.

4.2 The Lowell Prop er Motion Surv ey

Lowell Observatory was founded in 1894 by Percival Lowell, who is widely known

as the proponent for intelligently designedcanalson Mars (i.e., martian man-made).

Lowell also calculated the position of the planet that causedNeptune's erroneous

orbital perturbation. This e�ort led to the serendipitousdiscovery of the now re-

categorizedplanet Pluto in 1930by Clyde Tombaugh. In order to be certain there

were no other distant planets brighter than the search limits, the survey continued

until 1945. At its termination, the survey covered the entire northern hemisphere

and one-quarter of the southern hemisphere. In 1955, Henry Giclas, a prominent

astronomerwho has spent his entire careerat Lowell Observatory, proposedto take

secondepoch imagesand comparethem to the \Pluto Search" data taken 25 years

earlier (Putnam 1994). The project was started in 1957 and continued for nearly

20 years. The result was a proper motion cataloguepublished in installments in the

Lowell Observatory Bulletins between1958and 1978. The northern survey contained

8,991objects fainter than 8th magnitude that had proper motions greater than 0.2600
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yr � 1 (Giclas et al. 1971). The southern survey contained 2,758objects with proper

motions greaterthan 0.2000yr � 1 (Giclas et al. 1978). The limiting magnitudefor both

surveysis mpg � 16.5.

Figure. 4.2: Plot of the sky distribution of the 11,749objects in the Lowell proper
motion catalog. The heavy line represents the Galactic plane. Coordinatesare epoch
J2000.

The sky distribution, shown in Figure 4.2, is fairly homogeneousin the northern

hemispherewith only a few patchesof the southernhemispheresurveyed. Note that

many of theseobjects wereincluded in Luyten's NLTT cataloguesothe two catalogs

do not necessarilycontain unique objects.
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4.3 The L�epine-Shara North Prop er Motion Surv ey

By far the most comprehensive proper motion survey in the northern hemisphere,the

L�epine-Sharaproper motion survey (LSPM), contains 61,977objects that haveproper

motions greater than 0.1500yr � 1 (L�epine & Shara 2005). The limiting magnitude is

V � 21 and the completenessis estimated to be better than 99% at high Galactic

latitudes (jbj > 15� ) and better than 90% at low Galactic latitudes (jbj � 15� ).

This catalog has now renderedthe LHS and NLTT cataloguesobsoletefor northern

hemisphereobjects. The technique usedin this survey is known as SUPERBLINK,

which is software that processesthe scansof the photographic plates so that both

epochs of the samepieceof sky overlay nearly perfectly. One is then subtracted from

the other so that any object that has moved will appear as a pair of objects. A

signi�cant bene�t of this software is that it is successfulat detecting HPM objects in

high density �elds. In fact, L�epineet al. (2002a,b,2003a,b,c,2004) found a total of

201 new objects with proper motions greater than the LHS limit of 0.500yr � 1 in the

northern hemisphere. Nearly all of thesenew detectionswere in the crowded �elds

near the Galactic plane.

The completenessof this catalogsuggeststhat the nonuniform distribution shown

in Figure 4.3 is perhapsreal. L�epinearguesthat proper motion selectedsamplesare

intrinsically nonuniform becauseproper motion surveys are more sensitive to thick

disk and halo objects at high Galactic latitudes due to asymmetricdrift. L�epineand
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Figure. 4.3: Plot of the sky distribution of the 61,977objects in the L�epine-Shara
North proper motion catalog. The heavy line represents the Galactic plane. Coordi-
natesare epoch J2000.

collaborators are nearingcompletionof a similar catalogfor the southernhemisphere

(L�epine,private communication) at the time of the writing of this thesis.

4.4 Southern Hemisphere Prop er Motion Surv eys

A quick glance at the sky coverageplots of the three previously discussedproper

motion surveys should lead the reader to the conclusion that the southern hemi-

sphereis severely undersampledfor proper motion objects. First epoch observations

began for both the northern and southern hemispheresat roughly the sametime;
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however, the southern hemisphereplates taken by the Bruce refracting telescope in

Peru had a much brighter limiting magnitude (mpg � 16). It was not until the mid-

1970sthat deepall southern sky observations began,using the European Southern

Observatory's (ESO) Schmidt telescope in Chile and the British-Australian Schmidt

telescope in Australia. These observations were completed in the early 1980sand

almost immediately, the secondepoch observations beganand continued until 2002.

As such, there have been several post-2000proper motion surveys in the southern

hemisphere,many of which focus on small patches rather than the entire southern

sky.

4.4.1 The Wroblewski-T orres-Costa Prop er Motion Surv ey

One of the �rst proper motion surveysthat focusedon the southernhemispherewas

the Wroblewski-Torres-Costa(WTC) survey (Wroblewski& Torres1989,1991,1994,

1996,1997;Wroblewski& Costa 1999,2001). This survey utilized plates taken using

the Maksutov Astrograph operatedby the University of Chile. First epoch plateswere

taken for 1645� � 5� �elds in 1969and 1970with a magnitude limit mpg � 20. These

�elds were selectedbecausethey have enoughgalaxiesto be usedas local reference

frames. Secondepoch observations with a similar limiting magnitude beganin 1985

in an e�ort to identify HPM objects (� > 0.1500yr � 1). In addition to recovering 1,262

objects from the NLTT catalogue,they discovered 2,495new HPM objects. These

new HPM objects are plotted in Figure 4.4a.
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Figure. 4.4: (a) Sky distribution for the 2,495new HPM objects discovered by the
Wroblewski-Torres-Costaproper motion survey. (b) Skydistribution for the 1,082new
and known objects detectedby the Calan-ESOproper motion survey (points) and for
the 227 new and known detectionsby Scholz and collaborators (open triangles). (c)
Sky distribution for the 11,289new and known objects in the Liverpool-Edinburgh
proper motion catalog. (d) Sky distribution of the 7,047 new and known objects
detected by the Southern Infrared proper motion survey. Heavy lines in each plot
represent the Galactic plane. All coordinatesare epoch J2000.

4.4.2 The Calan-ESO Prop er Motion Surv ey

This survey utilized the plates taken during the ESO survey conductedat La Silla

using the ESO Schmidt telescope. ESO areaswere chosenat random with the ex-

ception that all �elds avoid regionsnear the Galactic plane becauseof overcrowding,
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which resulted in the selectionof 17 total areas(three in Ruiz et al. 1993and 14 in

Ruiz et al. 2001). In addition, three more HPM objects (ER 2, ER 6, and ER 8)

were serendipitouslydiscovered while conducting a search for supernovae, although

oneobject (ER 6) is unrecoverablebecausecoordinatesare not given (Ruiz & Maza

1987). For the 1993and 2001publications respectively, the limiting magnitudesfor

the ESO mR platesare quoted as� 20.5and � 19.5,and the proper motion limits are

� > 0.1000yr � 1 and � > 0.2000yr � 1. A total of 1083objects were detected,of those,

883were not in the NLTT catalogue(although many had proper motions below the

NLTT cuto� of � � 0.1800yr � 1). Both new and known objects are plotted in Figure

4.4b (lessthe oneobject for which coordinateswereunavailable).

4.4.3 The Prop er Motion Surv ey of Scholz and Collab orators

Scholz and collaborators conducted a proper motion survey in the southern hemi-

spherein the region between 0h and 7h in right ascensionand � 63� and � 32� in

declination (Scholz et al. 2000). They utilized survey platestaken at the UK Schmidt

telescope that had been scannedusing the automatic plate measuring(APM) ma-

chine. In total, 40 �elds that cover 6� � 6� each wereselectedbasedon imagequality

and the epoch spreadbetween them. For each �eld, the B J plate (limiting magni-

tude of � 22.5)and the R59F plate (limiting magnitudeof � 21) weredigitally blinked

to detect HPM objects with proper motions between 0.3 and 1.000 yr � 1. In total,

204objects weredetectedand of those,101werenew detections. This collaboration
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continued the survey to other regionsof the southern sky (and with di�eren t proper

motion constraints) and publishedseveral papersaddressingthe most interesting ob-

jects rather than compiling a catalog. Three new HPM objects were discovered by

Lodieu et al. (2002),nine werediscoveredby Scholz et al. (2002a),two werediscovered

by Scholz et al. (2002b),oneeach wasdiscoveredby Hambaryan et al. (2004),Scholz

& Meusinger (2002), and Scholz et al. (2004b), and six were discovered by Scholz

et al. (2004a). The combined number of publisheddetectionsfrom this collaboration

is 227(plotted in Figure 4.4b), with 124of thesebeing new detections.

4.4.4 The Liv erp ool-Edin burgh High Prop er Motion Surv ey

The Liverpool-Edinburgh high proper motion survey (LEHPM) utilized the digitized

scansfrom the SuperCOSMOSSky Survey (SSS)to detect HPM objects (Pokorny

et al. 2004). The SSSis a databaseof plate scansfrom both the ESOand UK Schmidt

surveys in the R-band (RESO and R59F, respectively) as well as the UK Schmidt BJ

and I IVN that cover the entire southern hemisphere.In this survey, only the two R-

bandswere usedfor detectionsand they have similar limiting magnitudesof � 19.5.

This survey covers south of declination � 20� , including nearly 7000squaredegrees

around the south Galactic cap, avoiding the Galactic planeby 20� in either direction.

Fields near the MagellanicCloudsor for which the two R-band plateshad lessthan a

three yearspreadin epochswerediscarded.The �nal survey contained 11,289objects

with proper motions greater than 0.1800yr � 1. No cross-referencingwas done by the
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authors so it is unclear (without a monumental amount of e�ort) what percentage

of the objects are new detections. Nonetheless,the LEHPM survey was perhapsthe

most comprehensive survey in the southern hemisphereupon its publication. Figure

4.4c shows the sky distribution of the HPM detections.

4.4.5 The Southern Infrared Prop er Motion Surv ey

Another survey to utilize digitized scansfrom the SSS,the SouthernInfrared Proper

motion Survey (SIPS) targeted very red objects (Deaconet al. 2005a,hereafterSIPS

1; Deacon& Hambly 2007,hereafterSIPS 2). Becauseof overcrowding, this survey

avoids the Galactic plane by 15� in either direction. As an initial sift, the Two

Micron All Sky Survey (2MASS) databasewas used to identify all objects in the

search areawith infrared colorsindicative of mid-M to late-T type dwarfs (seeFigure

1 of Deaconet al. 2005a)that werebrighter than J = 16. The remaining candidates

were then comparedto the SSSI IVN plate for counterparts. Any counterpart that

did not display at least the minimum proper motion cuto� (0.400yr � 1 in SIPS 1 and

0.100yr � 1 in SIPS2) wasdiscarded.The remaining detectionswerechecked by eye to

ensurethere wereno spuriousdetections. The resulting e�ort from SIPS 1 produced

143objects, of which 68 werenew detections,with proper motions greater than 0.500

yr � 1. From SIPS 2, a total of 6,904objects weredetected,of which 5,5831 werenew

detections. Both new and known detectionsare plotted in Figure 4.4d.

1A concurrent proper motion survey by Finch et al. (2007), discussedin Section 5.5, detected
many overlapping objects and it is unclear which publication will appear �rst (i.e., who will be the
original discoverer).
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It is clear that at least most of the southernhemisphereis becomingbetter sam-

pled, though not nearly aswell asthe northern hemispherevia L�epine& Shara(2005).

Many of the southern surveysare patchy, evaluating small regionsfor which enough

data wereavailable. This fact prompted us to team up with Nigel Hambly, the cura-

tor of the SSSat the University of Edinburgh Royal Observatory, to conduct an all

southernsky sift for HPM objects { the topic of the next chapter.
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Chapter 5

The SuperCOSMOS-RECONS Prop er Motion Surv ey

The deepall southernsky survey conductedusing the UK Schmidt telescope located

at Siding Springs Observatory in Australia ended in 2002, after nearly 30 years of

data acquisition. With the entire southern sky covered in each of three wavebands

(BJ , R59F, and I IVN ), there existedthe possibility of combining all of the data to ob-

tain multi-epoch information. First, it wasnecessaryto scanthe plates and generate

digitized images. This was done at the University of Edinburgh Royal Observatory

using the SuperCOSMOSmachine. This fast, high-precisionplate scanninginstru-

ment produced scanswith 0.6700pixels. For comparison,the Digitized Sky Survey

(DSS) scans,usedfor the monumental proper motion e�ort of L�epine& Shara(2005)

in the northern hemisphere,had 1.600pixels and 1.000pixels for epochs one and two,

respectively. Two additional surveys were also scannedusing the SuperCOSMOS

machine, the ESO R band and the �rst Palomar Observatory Sky Survey (POSS-I)

E band (equivalent to R). The �v e surveys which make up the digitized SSSare

listed in Table 5.1.

Table. 5.1: SSSPlate Information
Filter Time Span Decl. Range Mag. Limit � � a

BJ . . . . . . . . . . . . . . . 1974- 1994 � 90� � � � 0� B � 23 3950- 5400�A
R59F . . . . . . . . . . . . . 1984- 2001 � 90� � � � 0� R � 22 5900- 6900�A
I IVN . . . . . . . . . . . . . 1978- 2002 � 90� � � � 0� I � 19 7150- 9000�A
RESO . . . . . . . . . . . . 1978- 1990 � 90� � � � � 20� R � 22 6300- 6900�A
EPOSS� I . . . . . . . . . 1949- 1958 � 18� � � � 0� R � 20 6200- 6700�A

a Filter wavelength coveragereproduced from Morgan (1995).
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Onecan imaginethat the scanningprocessalonefor this amount of data is a long

term project. Once all the data are digitized, rigorous calibration proceduresmust

be applied to the data so that this inhomogeneousdataset can be combined into one

homogeneouscatalog. Calibrations, both astrometric and photometric, were carried

out and presented by Hambly et al. (2001a,b,c)and the accuraciesthey derived are

shown in Table 5.2.

Table. 5.2: Global Properties of the SSSCatalog Data

Astrometric properties: Absolute Units
accuracy

� , � (BJ < 19) . . . . . . . . . . . . . . . . . 0.1 arcsec
� , � (faint images). . . . . . . . . . . . . . 0.3 arcsec
� �;� (R < 17) . . . . . . . . . . . . . . . . . . 10.0 mas yr � 1

� �;� (faint images). . . . . . . . . . . . . . 50.0 mas yr � 1

zeropoint error � �;� (R < 17). . . < 10.0 mas yr � 1

zeropoint error � �;� (R > 17). . . � 1.0 mas yr � 1

Photometric properties: Accuracy Units
absolute relative

� B ;R ;I (< 19, 18, 17) . . . . . . . . . . . 0.3 0.05 mag
� B ;R ;I (faint images). . . . . . . . . . . . 0.3 0.3 mag
� (B � R ) (BJ < 17) . . . . . . . . . . . . . . 0.07 0.07 mag
� (B � R ) (faint images). . . . . . . . . . . 0.16 0.16 mag

Image detection/ external external
completeness completeness reliabilit y

BJ < 19.5. . . . . . . . . . . . . . . . . . . . . . � 100% � 100%
BJ � 21, R � 19 . . . . . . . . . . . . . . . � 75% � 90%

Note .|T able reproducedfrom Table4 of Hambly et al. (2001c).

What is important to note is that while plate magnitudesare inherently unreli-

able becauseof the non-linearity of photographic emulsions, the color information is

signi�cantly more accurate in the SSScatalog. In particular, moderately bright ob-

jects (i.e., BJ < 17) have colorsaccurateto better than 0.1 mag (except perhapsfor
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the brightest objects that are completely saturated on the plate). Also, the proper

motions (� in Table 5.2) for the moderately bright objects are determined to � 10

mas yr � 1 and are de�ned by the extragalactic referenceframe. Once each epoch's

plate is mapped to a common coordinate system, the mean stellar displacement is

zero (becausestars dominate the number density in each image) but the galaxies

are non-zero. The zeropoint error in proper motion (see\Astrometric properties"

in Table 5.2) is the global o�set that sets the mean galactic displacement to zero.

With the wealth of good quality data for the undersampledsouthernhemisphere,we

embarked on our own proper motion survey known as the SuperCOSMOS-RECONS

(SCR) proper motion survey.

The SCR survey was published in four works. Hambly et al. (2004) outline the

search method and present the �v e systemswith � � 1.000yr � 1 south of � = � 47� .

Henry et al. (2004) present four additional systemsthat contain stars of spectral

typesM6.0 V or later. The completesampleof new discoverieswaspublishedin two

installments { betweendeclinations � 90� and � 47� (Subasavageet al. 2005a),and

betweendeclinations� 47� and 0� (Subasavageet al. 2005b). Finder charts are given

in Appendix E for all of the new systemsreported here,as well as for the seven new

wide companions.
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5.1 Search Metho dology

In an e�ort to �nd new HPM objects, primarily to identify new nearby stars, we

employed constraints to our sift of the SSSdatabase.We wanted to target relatively

bright objects that are more likely to be nearby. Also, as noted in Table 5.2, proper

motions are better determinedfor objects brighter than R59F = 17.0sowe choseour

faint limit to be R59F = 16.5. In addition, we targeted objects with 10.000yr � 1 �

� � 0.400yr � 1. The fast limit was determined basedon the highest proper motion

star known, Barnard's Star with � = 10.36900yr � 1. The slow limit was determined

so that we would be consistent with the LHS survey of objects with � � 0.500yr � 1

(Luyten 1979a) for comparisonpurposes. Our extensionof the cuto� to � � 0.400

yr � 1 in this survey is to ensurethat no known LHS stars were misseddue to proper

motion measurement errors for objects very near the 0.500yr � 1 limit.

Software, developed and run by Nigel Hambly, trawled the SSSdatabasewith

theseconstraints in place. Four photographic plate sets(B J , R59F, RESO, and I IVN )

are positionally error mapped to a common coordinate system using the Evans &

Irwin (1995) error mapping algorithm. The software then pairs all imagesthat ap-

pear on all four plates and excludesthose that did not move at least the amount

corresponding to our slow proper motion limit. Any remaining unpairings or incon-

sistenciesare then processedindividually, searching all possiblecombinations out to

a radius de�ned by the fast proper motion limit. For example,the position of an un-
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paired object is comparedto positions of other unpaired objects out to the distance

corresponding to a � = 10.000yr � 1 and over 360� . Thus, it is possiblefor a single

unpairing to have multiple hits that may not correspond to proper motion. This

\brute force" method will undoubtedly producemany spuriousdetections,especially

at larger proper motions becausethe area searched increasesas the squareof the

radius, but we wanted to maximize completenesswithin our parameterspace.

Spurious detections are usually the result of plate defects. Scratches and dust

specks are the most likely culprits although the halos that surround bright stars on

the platesare alsocommoncontaminants, especially becausethe radius changesfrom

one plate to the next (depending on color). Blending of an object on one plate but

not all plates alsoproducedspuriousdetections. It is possiblefor objects of extreme

colors (i.e., very red) to be detected and associated with a moving object when in

fact the object wasnot detectedon a plate (i.e., the BJ plate for red objects) because

of its color. This particular scenariowasnegligible for this phaseof the survey given

the relatively bright magnitude limit constraint (i.e., the object would needto have a

BJ � R59F > 6.5 to not be detectedon the BJ plate with a magnitude limit of � 23).

Another rare sourceof contamination occurred when there was actually a common

proper motion pair at a relatively closeseparation. This would producefour unpaired

objects, all within the radius de�ned by the fast proper motion limit, in the initial

trawl. Two pairings would be of the sameobject with a true proper motion and two

pairings would associate the �rst epoch of one object with the secondepoch of the
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other object. While this is perhapsnot a true contaminant becausethere areactually

proper motion objects involved, the detectionsby the software had to be labeled as

spuriousfor two of the pairings.

Needlessto say, removing spurious detectionsand ensuring only real detections

remainedwas a daunting task. Visual inspection is time consumingand not feasible

for a largenumber of detections. Instead, the available information wasexaminedus-

ing various \acceptabilit y constraints". The software output contains the positions,

proper motions, and plate magnitudes of the detections. Additionally , it contains

several parameterspertaining to the detection. For instance, there is an ellipticit y

associated with each image detected on each plate as well as a goodness-of-�t pa-

rameter associated with the �t of the proper motion using all available plates. Our

testbed region was the sky betweendeclinations � 90� and � 80� (a relatively small

pieceof sky including 1.5%of the southernsky). This sift produced99 detectionsso

a visual inspection of each one was performed. By evaluating the real and spurious

detectionsin this sample,we were able to employ additional constraints for the rest

of the southern sky that eliminate many of the spuriousdetectionsbeforethe visual

inspection was performed. First, the plate magnitudeswere checked for consistency

between the two R plates (R59F and RESO) and that the colors matched those of a

real object, i.e., BJ � R59F and BJ � I IVN are both positive or negative. There exists

a small possibility that a magnitude is corrupt becausethe object was blendedwith

a backgroud sourceduring that epoch of observation. Thus, it is possible(albeit un-
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likely) for a real HPM object to fail the two color checks. To eliminate the rejection of

real objectsbecauseof this e�ect, if a detectionfailed the color checks, the ellipticities

of the detection were checked. If two or more ellipticities for a given detection were

larger than 0.2, the object was labeled as spuriouswithout a visual inspection. An

automatic sift of the visually inspected99 detectionsfound betweendeclinations-90�

and 0� demonstratedthat no real objects were rejected in this sample.

For detectionsnot initially labeledasspurious,the coordinateswerecross-checked

with the NLTT Catalogue, the SIMBAD database,and recent HPM publications

(i.e., the southern hemispheresurveys discussedin Section 4.4). If the coordinates

agreedto within a few arcminutes and the magnitudesand proper motions werecon-

sistent, the detectionwasconsideredpreviouslyknown. In a fewcases,the coordinates

and proper motions agreedwell but the magnitudesdid not. Theseobjects were re-

vealedto be newwide commonproper motion companionsto previouslyknown HPM

stars. Detectionsnot listed in previousproper motion surveyswere
agged for visual

inspection as potentially new HPM objects.

In total, 5303detectionswere found having 10.000yr � 1 > � � 0.400yr � 1 brighter

than R59F = 16.5betweendeclinations-90� and 0� . This survey includes46%of the

entire sky and 92%of the southernsky. Figure 5.1 is a map of the 894plate �elds in

the southernsky. Of those,71 �elds have not beensearchedbecauseof crowding near

the Galactic planeand MagellanicCloudsor becauseof a limited spreadin epochs for

available plates. The hit rate for real HPM objects decreaseswith increasingproper
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motion, becausereliable sourceassociation betweendi�eren t epochs is more di�cult

for fast-moving sources.For objects with 10.000yr � 1 > � � 1.000yr � 1, only 10% are

to be real, whereas87%of objects detectedwith 1.000yr � 1 > � � 0.400yr � 1 are real.

The �nal count of real, distinct, new systemswith 10.000yr � 1 > � � 0.400yr � 1

and brighter than R59F = 16.5is 299. In addition, seven new commonproper motion

companionsto previously known HPM stars have beendiscovered but not included

in the count of new systemsbecauseat least one member of the systemwas known.

Of the 299newsystems,148have � � 0.500yr � 1 that are additions to the classicLHS

sample. These constitute an 8% increasein the sampleof all stellar systemswith

� � 0.500yr � 1 in the southern sky. Table 5.3 lists all of the new systemsand new

companionsto known systems.The Table is divided into two proper motion bins, �

� 0.500yr � 1 (for comparisonwith the LHS sample),and 0.500yr � 1 > � � 0.400yr � 1.

Coordinates, proper motions, and plate magnitudes have been extracted from

the SSS.Coordinates are for epoch and equinox J2000. Errors in the coordinates

are typically � 0.300and internal errors in the proper motions are given in column 5.

Internal errors in the position anglesare usually � 0.1� . As an external check, we

comparedthe SCR proper motions and position anglesof LHS recoveries with the

valuesin the original LHS Catalog. Figure 5.2shows this comparison.In general,the

two astrometric surveysagreequite well. The two extremediscrepancies,LHS 2627

andLHS 5208,occur in the position angleplot on the right. In both cases,the position
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Figure. 5.2: Comparisonof LHS astrometry with newdata from the SCRsearch. The
solid line represents the equalvalue line in each plot. The two extremeoutliers in the
position angleplot are discussedin the text.

anglesderived by Bakoset al. (2002)are in agreement with the SCR determinations.

Thus, the LHS Catalogue determinations are likely in error. Omitting these two

erroneousvalues,the averagedi�erence in proper motionsandposition anglesbetween

the LHS catalog and the SCR survey is 0.02200yr � 1 and 2.0� , respectively.

Photometric magnitudes are given for three sets of plates: B J , R59F, and I IVN

(columns 7, 8, and 9, respectively). The RESO magnitude is not listed becauseit

was not used in the analyses;R59F is more consistently determined over the entire

southern sky. Magnitude errors are � 0.3 mag or better for m > 15 and actually

get larger at brighter magnitudesdue to systematicerrors (Hambly et al. 2001c). A

few plate magnitude valuesare missing becauseof blending problemsthat preclude

accuratemagnitude determinations.
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Infrared photometry has been used to extend the color baseline,which allows

more accuratephotometric distanceestimatesfor red dwarfs and permits a reliable

separationof the white and red dwarfs. The infrared JH K S photometry (columns

10, 11, and 12, respectively) hasbeenextracted from 2MASS via Aladin. Each SCR

object hasbeenidenti�ed by eye to ensurethat no extracted magnitudesare in error.

In nearly every case,the errorsaresmallerthan 0.03mag. Exceptionsinclude objects

with J > 15, H > 14.5,and K S > 14, for which the errors are 0.05mag or greater.

In two cases,SCR 1246� 1236and SCR 2012� 5956,the error is null for K S, and the

valueis thereforeunreliable. Distanceestimatesdeterminedempirically and discussed

in x 5.3.1are given in column 14.

5.2 Comparison to Previous Prop er Motion Surv eys

A primary goal of the SCR e�ort is to further completethe LHS Cataloguefor stars

with � � 0.500yr � 1. There are 1462LHS stars in the LHS Cataloguebrighter than

photographic R magnitude (Rpg) of 16.5 in the southern sky. Of the 1152 known

LHS stars in the southern sky with 10.0 < Rpg � 16.5, we recover 1032(90%). We

recover only 234of 310(75%) LHS stars brighter than R = 10.0,becausethe search

is lesssensitive to bright objects that are saturated in the photographic emulsions.

This recovery rate is somewhatlesssuccessfulfor stars moving faster than 1.000yr � 1

(199 of 251,79%) than for stars with 1.000yr � 1 > � � 0.500yr � 1 (1067of 1211,88%).

This e�ect is likely tied to the lower recovery rate for bright objects becausemany of

the fastestmoversare very nearby and very bright (e.g., Sirius, Procyon).
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Table. 5.4: Prop er Motion Surveys and Number of New LHS Ob jects Discovered

Survey � � 1.000 yr � 1 � = 0.500� 1.000 yr � 1 Total # of Publications Refs.

LHS . . . . . . . . . . . . . . . . . . . . 528 3074 3602 1 1
LSPM-North . . . . . . . . . . . . 20 181 201 6 2
SCR . . . . . . . . . . . . . . . . . . . . 9 141 150 4 3,4,5
SIPS . . . . . . . . . . . . . . . . . . . . 9 59 68 1 6
WTC . . . . . . . . . . . . . . . . . . . 2 46 48 7 7,8
Scholz & collaborators . . 8 30 38 8 9,10,11,12
Calan-ESO . . . . . . . . . . . . . 3 17 20 3 13,14
LEHPM . . . . . . . . . . . . . . . . unknown unknown unknown 2 15

References .|(1) Luyten 1979a; (2) L�epine et al. 2002a,b, 2003a,b,c, 2004; (3) Hambly et al. 2004; (4) Henry
et al. 2004; (5) Subasavage et al. 2005a,b; (6) Deacon et al. 2005a; (7) Wroblewski & Torres 1989, 1991, 1994,
1996, 1997; (8) Wroblewski & Costa 1999, 2001; (9) Scholz et al. 2000, 2002a,b, 2004a,b; (10) Scholz & Meusinger
2002; (11) Lodieu et al. 2002; (12) Hambaryan et al. 2004; (13) Ruiz & Maza 1987; (14) Ruiz et al. 1993, 2001;
(15) Pokorny et al. 2003, 2004

These�gures only give upper limits to the completenessof the SCR survey. By

the very existenceof successfulproper motion surveysafter the LHS e�ort (seeTable

5.4), it is clear that the LHS Catalogue is also incomplete. While the SCR survey

employed minimal machine selectedsifts in favor of the human sift to ensurethe

best possiblecompleteness,the survey is not as complete as we hoped. Blending

of objects in crowded �elds is the most likely causefor incompletenesswithin our

parameterspace.Nonetheless,although we avoid the Galactic plane and Magellanic

Clouds, the SCR survey has the most uniform sky coveragefor southernhemisphere

searchesand is consequently the most productive survey at �nding new LHS objects

in the southernhemisphere.

To combat the blending problem, a more sophisticated technique, such as SU-

PERBLINK, is necessary(seedescriptionof SUPERBLINK in L�epine& Shara2005).

There are undoubtedly objects remaining to be discoveredalong the crowded Galac-

tic plane in the southern sky. L�epine and collaborators are currently scouring the

southern hemispherein an identical fashion as their northern hemispheree�ort. In
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fact, L�epine (2005) presents the results of their search from the southern celestial

cap northward to declination = � 30� . This publication reached pressone month

before the secondinstallment of our SCR survey (the SCR survey was published in

two pieces,the �rst between declinations � 90� and � 47� and the secondbetween

declinations� 47� and 00� ). L�epine(2005)and Subasavageet al. (2005b)have a total

of 61 overlapping objects (of which 43 have � � 0.500yr � 1). When we include the

southern hemispheree�orts of L�epineand collaborators, and count each object only

oncegiving the count to the �rst publication, we seethat the LSPM-South e�ort has

discovered111objects with � � 0.500yr � 1 (of which four have � � 1.000yr � 1) (L�epine

2005;L�epine et al. 2005). Thus, the LSPM e�ort has discovered a total of 312 ob-

jects with � � 0.500yr � 1 (of which 24 have � � 1.000yr � 1) and the SCR e�ort has

discovereda total of 107objects with � � 0.500yr � 1 (of which six have � � 1.000yr � 1).

Figure 5.3 is a plot of all the new LHS objects discovered sincethe e�ort of Luyten

and re
ects the shift in new discoveries from the SCR survey to the LSPM survey.

Note that while the LSPM e�ort usesa superior blinking algorithm (SUPERBLINK),

objects detectedby the SCR survey are occasionallymissedby SUPERBLINK. This

is evident in Figure 5.3 in which there are � 10 SCR discoveries(�l led triangles) not

detectedby SUPERBLINK in the regionof sky betweendeclinations� 47� and � 30� .

Also evident is a void at right ascension� 6 hours, declination � -20� . This position

happensto be the antapex of solar motion whereonewould expect to �nd few HPM

objects (as discussedin x 2.1.2). A completelist of all duplicateswith � � 0.500yr � 1

for which two surveysclaim discovery is given in Appendix C.
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Figure. 5.3: Sky distribution of new LHS objects from recent proper motion surveys.
Only objectswith � � 0.500yr � 1 areplotted. Filled trianglesarefrom the SCRsurvey.
Crossesrepresent objects from the LSPM survey. Other symbols represent objects
from Calan-ESO (open squares), WTC (open circles), SIPS (open diamonds), and
Scholz et al. (�l led stars). The curve represents the Galactic plane,wheremoreHPM
objects are yet to be revealed.

5.3 Analysis

5.3.1 Distance Estimates for Main-Sequence Stars

Identifying new nearby stars was perhapsthe single most important motivation for

conducting the SCR proper motion survey. With the wealth of data extracted from

both the SSSand 2MASS, we are able to estimate reliable distanceswithout any
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further observations. Single, main-sequencestars, that are in the RECONS 10 pc

samplewere usedto develop color-M K S relations (Hambly et al. 2004). This sample

wasselectedbecausetheseobjects have high quality trigonometric parallax determi-

nations (only stars with parallax errors lessthan 5 mas were used) and have been

vetted better than any other sampleof stars for closecompanions. Only RECONS

stars south of declination = +3 � (the SuperCOSMOSplate scan limit as of 2004)

that aresingleand have unblended,unsaturatedphotographicmagnitudeswereused.

Oncethis samplewascross-referencedwith 2MASSand reliable infrared JH K S pho-

tometry was extracted, a total of 54 main sequencestars were usedto generatethe

relations. An additional object, an L dwarf named LHS 102B, was included even

though no BJ magnitude was available.

In total, there are 15 possiblecolor combinations that can be derived from the six

bandpasses(BJ R59FI IVN JH K S). Of these, four are not useful (BJ � R59F, J � H ,

J � K S, and H � K S) becausethe range in color is minimal and does not predict

reliable M K S values. The remaining 11 colors are used to generatean ensemble

of up to 11 distance estimatesfor each star (assumingthe star's color falls within

the rangeof colors). The resulting distanceestimate is taken to be an averageof the

individual distanceestmatesand the standarddeviation is takenasthe internal error.

The external error is estimated by running the 55 RECONS stars back through the

relations to obtain an averagepercent error, which amounts to a 26%scatter between

the estimatedand true distances.Given the uncertainty in photographicmagnitudes,
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this result is quite surprising and extremely useful as a �rst guess.The comparison

of color to M K S is useful becausepractically all undiscovered nearby stars are red

dwarfs or brown dwarfs and will have a reliable K S magnitude in 2MASS.Of course,

the relations will not provide a reliable treatment for subdwarfs or WDs. Even for

main-sequencestars, the e�ects of age and metallicity will occasionally render the

distanceestimate inaccurate by more than 50%, as is the casefor 7 of the 55 stars

usedin the relations. Details of the relations (i.e., applicablecolor range,coe�cien ts

for the 4th order �ts, and the RMS in magnitudes) are presented in Hambly et al.

(2004).

The distance estimatesderived for the new SCR discoveries are given in Table

5.3 column 14. In a few cases,no distance estimate is given; the colors are too

blue and the relations are not applicable,or the photometry is corrupted. Note that

brackets encloseseveral distance estimates indicating that the estimatesare likely

erroneous,either becausethe object is a suspected (or con�rmed) WD or subdwarf

(our procedurefor identifying suspectedsubdwarfs is discussedin detail in the next

section).

5.3.2 Reduced Prop er Motion Diagram

The magnitude and color information from the SSSdatabaseis far superior to ear-

lier e�orts becauseof the rigorousphotometric calibration proceduresundertaken by

the SSS.In fact, all objects in the LHS Cataloguethat are fainter than mpg = 10.0
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Figure. 5.4: Reducedproper motion diagram for the SCRsystemswith � � 0.400yr � 1

(the size of the points splits the SCR sample into stars with � more or less than
0.500yr � 1) and known systemswith � � 0.500yr � 1 recoveredduring the SCR survey.
Reducedproper motion (vertical axis) has units of magnitudes. The X-axis is color,
usingplate R59F andCCD J from 2MASS.The dashedline servesmerelyasa reference
to distinguish WDs from subdwarfs. Similarly, the shadedregionrepresents the limits
within which we identify subdwarf candidates.

(e.g. including all WDs) have quoted magnitudes that are a by-eye estimate per-

formedby the author (Luyten 1979a).As such, many of the known objects that were

recoveredby the SCRsurvey now have reliable magnitudeand color information that

can constrain their positions in the RPM diagram (hencetheir luminosity classes).
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5.3.2.1 Subdwarfs

Shown in Figure 5.4is the RPM diagramfor newSCRdiscoveriesaswell asthe known

objects with � � 0.500yr � 1 recovered during the SCR survey (the details outlining

the technique of RPM can be found in Section3.3). It is apparent that most of the

new SCR stars are main-sequencered dwarfs, while there is a substantial sampleof

new subdwarf candidates;note the bifurcated population of circlesrunning from the

upper left to the lower right. The shadedareajust above the dashedline mapsout the

subdwarf region. We identify subdwarf candidateswith R59F � J > 1.0 and having

RPM (HR) within 4.0magof the somewhatarbitrary dashedline separatingthe WDs

from the subdwarfs. Becausesubdwarfs are underluminous for a given color with

respect to main-sequencedwarfs, their distance estimateswill be erroneouslylarge

(hencethe brackets around distanceestimatesof subdwarf candidatesin Table 5.3).

A largedistanceestimate(d � 200pc or larger) is another indication that the object

is likely a K- or M-t ypesubdwarf. A completelist of 65newSCRsubdwarf candidates

(including 27 that have beenspectroscopicallycon�rmed, courtesyof Dr. Wei-Chun

Jao) can be found in Appendix D.

5.3.2.2 White Dw arfs

There are ten SCR discoveriesthat fall within the WD region below the dashedline

of Figure 5.4. Of thesenine have beenspectroscopicallycon�rmed (�l led triangles)

and one is a spectroscopicallycon�rmed subdwarf (�l led star). All but two of the
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known objects in the WD region are spectroscopicallycon�rmed, in most cases,by

past researchersbut in a few casesby our e�orts usingthe better magnitudeand color

information from the SSSdatabase.The two that are uncon�rmed lie just below the

dashedline and their photometry (particularly the JH K S) indicate that both are

unlikely to be singleWDs (i.e., near-infraredcolorsare too red) but rather are likely

to be subdwarfs. Details of the observations both for spectroscopicidenti�cation as

well as follow-up observations is deferredto later chapters.

What is interesting to note is the nearby WD detectionsensitivity limit by impos-

ing a magnitude limit of R59F = 16.5. Using a sampleof 98 of the 109 known WDs

within 25pc, an H-R diagramcanbeconstructedto determinewhat fraction of nearby

WDs are detectableabove this magnitude limit. Figure 5.5 illustrates two distances

(10 pc and 25 pc) within which the SCR survey is sensitive to detections. Thus, all

WDs above the dashedline are detectablewithin 25 pc (i.e., all but the coolest and

thus reddestWDs), and all WDs above the dashed-dottedline are detectablewithin

10 pc (i.e., all known nearby WDs).

5.3.3 SCR 1845� 6357

The mostexceptionalobject discoveredduring the entire SCRsurvey, SCR1845� 6357

(SCR1845),deservesa sectionof its own. Foundrelatively early in the survey, this ob-

ject hasthe largestproper motion of all the newSCRdiscoverieswith � = 2.55800yr � 1.

In fact, both of the fastestmovers,this object and SCR1138� 7721(� = 2.14100yr � 1),
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Figure. 5.5: H-R Diagram illustrating the SCR magnitude limit's (i.e., R59F = 16.5)
nearby WD detection sensitivity. Open circles correspond to 98 of the 109 known
WDs within 25 pc. The dashedline represents the sensitivity for WDs within 25 pc.
The dashed-dottedline represents the sensitivity for WDs within 10 pc.

were discovered on the sameday. I began to think we were going to discover tens

of objects with � > 2.000yr � 1 in the gold mine of the undersampledsouthern hemi-

sphere. As it turns out, I was having a lucky day; no other new objects were found

with � > 2.000yr � 1 throughout the rest of the survey. Also exceptional,SCR 1845is

the reddestobject of the new discoveries. With a R59F � J = 6.79,SCR 1845is the

furthest point to the right on Figure 5.4.

Perhapsmost exceptional,SCR1845had the closestdistanceestimateof 3.5 � 1.2

pc (from Table 5.3) using the color-M K S relations. To verify SCR1845'sproximit y,
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we obtainedoptical CCD photometry sothat we could remove the largeuncertainties

inherent in plate photometry (e.g., non-linearity). Using more preciseCCD pho-

tometry and a set of CCD color-M K S relations generatedin an identical manner to

thoseusing the plate photometry, we obtained a distanceestimate of 4.63 � 0.75pc

(Henry et al. 2004). In an attempt to further constrain the distance, collaborators

Nigel Hambly and Niall Deaconscannedall plate material available to the SSSin

that region of the sky to obtain a crude trigonometric parallax. In total, there were

eight epochs of plate data that wasreducedto obtain a trigonometric parallax of 282

� 23 mas(3.55 � 0.32pc, Deaconet al. 2005b). Needlessto say, this object became

priorit y #1 on our parallax program, the Cerro Tololo Inter-American Observatory

Parallax Investigation (CTIOPI, to be discussedin x 8.1). After two yearsof intense

observation, we obtained a preciseCCD trigonometric parallax of 259.45� 1.11mas

(3.85 � 0.02 pc, Henry et al. 2006). Taking into account another nearby M dwarf

discovered by Teegardenet al. (2003), known as SO 025300.5+165258and ranks as

the 23rd nearestsystemto the Sun, SCR 1845is the 24th nearestsystem. Prior to

thesetwo discoveries,the only systemfound to be closerin the past 30 yearswasGJ

1061(Henry et al. 1997),which ranks as the 20th nearestsystem.

To further enhanceour amazement at the exceptionalnature of SCR 1845,Biller

et al. (2006) discovered that it has a brown dwarf companion, seenin Figure 5.6.

Montagnier et al. (2006) con�rmed that the companionsharesthe proper motion of

the primary, ruling out the highly unlikely possibility that the brown dwarf is an
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Figure. 5.6: Optical image(left) of SCR 1845from CTIOPI data taken in July 2003
and the infrared H -band image (right) taken by Montagnier et al. (2006). The B
component, indicated by an arrow, hasa separationof 1.1700at position angle170.2� .

unbound background source. This discovery marks the �rst T-t ype brown dwarf to

be found orbiting a low massstar. In addition, SCR1845is the secondclosestsystem

that contains a brown dwarf, secondonly to the binary brown dwarf � Indi Ba-Bb at

a distanceof 3.63 � 0.01pc.

5.3.4 Commen ts on Individual Systems

SCR 0005� 6103 (� = 0.50400yr � 1 at position angle84.3� ) is a commonproper mo-

tion companionto LHS 1018(� = 0.51900yr � 1 at position angle85.7� ), for which there

is no trigonometric parallax available. The distance estimatesfor SCR 0005� 6103

and LHS 1018are 43.2 � 13.7 pc and 34.0 � 9.1 pc, respectively, consistent within

the errors.
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SCR 0006� 6617 (� = 0.55900yr � 1 at position angle161.7� ) at �rst appearsto

be a very widely separated(� 270) commonproper motion companionto LHS 1019

(� = 0.57600yr � 1 at position angle158.9� ). However, the estimateddistancefor SCR

0006� 6617 is 63.2 � 18.6 pc, whereasthe trigonometric parallax from Hipparcos

for LHS 1019 indicates a distance of 17.6 � 0.80 pc. In addition, SCR 0006� 6617

(HR59F = 18.85,R59F � J = 3.10)doesnot fall within the subdwarf regionof Figure 5.4,

rendering it unlikely that this object is a subdwarf with an overestimateddistance.

We concludethat this is a rare caseof two physically unassociated objects of similar

proper motion being found in the sameregion of the sky.

SCR 0630� 7643 AB (� = 0.48300yr � 1 at position angle 356.8� ) is a closebi-

nary. CCD imagesindicate two sourceswith a constant separationof � 1.000at PA

� 127� over 5 months and brightnessratio of 0.8 at I KC. The combined photometry

taken from the photographicplates,which do not resolve the system,givesan under-

estimateddistanceof 6.9 � 2.0 pc. Combined CCD photometry and the relations of

Henry et al. (2004)give a distanceestimateof 5.2 � 0.9pc. Reliablebrightnessratios

at VJ and RKC are not available becausethe systemis lessresolved in imagesmostly

becauseof the degradedseeingat shorter wavelengths.However, the systemhasbeen

con�rmed to be a member of the RECONS 10 pc samplewith a true distanceof 8.76

� 0.14 pc (Henry et al. 2006)and is a promising target for future astrometric mass

determinations.
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SCR 0640� 0552 (� = 0.59200yr � 1 at position angle 170.5� ) is the brightest

new detection, with R59F = 8.8 and an estimated distance of 8.5 � 2.3 pc. CCD

photometry from three nights indicates VJ = 10.22, RKC = 9.22, and I KC = 8.03,

con�rming that it is a very bright object. These values, when combined with the

2MASSJH K S magnitudes,yield a distanceestimateof 9.4 � 1.5 pc using the CCD

relations of Henry et al. (2004).

SCR 0753� 2524 (� = 0.42600yr � 1 at position angle300.2� ) is a commonproper

motion companionto LTT 2976(� = 0.36100yr � 1 at position angle303.7� ), which has

a Hipparcos parallax of 0.0511600� 0.0015700(distance = 19.5 � 0.6 pc). The sepa-

ration of the two stars is � 40000(projected separation� 8000AU) at position angle

208.9� . SCR 0753� 2524 is con�rmed to be a WD (with a full discussionfound in

Section6.3), for which we estimatea distanceof 16.2� 3.2 pc using the crude linear

photographic plate BJ � R59F relation for WDs of Oppenheimeret al. (2001b). Al-

though the sizesof the proper motions do not match perfectly, the better determined

position anglesare consistent, so we concludethat the two stars form a system.

SCR 0818� 3110 (� = 0.84200yr � 1 at position angle162.6� ) is a newnearby cool

WD with an estimated distanceof 13.1 pc using the photographic plate B J � R59F

relation for WDs of Oppenheimeret al. (2001b). This distance is likely underesti-

mated becausethis object is a DZ with strong Ca I I K & H absorption at 3933�A and

3968�A(seex 6.3.2), in the spectral region coveredby the BJ �lter (3650�A to 4150�A).

The suppressed
ux at BJ causesthe BJ � R59F color to be too red (i.e., too cool) so

that the distancerelation doesnot provide a reliable estimate.
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SCR 0821� 6703 (� = 0.75800yr � 1 at position angle 327.6� ) is a new nearby

cool WD with an estimated distanceof 10.9 � 2.2 pc using the photographic plate

BJ � R59F relation for WDs of Oppenheimeret al. (2001b).

SCR 1138� 7721 (� = 2.14100yr � 1 at position angle 286.8� ) has the second

largest proper motion of objects discovered in the SCR survey. It has a distance

estimateof 8.8 � 2.7 pc, consistent with its trigonometric distanceof 8.18� 0.20pc

(Henry et al. 2006).

SCR 1257� 5554 AB (� A = 0.41000yr � 1 at position angle 290.1� and � B =

0.40300yr � 1 at position angle293.2� ) is a probable red dwarf/WD pair. The B com-

ponent was too faint to be picked up in the SCR search but was noticed on frames

that wereblinked to con�rm its primary. Infrared data are not available becausethis

object exceedsthe faint limit of 2MASS. We suspect that it is a hot WD becauseof

its plate colorsand becauseits companionis a modestly bright M star estimated to

be at 39.1 � 13.2 pc. The B component is not plotted on Figure 5.4 becauseof the

lack of the R59F � J color.

SCR 1510� 4259 (� = 0.43000yr � 1 at position angle229.0� ) is a commonproper

motion companion to CD � 42 10084(� = 0.43600yr � 1 at position angle 228.1� ),

which has a Hipparcos parallax of 0.0399900� 0.0024100(distance = 25.0 � 1.6 pc).

The separationof the two stars is 8800at position angle123.5� . The distanceestimate

for SCR 1510� 4259,31.2 � 10.0 pc, is consistent within the errors and the proper

motions are a match. We concludethat the two stars form a system.
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SCR 1529� 4238 (� = 0.44700yr � 1 at position angle243.2� ) is a probable com-

mon proper motion companionto L408-87(� = 0.28500yr � 1 at position angle235.0� ;

NLTT Catalogue)for which there is no trigonometric parallax available. The separa-

tion of the two stars is 4500at position angle159.0� . The sizesof the proper motions

do not match well, but the position anglesare a fair match. Given the incomplete

information in the NLTT (no photographic R magnitude), presumably becauseof

the very crowded �eld, the proper motion for L408-87is suspect. In fact, we cannot

estimate a distance for L408-87becauseit is blended on several plates, precluding

reliable plate magnitudes. We tentativ ely concludethat the two stars form a system.

SCR 1608� 2913 AB (� = 0.54000yr � 1 at position angle231.0� ) is a closedou-

ble system with separation 2.500at position angle 266.2� , determined using frames

acquiredduring CTIOPI. The magnitude di�erences are 0.56,0.49,and 0.37mag at

VJ , RKC, and I KC, respectively.

SCR 1800� 0431 AB (� = 0.40200yr � 1 at position angle 227.4� ) is a common

proper motion pair with a separationof 2400at position angle234.0� . While investi-

gating the primary, the B component was noticed on imagesextracted from all four

available plates; however, it is blended with other sourcesin all four cases,so no

reliable plate photometry or distanceestimate are available.

SCR 2012� 5956 (� = 1.44000yr � 1 at position angle 165.6� ) is a new nearby

cool WD with an estimated distanceof 18.0 � 3.6 pc using the photographic plate

BJ � R59F relation for WDs of Oppenheimeret al. (2001b). Follow-up analyseswill

be discussedin Sectionx 8.4.3(listed as WD 2008� 600).
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SCR 2123� 3653 (� = 0.44600yr � 1 at position angle133.7� ) is a possiblecommon

proper motion companionto LTT 8495(� = 0.41700yr � 1 at position angle 134.1� ),

for which there is no trigonometric parallax available. The separation of the two

stars is 5000at position angle 168.0� . The proper motions are consistent, indicating

that the two stars almost certainly form a system. However, from plate + JH K S

photometry, distanceestimatesare 25.9 � 8.3 pc and 78.5 � 28.5 pc for LTT 8495

and SCR 2123� 3653, respectively, which indicates that if the two are a pair, LTT

8495is likely to be an unresolved multiple.

SCR 2155� 7330 (� = 0.45900yr � 1 at position angle202.0� ) is a commonproper

motion companionto HIP 108158(� = 0.47700yr � 1 at position angle 204.0� ). The

Hipparcos parallax for this object is 0.0251000 � 0.0007400 (distance = 39.8 � 1.1

pc), which is reasonablyconsistent with the photometric distanceestimate for SCR

2155� 7330of 31.6 � 9.2 pc.

SCR 2250� 5726 AB (� = 0.71400yr � 1 at position angle 117.3� ) is noticeably

peanut-shaped in the SuperCOSMOSframes. CCD framestaken at the CTIO 0.9 m

con�rm it to be a closebinary sourcewith separation2.300at position angle28� .

SCR 2352� 6124 (� = 0.84800yr � 1 at position angle167.1� ) is a commonproper

motion companion to LHS 4031 (� = 0.83900yr � 1 at position angle 168.2� ), which

hasa Hipparcos parallax of 0.0207000� 0.0012000(distance= 48.3� 2.6 pc), which is

consistent with our photometric distancefor SCR 2352� 6124of 50.3 � 14.6pc.
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5.4 Conclusions

One of the primary motivations for HPM surveys is, of course,the promise of de-

tecting new nearby stars. The new nearby discoveriesare typically red dwarfs and,

occasionally, WDs. The output list of sourcesdetected, once culled for false hits,

alsoinclude subdwarfs of very high intrinsic velocity that are generallynot asnearas

their main-sequencecounterparts but are neverthelessinteresting in their own right

as tracers of the Galactic halo population.

Listed in Table 5.5 is a summary of the number of SCR systemswith distance

estimates within each of our two target horizons (10 pc and 25 pc) and beyond.

New commonproper motion objects that are companionsto known objects are not

included in the counts, nor are con�rmed WDs (becausetheir distance estimates

require di�eren t relations than applied here).

In total, we have found 43 new candidatesystemswithin 25 pc of the Sun. There

remain several likely subdwarfs with overestimateddistancesthat may fall in closer

bins than indicated in Table 5.5. Perhapsthe most surprising result of this survey

is the discovery that the slowest proper motion group (0.600yr � 1 > � � 0.400yr � 1)

contains the largestnumber (26) of new candidatesfor systemswithin 25 pc. In fact,

we have found equalnumbersof 10 pc candidateswith � > 1.000yr � 1 aswe have with

0.600yr � 1 > � � 0.400yr � 1. The presenceof somany new nearby stars with relatively

low proper motions hints that there may be large numbers of even slower moving
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Table. 5.5: DistanceEstimate Statistics for New SCR Systems

Proper Motion d � 10 pc 10 pc < d � 25 pc d > 25 pc

� � 1.000yr � 1 . . . . . . . . . . . . . . . . . . 2 0 6
1.000yr � 1 > � � 0.800yr � 1 . . . . . . 0 3 3
0.800yr � 1 > � � 0.600yr � 1 . . . . . . 1 11 48
0.600yr � 1 > � � 0.400yr � 1 . . . . . . 2 24 188

Total . . . . . . . . . . . . . . . . . . . . . . . . 5 38 245

Note .|Excludes WDs and new wide companions.

stars that remain hidden in the solar neighborhood. Thus, searchesfor nearby stars

buried in largesampleswith smallerproper motionsarewarranted, in particular given

the availabilit y of large photometric databasesthat allow the derivation of accurate

distanceestimateswhen optical and infrared data are combined, such as donehere.

In summary, we have revealeda total of 299 new SCR proper motion systemsin

the southern sky. Of these, 148 have � � 0.500yr � 1 (less the 43 that overlap with

L�epine2005,discussedin Section5.2), making them new membersof the classicLHS

sample. Among the new discoveries,we anticipate that most are main-sequenceM

dwarfs, nine are con�rmed WDs, at least �v e are new binary systems,and 65 are

K or M type subdwarf candidates. Seven additional proper motion companionsto

previously known HPM stars werealso found. Five of the nine WDs are anticipated

to be within 25 pc. Worthy of note are the eight new SCR stars brighter than R59F

= 12, six of which have � � 0.500yr � 1, hinting at the possibility of relatively bright

nearby stars that have not yet beenidenti�ed.
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All three setsof stars | WDs, red dwarfs, and subdwarfs | provide important

contributions to these intrinsically faint, neglectedsamples. Undoubtedly, objects

fainter than our survey cuto� of R59F = 16.5 remain to be found, as well as a small

number of starsmeetingour survey criteria that fell in crowdedregionsor weresimply

missedbecauseof the stringent limits required for SCR star veracity. Finally, we are

delighted to have discoveredduring the SCR survey �v e new systemsthat are likely

new members of the RECONS 10 pc sample,and are actively determining accurate

parallaxesfor them, as well as for many of the 38 other SCR systemswithin 25 pc,

via our parallax program in Chile, CTIOPI.

5.5 Ongoing SCR E�orts

The successof the SCR survey has surpassedexpectations. In fact, the results have

hinted at the valueof continuing the survey to slower proper motions (and perhapsto

fainter magnitude limits). The decisionwasmadeto take the next step and evaluate

the slower proper motion detections. Becausethe samplesizein this parameterspace

is signi�cantly larger, only the region of sky reaching from the south celestial pole

northward to � = � 47� (the sameregion of focus for the �rst installment of the

original SCR survey) was evaluated. A total of 1606 new proper motions systems

with 0.4000yr � 1 > � � 0.1800yr � 1 was discovered in this region of the sky (Finch

et al. 2007,as well as Charlie Finch's mastersthesis). Of these,two are anticipated

to be within 10 pc, and an additional 29 are estimated to be within 25 pc. With a
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RPM diagram, 12 objects are identi�ed as WD candidatesas well as one additional

blue object that was not detected by the survey but was noticed to be a common

proper motion companion to a detection. Of these 13 WD candidates, three have

beenspectroscopicallycon�rmed and will be discussedin detail in x 6.3.2.

There remainsa large chunk of southern sky (� = � 47� to 00� ) yet to be sifted

for new discoverieswith 0.4000yr � 1 > � � 0.1800yr � 1 and R59F � 16.5. Sifting this

samplewill be a hugeundertaking, easily worthy of a mastersthesis. To date, there

are no volunteers. Also currently untouched, the sampleof faint detections(16.5 <

R59F < � 19) over the entire southernsky is yet another signi�cant increasein sample

size. Astrometry for objects in this magnitude regime is not as good nor are there

likely to be as many nearby WDs but there could exist a few gemsshould it ever

get sifted. One could also extend the proper motion cuto� to even slower proper

motions. The limiting factor herewould be the amount of time betweenepochs but

it is likely that a proper motion constraint of 0.1000yr � 1 could be achieved for most

of the southern hemisphereusing SSSdata. Most likely, L�epine and collaborators

will have completedthe LSPM-South survey in the southern hemispherefar sooner

and will reach just as faint and to slower proper motions. As noted previously, the

LSPM e�ort occasionallymissesobjects detected by the SCR search; however, the

signi�cance of the few misseddetections likely will not warrant the immensee�ort

necessaryto sift the data.
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Chapter 6

Spectroscop y for New WD Candidates

With a sample of WD candidates reliably vetted using RPM diagrams based on

recent HPM surveys (e.g., SCR, LEHPM), it is necessaryto obtain spectroscopic

observations to con�rm WD status. This is particularly important for objects near

the arbitrary line separatingWDs from subdwarfs in the RPM diagram, wherethere

is subdwarf contamination (albeit minimal).

6.1 Spectroscop y Observ ations

Observations wereobtainedusing the 1.5m telescope at Cerro Tololo Inter-American

Observatory (CTIO) and operated by the Small and Moderate Aperture Research

Telescope System (SMARTS) consortium. Data were collected on six separateob-

serving runs in 2003October and December, 2004March and September, and 2006

May and December. The Ritchey-Chr�etien Spectrographand Loral 1200� 800CCD

detector were used with grating 09 (in �rst order), providing 8.6 �A resolution and

wavelength coveragefrom 3500 �A to 6900 �A. Bias, dome 
ats, and sky 
ats were

collected each evening prior to sunset. A seriesof �v e dark frames with exposures

of 30 minutes each were taken onceat the beginning of each run. Target observa-

tions consistedof two exposures(typically 20 - 30 minuteseach) to permit cosmicray

rejection, followed by a comparisonHelium-Argon (HeAr) lamp exposure(typically

10 seconds)to calibrate wavelength coveragefor each object. Flux standards were

observed nightly to 
ux calibrate the data.
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A slit width of 200was usedfor the 2003and 2004observingruns. Someof these

data have 
ux calibration problems becausethe slit was not rotated to be aligned

along the direction of atmosphericrefraction. In conjunction with telescope \jitter",

light was sometimeslost preferentially at the red or the blue end for thesedata.

A slit width of 600was usedfor the 2006observingruns, eliminating most of the


ux calibration problemseven though the slit wasnot rotated. All observations were

taken at an airmassof lessthan 2.0. Within our wavelength window, the maximum

atmospheric di�eren tial refraction is less than 300 (Filipp enko 1982). Becauseof a

conceptcalled \anamorphic demagni�cation" (a detailed summary can be found in

Schweizer1979),which occurswhen there is a largeanglebetweenthe optical axesof

the collimator and cameraaswell asa large grating tilt, no resolution should be lost

becauseof the larger slit width. Such is the casefor the spectrographon the CTIO 1.5

m using the setupdescribed above. A test wasperformedto verify that no resolution

was lost by taking spectra of a F dwarf with sharp absorption lines from slit widths

of 200to 1000in 200increments. Indeed,no resolutionwaslost although the background


ux increasedwith increasingslit width. Note, resolution of the comparisonlamp

spectrum is lost when the slit is openedbecausethe comparisonlamp is a resolved

source(unlike stars that are unresolved point sources). A comparisonof the data

using the increasedslit width showed no noticeableadversee�ects (i.e., more noise

becauseof the increasedbackground 
ux) and seemedto correct the 
ux calibration

problems.
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6.2 Spectroscop y Data Reduction

Figure. 6.1: Raw imageof a stellar spectrum. Various featuresthat are described in
the text aswell asthe axesare labeled. The stellar spectrum is the narrow dark band
that spansthe dispersionaxis.

Basic calibration of the data utilized the Image Reduction and Analysis Facility

(IRAF) following the procedureoutlined in Massey(1997). The data werebias sub-

tracted, 
at-�elded, and dark corrected using IRAF package ccdproc. Becausethe

lamp usedto illuminate the dome
at doesnot emit light at all wavelengthsequally,

the \shape" of the lamp along the dispersionaxis (seeFigure 6.1) was removed with

the IRAF task responseusing a cubic spline curve �t (of order 25 - 50). To �ne tune

the 
at-�elding, the sky 
ats were combined and usedas an illumination correction

that correctedany sky variations alongthe spatial axis of the CCD (this step is really

only necessaryon long exposureswhen sky counts are signi�cant but was performed

on all the data for the sake of consistency). A bad pixel mask was generatedusing

a set of long and short dome 
ats but was unsuccessfulat removing the prominent

bad column at dispersionaxis pixel value 239. This artifact was removed from each
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spectrum individually after �nal processingbut beforecombining spectra of the same

target.

Final reduction of the spectra followed the procedureoutlined in Masseyet al.

(1992). For each target image, the background sky is de�ned manually using the

IRAF task background and consistsof two regions, one on each side of the stellar

spectrum, as near to the spectrum (with respect to the dispersion axis) as possible

without including any starlight. A �rst order Legendrepolynomial is �t to these

regionsand then subtracted from the rest of the image. The apertures containing

the stellar spectra are then extracted using IRAF task apsumby de�ning the peak

when the image is viewed as a slice along the spatial axis. An identical aperture is

extractedfor each image'scomparisonHeAr lamp imagefor the purposeof wavelength

calibration. By calibrating the wavelength using only the sameregion of the CCD

that contains the stellar spectrum, we avoid any e�ects causedby variations along

the spatial axis. For example, pixel 240 of the dispersion axis will not correspond

to 4417 �A along the entire spatial axis becauseof an imperfect alignment of the

slit with respect to the CCD. Prominent lines (three or four) from a comparison

lamp are identi�ed by eye to serve as a frame of referencefor the weaker lines to be

matched to a library of lines using IRAF task identify. Matcheswith large residuals

are discardeduntil there are � 40 marked lines and the RMS of all the match values

comparedwith library valuesis < 20%. The matchesfrom this comparisonlamp serve

as a referencefor matching all other comparisonlamps for a given night using IRAF
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task reidentify. A dispersion solution is then calculated for each target spectrum

using a third order cubic spline �t via the IRAF task dispcor. The �nal calibration

necessaryis the 
ux calibration. Raw 
ux valuesare integrated over 
ux bandpasses

and divided by the exposuretime using IRAF task standard, which outputs a single

�le of bandpasscounts and standard star 
uxes. Using this output, a sixth order

cubic spline sensitivity function is �t to account for the non-uniform sensitivity of

the chip over all wavelengthsusing IRAF task sensfunc. The sensitivity function is

applied to all target spectra using IRAF task calibrate. The data are then cleaned

of any cosmicrays and bad columns by comparing the two spectra for each object

manually. Lastly, the two spectra for each object are combined using iraf task sarith.

6.3 Spectroscop y Results

Oncea WD candidateis spectroscopicallycon�rmed, it is given a \WD" designation.

The traditional naming convention for WDs usesthe object's epoch 1950 equinox

1950coordinates. Coordinatesfor new WD discoveriesfrom both search phaseswere

extracted from 2MASSalong with the Julian date of observation. Thesecoordinates

wereadjusted to account for proper motion from the epoch of 2MASSobservation to

epoch 2000(henceepoch 2000equinox 2000). The coordinateswerethen transformed

to equinox 1950coordinates using the IRAF task precess. Finally, the coordinates

were again adjusted (opposite the direction of proper motion) to obtain epoch 1950

equinox 1950coordinates.
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Proper motions were taken from various proper motion surveys in addition to

unpublishedvaluesobtained via the SCR proper motion survey while recovering pre-

viously known HPM objects. Thesevalues,as well as J2000coordinates and alter-

nate names,are tabulated in the following sectionsseparatedby the search phaseof

discovery. PhaseOne includesall objects observed during the 2003and 2004spectro-

scopicruns and onestar from the May 2006run (WD 1105� 340,alsoknown asSCR

1107� 3420A). PhaseTwo includesall other objects observed during the 2006runs.

6.3.1 Phase One

Phase One data (with exception of WD 1105� 340) were acquired using a 200 slit

width. In total, 33 new nearby WD systemswere discovered and were published in

Subasavageet al. (2007). Of thesenew systems,26 are DA (hydrogenrich) including

1 DAB (hydrogen rich with helium), 4 are DC (featureless),2 are DZ (helium rich

with metals), and 1 is DQ (helium rich with carbon). The DA spectra are separated

into two plots, thosewith Te� � 10,000K (Figure 6.2), and thosewith Te� < 10,000

K (Figure 6.3) as determined from spectral energydistribution (SED) �tting to the

photometry (seex 7.3.2). The only noticeable featuresare broad absorption at the

Balmer lines (in the cooler cases,only H� ). These lines are broadenedbecauseof

the extremepressuresfound in the WD atmospheresthat are causedby high surface

gravities and is known as Stark broadening.

The four featurelessDC spectra are plotted in Figure 6.4. A handful of unusual

WDs were discoveredand require additional data to characterizefully. As such, the
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spectral plots will be shown here but a detailed discussionwill be deferreduntil x

8.4.3.

WD 0622� 329 is a DA WD that has a few weak He I lines making its formal

classi�cation a DAB. The top panelof Figure 6.5showsthe spectral plot and identi�es

the spectral features.

WD 0121� 429 is a DA WD that exhibits Zeemansplitting of the Balmer lines

(evident in H� and H� ) becauseof the presenceof a magnetic �eld (seen in the

bottom panel of Figure 6.5). Blueward of H� , the absorption lines are di�cult to

identify becauseof the distortions causedby the magnetic �eld.

WD 0840� 136 is a cool DZ WD that exhibits absorption causedby Ca I I H & K

(3933 �A and 3968�A) as well as Ca I at 4227�A. The spectrum is plotted in the top

panel of Figure 6.6.

WD 2138� 332is another DZ WD that exhibits absorptioncausedby Mg I and Fe

I in addition to the Ca I and Ca I I absorption. The spectrum is plotted in the bottom

panel of Figure 6.6.

WD 1149� 272is the only DQ WD discoveredduring phaseone. It is characterized

ashaving mild Swan band featuresat 4737,5165,and 5636�A becauseof the presence

of C2. The spectrum is plotted in Figure 6.7.

A complete list of the new WD discoveries from Phase One as well as J2000

coordinatesand alternate namesis found in Table 6.1.
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Figure. 6.2: Spectral plots of the hot (Te� � 10,000K) DA WDs from PhaseOne,
normalizedat 5200�A and plotted in descendingTe� as derived from the SED �ts to
the photometry (seex 7.3.2). The �rst �v e Balmer serieslines are labeled. Note that
someof the 
ux calibrations are not perfect, in particular, at the blue end.
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Figure. 6.3: Spectral plots of the cool (Te� < 10,000K) DA WDs from PhaseOne,
normalizedat 5200�A and plotted in descendingTe� as derived from the SED �ts to
the photometry (seex 7.3.2). The �rst �v e Balmer serieslines are labeled. Note that
someof the 
ux calibrations are not perfect, in particular, at the blue end.
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Figure. 6.4: Spectral plots of the four featurelessDC WDs from PhaseOne, normal-
ized at 5200 �A and plotted in descendingTe� as derived from the SED �ts to the
photometry (seex 7.3.2). Note that someof the 
ux calibrations are not perfect, in
particular, at the blue end.
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Figure. 6.5: (Top panel) Spectral plot of DAB WD 0622� 329. Indicated above the
spectrum are the hydrogenBalmer lines (�l led stars) and the visible He I lines (open
diamonds). (Bottom panel) Spectral plot of DAH WD 0121� 429. Indicated above the
spectrum are the hydrogenBalmer lines (�l led stars), although the Zeemansplitting
associated with a magnetic �eld has renderedthe lines blueward of H� di�cult to
identify . Horizontal bars over the H� and H� regionsindicate the spreadof the split
lines.
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Figure. 6.6: (Top panel) Spectral plot of DZ WD 0840� 136. The visible absorption
features of Ca I and Ca I I are labeled. (Bottom panel) Spectral plot of DZ WD
2138� 332. In addition to the Ca I and Ca I I features,this object displays absorption
causedby Mg I (open circles) and Fe I (small �l led circles). The sourceof the large
feature at 5175�A is currently unknown.
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Figure. 6.7: Spectral plot of the only DQ WD from PhaseOne. Indicated above the
spectrum are the three Swan band featurescausedby C2.
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6.3.2 Phase Tw o

The secondphaseresults wereall obtained during the 2006runs for which the wider

600slit width was used. In total, 23 new WD systems(a total of 24 WDs) werespec-

troscopically con�rmed. Of those,14 are DA (hydrogenrich), 7 are DC (featureless),

2 are DZ (helium rich with metals), and 1 is a DB (helium rich). Physical parame-

ters have not yet beenestimated for this entire samplebecauseadditional data are

necessary. However, a better 
ux calibration using the wider slit width allows us to

determine reliable relative e�ectiv e temperatures. Figure 6.8 contains the spectral

plots for the hot (Te� � 10,000K) DA WDs while Figure 6.9 contains the spectral

plots for cool (Te� < 10,000K) DA WDs. As discussedpreviously, the only features

are absorptionsat the Balmer lines (in the cooler cases,only H� ).

The seven featurelessDC spectra areplotted in Figure 6.10. The two calcium-rich

DZ spectra are plotted in Figure 6.11. Prominent in both spectra are the Ca I I H and

K lines that are labeled in the top panel. Additional absorption featuresprominent

in the bottom panelarisefrom Mg I (designatedby open circles)and Fe I (designated

by small �lled circles). The lone helium-rich DB spectrum is plotted in Figure 6.12.

All absorption featurespresent in this spectrum arise from He I and are labeled.

A complete list of the new WD discoveries from Phase Two as well as J2000

coordinatesand alternate namesis found in Table 6.2.
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Figure. 6.8: Spectral plots of the hot (Te� � 10,000K) DA WDs from PhaseTwo,
normalized at 5200 �A and plotted in descendingTe� as estimated by the slopes of
the continua and the strengths of the absorption lines. Notice the 
ux calibration
problemsare not present in thesedata.
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Figure. 6.9: Spectral plots of the cool (Te� < 10,000K) DA WDs from PhaseTwo,
normalized at 5200 �A and plotted in descendingTe� as estimated by the slopes of
the continua and the strengths of the absorption lines. Notice the 
ux calibration
problemsare not present in thesedata.
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Figure. 6.10: Spectral plots of the seven featurelessDC WDs from PhaseTwo, nor-
malized at 5200 �A and plotted in descendingTe� as estimated by the slopes of the
continua. Notice the 
ux calibration problemsare not present in thesedata.
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Figure. 6.11: Spectral plots of the two calcium-rich DZ WDs from PhaseTwo. The
most prominent absorption featuresin both spectra are the Ca I I H and K lines and
Ca I (labeled in top panel). Additional featuresin the bottom panel arise from Mg I

(open circles) and Fe I (small �l led circles).
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Figure. 6.12: Spectral plot of the helium-rich DB WD from PhaseTwo. All absorption
featurespresent arise from He I and are labeled. The crossrepresents a bad column
that could not be reliably clipped out becauseit is convolved with the absorption line
at 4121�A.
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Figure 6.13 is an RPM diagram illustrating the e�ectiv enessof identifying the

new WD discoveries (asterisks) presented here. New WD identi�cations are from

the SCR, NLTT, WTC, and LEHPM surveys. The �lled circlesrepresent new HPM

discoveries from the SCR proper motion survey discussedin Chapter 5. Note that

there are four newWDs that lie to the right of the arbitrary WD-subdwarf boundary.

Theseobjects wereselectedfor spectroscopicfollow-up basedon their 2MASScolors

(discussedin x 7.3.1) in addition to their positions on the RPM diagram.

Including the spectroscopicallycon�rmed discoveriesfrom both phases,a total of

56 new WD systemscontaining 57 WDs in the southern hemispherewere identi�ed

in this e�ort. Separatingobjects by spectral type, 40 are DA (including 1 DAB), 11

are DC, 4 are DZ, 1 is DB, and 1 is DQ.

As it becameincreasinglyevident that there is no shortageof relatively bright WDs

to be discovered in the southernhemisphere,our priorit y for spectroscopicfollow-up

shifted to identifying nearby WDs only. During the PhaseTwo search, once WD

candidateswere vetted via the RPM diagram, a distance was estimated using the

linear plate color relation of Oppenheimeret al. (2001b). Only candidateWDs whose

distanceestimatewaswithin � 30 pc weretargeted for spectroscopicfollow-up, which

biasedthis sampletoward cooler WDs. This bias is the reasonthat more DC WDs

(seeFigures6.4and 6.10)and fewer hot DA WDs wereidenti�ed (seeFigures6.2and

6.8) in PhaseTwo than in PhaseOne,becausehot DAs are inherently more luminous

and can be detectedat greater distances.
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Figure. 6.13: Reducedproper motion diagram for new WD discoveries (asterisks).
New HPM discoveries from the SCR proper motion survey are also plotted (�l led
circles). The solid line marks an arbitrary boundary betweenWDs and subdwarfs.
The encircled point labeled \sd" is a con�rmed subdwarf that happens to lie just
inside the WD region.

In order to target the newWDs that areactually nearby, wewould liketo constrain

their distanceestimates.With morepreciseCCD photometry, weareableto estimate

distancesusing two independent methods, via an empirical color-magnituderelation

and via WD modeling. The �rst step is to obtain CCD photometry for the newly

discoveredWDs.
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Chapter 7

Photometry for New and Kno wn WDs

CCD photometry is far superior to plate magnitudes becausethe recorded 
ux in

an exposure is linearly related to the exposure time (to �rst order as long as the


ux doesnot approach the saturation limit of the CCD). Conversely, the emulsions

on a photographic plate do not respond linearly to the stellar 
uxes and a more

indirect seriesof correctionsandcalibrationsarenecessary, which introduceadditional

uncertainties. CCD magnitudes are determined to better than 0.03 mag routinely

with one observation, while plate magnitudesare determined to 0.3 mag (seeTable

5.2) and are dependent on the brightness of the object. Of course,any properties

derived from thesequantities will be better constrainedif the magnitudesare better

constrained{ in this case,typically by a factor of 10.

7.1 Photometry Observ ations

Optical VJ RKCI KC for newand known WD systemswasobtained using the CTIO 0.9

m telescope during several observingruns from 1999to 2003as part of the NOAO

SurveysProgram and from 2003through 2007as part of the SMARTS Consortium.

The 2048� 2046Tektronix CCD camerawas usedwith the Tek 2 VJ RKCI KC �lter

set. Only the central quarter of the chip was used, providing a 6.80 square�eld of

view. Bias framesand dome
ats in each �lter weretaken prior to sunseteach night.
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One photometry observingrun was completedusing the CTIO 1.0 m telescope.

The 4064 � 4064 STA CCD camera (known as the Y4KCam) was used with a

BJ VJ RKCI KC �lter set. The �eld of view was 200 square. Bias frames and dome


ats in each �lter were taken prior to sunseteach night.

Several standard stars from Graham (1982), Bessel(1990), and Landolt (1992)

that are free from signi�cant background contamination within a 700radius were ob-

served nightly. Each standard wasobserved at three airmasses,typically � 1.1, � 1.4,

and � 2.0airmasses.At leastonevery red standard is observedeach night to properly

calibrate the magnitudesfor the nearby red dwarfs on the CTIOPI program. These

observations enabledus to calibrate 
uxes to the Johnson-Kron-Cousinssystemand

to calculateextinction corrections.

Target objects are usually observed at the lowest possibleairmassesand, with

exceptionto a few targets in the northern and the extremesouthernhemispheres,are

lessthan 1.6airmasses.Ideally, each target object will haveat leastthree independent

observations (i.e., observed on at least three nights) beforethe results are de�nitiv e.

However, if only two measurements are available and they agreewithin a few sigma,

the results are deemedpublishable. Of the 33 systemsdiscoveredduring PhaseOne,

all have at least two observations and 12 systemshave three or more observations

(Subasavageet al. 2007).
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7.2 Photometry Data Reduction

Photometry reductions were performed using standard IRAF packagesexcept that

they have beenconveniently bundled into 0.9 m CTIOPI data-speci�c IRAF scripts

called redpi and apercorr , written by Dr. Wei-Chun Jao. Bias subtraction and dome


at-�elding were performed using the IRAF task ccdproc via the redpi script. The

remainderof the reductionsutilized the apercorr script.

Each night's data were separatedinto two groups, the standard stars and the

science(target) stars. The standard star frameswereevaluated �rst, with a check of

the region around each standard star for cosmicray contamination using the display

and imexamtasks. If cosmicrays werefound within a 700radius (1400diameter, which

is consistent with the aperture usedby Landolt 1992,for standard stars), the IRAF

task cosmicray was usedto remove the cosmicray. In a few cases,the task had to

be run multiple times, with a slight tweak in the parameters,to su�cien tly remove

the cosmic ray. Once all standard star regions were free of cosmic rays, the stars

were taggedand the 
ux calculated within a 1400diameter. A background level was

determined using an annulus around each standard that had an inner radius of 2000

and a width of 300to be subtracted from the 
ux of the stellar aperture using the task

phot. Thesedata were compiled into usable text �les using the tasks mkimset and

mknobs�le. The transformation equation usedto determineapparent magnitude is

mstandar d = minst + a1 + a2x + a3(color) + a4(color)x; (7.1)
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whereminst is the instrumental magnitude derived from the background subtracted


ux within the stellar aperture, a1 through a4 are transformation coe�cien ts, color is

the color term (usually VJ � I KC but can be any permutation consistingof VJ RKCI KC

magnitudes), x is the airmassand mstandar d is the standard magnitude from either

Graham (1982), Bessel(1990), or Landolt (1992). The task �tp aram computesthe

transformation coe�cien ts using a least squaresmethod.

The sciencestar frameswere then evaluated in a similar manner. While checking

for cosmicrays, an appropriate aperture wasdetermined. If the �eld wasuncrowded,

a 1400diameter aperture was used. In a crowded �eld, or if the sciencestar is near

a companion,an aperture ranging from 400to 1200in diameter was applied using the

largest aperture possiblewithout including contamination from neighboring sources.

In thesecases,an aperture correctionwascalculatedby selectingother stars(typically

�v e) in the frame that are uncontaminated and su�cien tly exposedand was applied

to the 
ux within the smaller sciencestar aperture. Aperture correctedinstrumental

magnitudeswerethen applied to Eq. 7.1, now with the coe�cien ts determinedusing

the standard stars, to determinethe apparent magnitudes. A custom perl script was

written for this task by Dr. Wei-Chun Jao, identical in function to the IRAF task

eval�t , but instead generatesan output that facilitates easyinclusion into our large

master photometry database.



123

7.3 Analysis

Our basic understanding of the physics of WDs is often su�cien t to reproduce the

variety of spectral features seenin WDs (although our perspicacity of the details

in the physics necessaryfor preciseWD modeling is far from complete). Also, WD

luminosities for a given e�ectiv e temperature (hence color, in all but the coolest

WDs) are consistent exceptfor slight (and important) variations that ariseprimarily

becauseof massdi�erences. As previouslydiscussed,WDs aredegenerateobjectsand

as such, the massis inverselyrelated to its size(i.e., more massive WDs are smaller

and lessluminous). Nonetheless,the vast majorit y of WDs in the solarneighborhood

are of averagemass(i.e., 0.6 M � ) and therefore of averagetemperature-dependent

luminosity, so that empirical color-magnituderelations, similar to thoseusedfor red

dwarfs in x 5.3.1,can be generatedfor WDs.

7.3.1 Empirical Distance Relations

With reliable CCD photometry available for a sample of WDs that have accurate

trigonometric parallax measurements, a suite of photometric distance relations can

be generated.Data taken from Bergeronet al. (2001) wereusedfor this purpose. In

order to prevent unnecessarycontamination becauseof observational uncertainties,

only those WDs that have trigonometric parallaxesplacing them within 25 pc and

parallax errors lessthan 10 mas were used in the �ts. In addition, any object that

is known or suspected to be an unresolved multiple (e.g. a double degenerate)was

removed. Of the 152objectscontained in Bergeronet al. (2001),68met thesecriteria.
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Optical BJ VJ RKCI KC and infrared JH K (CIT) photometry for the 68 objects

was extracted from the publication. Color transformations to the 2MASS system

were applied as described in Carpenter (2001). JH K S magnitudesand errors from

2MASS were also extracted via Aladin, but were disregardedif the error was null.

A weighted meanof each infrared magnitude was calculated for objects having both

measurements. Magnitude errorswerepropogatedthrough each step, and the result-

ing errors wereJ � 0.04mag, H � 0.06mag, and K S � 0.09mag.

MV magnitudeswerecalculatedandrangesin colorweredeterminedfor each of the

21 colorsavailable. To better constrain M V for a given color, any color that had less

than a onemagnitude rangefor all M V wasexcludedfrom the �nal suite of relations

usedto determinedistances.Thirteen usefulrelations remained. After comparing�ts

of order 2, 3, 4, and 5 for each color, we used3rd order �ts, which minimized RMS

valueswithout introducing erroneous\bumps" in the �ts. Coe�cien ts for the �ts of

the 13 useful colorsare presented in Table 7.1.

T able. 7.1: Details for photometric distance relations relativ e to M V

Co e�. #1 Co e�. #2 Co e�. #3 Co e�. #4 RMS
Color Applicable Range # Stars ( � color 3 ) ( � color 2 ) ( � color) (constan t) (mag)

(1) (2) (3) (4) (5) (6) (7) (8)

( B � V ) . . . . . . . 0.10 to 1.84 68 +1.82E-01 � 1.47E-00 + 4.10E-00 + 12.52 0.49
( B � R ) . . . . . . . 0.16 to 2.45 68 +1.69E-01 � 1.04E-00 + 3.17E-00 + 12.27 0.45
( B � I ) . . . . . . . . 0.15 to 2.99 67 +7.11E-02 � 5.43E-01 + 2.30E-00 + 12.26 0.46
( B � J ) . . . . . . . 0.16 to 3.57 68 � 3.28E-03 � 5.00E-02 + 1.18E-00 + 12.63 0.46
( B � H ) . . . . . . . 0.14 to 3.88 68 +7.12E-03 � 7.11E-02 + 1.08E-00 + 12.64 0.47
( B � K ) . . . . . . . 0.04 to 4.06 68 � 1.48E-03 � 1.16E-02 + 9.38E-01 + 12.69 0.47
( V � I ) . . . . . . . . � 0.03 to 1.41 67 � 7.05E-01 +1.16E-00 + 2.20E-00 + 12.57 0.50
( V � J ) . . . . . . . 0.00 to 1.98 68 � 9.24E-02 +3.14E-01 + 1.33E-00 + 12.76 0.49
( V � H ) . . . . . . . � 0.04 to 2.08 68 +1.57E-01 � 3.53E-01 + 1.51E-00 + 12.74 0.50
( V � K ) . . . . . . . � 0.14 to 2.22 68 +1.40E-01 � 2.90E-01 + 1.34E-00 + 12.79 0.51
( R � J ) . . . . . . . � 0.05 to 1.28 68 � 8.05E-01 +1.93E-00 + 1.06E-00 + 12.98 0.51
( R � H ) . . . . . . . � 0.03 to 1.45 68 +4.03E-01 � 4.62E-01 + 1.79E-00 + 12.88 0.54
( R � K ) . . . . . . . � 0.12 to 1.61 68 +3.16E-01 � 3.28E-01 + 1.56E-00 + 12.89 0.54
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Figure. 7.1: Example color-M V plot displaying the 68 known WDs from Bergeron
et al. (2001) and the corresponding BJ � J relation (curved line). The vertical lines
indicate the limits of the color within which the relation is useful.

A sample�t for the M V versusBJ � J relation is illustrated in Figure 7.1. For this

particular color, the relation to M V is as follows:

M V = � 3:28E � 03(B J � J )3 � 5:00E � 02(B J � J )2 + 1:18(B J � J ) + 12:62: (7.2)
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For a given WD, the distanceestimatewastaken to be the averageof the distance

estimatesusingeach color. The standard deviation of the averagewith respect to the

individual color'sdistanceestimateswastakento be the internal error. By estimating

distancesto the 68 WDs usedto generatethe relations and comparing those to the

true distances,a percent error of 13%wasobtained and wasadoptedas the external

error in theserelations. The internal and external errors are addedin quadrature for

each object to give a total error.

To better constrain the distanceestimates,colors that incorporate infrared mag-

nitudeswith errorsgreaterthan 0.16mag(somewhatarbitrarily selectedbasedon the

error distribution of the 2MASSphotometry of our WD discoveries)have beenauto-

matically excludedfrom the averageddistanceestimate. Also, to avoid extrapolation

when using the �ts to evaluate a WD whosedistanceis unknown, color limits are set

beyond which there areno stars in the standardsampleto support the relation. Note,

one point in Figure 7.1 with BJ � J � 0 is not within the color limits. Applicable

colorscorrespond to e�ectiv e temperaturesbetween� 5,000K and � 11,000K. While

it may seemthat the relations are only applicableto a small rangein Te� , it is in this

rangethat we �nd the cooler and lessluminous WDs. In a magnitude limited survey,

the lessluminous objects are the onesthat are nearby and are primary targets of this

e�ort.

An interesting trend was noticed when evaluating which colors were suitable for

distanceestimates.When plotting infrared colors,it becameclearthat all of them are
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degeneratefor all M V . For instance,the spreadin color for J � K S is lessthan 0.5 for

all MV such that a �t would producea nearly vertical line whenplotting color (X-axis)

vs. MV (Y-axis). This e�ect is shown in Figure 7.2. While not useful for distance

estimates,an infrared color constraint is usefulasan additional discriminant for WD

candidates,particularly for objects in the region of the RPM diagram bordering the

WD - subdwarf boundary around which contamination will likely occur. Subdwarfs

in this region typically have J � K S � 0.7 or larger and thus there existsa signi�cant

color gap to distinguish betweenthe two luminosity classes.Indeeda few new WDs

were spectroscopicallyidenti�ed that are found in the subdwarf region of the RPM

diagram and are plotted in Figure 6.13.

After using these relations to estimate distancesto new WDs from PhaseOne,

collaborator (and committeemember) PierreBergeronnoticeda 
a w. Upon modeling

the physicalparametersof the newWDs (discussedin the next section)and obtaining

independent distanceestimates,there existeda systematicdisagreement betweenthe

two estimates. The discrepancywas greatestat higher Te� (� 10,000K) and among

the DA WDs (seeFigure 7.3).

The most likely causefor the discrepancyamonghot DAs is the strength of the

broad Balmer absorption lines in the optical. All optical �lters usedwith exceptionof

the I KC (i.e.,BJ VJ RKC) incorporateoneor moreof thesefeaturessothat the measured


ux integratedover the �lter bandpassis suppressed.Any color that utilizes an optical

magnitudeand an infrared magnitude(including I KC) will thusappearredderthereby

implying the WD is cooler and lessluminous.
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Figure. 7.2: Plot of infrared J � K S color vs. M V for WDs used to generatethe
distancerelations. Notice how the spreadin color is lessthan 0.5 mag over all M V

and is degenerate(i.e., there is no unique M V for a given color value).

Hotter WDs are more luminous and farther away than cooler WDs, in general.

Thus, most of the hotter DA WDs did not meet our distancecriterion, by which the

sampleusedto generatethe relations was selected.As such, the color-M V relations

are biasedagainst hot DA WDs and do not provide an accuratetreatment for these
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Figure. 7.3: Color-magnitudeplot that contains the entire sampleof Bergeronet al.
(2001). The curved line represents the BJ � J relation illustrated in Figure 7.1.
Notice the deviation from the curve for DA WDs (�l led circles) at blue colorsand the
agreement with the non-DA WDs (open circles). Plot generatedby P. Bergeron.

objects. Admittedly , the 
a w is problematic for the analysisof all our new WD dis-

coveriesbut the relations still hold merit for estimating distancesto cool DA WDs

and all non-DA WDs (e.g. most nearby WDs). In fact, we often use the distances

estimatedby the relations to selectnearby candidatesfor trigonometric parallax de-

terminations. To analyzethe entire new WD sample,physical modeling is necessary.
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7.3.2 Mo deling of Physical Parameters

If signi�cant S/N spectra areavailable, WDs canbemodeledby �tting the absorption

lines to glean a Te� and a log g, where g is surfacegravit y. The relative strengths

of the absorption lines are sensitive to Te� and the widths of the absorption lines

(i.e., broadness)are sensitive to log g. For this technique to be applicable, the spec-

trum must have absorption lines. For the cool DAs that show only weak H� and the

featurelessDCs, another method that usesphotometry must be applied.

In order to evaluateall the newWD discoveriesin a homogeneousmanner,the pho-

tometry alonewasusedfor modeling. Collaborators Pierre Bergeronand Patrick Du-

four are responsiblefor modeling the WD discoveries. Brie
y , the optical VJ RKCI KC

and infrared JH K S magnitudes were transformed to averagestellar 
uxes f m
� re-

ceived at Earth using the calibration of Holberg & Bergeron(2006) for photon count-

ing devices. The resulting SEDs were comparedwith those predicted from model

atmospherecalculations. One of a handful of model atmosphereswasselected,either

the pure hydrogen,pure helium, or mixed hydrogenand helium models(as described

in Bergeronet al. 2001,and referencestherein) or the helium-rich models modi�ed

to account for carbon or metals (as described in Dufour et al. 2005,2007). Both the

observedand model 
uxes aredependent on Te� , log g, and atmosphericcomposition,

and are related by the following equation

f m
� = 4� (R=D)2H m

� ; (7.3)
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where R=D is the ratio of a star's radius to its distance from Earth, and H m
� is

the Eddington 
ux that dependson Te� , log g and N (He)/ N (H), properly averaged

over the corresponding �lter bandpass. The �tting technique usesthe Levenberg-

Marquardt nonlinear least-squaresmethod (Presset al. 1992), which is basedon a

steepestdescent method. The valueof � 2 is takenasthe sumover all bandpassesof the

di�erence betweenboth sidesof Eq. 7.3, weighted by the corresponding photometric

uncertainties. Only Te� and the solid angle [4� (R=D)2] are consideredto be free

parameters,and the covariancematrix of the �t directly determinesthe uncertainties

of both parameters.The canonicalvalue of log g = 8.0 is assumedfor all WDs, and

its validit y has beentested by Bergeronet al. (1992b) in which a sampleof 129 DA

WDs was spectroscopically�t and a log g directly determined. The mean for this

sampleis log g = 7.91with a dispersionof 0.26dex.

The main atmospheric constituent, hydrogen or helium, is determined by the

presenceof H� in the spectrum. If the spectrum is featureless(i.e., DC), the �ts

obtained with both compositions are comparedto the observed 
ux valuesand the

better �t is selected.For DQ (carbon) and DZ (calcium) stars, the �rst estimatesof

the atmosphericparametersare obtained by �tting the SED with an assumedvalue

of metal abundances.The optical spectrum is then �t to better determinethe metal

abundances,and improve the atmosphericparametersfrom the SED. This procedure

(outlined in Dufour et al. 2005,2007) is iterated until a self-consistent photometric

and spectroscopicsolution is achieved. The DQ and DZ WDs discovered in Phase
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Two, as well as the known WDs without distances(seex 7.4.2), weremodeledusing

a pure helium model. Onceadditional data are collected,a more careful assessment

usingthe appropriate modelsfor DQ and DZ WDs will be employed for theseobjects.

Oncethe e�ectiv e temperature and the atmosphericcomposition are determined,

the absolute visual magnitude is determined. This is done by combining the new

calibration of Holberg & Bergeron(2006) with evolutionary models similar to those

described in Fontaine et al. (2001). Modi�cations include using C/O cores,q(He)

� log M He=M ? = 10� 2 and q(H) = 10� 4 (representativ e of hydrogen-atmosphere

WDs), and q(He) = 10� 2 and q(H) = 10� 10 (representativ e of helium-atmosphere

WDs). By comparing the absolutevisual magnitude with the VJ magnitude, a �rst

estimateof the distanceto each star is derived. Errors on the SEDestimateddistances

incorporate the errors of the photometry values(� 0.03mag for optical magnitudes

and usually larger for near-infraredmagnitudes)aswell asan error of 0.26dex in log

g (as discussedabove).

7.4 Photometry Results

7.4.1 New WD Disco veries

Photometric magnitudes,derived valuesfor Te� , and distanceestimatesdetermined

from both the empirical relationsaswell asthe SED �t aswell asthe total errors(i.e.,

both internal and external) for the 57 new WD discoveries are listed in Table 7.2.
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Spectral types for the new WD discoverieswere deferreduntil this section because

the DA WD (most of the sample) sub-types are dependent on the Te� , which was

determinedvia photometry. Theseobjects have beenassigneda half-integer temper-

ature index asde�ned by McCook & Sion(1999),wherethe temperature index equals

50,400/Te� .

As an external check, a subsetof DA WDs from the phaseone search were an-

alyzed by �tting the observed Balmer line pro�les using the spectroscopictechnique

developed by Bergeronet al. (1992b),and recently improved by Liebert et al. (2003).

The resulting e�ectiv e temperatures were then comparedto those derived via SED

�tting and areplotted in Figure 7.4. The uncertainties of the spectroscopictechnique

are typically 0.038dex in log g and 1.2%in Te� accordingto Liebert et al. (2003). A

larger uncertainty of 1.5% in Te� was adopted here becauseof the problematic 
ux

calibrations of the PhaseOne spectra. The agreement is excellent, except perhaps

at high temperatureswherethe photometric determinationsbecomemore uncertain.

It is possiblethat the signi�cantly elevated point in Figure 7.4, WD 0310� 624 (la-

beled), is an unresolved double degeneratewith very di�eren t component e�ectiv e

temperatures(seex 8.4.3).
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Figure. 7.4: Comparison plot of the values of Te� derived from photometric SED
�tting vs. thosederived from spectral �tting for 25 of the DA WDs from the phase
one search. The solid line represents equal temperatures. The elevated point, WD
0310� 624, is discussedin x 8.4.3.

With the realization that the distancesestimated via empirical color relations

are problematic for certain objects, the distancesestimated via SED �tting to the

photometry are given priorit y. In the caseswhen the SED estimated distance is

unavailable, the empirical distanceestimatewill be usedin the statistics. By a quick

count of column15(or column14if column15is blank), of the 56newWD systems(a

total of 57newWDs), at least15havedistanceestimateswithin 25pc. Elevenobjects

do not yet have photometry observations (all werediscoveredduring PhaseTwo) and

assuch, no reliable distanceestimatesare available. One object, WD 1105� 340,has

a distance estimate of 28.2 � 4.8 pc. This object has a CPM companionM dwarf

whosedistance estimate using VJ RKCI KCJH K S and the relations of Henry et al.

(2004) is 19.1� 3.0 pc. Thus, this systemmay lie within 25 pc. Also, WD 2008� 600
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is a very cool WD with infrared continuum collision-inducedabsorption (CIA). This

phenomemonoccurs in hydrogen-atmosphereor mixed-atmosphereWDs that have

cooled enoughfor molecularhydrogento exist (Te� . 5000K). Thesemoleculesthen

collide with other H (hydrogen-atmosphere)and He (mixed-atmosphere)atoms and

molecules.The collisionsinducea temporary dipole moment in the H2 moleculethat

createspermitted dipole transitions that signi�cantly increasethe opacity in the red

and near-infraredwavelength regime(seeHarris et al. 1999,and referencestherein).

Thus, the empirical relations do not provide an accuratetreatment of this object. It

too, is likely within 25 pc. Additionally , several objects have distanceestimatesjust

beyond 25 pc and it is possiblethat somemay prove to be just within 25 pc when a

true distance(i.e., trigonometric parallax) is measured.

7.4.2 Kno wn WDs Without True Distances

In recent years,severalnewnearby WDs havebeenidenti�ed by other researchers(i.e.,

L�epineet al. 2005;Kawka & Vennes2006). A primary aim of this e�ort is to further

complete the nearby WD sample and as such, known WDs without trigonometric

parallaxeswere targeted for photometry so that nearby targets could be identi�ed.

The results of the analyses,identical to thoseperformedon the new WD discoveries,

are listed in Table 7.3.

Of the 23 systemsin the known sample,12 are estimated to be within 25 pc (see

Table 7.3 column 15). A few more have distanceestimatesjust beyond 25 pc using
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the SED �tting but just within 25 pc using the empirical relations, leaving open the

possibility that someare within 25 pc. Combining the new and known WD samples,

a total of 27 are estimated to be within 25 pc and several are just beyond 25 pc.

A true distancevia trigonometric parallax is vital to con�rm the proximit y of these

objects.
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Chapter 8

Trigonometric Parallaxes for New and Kno wn WDs

Trigonometric parallax measurements are the only direct geometricaldeterminations

of stellar distances. The only underlying assumptionsare that the Earth orbits the

Sun and that we know Earth's position relative to the Sun accurately. Using current

ground-basedtechniques,a star's distance can be measuredout to � 100 pc with a

certainty of 10% or better, i.e., � trig = 10 � 1 mas (space-basedmissionssuch as

Hipparcos have measureddistancesout to � 200 pc with similar certainties). While

a distanceof 100 pc is miniscule relative to the sizeof the Galaxy and insigni�cant

relative to the sizeof the Universe,there remain many secretsto uncover about our

closestneighbors.

A precisedistancedetermination is crucial to accuratelymodel the physicalparam-

eters of WDs. Distance determinations constrain luminosities, which then constrain

radii. If we assumethe theoretical mass-radiusrelation for WDs is accurate,masses

can be fairly well constrained. Thus, gravit y can be determineddirectly for all WDs

(not just DAs), insteadof assuminga canonicalvalueof log g = 8.0. In addition, any

unresolved double degenerateswill present themselves unambiguously becausethey

will appear overluminousby roughly a factor of two. Such systemsprovide empirical

evidencefor stellar evolution, in particular for closebinary systemsasthey evolve o�

the main-sequence.
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A completevolume-limited sampleof WDs is extremelyusefulfor statistical anal-

yses,such as an estimate of the fraction of dark matter in our Galaxy made up of

WDs. In addition, as discussedbrie
y in x 1.3.3, the nearestWDs are superb can-

didates to detect astrometric perturbations causedby orbiting planets. To date, no

planets have been detected around WDs, but the likely explanation is that no one

is looking. Not only do trigonometric parallaxesdirectly determinethe distance,the

samedatasetcanbe used(usually over longertimescales)to detect long period \w ob-

bles" causedby unseencompanionsif the astrometric signature is large enough. For

a given system, the astrometric signature is inversely related to distance, thus the

closerthe WD, the larger the signal (all elsebeing equal). As of the writing of this

thesis, our CTIOPI data reduction pipeline only solves for the parallax and proper

motion of an object. With reductions for more than 200 targets completedthus far,

a few objects display probable perturbations that are witnessedin the residualsof

the �t. In this chapter, I discusstrigonometric parallax measurements for 62 WDs

targeted in this dissertation.

8.1 Parallax Observ ations

Parallax measurements are carried out as part of the CTIOPI program, a southern

hemisphereparallax program that began in 1999under the auspicesof the NOAO

Surveys Program and has continued since2003under the auspicesof the SMARTS

Consortium. Observations are carried out at the CTIO 0.9 m telescope and the
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instrument setup is identical to that usedfor the photometry observations outlined

in x 7.1. Brie
y , the 2048� 2046 Tektronix CCD camerawas used with the Tek 2

VJ RKCI KC �lter set. To minimize o�-axis optical distortions, only the central quarter

of the chip wasused,providing a 6.80 square�eld of view. Bias framesand dome
ats

in each �lter were typically taken prior to sunseteach night.

Before long-term parallax observations begin, a suitable reference�eld and �lter

must be selected.In general,the reference�eld is selectedsothat � 10 referencestars

are distributed around the target star (hereafter referredto as the pi star). In a few

caseswhen the �eld is sparse,the best possiblenumber and distribution of reference

stars is selected.The �lter is selectedso that the pi star and the reference�eld are

su�cien tly exposed. In the caseof WDs, the RKC is almost always selectedbecause

WDs are fairly colorlessand the CCD is most sensitive in the RKC band. In the case

of late-type M dwarfs or brown dwarfs, the I KC is selectedbecauselate-type stars

are very red and emit little 
ux in the VJ band. An examplesetup �eld is shown in

Figure 8.1.

Once the pointing and �lter are selected,a rough exposure time (for a given

quality of seeing)is noted as well as the pixel coordinates for the pi star. Finally,

the brightest star (usually the pi star but in the caseof faint WDs, a referencestar)

is labeled as the exposuresetter to avoid saturation while observingunder various

atmosphericconditions.
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08:21:26.70 -67:03:20.1

N

E
6.80� 6.806

�

SCR0821-6703

Figure. 8.1: Setup �eld for a parallax target taken at the CTIO 0.9 m telescope. The
pi star is labeled with two arrows and the referencestars are labeled with diagonal
dashes.

During a night of observing,a pi star within 30 minutes (or up to 1 hour for faint

targets) of the meridian is selectedto minimize the e�ects of di�eren tial color refrac-

tion (DCR, discussedin x 8.2). The observer then points the telescope and applies

an o�set so that the pi star is within � 5 pixels of the original setup pixel coordi-
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nates. The exposure time is adjusted as needed,depending on seeing,atmospheric

transparency, and how recently the mirror was cleaned,and a seriesof �v e to ten

exposuresare taken in sequence,ideally half east of the meridian and half west of

the meridian. This processis repeated throughout the night so that 10 - 20 pi stars

are observed each night. SinceAugust 1999,CTIOPI has typically had one week a

month to acquiredata for the 427pi stars (as of 08 May 2007)on the program.

8.2 Parallax Reductions

The reduction pipeline redpi wasdeveloped by Dr. Wei-Chun Jao and is described in

Jao et al. (2005). Brie
y , the IRAF task ccdproc is responsible for basiccalibrations

(i.e., biassubtraction, 
at-�elding). The calibrated data arethen storedin a directory

speci�c to each pi star. Once enough data are available, a parallax reduction is

performed(seex 8.3).

Optical VJ RKCI KC photometry is necessaryfor each referencestar as well as the

pi star and serves two purposes,(1) to correct for the e�ect of DCR and, (2) to

correct from relative to absolute parallax. Photometry reductions are identical to

thosediscussedin x 7.2 and are completedprior to �nalizing a parallax reduction.

First, an examination of each parallax frame is necessaryto discard frames of

poor quality. In a few cases,telescope guiding problemscreatea smearin the image

and are not useful for high-precisionastrometry. Another problem that has arisen

involvesa �lter being positioned incorrectly in the �lter wheelsuch that the images
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weretaken in the wrong �lter (unbeknownst to the observer and not discovereduntil

months or yearslater whena parallax reduction is performed). Oncea subsetof good

quality imagesis collected,the reference�eld and pi star are individually taggedfor

centroiding. In practice, only oneframe from each observingnight needsto be tagged

and thosepixel coordinatesare very similar to the rest of the framestaken that night

during the sametelescope pointing. Centroids for the reference�eld and pi stars are

extracted using SExtractor (Bertin & Arnouts 1996).

Precisecoordinatesfor the pi star are extracted from the 2MASSdatabase(when

available) and the position is proper motion adjusted from the epoch of observation

to epoch 2000. At this point the centroids are correctedfor DCR basedon the color

of each referenceand pi star and a quality control of all the referencestars in each

frame is performed.

Refraction occurs becauselight is bent when passingthrough the Earth's atmo-

sphere. Di�eren tial refraction occurs becauseblue light is refracted more than red

light. For a given �lter bandpass,an A0 type star will appear to refract more than an

M0 type star becauseit emits moreblue light through a VJ RKCI KC �lter. The details

of the DCR correction can be found in Jao et al. (2005) but typically this correction

shifts the stars' positions by no more than a few mas.

Constraints on ellipticit y, elongation, and full width at half maximum (FWHM)

eliminate any star outside of theseconstraints. Ellipticit y must be below 20%,elon-

gation must be below 1.2, and FWHM must be below 2.500. A suitable trail plate is
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selectedand must contain all of the referenceand pi stars, have an hour angle(HA)

of observation lessthan 5 minutes, and have reasonablygood seeing.

In the next phaseof reduction, the trail plate is rotated so that the X-axis is due

east-westby comparisonwith the Guide Star Catalog2.2usingthe IRAF task imwcs.

The remainderof the imagecentroids are recalibrated to account for di�eren t scaling

in both the X and Y directions, as well as the di�eren t amounts of translation in

both directions. A least squaresreduction via the Gauss�t program1 is performed,

assumingthe referencestar grid has � i � i = 0 and � i � i = 0. Parallaxesand proper

motions for the referencestars are calculatedindividually after the pi star reduction.

If a referencestar is found to have a considerableparallax and/or proper motion, it is

removed from the �nal reduction. If a referencestar is found to have abnormally high

residuals,becauseof photocentric contamination by a neighboring sourceor even a

bad column on the CCD, it is also removed from the �nal reduction. After a few

iterations to ensurethe reference�eld is of good quality, the �nal reduction produces

a relative trigonometric parallax for the pi star.

Eventhe referencestarstraceout smallparallax ellipsesbecausethesestarsarenot

in�nitely far away. Thus,a correctionto absoluteparallax must beperformed. This is

accomplishedin oneof (at least) threedi�eren t ways, (1) usingstatistical methods, (2)

spectroscopicparallaxesfor each of the referencestars, or (3) photometric parallaxes

for each of the referencestars. Statistical methods rely on the apparent magnitudeof

1Available from the HST Astrometry Team at ftp://clyde.as.utexas.edu/pub/gauss�t/ .
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the pi star and its Galactic coordinates. Assumptionsare made about the Galactic

component (i.e., disk, halo) membershipof the referencestarsbasedon their apparent

magnitudes. In turn, an estimateof the distanceprovides an estimateof the sizesof

the parallax ellipsesof the referencestars, which can then be converted to an average

ellipsesizefor the referencestar setandaddedback into the pi star's ellipsesizeto give

an absoluteparallax. Usingspectroscopicparallaxesto correct to absoluteis probably

the most reliable method becauseit removes any uncertainty about the luminosity

classesof the reference�eld stars. However, a signi�cant amount of observingtime

is necessaryto obtain spectra for � 10 referencestars around each of the 427 pi

stars on CTIOPI. Therefore, photometric distancesare usedfor CTIOPI targets to

correct to absoluteparallax under the assumptionthat all referencestars are single

main-sequencestars so that the CCD distance relations of Henry et al. (2004) are

applicable. Becausethe photometry is already available from the DCR correction,

no further telescope time is necessaryto make this modest (typically � 1.5 mas)

correction. Of course,contamination from evolved stars or unresolved double stars

in the reference�eld, as well as reddening,hasnot beentaken into account.

8.3 Parallax Results

A trigonometric parallax determination takes a signi�cant amount of time. A fair

assumptionis that a parallax takesoneintegrated night spreadover at least 2 years.

WD targets for this project arecurrently at variousstagesof completion. The current

criteria that de�ne a de�nitiv e parallax are:
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� the relative parallax error is lessthan 3 mas

� the target hasbeenobserved for at least 2 years

� there is a reasonablebalancebetweenimageswith positiveand negativeparallax

factors (usually consistingof a minimum of 30 frameseach)

� VJ RKCI KC photometry has beenobtained for the �eld (at least 2 independent

observations)

A total of 62 WDs are on the CTIOPI program; including 10 known to be within

10 pc placed on the program as part of the Astrometric Search for Planets Encir-

cling Nearby Stars (ASPENS) project. ASPENSis targeting all red dwarfs and WDs

within 10 pc, south of declination = 0� , that are not enshroudedby a bright primary

(a total of 54 systems). This study is aimed at detecting photocenter shifts induced

by low masscompanionsorbiting around nearby stars. In many cases,the CTIOPI

determinedparallax is signi�cantly better than previousmeasurements using photo-

graphic plates. Astrometric results for WDs on CTIOPI with enoughdata to obtain

at least a preliminary parallax are found in Table 8.1.

In Table 8.1, I list all 62 WDs on CTIOPI as of 08 May 2007even if no parallax

reduction is yet possible. The samplesare broken into �v e categories,de�nitiv e

results,preliminary results,no results,ASPENSWDs, andcompanionsto WDs whose

parallaxes were measuredby CTIOPI (for the sake of taking weighted means as

prescribed in Appendix A). The �lter used for the parallax determination is listed
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in column 3. The number of seasonsand the number of framesare listed in columns

4 and 5, respectively. In column 4, the appended's' implies that the seasonshave

scattered observations (usually indicating two or fewer epochs per season)and the

appended'c' implies that the seasonshavecontinuousobservations (i.e., threeor more

epochs per season). The number of referencestars used is listed in column 7. The

relative parallax and error is listed in column 8. Column 9 lists the correction to

absoluteparallax that has beenapplied to the relative parallax to give the absolute

parallax and error listed in column 10. The proper motion and position angle is

listed in columns11 and 12, respectively. The tangential velocity, calculatedfrom the

absoluteparallax when available, otherwisecalculated from the relative parallax, is

given in column 13.

As an external check for consistency, a sampleof known nearby objects have been

observedsince1999and arenow part of ASPENS.Theseobjectshavewell-determined

parallaxesvia CTIOPI that can be comparedto previous parallax determinations.

Several comparisonsare displayed in Jao et al. (2005); shown in Figure 8.2 are two

exemplaryobjects for which the CTIOPI data coveragespansmore than six years.
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Figure. 8.2: Comparisonplot of CTIOPI parallaxeswith parallaxesmeasuredfrom
the ground(YPC = YaleParallax Catalog) andspace(HST = HubbleSpace Telescope,
HIP = Hipparcos). The units on the Y-axis are arcseconds.

Not all of the WDs on CTIOPI currently have photometry. However, there is a

sizeablesamplefor which photometry doesexist { via CTIOPI for newly discovered

WDs or elsewherein the literature for ASPENS WDs. Photometry coupled with

parallax data enablesthe construction of a H-R diagram. Plotted in Figure 8.3 is a H-

R diagramfor 50WD systemson CTIOPI (largeopenand �lled circles),for which the

error bars are smaller than the points. The large open circlesthat are labeledwill be

discussedin x 8.4.3. The small opencirclesrepresent 98of the 109systemspreviously

known to be within 25 pc, for which error bars are generally larger but vary. Large

uncertainties for known systemsariseprimarily from the trigonometric parallaxesand
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Figure. 8.3: H-R diagram for CTIOPI WDs that have photometry, a total of 50,
including ASPENStargets. CTIOPI parallaxesare grouped by thosethat are within
25 pc (large �l led circles) and those that are beyond 25 pc (large open circles). For
comparison,98 of the 109 WDs previously known to be within 25 pc are plotted
(small open cirlces). Labeledobjects are discussedin the text.

will thuse�ect the absolutemagnitudedeterminations(i.e., Y-axis) moresigni�cantly.

Eleven known systemsare missingbecauseno photometry is available (e.g. Sirius B,

Procyon B).

8.3.1 Comparison of Distance Estimates with True Distances

As a check of the reliabilit y of the two distance estimation techniques (empirical

relationsand SED �tting), a sampleof 20WDs with newtrigonometric parallaxeswas
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Figure. 8.4: Comparisonplots of WD distanceestimation techniquesvs. trigonomet-
ric parallaxes. (a) Comparisonof the empirical relations distanceestimatesvs. those
of the SED �tting technique. (b) Comparisonof the empirical relations distanceesti-
matesvs. trigonometric parallax distances.(c) Comparisonof the distanceestimates
via SED �tting vs. trigonometric parallax distances.Equal valuesare represented by
the diagonal line in each plot. Filled circles represent absoluteparallaxesand open
circlesrepresent relative parallaxesin plots b and c.

selected,excluding the elevated objects in Figure 8.3. First, the distanceestimates

obtained by using the empirical relations were comparedto those obtained by SED

�tting. As discussedin x 7.3.1, the empirical relations are problematic so we might

expect somediscrepancyin this comparison.This is indeedthe case,and is illustrated
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in Figure 8.4a. A similar trend is alsowitnessedwhen the distanceestimatesvia the

empirical relations are comparedto trigonometric parallax distances(Figure 8.4b).

Not so surprising, the distance estimatesvia SED �tting agreequite well with the

trigonometric parallax distances(Figure 8.4c). The �lled circles represent absolute

parallax valueswhile the open circles represent relative parallax values. Corrections

to absolutewill decreasethe distances(by lessthan 1 pc) thereby sliding the open

points on Figures 8.4b and 8.4c down slightly. Thus, the empirical relations serve a

purposein that they provide a reasonable�rst guessof a WD's distance but SED

�tting provides greater con�dence of a WD's proximit y. One possibility that may

strengthenthe con�dence in the empirical relations is to separatethe DA WDs from

the non-DA WDs and generateindependent relations for the two samples.Spectral

typesare not always known and an all-encompassingapproach was favored for this

e�ort. Also, revisedcriteria are necessaryto selecta DA samplewith trigonometric

parallaxesso that enoughstars will comprisethe sample.

8.4 Discussion

8.4.1 Statistics

A breakdown of the status of WDs on the CTIOPI program is listed in Table 8.2.

Thus far, CTIOPI has measureda trigonometric parallax for 38 WDs within 25 pc,

including eight ASPENS WDs previously known to be within 25 pc. There remain
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nine stars (seven new WDs, oneknown WD, and oneASPENS WD) that do not yet

have enoughdata for a parallax reduction. These WDs have been added recently

and are someof the most promising nearby candidates,as our selectionprocessof

parallax targetshasbeenre�ned. Onemajor changeis that wehaveopted to measure

a trigonometric parallax only for thoseWDs with distanceestimateslessthan 20 pc

to avoid targets with distanceestimatesnear the 25 pc boundary.

Table. 8.2: Parallax Status for WDs on CTIOPI

De�nitiv e Preliminary No
Sample Total Parallax Parallax Parallax d � 25 pc

ASPENS. . . . . . . . . 10 3 6 1 9
New WDs. . . . . . . . 23 5 11 7 11
Known WDs . . . . . 29 16 12 1 18

Total . . . . . . . . . . 62 24 29 9 38

Prior to this e�ort, there were 109 WD systemswith trigonometric parallaxes

within 25pc albeit with varying uncertainties, oneaslargeas24.2mas(seeAppendix

A). CTIOPI hasmeasuredparallaxes,for the �rst time, to 29WD systems(excluding

the nine ASPENStargets) within 25 pc, increasingthe local WD population by 27%.

It is entirely possiblethat this increasemay climb to at least a full 1/3 of the nearby

WD sampleonceenoughdata are available for the eight new WD systemsnot yet

reduced. With the addition of accurate multi-epoch photometry, we are able to

characterize the objects in this sample in a thorough, homogeneousway. In fact,

given that the averageerror for a de�nitiv e CTIOPI parallax is � 1.4mas(from Table

8.1), we may be able to constrain the physical parametersto unprecedented accuracy.
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It is interesting to note that of the 109WDs within 25 pc, there wereat least 25

di�eren t parallax programs/missionsthat contributed to this sample.Of course,there

is signi�cant overlap betweenprograms,especially for the nearestWDs that may have

� 10 independent parallax determinationseach. The top �v e contributors are the US

Naval Observatory (USNO, 82 WDs), Hipparcos (25 WDs), Lick Observatory (24

WDs), Sproul Observatory (21 WDs), and YerkesObservatory (19 WDs). While the

number of WD parallaxesvia CTIOPI is dwarfed by the contributions from USNO,

CTIOPI ranks asa decisive secondwith 38 WD parallaxes(thus far) and in only �v e

yearssincethe WD program began.

One motivation for this project was to evaluate whether the known local WD

samplewas biased towards large proper motions. In particular, all but one of the

WDs in the 10 pc samplehave � � 1.000yr � 1 (seex 2.1.1). Curiously enough, the

only WD that CTIOPI measuredto be within 10 pc for the �rst time (WD 0141� 675

at 9.75� 0.10pc) alsohas� > 1.000yr � 1. The next two nearestWDs on CTIOPI are

WD 0821� 669(10.63� 0.12pc), with � = 0.76300yr � 1, and WD 1202� 232(10.79�

0.11pc) with � = 0.24600yr � 1. In fact, WD 1202� 232 is the secondslowest moving

WD at or within its distance. Theseresults give rise to the notion that the 10 pc

WD proper motion distribution is intrinsically skewed toward large proper motions

(relative to the 10 pc M dwarf sample) rather than being a result of selectionbias.

Becausetheseobjects are nearby, the tangential velocities are not unusually large, so

that halo membershipdoesnot o�er a valid explanation. In fact, oneis at a lossfor a
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good explanationother than perhapsthat the small samplesize(19 objects including

WD 0141� 675) prohibits drawing any signi�cant conclusionfrom the proper motion

distribution.

Table. 8.3: DistanceStatistics for CTIOPI WDs

Proper Motion d � 10 10 < d � 25 d > 25
(yr � 1) (pc) (pc) (pc)

� � 1.000. . . . . . . . . . . . . . . 1 5 1
1.000> � � 0.800. . . . . . . . 0 1 0
0.800> � � 0.600. . . . . . . . 0 3 2
0.600> � � 0.400. . . . . . . . 0 9 4
0.400> � � 0.200. . . . . . . . 0 9 8
0.200> � � 0.000. . . . . . . . 0 1 0

Total . . . . . . . . . . . . . . . 1 28 15

Note .|These statistics excludethe ASPENS WDs on CTIOPI.

This proper motion distribution trend is not nearly asevident in the larger 25 pc

sample(seex 2.2.1). In fact, of the 29 WDs on CTIOPI that have distanceswithin

25 pc (excluding ASPENSstars), twiceasmany objects are found with � � 0.600yr � 1

(19) than with � > 0.600yr � 1 (10, seeTable 8.3). One object, WD 2336� 079, has a

minisculeproper motion (� = 0.03600yr � 1) and hasa preliminary parallax placing it

only 14.40� 0.45pc away. It is unlikely that this trend will ceaseif proper motions

below 0.1800yr � 1 areevaluated,hinting at the possibility of a sizeablesampleof nearby

WDs with low proper motions yet to be discovered.

Through further evaluations of the astrometric parameter spacesthesenew sys-

tems occupy, future WD hunts can better target nearby WDs. Figure 8.5 shows

the distributions of proper motion, distance,and tangential velocity for the new and
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Figure. 8.5: Histogramsof astrometric properties of the new and known 25 pc WD
samples. Plot (a) shows the proper motion distribution, binned by 0.500yr � 1. Plot
(b) shows the distance distribution, binned by 2 pc. Plot (c) shows the tangential
velocity distribution, binned by 20 km s� 1. Shadedregionsindicate the 29 new 25 pc
WD systemsas measuredduring this e�ort. White regionsindicate the 109 known
WD systemswithin 25 pc prior to this e�ort.

known samples. In all three plots, the new systemsare represented by the shadad

regionswhile the known systemsare represented by the white regions.

As noted previously (though now in graphical form), it is clear that the majorit y

of the newsystemshaveslower proper motions (seeFigure 8.5a), indicating that more
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nearby WD systemsare likely to be found with slow proper motions. Also, this e�ort

hasshown that there is no doubt that the 25 pc sampleis incomplete. By evaluating

the distributions of the newand known WD systems,asshown in Figure 8.5b, onemay

reliably concludethat most of the nearby WDs yet to be found are likely beyond 10

pc (though oneor more WD discoverieswithin 10 pc is not beyond reason). Finally,

a check of the tangential velocity distribution (Figure 8.5c) shows that most of the

new WDs are of averageWD velocities. However, there is one new system (WD

1339� 340) that standsout above the rest with a Vtan = 262km s� 1. In fact, L�epine

et al. (2005)show that this object's orbit is largely perpendicularto the Galactic plane

indicating that it is likely a halo WD. Two WDs from the newsamplethat arebeyond

25 pc (thus, not included in theseplots) also have tangential velocities in excessof

200 km s� 1 (WD 1237� 230 and WD 1314� 153). It is entirely possiblethat they,

too, are halo WDs. More detailed analyses(i.e., agedeterminations) are necessary

for con�rmation but with the distancesgreatly constrained,modeling shouldprovide

conclusive evidence.

8.4.2 Possible Perturbations

As the time baseof the parallax data lengthens,it is possiblethat thesedata, once

the parallax and proper motion for an object have been�t and removed, will show

periodic perturbations in the residuals. The advent of the ASPENS project men-

tioned earlier focuseson detecting these astrometric photocentric perturbations on
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the nearestWDs although objects beyond 10pc (the horizonof the ASPENSproject)

may alsohave substellaror planetary companions.In a few casesalready, the paral-

lax data show hints of a perturbation although no exhaustive analysis(i.e., �tting of

orbital parameters)hasyet beenperformed.

Figure. 8.6: Nightly meanplot of the residualsfor WD 0141� 675. Encircled points
represent an epoch for which only one frame was taken and the adoptederror corre-
sponds to the meanerror for epochs with multiple frames. The X-axis is the year of
observation.

The �rst exemplary object that shows a marginal hint of a perturbation is WD

0141� 675for which the parallax data span6.05years. This object alsohappensto be

the only WD without a previoustrigonometric parallax measurement that wasfound
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to be within 10 pc. As can be seenin Figure 8.6, the possibleperturbation is only

visible in the nightly meansof the RA residuals. It is a bit disconcertingthat there

is no hint of a perturbation in the nightly meansof the DEC residuals,and calls into

questionwhether this object is being perturbed.

Figure. 8.7: Nightly mean plot of the residualsof WD 2007� 219. Encircled points
represent an epoch for which only one frame was taken and the adoptederror corre-
sponds to the meanerror for epochs with multiple frames. The X-axis is the year of
observation.

Another exemplaryobject that showsa morelikely perturbation is WD 2007� 219

for which parallax data, ironically, alsospans6.05years. As canbeseenin Figure 8.7,

the possibleperturbation is visible in both RA and DEC residuals.Furthermore, the
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residualsin both directions show similar periodicity. This is a promising candidate

for a true perturbation that needsadditional follow-up high resolution observations

in hopesof resolvingthe probablepair.

Both of thesetargets remain on the CTIOPI program and as additional data are

collected,a more de�nitiv e conclusionwill be possible. It is interesting to note that

thesetwo objects happen to be the two longestobserved WDs on CTIOPI (excluding

ASPENS stars). Perhaps,as we collect more data over the next few yearsfor many

of the other WD targets, we will �nd other objects with similar trends. To date, no

ASPENStargets showssignsof perturbations; however, the data spanonly four years

or less.

8.4.3 Commen ts on Individual Systems

With the wealth of data available, including spectroscopy, photometry, and astrom-

etry, the WDs on CTIOPI can be reliably modeled. Upon doing so, a few objects

stand out and require additional disscussion.Here we addressexceptionalobjects.

WD 0121� 429: A newDA WD that wasdiscoveredduring the PhaseOnespec-

troscopy e�ort and wasfound to have Zeemansplitting of the H� and H� absorption

lines(the rest of the Balmer linesarenot discernable),thereby making its formal clas-

si�cation a DAH. The SED �t to the photometry is superb, yielding a Te� of 6369�

137K. When we comparethe strength of the absorption line trio with that predicted

using the Te� from the SED �t, the depth of the absorption appears too shallow.

Using the magneticline �tting procedureoutlined in Bergeronet al. (1992a)we must
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include a 50% dilution factor to match the observed central line of H� . Using the

trigonometric parallax asa constraint on the luminosity, the SED �t implies a massof

0.43� 0.03 M � . Given the ageof our Galaxy, the lowest massWD that could have

formed is � 0.47 M � (Iben & Renzini 1984). It is extremely unlikely that this WD

formed through single-starevolution. The most likely scenariois that this is a double

degeneratebinary with a magnetic DA component and a featurelessDC component

(necessaryto dilute the absorption at H� ), similar to G62-46(Bergeronet al. 1993)

and LHS 2273(seeFigure 33of Bergeronet al. 1997). If this interpretation is correct,

any number of component massesand luminosities can reproducethe SED �t.

The spectrum and corresponding magnetic �t to the H� lines (including the di-

lution) are shown in Figure 8.8. The viewing angle, i = 65� , is de�ned as the angle

betweenthe dipole axis and the line of sight (i = 0 corresponds to a pole-onview).

The best �t producesa dipole �eld strength, Bd = 9.5 MG, and a dipole o�set, az =

0.06 (in units of stellar radius). The positive value of az implies that the o�set is

toward the observer. Only Bd is moderately constrained; both i and az can vary

signi�cantly yet still producea reasonable�t to the data (Bergeronet al. 1992a).

WD 0141� 675: A known DA WD that is the nearestof the WDs whoseparal-

laxeswere measuredfor the �rst time and the only one found within 10 pc (9.75 �

0.10 pc). In addition, this object shows a hint of a perturbation in the residualsof

the parallax reduction (seex 8.4.2). Aquisition of parallax data is ongoingin hopes

of con�rming a perturbation.
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Figure.8.8: Spectral plot of WD 0121� 429. The insetplot displays the spectrum (thin
line) in the H� regionto which a magnetic�t (thick line), asoutlined in Bergeronet al.
(1992a),was performedusing the Te� obtained from the SED �t to the photometry.
The resulting magneticparametersare listed below the �t.

WD 0310� 624: A new DA WD (spectrum plotted in Figure 6.2) that is one

of the hottest new WD discoveries. Becauseof its elevation signi�cantly above the

equal temperature line in Figure 7.4 (solid line), it is possiblethat it is an unresolved

double degeneratewith very di�eren t component e�ectiv e temperatures. If double,

the spectral �t to the Balmer lines will be more heavily in
uenced by the more

luminous component becauseits spectral featureswill dominate. The SED �t to the

broadband photometry tends to arrive at an intermediate temperature to those of
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the components. When the two estimatesof Te� are compared, the spectroscopic

value is larger than the photometric value beyond the formal uncertainties. In fact,

this method hasbeenusedto identify unresolved double degeneratecandidates(i.e.,

Bergeronet al. 2001).

WD 0311� 649: A new DA WD (spectrum plotted in Figure 6.8) that is over-

luminous basedon its absolutemagnitude and color (seeFigure 8.3). This object is

likely an unresolved doubledegeneratewith the secondWD being responsiblefor the

apparent overluminosity.

WD 0511� 415: A newDA WD (spectrum plotted in Figure 6.2) whosespectral

�t producesa Te� = 10,813� 219 K and a log g = 8.21 � 0.10 using the spectral

�tting procedureof Liebert et al. (2003). This object lies near the red edgeof the

ZZ Ceti instabilit y strip asde�ned by Gianninaset al. (2006). If variable, this object

would help to constrain the cool edgeof the instabilit y strip in Te� , log g parameter

space.Follow-up high-speedphotometry is necessaryto con�rm variabilit y.

WD 0622� 329: A new DAB WD that displays Balmer absorption as well as

weaker He I at 4472and 5876�A. The spectrum (shown in top plot of Figure 6.5) is

reproducedbest with a spectral �tting model having Te� � 43,700K. However, the

predicted, relatively strong, He I I absorption line at 4686 �A for a WD of this Te� is

not present in the spectrum. In contrast, the SED �t to the photometry implies a Te�

of � 10,500K (using either pure H or pure He models). Becausethe Te� valuesare

vastly discrepant, we explore the possibility that this spectrum is not characterized
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Figure. 8.9: Spectral plot of WD 0622� 329. The inset plot displays the spectrum
(thin line) in the regionto which the model (thick line) was�t, assumingthe spectrum
is a convolution of a DB component and a slightly cooler DA component. Best-�t
physical parametersare listed below the �t for each component.

by a single temperature. We model the spectrum assumingthat the object is an

unresolved doubledegenerate.The best �t implies that onecomponent is a DB with

Te� = 14,170� 1228K and the other component is a DA with Te� = 9640 � 303

K, similar to the unresolved DA+DB degeneratebinary PG 1115+166analyzedby

Bergeron& Liebert (2002). One can seefrom Figure 8.9 that the spectrum is well

modeledunder this assumption. We concludethat this object is likely a distant (well

beyond 25 pc, hencenot on the CTIOPI program) unresolved double degenerate.
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WD 0821� 668: A new DA WD (spectrum plotted in Figure 6.3) that is the

nearest(10.63� 0.12pc) of the 56 new WDs discoveredin this e�ort. Acquisition of

parallax data is ongoingto search for unseencompanions(even though it is beyond

the 10 pc ASPENS horizon).

WD 0840� 136: A new DZ WD (spectrum plotted in top panel of Figure 6.6)

whosespectrum shows both Ca I I (H and K) and Ca I lines. Fits to the photometric

data for di�eren t atmosphericcompositions indicate temperatures of 4800{5000K.

However, �ts to the optical spectrum using models of Dufour et al. (2007) cannot

simultaneously reproduce all three calcium lines. This problem is similar to that

encounteredby Dufour et al. (2007),wherethe atmosphericparametersfor the coolest

DZ WDs were considereduncertain becauseof possiblehigh atmospheric pressure

e�ects. A trigonometric parallax via CTIOPI is underway for this object to further

constrain its physical parameters.

WD 0851� 246: A known DC WD that is underluminousbasedon its absolute

magnitudeand color (seeFigure 8.3). This object hasa commonproper motion com-

panion that is a mildly metal-de�cient M subdwarf (Jao et al. 2007,in preparation).

Systemssuch as theseare rare yet useful for constraining the ageof the subdwarf by

modeling the WD (e.g., Monteiro et al. 2006). In addition, the WD component is

likely very massive thereby making its radius smaller and its luminosity lessthan a

normal WD at that temperature. Detailed modeling is necessaryto further unravel

the mysteriesof this system.
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WD 1054� 226: Observedspectroscopicallyaspart of the Edinburgh-Cape(EC)

blue-object survey and assigneda spectral type of sdB+ (Kilk enny et al. 1997). As is

evident in Figure 6.3, the spectrum of this object is oneof the noisiestspectra of new

WD discoveries and perhapsa bit ambiguous. As an additional check, this object

was recently observed by using the ESO 3.6 m telescope and has beencon�rmed to

be a WD. Furthermore, in addition to the Balmer absorption lines, faint absorption

due to Ca I I (H and K) is evident, thereby making its formal classi�cation DAZ (P.

Bergeron, private communication). Possiblescenariosthat enrich the atmospheres

of DAZs include accretion via (1) debris disks, (2) ISM, and (3) cometary impacts

(seeKilic et al. 2006,and referencestherein). The 2MASSK S magnitude is near the

faint limit and is unreliable, but even consideringthe J and H magnitudes, there

appears to be no appreciablenear-infrared excess.While this may tentativ ely rule

out the possibility of a hot debris disk, this object would be an excellent candidate

for far-infrared spaced-basedstudiesto ascertainthe origin of the enrichment.

WD 1149� 272: The only DQ WD discovered during this e�ort. This object

was observed spectroscopicallyas part of the EC blue-object survey for which no

features deeper than 5% were detected and was labeled a possibleDC (Kilk enny

et al. 1997). It is identi�ed as having weak C2 Swan-bandabsorption at 4737�A and

5165�A and is otherwisefeatureless.The DQ model reproducesthe spectrum reliably

and is overplotted in Figure 8.10. This object is characterizedas having Te� = 6188

� 194K and log (C/He) = � 7.20� 0.16. Comparisonswith other DQ WDs modeled
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Figure. 8.10: Spectral plot of WD 1149� 272. The inset plot displays the spectrum
(thin line) in the region to which the model (thick line) was �t.

in an identical fashion show that this object is one of the coolest and least carbon

abundant known (seeFigure 12 of Dufour et al. 2005).

WD 1237� 230: A known DA WD that is overluminous basedon its absolute

magnitude and color (see Figure 8.3). This object is likely an unresolved double

degeneratewhere the secondWD contributes to the total luminosity and causesan

apparent overluminosity.

WD 1242� 105: A known DA WD that is overluminous basedon its absolute

magnitude and color (see Figure 8.3). This object is likely an unresolved double
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degeneratewhere the secondWD contributes to the total luminosity and causesan

apparent overluminosity.

WD 1314� 153: A known DA WD that is overluminous basedon its absolute

magnitude and color (see Figure 8.3). This object is likely an unresolved double

degeneratewhere the secondWD contributes to the total luminosity and causesan

apparent overluminosity. In addition, this object has the largest tangential velocity

of all objects evaluated in this e�ort. It is possible, though not probable without

additional modeling, that this is a double degeneratehalo WD system.

WD 1447� 190: A known DA WD that is overluminous basedon its absolute

magnitude and color (see Figure 8.3). This object is likely an unresolved double

degeneratewhere the secondWD contributes to the total luminosity and causesan

apparent overluminosity.

WD 2007� 219: A known DA WD that hasbeenon the parallax programfor � 6

years. The residualsof the parallax reduction show hints of a perturbation in both

axes. Acquisition of parallax data is ongoingin hopesof con�rming a perturbation.

WD 2008� 600: A new DC WD (spectrum plotted in Figure 6.4) that is 
ux-

de�cient in the near-infrared,asindicated by the 2MASSmagnitudes.The SED �t to

the photometry is a poor match to both the purehydrogenand purehelium models. A

pure hydrogenmodel providesa slightly better match than a pure helium model and

yields a Te� of � 3100K, thereby placing it in the relatively small sampleof ultracool

WDs. However, by using the trigonometric parallax as a constraint, we are able to



172

Figure. 8.11: SED plot of WD 2008� 600 with the luminosity constrained by the
trigonometric parallax. Best-�t physical parametersare listed below the �t. Circles
represent �t values;error bars are derived from the uncertainties in the magnitudes
and the parallax.

discern its true nature. This object is best modeled as having mostly helium with

trace amounts of hydrogen[log (He/H) =2.61] in its atmosphereand hasa Te� = 5078

� 221 K (seeFigure 8.11). A mixed hydrogen and helium composition is required

to produce su�cien t absorption in the infrared as a result of the CIA by molecular

hydrogendue to collisionswith helium. Such mixed atmosphericcompositions have

alsobeeninvoked to explain the infrared 
ux de�ciency in LHS 1126(Bergeronet al.

1994), as well as SDSS1337+00 and LHS 3250(Bergeron & Leggett 2002). While

WD 2008� 600 is likely not an ultracool WD, it is one of the brightest and nearest



173

Figure. 8.12: Spectral plot of WD 2138� 332. The inset plot displays the spectrum
(thin line) in the region to which the model (thick line) was �t.

cool WDs known. Becausethe 2MASSmagnitudesare not very reliable, it would be

useful to obtain additional near-infraredphotometry.

WD 2138� 332: A new DZ WD for which a calcium-rich model reproducesthe

spectrum reliably. The spectrum and the overplotted �t are shown in Figure 8.12.

The divergenceof the spectrum from the �t toward the red end is likely due to an

imperfect 
ux calibration of the spectrum. This object is characterized as having

Te� = 7188� 291K and log (Ca/He) = � 8.64� 0.16. The metallicity ratios are, at

�rst, assumedto be solar (as de�ned by Grevesse& Sauval 1998), and in this case
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the quality of the �t is su�cien t without deviation. The corresponding log (Mg/He)

= � 7.42 � 0.16and log (Fe/He) = � 7.50 � 0.16 for this object.

WD 2157� 574: A new DA WD (spectrum plotted in Figure 6.3) that displays

weak Ca I I (H and K) absorption, thereby making its formal classi�cation DAZ.

Similar to WD 1054� 226, this object would also be an excellent candidate for far-

infrared space-basedstudies so that we can constrain which enrichment mechanism

givesrise to thesespectral signatures.
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Chapter 9

Conclusions

This e�ort hasutilized a broad rangeof observational techniques. First, plate astrom-

etry of the entire southern sky was sifted to �nd a total of 299 new HPM systems

with � � 0.400yr � 1 as well as seven new companionsto known systems.Second,low

resolution spectroscopy identi�ed 56 new WD systemsgleanedfrom proper motion

data, mainly from our own SCR proper motion survey. Third, optical VJ RK C I K C

photometry was obtained at the telescope and near-infrared photometry was ex-

tracted from the 2MASS databaseto accurately model e�ectiv e temperatures and

estimatedistances.Lastly, high-precisionCCD astrometry hasbeenusedto measure

trigonometric parallaxesfor 53 WD systems(both new and known) thus far with an

additional nine systems(for a total of 62 WD systemson CTIOPI) not yet having

enoughdata for parallax determinations. Of these53 WD systemswith parallax de-

terminations, 29 have beenmeasuredfor the �rst time to be within 25 pc { a volume

that previouslycontained only 109WDs with trigonometric parallaxesthus increasing

this sampleby 27%.

The work presented in this dissertation hasconvergedon several groundbreaking

conclusions.First, it appearsthat the proper motion distribution for the 10 pc WDs

is not biasedagainst slower proper motions in any signi�cant way. It is likely that

no signi�cant conclusioncan be drawn from this distribution becauseof the small

samplesize(19 objects).
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Figure. 9.1: Missing WDs within 25 pc after CTIOPI WDs are included. The red
curve is the expected number density assumingall WDs within 10 pc are known
and the density is constant. Dark blue �lled circles represent previously measured
WD parallaxeswithin 25 pc. Open light blue circlesrepresent the new CTIOPI WD
parallaxespresented here. The solid vertical black lines represent 10 pc and 13 pc
(left to right). The dashedvertical black line represents the 25 pc horizon.
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Second,the local WD population is signi�cantly incomplete. Other authors (e.g.,

Holberg et al. 2002)have arguedthat all WDs out to 13 pc are known and thus the

sample is complete. We have already found four WDs within this volume. To the

authors' credit, they utilize both trigonometric parallax distancesand photometric

distance estimatesso that they included one of the four (WD 0141� 675) in their

statistics. However, that leavesthree within this volume that werenot accounted for

and all three are recent discoveries. It is likely that there will be many more new

nearby WD discoveriesand perhapsa few will fall within this volume. Using only

trigonometric parallax distancesfor WDs within 13 pc, we �nd a local WD density of

4.4 � 10� 3 pc� 3, a slightly lower value than that determinedby Holberg et al. (2002)

of 5.0 � 10� 3 pc� 3. The discrepancyarisesbecausea few of the objects that Holberg

et al. (2002) included in the statistics were later shown not to be WDs but rather

F type dwarfs (Kawka et al. 2004). In addition, a few objects whosephotometric

distancesplacethem within 13pc werelost whena trigonometric parallax determined

they werefurther away. An updated diagram,similar to Figure 2.6but now including

CTIOPI WDs within 25 pc, is shown in Figure 9.1. Notice how the majorit y of

CTIOPI parallaxesare found beyond 13 pc. However, it seemsthere is a \kink" in

the density curve between10 pc and 13 pc, indicating that the 13 pc samplemay still

be incomplete. Thus, the density derived previously is only a lower limit and may

increase.



178

Third, the statistical analysesfor proper motion objects from the SCR survey

(seex 5.4) as well as the CTIOPI WD sample (seex 8.4.1) indicate that roughly

twice asmany nearby objects are found with � < 0.600yr � 1 than with � � 0.600yr � 1.

There are likely several nearby gemswith low proper motions (or none at all) that

await discovery. With the amount of time (and money)necessaryto obtain a ground-

basedparallax, a magnitude-limited astrometry initiativ e,such asthe EuropeanSpace

Agency's (ESA) space-basedmission GAIA or future ground-basede�orts such as

LSST and Pan-STARRS, will probably be the �rst to \pluc k" thesegemsfrom the

sky.

9.1 Future Work

The scienti�c pursuit of answersusually raisesasmany new questionsin the process.

Such is the casewith this project. Upon reaching the conclusionsdiscussedpreviously,

we �nd interesting aspects that we had not anticipated. Many of the surprisescame

about becauseof the parallax data. Five CTIOPI WDs appear overluminous when

plotted in an H-R diagram. Three additional WDs are likely double degenerates

basedon spectroscopicand/or photometric data. Another two WDs show hints of

perturbations in the residuals.

All of these objects are candidates for providing insight into binary evolution.

If they can be resolved using high-resolution astrometric techniques (i.e., speckle,
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adaptive optics, or interferometry via the HST's FGS), they may provide astrometric

masses,which are fundamental calibrators for stellar structure theory and for the

reliabilit y of the theoretical WD mass-radiusand initial-to-�nal-mass relationships.

To date, only four WD astrometric massesare known to better than � 5% (Provencal

et al. 1998).

In 2007,we were awarded 16 orbits to useHST's FGS over the next two cycles

(years) so that we can resolve WD binaries. The resolution limit of FGS is � 10

mas. Thus far, we have observed four targets, (1) WD 0121� 429(magneticWD with

shallow absorption features), (2) WD 1202� 232 (one of the nearestWDs measured

by CTIOPI), (3) WD 2007� 219 (WD that shows perturbations along both axesof

the parallax residuals), and (4) WD 2040� 392 (WD that appeared overluminous

basedon a very preliminary parallax). Only WD 0121� 429 appearedto be mildly

resolved but there is a question as to whether the detection is real or an artifact of

the FGS. Another orbit is scheduledto observe this object and relinquish any doubt.

The remaining orbits have been assignedto four of the �v e objects that appear

overluminous in Figure 8.3, WD 0141� 675 (the closestWD measuredby CTIOPI

and also shows a possibleperturbation in the parallax residuals), and another WD

suspected to be overluminous by other researchers. I plan to work closelywith Co-

Investigator Ed Nelan of the SpaceTelescope ScienceInstitute (STScI) to reduce

the remaining data in hopes of resolving as many as possibleto obtain astrometric

masses.
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FGS is especially suited to resolve double degeneratesbecausethe wavelength

range of observation is in the blue end of the visible spectrum, where WDs often

have signi�cant 
ux. Binary evolution predicts that a closebinary will actually un-

dergo orbital degradation as the components leave the main-sequenceand undergo

a commonenvelope phase. The result is a miniscule separationand orbital periods

no more than a few days. If any of the overluminous WDs are not resolved, it is

likely that this is the cause. For theseobjects, we intend to obtain high-dispersion

radial velocity measurements in hopes of mapping the orbits and constraining the

component masses.

In a few cases,especially those for which a perturbation exists in the parallax

residuals,FGSmay not bethe best instrument to resolvethe system. If a perturbation

is seen,the two objects cannot be of equal magnitude otherwise there would be no

photocentric shift and henceno detectedperturbation. Only if the two objects have

signi�cantly di�eren t luminosities(i.e., a WD and a brown dwarf) will a perturbation

be seen.As mentioned, FGS observesin the blue end of the visible spectrum, where

substellar companionsshine feebly. Becauseof the magnitude limit of FGS (VJ �

17), brown dwarfs would never be seeneven if the separationsare well beyond the

resolution limit. In thesecases,we intend to useadaptive optics in the near-infrared.

Resolutionlimits are � 100maswith adaptive optics, but if the perturbations are real

and the periods are on the order of years,thesesystemsshould be resolvable.
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On to a completely di�eren t topic, I would like to extend the sameapproach of

identifying new nearby WDs to the northern hemisphere. While the argument was

made and supported in Chapter 2 that the northern hemisphereis better sampled

than the southernhemispherein terms of proper motion, the dearth of WDs within 10

pc north of declination = +10 � (only two) is surprising. The exactsamemethodology

presented here(i.e., RPM) can be applied to the northern hemisphere,in particular,

to the highly completedatasetof proper motions compiledby L�epine& Shara(2005).

What is critical is a dedicatedlarge-scaleparallax survey in the northern hemisphere

(e.g., the USNO parallax program) focusingon WDs to con�rm proximit y. Perhaps

someinvolvement in a northern hemisphereparallax program is in my future.
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App endix A

Astrometric Data for the Kno wn 25 pc White Dw arfs

Coordinatesare equinox J2000and wereadjusted to account for proper motion from

the time of observation to epoch 2000. The proper motions compiled in this table

werecollectedusing the following priorities.

1. Hipparcos (Perryman et al. 1997)

2. LSPM-North (L�epine& Shara2005)

3. SCR (this work)

4. NLTT (Luyten 1979b)

In a few cases,proper motion information was not available in any of thesesources.

For these,any published proper motion was used. The parallax weighted meansfor

objects with more than oneparallax werecalculatedusing the formula,

� mean =

nX

i =1

� i

� 2
� i

nX

i =1

1
� 2

� i

; (A.1)

� � mean =
1

s
nX

i =1

1
� 2

� i

: (A.2)
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App endix B

Photometric Data for the Kno wn 25 pc White Dw arfs

Magnitudes in the UBV-bands are on the Johnsonsystem. Magnitudes in the RI -

bandsareon the Kron-Cousinssystem. Infrared JH K S magnitudesarein the 2MASS

system. For the casesin which the JH K S magnitudesare weighted meansfrom the

2MASS database(Skrutskie et al. 2006)and from Bergeronet al. (2001), the latter

weretransformedfrom the CIT systemto the 2MASSsystemusingthe transformation

equationsof Carpenter (2001) prior to the weighted mean calculations. In general,

the uncertainties for the optical and infrared photometry are quoted to be � 3% and

� 5% respectively. In the caseswherethe data are marked by a \:", the uncertainties

are � 10%.
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App endix C

New Prop er Motion Disco veries that Overlap with Tw o
Surv eys

Upon compiling all of the new HPM discoverieswith � � 0.500yr � 1, several objects

were found to be duplicates, although two surveys claimed the discovery. It is nec-

essaryto identify the duplicatesso that the counts compiled in Table 5.4 are unique

objects. I attempt to assignoneof two causesfor the discrepancyof each duplicate;

(a) the secondsurvey wascompletedseveral months to yearsafter the �rst such that

poor cross-referencingis likely, and (b) the two surveyswereunderway simultaneously

and both discovered the object before any previously published discovery. For any

object that waspublishedat leastsix months beforethe seconddiscovery publication,

I assignthe former cause. For those objects whosediscovery publications are dated

within six months of oneanother, I assignthe latter cause.

Table. C.1: New Prop er Motion Discoveries that Overlap with Tw o Surveys

Survey One Survey Tw o Original Discovery
Star Name Ref. Star Name Ref. Survey Note

ER 2 1 WT 392 2 Calan-ESO a
LHS 1140 3 WT 1138 4 LHS a
LHS 1147 3 WT 1147 4 LHS a
LHS 1152 3 WT 1161 4 LHS a
LHS 1160 3 WT 1170 4 LHS a
LHS 3983 3 WT 1007 5 LHS a
SCR 0308-8212 6 SIPS 0308-8212 7 SCR b
SCR 0452-7321 6 SIPS 0452-7322 7 SCR b
SCR 1240-8209 6 SIPS 1240-8209 7 SCR b
SCR 2130-7710 6 SIPS 2130-7710 7 SCR b
SIPS 0052-6201 7 PM J00522-6201 8 SIPS b
SIPS 1039-3819 7 PM J10395-3820 8 SIPS b
SIPS 1141-3624 7 PM J11413-3624 8 SIPS b
SIPS 1231-4018 7 PM J12313-4018 8 SIPS b
SIPS 1251-3846 7 PM J12515-3846 8 SIPS b
SIPS 1337-4311 7 PM J13379-4311 8 SIPS b
SIPS 1338-3752 7 PM J13384-3752 8 SIPS b
SIPS 1342-3534 7 PM J13423-3534 8 SIPS b
SIPS 1541-3609 7 PM J15413-3609 8 SIPS b
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Table. C.1: contin ued

Survey One Survey Tw o Original Discovery
Star Name Ref. Star Name Ref. Survey Note

SIPS 1910-4132C 7 PM J19105-4132 8 SIPS b
SIPS 1910-4133A 7 PM J19105-4133 8 SIPS b
SIPS 2053-5409 7 PM J20530-5409 8 SIPS b
SCR 2235-7722 6 PM J22359-7722 8 SCR a
PM J01253-4545 8 SCR 0125-4545 9 LSPM b
PM J03007-4653 8 SCR 0300-4653 9 LSPM b
PM J07401-4257 8 SCR 0740-4257 9 LSPM b
PM J08152-3600 8 SCR 0815-3600 9 LSPM b
PM J08186-3110 8 SCR 0818-3110 9 LSPM b
PM J08276-3003 8 SCR 0827-3002 9 LSPM b
PM J08458-3051 8 SCR 0845-3051 9 LSPM b
PM J08471-3046 8 SCR 0847-3046 9 LSPM b
PM J09047-3804 8 SCR 0904-3804 9 LSPM b
PM J09271-4137 8 SCR 0927-4137 9 LSPM b
PM J09566-4234 8 SCR 0956-4234 9 LSPM b
PM J10050-4322 8 SCR 1005-4322 9 LSPM b
PM J10538-3858 8 SCR 1053-3858 9 LSPM b
PM J10587-3854 8 SCR 1058-3854 9 LSPM b
PM J11104-3608 8 SCR 1110-3608 9 LSPM b
PM J11256-3834 8 SCR 1125-3834 9 LSPM b
PM J11329-4039 8 SCR 1132-4039 9 LSPM b
PM J11495-4248 8 SCR 1149-4248 9 LSPM b
PM J11511-4142 8 SCR 1151-4142 9 LSPM b
PM J11596-4256 8 SCR 1159-4256 9 LSPM b
PM J12042-4037 8 SCR 1204-4037 9 LSPM b
PM J12146-4603 8 SCR 1214-4603 9 LSPM b
PM J12201-4546 8 SCR 1220-4546 9 LSPM b
PM J12277-4541 8 SCR 1227-4541 9 LSPM b
PM J12300-3411 8 SCR 1230-3411 9 LSPM b
PM J13276-3551 8 SCR 1327-3551 9 LSPM b
PM J14005-3935 8 SCR 1400-3935 9 LSPM b
PM J14123-3941 8 SCR 1412-3941 9 LSPM b
PM J14373-4002 8 SCR 1437-4002 9 LSPM b
PM J14558-3914 8 SCR 1455-3914 9 LSPM b
PM J14570-4705 8 SCR 1457-4705 9 LSPM b
PM J15054-4620 8 SCR 1505-4620 9 LSPM b
PM J15116-3403 8 SCR 1511-3403 9 LSPM b
PM J15334-3634 8 SCR 1533-3634 9 LSPM b
PM J16019-3421 8 SCR 1601-3421 9 LSPM b
PM J16087-4442 8 SCR 1608-4442 9 LSPM b
PM J16138-3040 8 SCR 1613-3040 9 LSPM b
PM J19167-3638 8 SCR 1916-3638 9 LSPM b
PM J19184-4554 8 SCR 1918-4554 9 LSPM b
PM J19248-3356 8 SCR 1924-3356 9 LSPM b
PM J19403-3944 8 SCR 1940-3944 9 LSPM b
PM J21324-3922 8 SCR 2132-3922 9 LSPM b
PM J22040-3347 8 SCR 2204-3347 9 LSPM b

Notes .|(a) Duplicate is lik ely becauseof poor cross-referencing. (b) Duplicate is because
both discovery surveys were underway simultaneously and each discovered the object before
any previously published discovery.

References .|(1) Ruiz & Maza 1987; (2) Wroblewski & Torres 1991; (3) Luyten 1979a;
(4) Wroblewski & Torres 1996; (5) Wroblewski & Torres 1994; (6) Subasavage et al. 2005a;
(7) Deacon et al. 2005a; (8) L�epine 2005; (9) Subasavage et al. 2005b
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App endix D

Red Subdwarf Candidates Among the New SCR Disco veries

As outlined in Section5.3.2.1,subdwarf candidatesare identi�ed by having R59F � J

> 1.0 and having RPM (HR) within 4.0 mag of the somewhatarbitrary dashedline

separatingthe WDs from the subdwarfs in the RPM diagram. Subsequent follow-up

spectroscopy has revealedthat several are in fact subdwarfs. Con�rmed subdwarfs

are noted in column (5) of the following table.

Table. D.1: Red Subdwarf Candidates Among the New SCR Discoveries

Name R59F R59F � J H R 59F Con�rmed
(1) (2) (3) (4) (5)

SCR0242-5935 . . . . . . 15.02 1.46 18.36 Y
SCR0255-7242 . . . . . . 15.44 1.70 18.65 N
SCR0406-6735 . . . . . . 14.98 1.45 18.90 Y
SCR0433-7740 . . . . . . 15.86 1.81 19.41 Y
SCR0529-3950 . . . . . . 14.40 1.94 17.44 Y
SCR0629-6938 . . . . . . 16.23 2.56 19.60 Y
SCR0654-7358 . . . . . . 16.24 2.25 19.58 Y
SCR0658-0655 . . . . . . 14.68 2.36 18.47 N
SCR0701-0655 . . . . . . 15.75 2.02 19.58 Y
SCR0708-4709 . . . . . . 12.48 1.04 15.50 Y
SCR0709-4648 . . . . . . 13.49 1.30 16.57 Y
SCR0740-0540 . . . . . . 16.04 2.54 19.39 N
SCR0754-2338 . . . . . . 14.80 1.45 18.21 N
SCR0804-1256 . . . . . . 15.66 2.08 19.07 N
SCR0816-7727 . . . . . . 14.43 1.81 18.58 N
SCR0837-4639 . . . . . . 13.89 1.70 17.14 N
SCR0913-1049 . . . . . . 15.19 1.82 19.32 N
SCR1001-2257 . . . . . . 15.88 1.60 19.02 N
SCR1107-4135 . . . . . . 14.72 2.53 20.09 Y
SCR1149-4248 . . . . . . 13.09 1.43 17.98 N
SCR1220-4546 . . . . . . 14.59 1.89 18.98 N
SCR1227-4541 . . . . . . 14.19 1.44 19.77 N
SCR1241-4717 . . . . . . 14.38 1.61 17.54 N
SCR1320-7542 . . . . . . 15.82 1.89 19.01 N
SCR1338-5622 . . . . . . 14.90 1.76 18.59 N
SCR1342-3544 . . . . . . 16.02 2.71 19.46 N
SCR1400-3935 . . . . . . 15.44 1.98 18.97 N
SCR1433-3847 . . . . . . 16.40 2.03 19.74 Y
SCR1442-4810 . . . . . . 14.33 1.35 17.86 N
SCR1455-3914 . . . . . . 14.52 2.02 19.03 Y
SCR1457-4705 . . . . . . 15.23 1.70 18.79 N
SCR1457-3904 . . . . . . 15.86 2.17 18.99 Y
SCR1559-4442 . . . . . . 14.81 2.03 18.00 N
SCR1608-4229 . . . . . . 15.81 2.24 18.86 N
SCR1613-3040 . . . . . . 15.41 2.26 19.00 Y
SCR1621-2810 . . . . . . 16.01 2.21 19.34 N
SCR1627-7337 . . . . . . 13.89 1.23 17.10 N
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Table. D.1: contin ued

Name R59F R59F � J H R 59F Con�rmed
(1) (2) (3) (4) (5)

SCR1735-7020 . . . . . . 16.14 3.32 21.06 N
SCR1739-8222 . . . . . . 15.04 2.14 18.37 Y
SCR1740-5646 . . . . . . 15.90 2.07 19.16 Y
SCR1756-5927 . . . . . . 15.73 2.29 19.38 Y
SCR1817-5318 . . . . . . 13.27 1.34 17.22 N
SCR1822-4542 . . . . . . 15.13 1.48 18.33 Y
SCR1832-4217 . . . . . . 13.64 1.45 16.98 N
SCR1835-8754 . . . . . . 16.02 1.92 20.05 N
SCR1843-7849 . . . . . . 15.70 2.43 20.06 Y
SCR1913-1001 . . . . . . 14.81 2.10 18.61 Y
SCR1916-3638 . . . . . . 15.88 2.22 21.46 Y
SCR1924-3356 . . . . . . 13.77 1.33 17.47 N
SCR1926-5218 . . . . . . 15.22 1.68 18.69 N
SCR1946-4945 . . . . . . 15.39 1.88 19.22 N
SCR1958-5609 . . . . . . 15.55 2.25 19.02 Y
SCR2018-6606 . . . . . . 15.76 2.08 19.08 Y
SCR2101-5437 . . . . . . 14.59 1.80 18.71 Y
SCR2104-5229 . . . . . . 15.42 1.98 18.43 Y
SCR2109-5226 . . . . . . 15.97 2.22 20.46 Y
SCR2151-8604 . . . . . . 14.48 1.74 17.77 N
SCR2200-0240 . . . . . . 15.30 2.79 19.45 N
SCR2204-3347 . . . . . . 14.29 1.97 19.29 Y
SCR2235-7722 . . . . . . 16.36 2.19 20.29 N
SCR2249-6324 . . . . . . 16.28 1.58 19.56 N
SCR2305-7729 . . . . . . 15.73 1.91 18.89 N
SCR2317-5140 . . . . . . 15.02 2.19 18.26 N
SCR2329-8758 . . . . . . 14.48 1.77 17.64 N
SCR2335-5020 . . . . . . 15.17 2.03 19.27 N
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App endix E

Finders for the New SCR Disco veries

SCR 0000-5029 SCR 0005-6103 SCR 0006-6617 SCR 0038-5038
1996.62 1999.63 1993.64 1993.70

SCR 0051-8441 SCR 0111-4908 SCR 0122-6400 SCR 0125-4545
1995.52 1990.80 1993.85 1999.79

SCR 0128-7104 SCR 0130-0532 SCR 0133-7200 SCR 0135-5943
1999.87 1997.75 1999.87 1997.90

SCR 0138-6029 SCR 0142-3133 SCR 0149-8038 SCR 0210-6252
1999.63 1999.77 1991.63 1989.73

Figure. E.1: Finder charts for the new SCR systemsin the R59F �lter, 50 on a side.
North is up; east is to the left. The observation epoch for each frame is given.
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SCR 0210-6622 SCR 0223-0558 SCR 0224-6433 SCR 0234-8204
1989.73 1999.79 1989.73 1989.89

SCR 0242-5934 SCR 0247-6627 SCR 0252-7038 SCR 0252-7522
1991.79 1996.87 1987.72 1994.01

SCR 0255-7242 SCR 0300-4653 SCR 0303-7210 SCR 0308-8212
1994.01 1990.73 1994.01 1989.89

SCR 0311-6215 SCR 0331-4404 SCR 0331-8251 SCR 0342-6407
1991.91 1991.79 1994.99 1989.89

Figure. E.1: Continued
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SCR 0406-6735 SCR 0411-8654 SCR 0420-7006 SCR 0424-7243
1992.99 1994.99 1992.99 1993.05

SCR 0433-7740 SCR 0452-7322 SCR 0525-7425 SCR 0529-3950
1989.89 1993.05 1988.15 1992.02

SCR 0533-3908 SCR 0537-5612 SCR 0615-1812 SCR 0615-5807
1992.02 1991.12 1996.13 1995.07

SCR 0618-6704 SCR 0623-6701 SCR 0629-6938 SCR 0630-7643AB
1996.14 1996.14 1991.11 1990.00

Figure. E.1: Continued
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SCR 0631-8811 SCR 0634-5403 SCR 0640-0552 SCR 0642-6707
1997.93 1995.09 1985.06 1996.14

SCR 0654-7358 SCR 0658-0655 SCR 0701-0655 SCR 0702-6102
1990.00 1989.18 1989.18 1992.17

SCR 0708-4709 SCR 0709-3941 SCR 0709-4648 SCR 0717-0500
1994.93 1995.07 1994.93 1986.20

SCR 0718-4622 SCR 0724-8015 SCR 0725-8530 SCR 0727-1404
1992.18 1992.99 1995.22 1986.20

Figure. E.1: Continued
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SCR 0727-1404 SCR 0727-1421 SCR 0730-5707 SCR 0730-7527
1986.20 1986.20 1994.95 1989.99

SCR 0731-0954 SCR 0736-3024 SCR 0740-0540 SCR 0740-4257
1985.96 1992.19 1985.96 1992.18

SCR 0740-7212 SCR 0742-3012 SCR 0744-6941 SCR 0745-0725
1996.14 1992.19 1996.14 1985.96

SCR 0753-2524 SCR 0754-2338 SCR 0754-3809 SCR 0756-5434
1995.09 1995.09 1991.21 1994.95

Figure. E.1: Continued
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SCR 0758-2235 SCR 0802-2002 SCR 0803-1558 SCR 0804-1256
1995.09 1995.09 1988.20 1988.20

SCR 0805-5912 SCR 0812-6402 SCR 0813-2926 SCR 0815-3600
1991.21 1991.14 1992.03 1992.24

SCR 0816-2247 SCR 0816-7727 SCR 0818-3110 SCR 0821-6703
1996.13 1991.11 1991.27 1991.14

SCR 0823-4444 SCR 0824-6721 SCR 0827-3002 SCR 0829-2951
1991.28 1991.14 1991.27 1991.27

Figure. E.1: Continued



216

SCR 0829-3855 SCR 0829-6203 SCR 0835-3400 SCR 0837-4639
1991.28 1991.21 1992.24 1991.28

SCR 0838-8148 SCR 0843-2937 SCR 0843-5154 SCR 0843-5209
1996.14 1993.21 1991.11 1991.11

SCR 0845-3051 SCR 0847-3046 SCR 0849-3138 SCR 0850-4934
1993.21 1993.21 1993.21 1994.26

SCR 0852-6608 SCR 0853-6123 SCR 0904-3804 SCR 0911-2502
1991.06 1994.05 1996.20 1992.19

Figure. E.1: Continued
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SCR 0913-1049 SCR 0913-8311 SCR 0914-4134 SCR 0917-3849
1991.43 1996.20 1996.20 1996.20

SCR 0927-4137 SCR 0942-6428 SCR 0956-4234 SCR 0956-8518
1991.43 1991.12 1992.03 1996.20

SCR 1001-2257 SCR 1005-4322 SCR 1011-8106 SCR 1014-4428
1995.10 1992.25 1991.28 1992.25

SCR 1053-3858 SCR 1054-5159 SCR 1057-5103 SCR 1058-3854
1993.47 1995.31 1995.31 1993.47

Figure. E.1: Continued
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SCR 1104-8352 SCR 1107-4135 SCR 1109-4631 SCR 1110-3608
1993.25 1990.10 1995.11 1992.32

SCR 1117-3202 SCR 1125-3834 SCR 1132-4039 SCR 1132-8446
1991.20 1990.10 1996.22 1993.25

SCR 1138-7721 SCR 1143-7047 SCR 1149-4248 SCR 1151-4142
1991.21 1991.27 1996.22 1996.22

SCR 1151-4624 SCR 1155-7904 SCR 1157-0149 SCR 1158-5103
1991.34 1991.29 1988.31 1991.12

Figure. E.1: Continued
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SCR 1159-4256 SCR 1204-4037 SCR 1206-3500 SCR 1208-3723
1993.08 1995.40 1991.28 1991.28

SCR 1211-6849 SCR 1213-4820 SCR 1214-4603 SCR 1220-4546
1994.10 1991.12 1993.08 1993.08

SCR 1223-3654 SCR 1227-4541 SCR 1230-3411 SCR 1235-4527
1991.35 1991.42 1991.35 1991.42

SCR 1239-4759 SCR 1240-8116 SCR 1240-8209 SCR 1241-4717
1994.42 1991.29 1991.29 1991.42

Figure. E.1: Continued
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SCR 1245-5506 SCR 1246-1236 SCR 1247-0525 SCR 1251-1232
1991.12 1993.24 1992.41 1993.24

SCR 1256-1316 SCR 1257-5554AB SCR 1320-7542 SCR 1321-3629
1997.42 1991.12 1996.45 1992.25

SCR 1322-7254 SCR 1327-3551 SCR 1328-7253 SCR 1331-5138
1996.45 1991.21 1996.45 1997.28

SCR 1338-5622 SCR 1340-4427 SCR 1342-3544 SCR 1345-5101
1994.19 1991.23 1991.21 1997.28

Figure. E.1: Continued
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SCR 1400-3935 SCR 1409-5337 SCR 1412-3941 SCR 1412-4954
1989.18 1994.42 1995.48 1990.46

SCR 1420-5106 SCR 1429-4808 SCR 1433-3846 SCR 1437-4002
1993.47 1993.47 1995.48 1991.23

SCR 1442-4810 SCR 1443-5502 SCR 1444-3426 SCR 1445-5046
1993.47 1993.54 1991.21 1993.47

SCR 1450-3742 SCR 1455-3914 SCR 1457-3904 SCR 1457-4705
1991.21 1991.23 1991.23 1994.61

Figure. E.1: Continued
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SCR 1505-4620 SCR 1507-3611 SCR 1510-4259 SCR 1511-3403
1994.61 1991.46 1991.30 1991.46

SCR 1512-4354 SCR 1529-4238 SCR 1532-3622 SCR 1533-3634
1994.61 1992.58 1990.33 1990.33

SCR 1547-2751 SCR 1550-4718 SCR 1552-7051 SCR 1559-4442
1992.28 1993.33 1992.57 1993.33

SCR 1601-3421 SCR 1608-2913AB SCR 1608-4229 SCR 1608-4442
1989.57 1993.33 1992.25 1993.25

Figure. E.1: Continued
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SCR 1613-3040 SCR 1621-2810 SCR 1627-7337 SCR 1630-3633
1992.25 1992.28 1991.29 1991.29

SCR 1631-2805 SCR 1634-3112 SCR 1637-3014 SCR 1637-3203
1992.28 1992.28 1992.28 1992.28

SCR 1637-4015 SCR 1637-4703 SCR 1648-2049 SCR 1659-6958
1993.26 1992.56 1991.59 1993.31

SCR 1717-6916 SCR 1724-5636 SCR 1726-8433 SCR 1735-7020
1991.29 1991.67 1996.30 1991.29

Figure. E.1: Continued
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SCR 1738-1057 SCR 1739-8222 SCR 1740-5646 SCR 1748-7211
1988.62 1994.30 1991.67 1991.29

SCR 1756-5927 SCR 1800-0431AB SCR 1805-4326 SCR 1808-0341
1990.48 1984.59 1992.56 1984.59

SCR 1808-8120 SCR 1811-4239 SCR 1811-5510 SCR 1817-5318
1994.30 1992.56 1995.66 1995.66

SCR 1821-5549 SCR 1822-0928 SCR 1822-4542 SCR 1832-4217
1995.66 1988.59 1992.56 1990.63

Figure. E.1: Continued
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SCR 1835-8754 SCR 1841-4347 SCR 1843-7848 SCR 1845-6357
1997.93 1991.67 1994.30 1993.62

SCR 1847-1922 SCR 1848-6855 SCR 1855-6914 SCR 1856-1951
1991.59 1992.66 1992.66 1991.59

SCR 1857-4309 SCR 1902-5043 SCR 1910-4338 SCR 1912-5034
1991.67 1993.62 1993.32 1993.62

SCR 1913-1001 SCR 1913-2312 SCR 1916-3638 SCR 1918-3323
1988.45 1991.62 1992.57 1992.57

Figure. E.1: Continued
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SCR 1918-4554 SCR 1924-3356 SCR 1926-5218 SCR 1928-3634
1993.32 1992.57 1991.60 1993.31
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