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Abstract

Candidate Isolated Neutron Stars
and Other Stellar X-ray Sources from
the ROSAT All-Sky and Sloan Digital Sky Surveys

Marcel A. Agiieros

Chair of the Supervisory Committee:
Professor Scott Anderson
Astronomy

Although extrasolar X—ray sources were first observed almost fifty years ago, the first
all-sky imaging X-ray survey was only recently completed. The ROSAT All-Sky Sur-
vey (RASS) Bright and Faint Source Catalogs include approximately 124,000 X-ray
sources detected in the 0.1 — 2.4 keV range. However, while X-ray source counterparts
are known to range from distant quasars to nearby M dwarfs, the RASS data alone are
often insufficient to determine whether an X-ray source is Galactic or extragalactic.
As a result, no more than 10% of RASS sources have had their counterparts identified
and fully characterized. A major obstacle to identifying more RASS sources was the
absence of a large—area optical survey of equivalent sensitivity with which to correlate
the RASS catalogs. In the Sloan Digital Sky Survey (SDSS) we now have the needed
optical survey; SDSS provides a uniform optical photometric and spectroscopic dataset
with which to identify RASS sources. In this thesis, I present results from a campaign
to identify and characterize stellar counterparts to RASS sources falling within the
SDSS footprint.

Of order one—third of the RASS source counterparts are likely to be stars. Most
of these are bright stars with coronal X-ray emission, and are not suitable for optical
identification based on routine SDSS multi—fiber spectroscopy, which is not designed

for m < 15 objects. Instead, I used SDSS imaging photometry, correlations with the



Two Micron All Sky Survey and other catalogs, and spectroscopy from the Apache
Point Observatory 3.5-m telescope to identify these stellar X-ray counterparts in the
SDSS Data Release 1 region. In addition, I describe efforts to identify and character-
ize other, rarer stellar X-ray sources in the entire SDSS area: cataclysmic variables,
white dwarfs, and especially elusive isolated neutron stars, of which only a handful are

currently known.
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Chapter 1
INTRODUCTION

...la téte dans les étoiles
mes écouteurs
crachaient le son de Marley Marl...

—IAM, Quand Ils Rentraient Chez Eux

1.1 Stellar X rays, the ROSAT All-Sky Survey, and SDSS

Historically, the study of stellar X rays is first and foremost the study of X rays from
the Sun. The presence of a hot, tenuous, X-ray-emitting gas around the Sun—the
X~ray corona—was inferred and confirmed roughly 60 years ago (Edlén, 1943; Fried-
man et al., 1951)!. The Sun is quite naturally the best studied X—ray source in the
sky, which is not to say that the mechanisms producing its X—ray emission are fully
understood. The existence of similar coronae around other stars, however, was a mat-
ter of speculation until the detection during a rocket flight just over 30 years ago of
Capella (Catura et al., 1975). Capella has been observed by almost all subsequent X—
ray missions, and is a far stronger persistent source of coronal X rays than the (quiet)
Sun, with an X-ray luminosity several orders of magnitude greater and a coronal tem-
perature of ~ 107 K, several times that of the Sun’s corona (e.g., Linsky et al., 1998;
Ishibashi et al., 2006).

Despite Capella’s detection, however, the consensus until fairly recently was that
stellar X-ray astronomy would not be a particularly rich field of study, largely because

of our heliocentric view. For example, if one takes the Sun’s X~ray luminosity of 2 x

1See also the historical review in Haisch & Schmitt (1996), Favata & Micela (2003), and Giidel (2004).



10?7 erg s—! and compares it to the ROSAT (Réntgensatellit) All-Sky Survey (RASS;
Voges et al., 1999) typical flux limit of ~ 2 x 10713 erg cm~2 s7! in the 0.1 — 2.4 keV
energy band, one would expect the RASS to be sensitive only to stars within roughly
9 pc of the Sun—a sample of only a few hundred stars (Schmitt et al., 1995)2. The
discovery instead in Einstein Observatory data and the RASS of many X-ray—emitting

stars can therefore be safely described as a major surprise (Haisch & Schmitt, 1996).

Today, X—ray source counterparts are known to be a heterogeneous mix of objects,
ranging from distant quasars to nearby active M dwarfs (e.g., Stocke et al., 1983, 1991;
Schmitt et al., 1995; Anderson et al., 2003; Zickgraf et al., 2003; Green et al., 2004), and
stars are recognized as one of the most prominent classes of X-ray emitters (Giidel,
2004). While our detection of X rays from numerous stars might seem to signal an
end to the historically heliocentric view of stellar X rays, the Sun continues to play
an essential role in this field. In particular, the X-ray activity of a late—type star
such as the Sun is thought to depend heavily on the behavior of the magnetic dynamo
produced in the stellar interior®. While there is still no entirely satisfactory model for
how this dynamo forms or functions, the consensus, based on studies of the Sun, is
that its existence and properties are related to the complex interplay of convection and
rotation (Favata & Micela, 2003). If this mechanism is in fact universal for late—type
stars, observations of other stars can test our models, since in a sense they allow us to
vary the solar parameters (Haisch & Schmitt, 1996). What would happen to the solar
corona if we sped up the Sun’s rotation? If we slowed it down? If we made the Sun

more massive? Younger? Older? Fully convective?

In addition, surveys have discovered that many unusual types of stars are also X-
ray emitters, including accreting binaries such as cataclysmic variables (e.g., Verbunt
et al., 1997) and compact remnants such as white dwarfs (e.g., Fleming et al., 1996)

and neutron stars (e.g., Walter et al., 1996; Haberl et al., 1997). The physics of these

2Because of the scanning protocol, the RASS exposure times and thus sensitivity limits vary markedly
from ecliptic pole to equator.

3Throughout this thesis I use late—type to describe stars of spectral types F and later.



systems have their own particularities?, and the X-ray data provide us with insights
unavailable at other wavelengths. Collecting larger samples of X-ray—emitting stars
is therefore essential for exploring the full range of possible connections between the

physics of stellar interiors, atmospheres, coronae, and accretion.

Frequently, however, the X—ray data alone are insufficient to determine unambigu-
ously whether an X-ray source is Galactic or extragalactic, much less to make finer
distinctions about its nature. This is the case, in particular, with RASS data, collected
as part of the first imaging X-ray survey of the entire sky. Voges et al. (1999) included
18,811 sources with count rates > 0.05 cts s~! in the RASS Bright Source Catalog
(BSC); another 105,924 with count rates < 0.05 cts s~! are listed in the Faint Source
Catalog (FSC; Voges et al., 2000). The fraction of identified and fully characterized
RASS BSC/FSC sources is only ~ 10% (Mickaelian et al., 2006), with the majority of
the identifications being of the BSC sources (e.g., Bade et al., 1998; Zickgraf et al.,
2003). Large—scale programs to find the optical counterparts to RASS sources are

therefore still very much needed.

The work presented in this thesis is part of one such program, which aims to pro-
duce a complete sample of RASS X-ray source identifications from correlations with
the Sloan Digital Sky Survey (SDSS; York et al., 2000). SDSS provides a uniform opti-
cal photometric and spectroscopic dataset with which to correlate the RASS catalogs.
The survey uses a dedicated 2.5-m telescope at the Apache Point Observatory, NM,
to produce five color u, g, 1, i, z CCD images to a depth of r ~ 22.5 (Fukugita et al.,
1996; Gunn et al., 1998; Hogg et al., 2001; Smith et al., 2002; Gunn et al., 2006); the
associated photometric accuracy is ~ 0.02 magnitudes (Ivezi¢ et al., 2004). The survey
will eventually cover ~ 10* deg? around the north Galactic cap and ~ 200 deg? in the
southern Galactic hemisphere, resulting in photometry for over 102 stars and a similar
number of galaxies. Crucially for our purposes, SDSS is also a spectroscopic survey,

and will obtain spectra for 10 galaxies, 10° quasars, and 10° stars.

In the following Section, I review past efforts to identify optical counterparts to

‘and aficionados!



sources detected by some of the principal X—ray satellite missions of the past several
decades, namely Einstein, ROSAT, the Chandra X-ray Observatory, and the XMM-
Newton X-ray Observatory. In Section 1.3, I touch on the complementarity of RASS
and SDSS data before outlining this thesis, which focuses on identifying stellar X-ray
emitters (both common and rare) in the RASS/SDSS overlap region.

1.2 Identifying Stellar X-ray Sources...

from the Einstein surveys

Although not designed to perform very large—area surveys, the two imaging instru-
ments flown on the Einstein Observatory provided the first large samples of X-ray—
detected sources. To create the Medium Sensitivity Survey (MSS), Gioia et al. (1984)
collected 112 sources serendipitously detected in pre—existing targeted Einstein obser-
vations; this survey was followed by the Extended Medium—Sensitivity Survey (EMSS;
Gioia et al., 1990). Both surveys included sources with X-ray fluxes between roughly
5x 10714 and 3 x 1012 ergs cm~2 s~! in the 0.3 — 3.5 keV energy band, but the EMSS
cataloged a total of 835 sources in a significantly larger area of sky: ~ 800 deg? versus
~ 40 deg? for the MSS. For both surveys, painstaking programs to identify the optical
counterparts to the X—ray sources were undertaken. For example, to find the counter-
parts to 63 MSS sources, Stocke et al. (1983) obtained spectra for all of the optical ob-
jects inside or just outside the X—ray 90% confidence positional error circles—typically
an area of radius ~ 30” to 70" for each source. Once they found a plausible counterpart
by comparing its fx/fv ratio® to that of similar objects detected in pointed Einstein ob-
servations, they continued to collect spectra for the optical objects until they reached
objects at least four times fainter than the proposed counterpart or the limit of the
Palomar Observatory Sky Survey (roughly 20.5 mag; Stocke et al., 1983)%. They found

that ~ 25% of these MSS sources were “ordinary” stars, primarily late-type dwarfs;

5As defined by Maccacaro et al. (1988): log (fx/fv) = log fx + 2—"5 + 5.37.

5Very Large Array observations were also used to search for radio sources near the MSS positions;
these are very useful for identifying extragalactic X—ray sources (Stocke et al., 1983).



they also found one cataclysmic variable (see Chapter 3).

Stocke et al. (1991) used much the same strategy to identify counterparts to the
835 EMSS sources, but did not obtain spectra for every optical object near the new
X-ray positions. Instead, they began by identifying plausible counterparts based on
their optical properties as described by the Palomar data. Their work with the MSS
confirmed that a given class of X-ray emitters has a fairly narrow range of possible X—
ray—-to—optical flux ratios (e.g., for active galactic nuclei, —1.0 < log (fx/fv) < +1.2),
and, perhaps more importantly, that the overlap between broad classes (e.g., Galactic
and extragalactic sources) is fairly small; see Table 1.1. Furthermore, in ambiguous
cases, one could discern whether a given potential counterpart was in fact likely to
belong to the class suggested by its fx/fv ratio by examining its morphology and/or
color on the Palomar plates. For example, extragalactic X-ray sources with very low
fx/fv ratios are often resolved galaxies or very blue point sources on the Palomar
plates, while Galactic sources with high fx/fv ratios are generally very red late-type
stars (Stocke et al., 1991).

Table 1.1: Observed X-ray—to—optical flux ratios, from Maccacaro et al. (1988).

Object log (fx/fv)

class range

Active Galactic Nuclei -1.0to +1.2

BL Lac objects +0.3 to +1.7
Clusters of galaxies -0.5t0 +1.5
Normal galaxies —1.8to -0.2
M stars -3.1to -0.5
K stars —4.0to —-1.5
G stars —4.3t0 -2.4
B-F stars —4.6to -3.0

Even with a more efficient algorithm for identifying plausible optical counterparts,



however, Stocke et al. (1991) were forced to obtain two to five spectra in each X-ray
field, a very time—intensive exercise’. They confirmed that roughly one—quarter of
the X—ray sources detected by Einstein are Galactic stars; in addition, using further
(échelle) observations, they determined vsin: for a subsample of these stars to examine

the relationship between rotation and activity discussed in §2.2 (Stocke et al., 1991).

from the ROSAT surveys

While admirably thorough and essential in producing an unbiased sample of X-ray
source counterparts, the approach described above is simply too time—consuming to be
applied when searching for counterparts to the sources detected at soft X-ray energies
(0.1 — 2.4 keV) by the ROSAT All-Sky Survey (RASS; Voges et al., 1999). More than
124, 000 sources are included in the combined Bright and Faint Source Catalogs (BSC,
FSC; Voges et al., 1999, 2000). Only a relatively small fraction of these sources, how-
ever, can be identified from correlations to existing databases. For example, Bade et al.
(1998) found that 35% of the 80,000 RASS sources they considered had counterparts in
SIMBAD and the NASA/IPAC Extragalactic Database, with the rest being previously
unknown. While the typical positional uncertainty for these RASS sources (~ 20”) is
smaller than that of the Einstein sources, using the Stocke et al. approach in this case
would still imply taking spectra for one or more objects in more than 50,000 X-ray
fields!

Instead, Bade et al. (1998) used objective prism spectra previously obtained with
the Hamburg Schmidt telescope located in Calar Alto, Spain, as part of a large—scale
search for quasars, the Hamburg Quasar Survey (HQS; Hagen et al., 1995). The HQS
aimed to build a complete sample of fairly bright quasars in 14,000 deg? of northern sky
through the extraction and classification of spectra from objective prism plates. Each
such plate included spectra for objects brighter than B ~ 18.5 mag within the 5.5 x 5.5
deg? field of view, and was complemented by a direct (imaging) plate of the same area

of the sky, which recorded objects brighter than B ~ 20 (Hagen et al., 1995; Bade et al.,

"For example, six to eight nights a year over seven years were needed at the Multiple Mirror Telescope
Observatory, Mt. Hopkins, AZ, to identify 665 of these sources (Stocke et al., 1991).



1998). The exposure times to reach these magnitude limits and appropriate signal-to—
noise ratios were 60 and 45 min, respectively, for the objective prism and direct plates,
making it possible to cover the northern sky in a reasonable amount of time®.

Bade et al. (1998) began by identifying the RASS BSC sources that fell within a
given HQS field. For each such source, they proceeded to search the HQS data for all
optical objects within the greater of 40” and 20" + 20, where o is the quoted RASS po-
sitional uncertainty. All of the spectra thus flagged were then classified interactively
and their fx/fp ratios were calculated. A given object was suggested as the likely op-
tical counterpart if it was reasonably close to the X-ray position, had the spectrum of
a known type of X-ray emitter, and had an X-ray-to—optical flux ratio consistent with
other similar X-ray emitters (Bade et al., 1998). The source’s X~ray properties, such
as its hardness ratios (relatively crude measurements of the spectral energy distribu-
tion®) and extent, were also invoked to strengthen the identification (e.g., clusters of
galaxies appear as extended sources in the RASS). In this manner they found candi-
date counterparts for 81.2% of the 3847 RASS BSC sources within the HQS0. Of these,
155 (4%) were identified as M stars, 136 (3.5%) as K stars, 4 (0.1%) as F or G stars;
a further 956 (24.9%) were saturated bright stars (B < 14 mag), for which no spec-
tral class is available. There was also a smattering of white dwarfs (31, or 0.8%) and
cataclysmic variables (16, or 0.4%) (Bade et al., 1998). While there are uncertainties
associated with these identifications—due to the very low resolution of the spectra (R
~ 100 at H~), for example, or to the presence of multiple plausible counterparts within
a field—the RASS/HQS program suggests that roughly one—third of the X—ray sources
detected by ROSAT are Galactic stars.

This work was continued by Zickgraf et al. (2003), who applied the same technique
to produce a catalog of optical counterparts for all 5341 RASS BSC sources with § > 0°

8In fact, the truly time—consuming part of the HQS was the digitization of the plates, which took three
hours for each of the objective prism plates and nine hours for the direct plates (Hagen et al., 1995).

SHR1 = %ﬁ% and HR2 = ﬁl—“);'("i—?()){é%ﬂ, where, for example, (0.5 — 2.0) indicates the

number of counts in the 0.5 — 2.0 keV energy range (Motch et al., 1998).

°Bade et al. (1998) suggest that the unidentified sources are likely to be faint active galactic nuclei and
clusters.



and Galactic latitudes |b| > 30°. The search radius was expanded to 60", and imaging
data from the Digitized Sky Survey was used when there was no HQS direct Schmidt
plate for a given field; the total area thus covered was 10,313 deg? (Zickgraf et al.,
2003). Candidate counterparts for 82.2% of the RASS sources were found; the “miss-
ing” counterparts are, for the most part, faint optical objects whose poor—quality prism
spectra preclude classification. The fraction of the 5341 BSC sources due to coronal
emission from stars increased from one—third to roughly 38% when one estimated the
number of likely stellar sources among the “missing” counterparts (Zickgraf et al.,
2003). Interestingly, this is a higher fraction than that of stellar sources in the EMSS,
a difference that may be due to the slightly different energy sensitivities of ROSAT
and Einstein (Gioia et al., 1990; Zickgraf et al., 2003). The final RASS/HQS sample in-
cludes 197 M stars, 141 K stars, 45 F/G stars, and 1219 saturated stars without spectral
classifications, along with 45 white dwarfs and 26 cataclysmic variables.

A number of other programs have used variants on this technique either to identify
large numbers of counterparts to RASS sources or to identify all of the counterparts
to RASS sources in a small area of sky (e.g., 442 sources in 80.6 deg? around the north
ecliptic pole; Henry et al., 2006). However, the Zickgraf et al. (2003) catalog remains
the single largest sample of RASS sources for which counterparts have been proposed
in this manner; in fact, close to 90% of the X-ray sources detected by ROSAT have yet
to have likely counterparts identified through some such combination of photometry
and spectroscopy (Mickaelian et al., 2006).

Parallel efforts have been made to produce large—scale catalogs of RASS counter-
parts without spectroscopy. As part of the BSC data release, Voges et al. (1999) cor-
related its 18,811 X—ray sources with a number of existing catalogs, including, for
example, of bright stars (Tycho) or of radio and ultraviolet sources (FIRST, NVSS,
and EUVE). They found at least one cataloged counterpart within 90” for 90% of the
BSC sources. 7,117 X—ray sources had a single cataloged counterpart, which Voges
et al. (1999) used to establish the overall statistical properties of the BSC sources: 58%
of these counterparts were Galactic in origin. This matching was entirely based on

positional coincidence (i.e., only the closest match was considered) and relied on the



relatively low surface densities of the BSC sources and the various cataloged coun-
terparts, along with the X—ray properties of the counterparts (especially their fx/fop
ratio, hardness ratios, and extent), to claim an association between a BSC source and
a counterpart (Voges et al., 1999).

Rutledge et al. (2000) adapted this method to match statistically the BSC to the
USNO A-2 catalog. Factoring in both the proximity and the B magnitude of the USNO
objects found within 75" of the RASS sources, and carefully estimating the contami-
nation rate by comparisons to background fields, they sifted through the more than
320,000 possible optical counterparts to identify those with the highest probability of
being the X—ray sources. Their final catalog included 11, 301 BSC sources—three~fifths
of the total number—for which they identified a USNO object with a > 50% probability
of being the counterpart (2705 had a probability > 98%; Rutledge et al., 2000).

In an even more ambitious effort, Flesch & Hardcastle (2004) matched X-ray data
from all of the major ROSAT catalogs to multiple radio and optical surveys, thereby
creating an all-sky catalog of radio/optical counterparts to some 500, 000 X-ray sources!?.
Nearly 120,000 of these sources were previously identified in the literature, while an
additional 86,000 are estimated to be 40% to 99% likely to be previously unknown
quasars. The likelihood of a given association was calculated first by examining the
proximity of a proposed counterpart, its B — R color, and its optical classification, and
then by comparing the density of all candidate counterparts with these properties to
their all-sky density (Flesch & Hardcastle, 2004)12,

These catalogs are clearly very useful for developing a statistical overview of a
given category of X-ray emitters; typically, their production is driven by the desire to

obtain a large sample of quasars (e.g, Bauer et al., 2000; Flesch & Hardcastle, 2004)13,

UMatching to the radio sources is done first; the assumption is that the surface densities of radio
sources and X-ray sources are both sufficiently low that matches can be safely associated. The radio
positions can then be substituted to the far less certain X-ray positions and used to match to the optical
catalogs (Bauer et al., 2000).

2For example, if the density of stars with (B — R) = 0 within 5" of the X~ray sources is 10 times
greater than elsewhere on the sky, the likelihood that these are the X—-ray counterparts is 90%: for 10
such objects, 9 are X-ray sources, and 1 is not (Flesch & Hardcastle, 2004).

8As a consequence, there is usually almost no discussion of the stellar emitters found in these catalogs.



10

However, because they rely in large part on the properties of known counterparts to
identify new counterparts, the catalogs cannot tell us anything more about the over-
all properties of X-ray sources than the smaller catalogs on which they are based
(Flesch & Hardcastle, 2004). In that sense, these catalog-based approaches cannot
fully replace the combined photometric and spectroscopic method first developed for

identifying Einstein sources.

from Chandra and XMM surveys

While Chandra and XMM are both equipped with more sensitive X-ray detectors than
ROSAT (albeit in different energy bands), they were designed primarily to conduct
pointed observations and not wide—field surveys!t. However, growing data archives
have allowed the creation of a number of fairly deep, relatively small-area surveys,
with the lists of X—ray sources being assembled in much the same way as for the Ein-
stein MSS and EMSS surveys—and with the X—ray counterparts being identified using
variations on the classic Einstein method. Generally, these counterparts are far fainter
than for the Einstein sources; Dietrich et al. (2006) find that only 15% of the counter-
parts to their XMM sources are brighter than the Digital Sky Survey limit of 20.5 mag.
Programs to find these counterparts therefore tend to rely on dedicated deep optical
imaging, as opposed to pre—existing survey data, to select targets for follow—up spec-
troscopy. This selection is often easier than for the earlier generation of X-ray surveys
because the X-ray and optical positional uncertainties are comparable and very small
(typically less than 1” for Chandra). However, the proposed counterparts are some-
times simply too faint and the corresponding spectra cannot be classified, limiting the
number of X-ray sources for which a counterpart can be confirmed.

The Chandrae Multiwavelength Project (ChaMP; Kim et al., 2004) collected X-ray
sources from 137 targeted observations of objects away from the Galactic plane. The to-
tal ChaMP area is roughly 14 deg? and includes 486 X—ray sources with fluxes between
3x 10716 and 2 x 1071% ergs em~2 s~ ! in the 0.3 — 8 keV energy band in which Chandra

1A notable exception is the recent XMM-Newton Slew Survey, which collected exposures of < 15 s
taken as the satellite slewed to produce a list of ~ 4000 sources in 6300 deg® (Freyberg et al., 2005).
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operates (Green et al., 2004). An initial catalog of ChaMP counterparts was produced
from matching the X-ray source positions to those of optical objects found in follow—
up imaging of the fields. Spectroscopy was then used to characterize these optical
counterparts. Of the 356 ChaMP sources with high~confidence spectroscopic identifi-
cations, only 64 are stars (P. J. Green 2006, private communication). This represents
a relatively small fraction (18%) of the ChaMP sources, but is entirely consistent with
the survey’s extragalactic focus!®.

The Chandra Multiwavelength Plane (ChaMPlane; Grindlay et al., 2005) survey is
very similar in design to ChaMP, but uses archival observations of 105 distinct fields
covering roughly 23 deg? of the Galactic plane; the typical limiting X—ray flux for these
observations is ~ 1—6x 1015 ergs cm~?2 s~1. ChaMPlane aims to add to the population
of known low-luminosity X-ray binaries (Lx < 10* erg s—!), and one would of course
expect it also to catalog many coronal emitters. Grindlay et al. (2005) predict that
it will eventually expand the ROSAT sample of such sources by one to two orders of
magnitude. ChaMPlane uses follow—up optical imaging slightly differently than most
other surveys: if narrow—band imaging reveals optical objects in the X~ray fields with
Ha excesses, these are targeted for spectroscopic follow—up, regardless of whether they
are positionally coincident with a Chandra source (Rogel et al., 2006)16, To date, Rogel
et al. (2006) have obtained spectroscopy for 1069 sources; because of the faintness of
many of these counterparts (R < 24 mag), classifications are possible for only about
60% of these targets. Of the 612 optical objects currently identified, 437 are K and M
stars (71%!); 182 of these have spectra with obvious Ha emission, a sure sign of activity
(Rogel et al., 2006).

Similar efforts are underway with data from XMM-Newton, which is sensitive to
X rays in the 0.2 — 12 keV range. The Serendipitous Sky Survey (Watson et al., 2001)

is cataloging new X-ray sources at a rate of close to 50,000 a year, and a number

5Tn addition, this fraction should only be considered a lower limit on the number of stellar ChaMP
sources, since the spectroscopic follow—up is not completed (P. J. Green 2006, private communication)
and is presumably biased toward photometrically selected candidate quasars.

6Ironically, the five new cataclysmic variables discovered to date as part of the ChaMPlane follow—up
do not currently have Chandra detections (Rogel et al., 2006).
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of follow—up optical programs are designed to identify the counterparts to (some of)
these sources (e.g., Motch et al., 2003; Dietrich et al., 2006). There is also at least
one dedicated XMM survey program, the XMM Galactic Plane Survey (XGPS; Hands
et al., 2004). The fraction of stellar X-ray emitters found in these different surveys
varies as a function of the area of the sky they cover and in any case will probably not
be known for some time—while frequently only one spectrum is needed to reveal the
nature of a cataloged XMM or Chandra X-ray source, the proposed optical counterpart
is often very faint, and the spectroscopic follow—up therefore requires significant time
and resources (e.g., for ChaMPlane to date, 17 nights with the Hydra multi—object
spectrograph on the WIYN 3.5-m telescope, Kitt Peak, AZ; Rogel et al., 2006).

1.3 The RASS and SDSS, and a Thesis Preview

As mentioned above, no more than 10% of RASS sources have had their counterparts
identified and fully characterized (Mickaelian et al., 2006). A major obstacle to iden-
tifying more RASS sources was the absence of a large—area optical survey of equiva-
lent sensitivity with which to correlate the RASS catalogs. However, the RASS and
SDSS are very well matched, making SDSS an ideal tool for identifying large numbers
of ROSAT sources. For example, previous programs to identify RASS counterparts
indicate that roughly 40% will be quasars and related active galactic nuclei (AGN;
e.g., Bade et al., 1998; Zickgraf et al., 2003), and we have demonstrated the effective-
ness of the SDSS photometry and spectroscopy in finding the optical counterparts to
these RASS sources. With about one—fifth of the SDSS survey completed, we identi-
fied ~ 1200 X-ray—emitting AGN using a combined RASS/SDSS approach (Anderson
et al., 2003). Our high efficiency for finding quasar counterparts arises because the
limiting X-ray flux of RASS is such that even the optically faintest counterparts of
typical RASS AGN are likely to be detected in the SDSS photometric survey and can
be targeted in the spectroscopic survey. The most X-ray luminous (relative to optical)
quasars have log (fx/fopt) ~ 1 (see Table 1.1; Maccacaro et al., 1988). At the typical
limiting RASS X-ray fluxes, this implies that even unusually faint optical AGN will be
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brighter than m ~ 20 mag—well within the SDSS photometric limit and accessible to
routine SDSS spectroscopy.

Roughly another third of RASS counterparts are expected to be Galactic stars (e.g.,
Bade et al., 1998; Gioia et al., 2003; Zickgraf et al., 2003). However, unlike quasars,
the vast majority of stellar X-ray emitters cataloged in the RASS are unlikely to be
discovered from routine SDSS spectroscopy. Relative to their optical output, the most
X-ray luminous normal stars (i.e., coronal emitters) have log (fx/fop:) ~ —1 (Mac-
cacaro et al., 1988) and so almost all are optically brighter than the m ~ 15 SDSS
spectroscopic limit.

In order to identify these bright stellar X-ray emitters included in the RASS and
falling within the footprint of the SDSS Data Release 1 (DR1; Abazajian et al., 2003), I
have therefore used the SDSS photometric data, combined with infrared data from the
Two Micron All Sky Survey (2MASS; Skrutskie et al., 2006), to select a sample of bright
stars near BSC/FSC positions. I then used the Astrophysical Research Consortium
3.5-m telescope at the Apache Point Observatory!’ to obtain spectroscopy for objects
in about 900 of these RASS fields (the total number of spectra collected is close to 1200).
A spectral-template fitting code was then used to type the likely X-ray counterparts.
The cataloged magnitudes are used to obtain estimated fx/fop: ratios for these stars;
the ratios are then compared to those of known X-ray emitters of the same spectral
type, thereby verifying that these stars are indeed plausible RASS source counterparts.
I present the results of this work in Chapter 2.

In addition, I have worked on identifying other, rarer types of stellar X-ray emit-
ters in the SDSS spectroscopic footprint. Among these are cataclysmic variables (CVs)
and white dwarfs (WDs), for which the typical optical counterpart magnitudes are
within the SDSS spectroscopic target range. Accordingly, the SDSS spectroscopic sur-
vey is used to confirm the nature of these RASS sources; because they have relatively
low surface densities, the entire SDSS survey area is searched for these objects. I

have contributed to a series of papers (Szkody et al., 2002, 2004a, 2005, 2006) that

"The Apache Point Observatory 3.5-m telescope is owned and operated by the Astrophysical Research
Consortium.
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include descriptions of the X-ray properties of SDSS CVs, and this work is summa-
rized in Chapter 3. I have also correlated the SDSS white dwarf catalogs (Kleinman
et al., 2004; Eisenstein et al., 2006) with the RASS to identify X-ray emitters, and used
the high quality and uniformity of the SDSS spectra to create composite WD spectra.
These will eventually be used to search for unexpected WD spectral features by com-
paring the composite spectra for X-ray emitters to those from the much larger sample
of “ordinary” WDs, for example. I present this work in Chapter 4.

Finally, I used RASS/SDSS correlations to search for new candidate isolated neu-
tron stars (INSs), probably the most elusive stellar X-ray sources in the RASS. Stellar
evolution predicts that the number of detected pulsars in the Galaxy (~ 2000) should
be dwarfed by the number of older, inactive neutron stars, most of which are too cool to
be visible in the X~ray and rotate too slowly to generate radio pulses. However, some
of these stars may reheat by accreting material from the interstellar medium, and
ROSAT was expected to detect hundreds to thousands of rejuvenated NSs (e.g. Treves
& Colpi, 1991; Blaes & Madau, 1993). These INSs were predicted to have blackbody
spectra that would place strong constraints on the NS equation of state (EOS). Yet only
seven INSs are currently known (the “Magnificent Seven”), a sample that manages to
be both too small and too diverse in detail to address the EOS definitively. Clearly,
obtaining a larger sample is highly desirable. This work is presented in Chapter 5.

I summarize my findings in Chapter 6, where I also discuss a few research ques-

tions I plan to pursue that build on this thesis.
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Chapter 2

A CATALOG OF X-RAY-EMITTING STARS
FROM THE ROSAT ALL-SKY SURVEY AND
THE SLOAN DIGITAL SKY SURVEY DATA RELEASE 1

2.1 Introduction

X-ray data obtained since the 1970s have shown definitively that stellar X-ray emit-
ters are present among almost all stellar classes (e.g., Harnden et al., 1979; Cassinelli
& Swank, 1983; Stocke et al., 1983; Schmitt et al., 1995; Motch et al., 1998; Zickgraf
et al., 2003; Rogel et al., 2006), with the emission mechanism being different for early
and late-type stars; only evolved K and M stars and perhaps A stars do not appear to
be X-ray emitters (e.g., Ayres et al., 1981; Antiochos et al., 1986; Haisch et al., 1991;
Daniel et al., 2002). However, within a given stellar class—particularly among late—
type stars—the strength of the X-ray emission varies immensely. A given G5 star
may be much brighter in the X-ray regime than its apparent twin, suggesting that the
physics of X-ray emission is intimately linked to detailed stellar properties!. X-ray
spectroscopy with the Chandra X-ray Observatory and XMM-Newton X-ray Observa-
tory, occasionally in conjunction with observations at other wavelengths, is providing
unprecedented insight into these connections (e.g., Osten et al., 2005; Smith et al.,
2005). Before such detailed studies can be conducted, however, catalogs of confirmed
X-ray—emitting stars from all areas of the Hertzsprung—Russell diagram need to be
compiled and broadly characterized.

In this Chapter, we describe an effort to identify a complete sample of X-ray se-
lected normal stars falling within the footprint of the Sloan Digital Sky Survey (SDSS;
York et al., 2000) Data Release 1 (DR1; Abazajian et al., 2003). We begin with an

overview of the mechanisms for X-ray production from stars, focusing in particular

Individual stars also can also be X-ray variables.
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on coronal emission and flares from Sun-like stars (Section 2.2). In Section 2.3, we
outline the process by which we identified our candidate DR1 stellar counterparts
to ROSAT All-Sky Survey (RASS; Voges et al., 1999) sources. In Section 2.4, we
describe how we made our stellar identifications and obtained our sample of stel-
lar X-ray sources. We produced two catalogs; one is of 322 stars that are typically
very bright (the median V =~ 9 mag) and are included in SIMBAD and occasion-
ally in the NASA/IPAC Extragalactic Database (NED)?. The other is of 492 new stel-
lar X—ray source identifications made on the basis of spectroscopic observations with
the Apache Point Observatory (APO) 3.5-m telescope. In the Appendix we excerpt
data from both catalogs, which include the X-ray, optical, and infrared information
for our proposed stellar X-ray sources. The full catalogs are available on-line at

http://www.astro.washington.edu/agueros/pub.

2.2 Mechanisms for Stellar X-ray Emission

2.2.1 Coronal emission from late-type stars
The solar corona and RTV models

Any discussion of our understanding of X-ray emission for stars later than spectral
type F requires a detour into the history of models of the solar corona. Early on,
the prevailing view was that solar X rays were produced in a hot inner region of the
solar wind. High-resolution imaging data from Skylab (1972-74) were essential in
overthrowing this picture of the corona as a relatively simple structure, revealing it
instead to be a highly complicated collection of loops formed as the Sun’s magnetic
field emerges from the photosphere (e.g., Poletto et al., 1975).

Spherically symmetric acoustic heating models, in which the dissipation of sound
waves originating within the Sun powered the corona, were then replaced by a far

more complicated theoretical picture. First outlined by Rosner et al. (1978) and Craig

2This research has made use of the SIMBAD database, operated at CDS, Strasbourg, France, and of the
NASA/IPAC Extragalactic Database, operated by the Jet Propulsion Laboratory, California Institute of
Technology, under contract with the National Aeronautics and Space Administration.
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et al. (1978), the new models, generally referred to as the Rosner, Tucker, and Va-
iana (RTV) models, treat the aforementioned loops as the basic building blocks for the
corona. Each loop is described as a miniature atmosphere, self-contained and one—
dimensional. Input energy is distributed through thermal conduction and eventually
radiated away, mainly in spectral lines. The loops are short-lived; they become visible
as heated chromospheric material is evaporated and fills them, and are maintained as

long as the input energy and radiative losses are in rough equilibrium.

The RTV loop models include scaling relationships, and are therefore an extremely
useful starting point for coronal studies of other stars; in particular, the length of the
loops can be derived from the X-ray luminosity. Schrijver et al. (1984) applied these
relations to a sample of Einstein spectra to determine that, in general, the surface
of inactive main—sequence (MS) stars such as the Sun is covered almost entirely by
relatively small, cool loops (R ~ 0.1R, and T ~ 2 x 10% K). By contrast, the loops on
moderately active MS stars are hotter (~ 2 x 107 K), more compact, denser, and require
larger heating rates. Finally, the most active MS stars may have additional extended

loops of lengths ~ R,.

The connection with rotation

As noted earlier, while it is likely that every late—type star is an X—ray emitter at some
level, an individual late-type star can have a very different X-ray luminosity compared
to other members of its spectral class. The groundbreaking study of Einstein stellar
sources by Pallavicini et al. (1981) identified a relationship between the X-ray luminos-
ity and the projected rotational velocity vsini: Ly = 10%(vsini), where v is measured
in km s~!. Over time, a low—mass star loses angular momentum through its wind, and
therefore spins down. As a consequence, its magnetic dynamo is weakened, reducing
activity and X-ray emission (a sequence of events originally described by Skumanich,
1972, who used Call emission strength as a measure of magnetic activity). Observa-
tions of fast rotators show that they do have higher X-ray luminosities, but only up

to the point, known as saturation, when Ly reaches ~ 1073 L;,; (a fraction 1,000 times



18

greater than in the Sun; Haisch & Schmitt, 1996; Robrade & Schmitt, 2005). Increased
activity implies that a larger fraction of the stellar surface is covered by coronal loops,
which, for a given stellar type and therefore stellar radius, sets the saturation limit.
Less obviously, the existence of the saturation limit suggests that there is a limit to
how much heating energy a star can deposit into its corona, and therefore sets a maxi-
mum efficiency for the underlying magnetic dynamo. This efficiency is described by the
Rossby number, which is defined as the ratio of the rotational period and the convective
turnover time (Robrade & Schmitt, 2005)3.

The relationships described above between Ly, Ly, and vsini imply that the rota-
tional velocity at which a given star will saturate depends on its spectral class. Indeed,
in their study of 110 field stars and 149 members of open clusters detected by ROSAT,
Pizzolato et al. (2003) found that the saturation period varies from one day for early
G stars to roughly four days for early M stars. For non-saturated stars in that same

spectral range, they confirmed that rotation is an excellent predictor of activity.

Some unresolved problems

While the RTV formalism has withstood the test of time rather well, it suffers from
our still far—from—perfect understanding of magnetic fields?. The loops observed on
the Sun vary significantly in shape and size, suggesting that the magnetic mecha-
nisms responsible for their production are not quite as uniform as RTV models would
indicate (e.g., Aschwanden et al., 2000). More sophisticated hydrostatic models that
produce emission spectra one can compare directly to observations have also muddied
the waters, in particular by implying that several types of magnetic loops may have
to co—exist on a given star to explain the X-ray data (see Giidel, 2004, and discussion
therein). However, since these models also rely on a set of assumptions (they require

some a priori knowledge of the statistical distribution of loop parameters within a

3There is also observational evidence for super—saturation: when rotational velocities exceed
100 km s~! (i.e., when the Rossby number becomes very small), the Lx/Ls,; ratios begin to decrease
slightly. Why this should be is still not well understood (Giidel, 2004).

*RTV models also do not identify the origin of the loop input energy, whose source remains elusive
(e.g., Pevtsov et al., 2003).
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corona, for example), they have not yet definitively supplanted the RTV picture.

Furthermore, while the presence of an active corona implies the constant gener-
ation of a magnetic field, the processes responsible for its production are still poorly
understood. Solar—type stars are thought to host dynamos created by a combination of
bulk motion in the stellar interior, rotation, and a pre—existing magnetic field. These
dynamo are generally described in terms of two effects: the twisting of the magnetic
field due to convective eddies (the o effect) and the shearing of the toroidal component
of the magnetic field due to differential rotation (the ) effect). Helioseismic observa-
tions of the Sun and theoretical predictions place its a—) dynamo at the boundary
between the radiative core and the convective envelope (Favata & Micela, 2003).

We still lack a predictive, self-consistent model for the solar dynamo, however. In
addition, stars later than mid M are thought to be fully convective; extending the solar
dynamo model to these stars (and to slow rotators) would predict that they should
show little to no activity. Observations find instead that the fraction of active M stars
increases from spectral type MO to M8 (Hawley et al., 1996; West et al., 2004). While
some models suggest that convective eddies are sufficient to generate a so—called o?
dynamo in these stars (e.g., Durney et al., 1993), recent work argues that various
feedback mechanisms may in fact generate turbulent dynamos that are comparable to
the o—2 dynamos in earlier-type stars (e.g., Dobler et al., 2006). In short, we are far
from having a complete picture of how the Sun’s magnetic field forms, is maintained,
and produces the magnetic loops responsible for coronal emission, or of how universal
those mechanisms are. For example, Schrijver (1987) identified a “basal flux density”
due to some form of magnetic activity in X-ray, ultraviolet, and optical observations of
a sample of inactive F through K stars. This emission is unrelated to the corona, and
may well be due to acoustic heating (e.g., Bercik et al., 2005).

Finally, the connection between Lx and rotation, if any, is not evident for M and
later—type stars. As mentioned earlier, later M stars tend to be more active as a class
than early M stars, with no obvious correlation with rotation; the even later L and T
dwarfs are faster rotators than typical M dwarfs (e.g., Bailer—Jones, 2004) yet show
weak activity at best (e.g., Reid et al., 2000).
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2.2.2 Flares from late-type stars

Coronal X-ray emission from the Sun and other late-type stars is highly variable.
Over time periods of minutes to hours, this variability is mainly due to flares, events
in which an individual coronal loop or group of loops suddenly brightens; the largest
stellar flares have been observed to have decay times of several days. These events
can dominate the observed X—ray emission, significantly outshining the rest of the ob-
served corona®. The intensities of flares in active stars can be orders of magnitude
greater than those of solar flares, with peak plasma temperatures of over 10® K (Fa-
vata & Micela, 2003). Such a flare’s effect can be measured across the electromagnetic
spectrum, and in the case of the Sun, in the ejection of high—energy particles. Obser-
vations of flares can be used to determine the physical size of the flaring region, the
strength of the local magnetic field, and the density of the plasma, among other things.
They also give us insight into the most extreme forms of coronal activity, and thereby

provide useful constraints on, for example, heating of the stellar corona.

Most flare models start from the assumption that the energy released in a flare is
converted magnetic energy produced by the sudden and catastrophic reconnection of
stressed magnetic loops. Solar data have been used to build upon this starting point
and develop the widely accepted models for the production of a flare (e.g., Dennis &
Schwartz, 1989). The reconnection region, situated high in the corona, accelerates
electrons to energies on the order of tens of keV. These travel along the magnetic field
lines down into the chromosphere, emitting synchrotron (radio) radiation; collisions
with ions along the way also produce hard bremsstrahlung X rays. Once in the chromo-
sphere, they heat the cooler ambient gas to coronal temperatures, thereby evaporating
some of it upwards into the corona, and produce optical continuum and line emission.
Meanwhile, as the evaporated chromosphere fills the coronal loop, it generates soft X
rays. This sequence of events predicts a spatial and temporal correlation between the

appearance of hard X rays and optical emission during a flare, with the emission of

5For all but the youngest and most active stars, however, the energy emitted in flares remains a very
small fraction of the total energy budget (Favata & Micela, 2003).



21

soft X rays reaching a later peak. The soft and hard X-ray emission are connected by
the Neupert effect (Neupert, 1968), which predicts that the flux in soft X rays should
be equal to the time—integrated flux in hard X rays—an effect measured in 80% of the
solar flares studied by Dennis & Zarro (1993).

While observations of flares on other stars have detected the Neupert effect (e.g.,
Hawley et al., 1995), other details of this scenario are harder to verify, and do not
appear to be consistent from flare to flare. In any case, our models of the corona and
chromosphere during a flare are imperfect, and much work is underway to produce
better radiative models of the flare emission for both the Sun and other stars (e.g.,
Allred et al., 2005, 2006). See Favata & Micela (2003) and Giidel (2004) for extensive

discussions of current flare models and comparisons to flare data®.

2.2.3 Xrays from other stars
Early type stars

Einstein found that all stars of spectral type B5 or earlier are X-ray emitters, with
Lx varying between 103° and 103 erg s~! (e.g., Harnden et al., 1979). The X-ray
properties of these stars, however, are very different from those of later-type stellar
sources. In particular, there is a nearly linear relationship between the bolometric and
X-ray luminosities for early type stars; this is not observed in late—type X-ray sources.
From their survey of O stars detected by Einstein, Sciortino et al. (1990) determined
that Ly =~ 4.2 x L:%. This relationship is consistent with the previously developed
picture of X-ray emission originating in hot, shocked regions of the radiatively driven
winds commonly found around these stars (e.g., Cassinelli & Swank, 1983).
Interestingly, the fact that X—ray emission from early type stars requires the pres-
ence of winds while that from late—types is reliant on the existence of a magnetic dy-
namo leads to the prediction that there should be a gap in the X—ray-emitting main

sequence. Stars less massive than B are not expected to generate the needed winds,

5While we have focused this discussion on flares from late-type stars, flares are in fact observed in all
coronally active stars, including, for example, giant and post—He—flash stars (e.g., Ayres et al., 2005).
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while stars more massive than early F or late A lack a convective outer layer and
therefore an a—2 dynamo. This prediction has largely been confirmed by observations,
with a few exceptions. The most likely explanation for these is the presence of an unre-
solved late—type companion responsible for the X-ray emission. For example, in their
study of the Pleiades, Daniel et al. (2002) find five binary systems where the low—mass
companion to an early type star is the coronal X-ray emitter—but fail to detect two

other known A stars lacking a late-type companion.

Evolved stars

One of the curious results to emerge from studies of X—ray emission from giants and
supergiants is the existence of the so—called dividing line separating (hotter) G giants
from (cooler) K and M giants. This was first observed in observations with the Interna-
tional Ultraviolet Explorer (Linsky & Haisch, 1979), and confirmed by later Einstein
and ROSAT observations (e.g., Ayres et al., 1981; Haisch et al., 1991). G giants, which
are to the left of the dividing line in a classic Hertzsprung—-Russell diagram, can have
X-ray luminosities up to ~ 3 x 103 erg s~!. However, by the time they migrate to
the right of the line, observations indicate a drop in X-ray luminosity of these stars
to < 3 x 10%° erg s~!! The reason for this sudden drop—off in X-ray emission is not

understood, particularly since late-type giants should still host a magnetic dynamo.

Some work has suggested that the stellar winds these stars generate hold the
key. These winds are cooler (20,000 K), slower (< 100 km s7!), and much more mas-
sive (10710 to 107 Mg yr~!) than those produced by the Sun (> 10® K, 450 km s7!,
2 x 1074 Mg yr~1) and presumably by other main—sequence stars (Haisch & Schmitt,
1996). It may be that these winds—combined with changes in the dynamo that reduce
the loop sizes—suppress X-ray emission in these stars. This view has been strength-
ened by recent detections of weak X rays from the K1 giant Arcturus, which had pre-
viously been thought to be X—ray dark. Arcturus appears to have an emission region
analogous to a hot corona, powered by magnetic processes, but buried below a thick

chromosphere that acts as a barrier to X-ray emission (Ayres et al., 2003).
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This overview of X-ray emission from normal stars demonstrates that the field
of stellar X-rays, considered unpromising only a few years ago, is rich in unresolved
questions and active research areas. Collecting samples of X-ray—emitting stars is
therefore essential to explore the connections between stellar interiors, atmospheres,
and coronae. In the remainder of this Chapter we describe our efforts to identify such

a sample from the RASS and SDSS.
2.3 Selection of X-ray Emitting Stars from the RASS and SDSS DR1

Our version of the merged ROSAT All-Sky Survey Bright and Faint Source Catalogs
(Voges et al., 1999, 2000) includes 124,730 X-ray sources (Anderson et al., 2003). We
began by matching the X-ray source positions listed in this merged catalog to those
of the SDSS Data Release 1 (DR1; Abazajian et al., 2003) stripes, using a code kindly
provided by B. Willman. The survey uses great circle coordinates as one of its two
coordinate systems, and in this system, the stripes are great circles with a common
crossing point; in practice, each SDSS stripe is a 2.5-deg-wide rectangle of sky. We
found 7464 RASS sources, or just under 6% of the cataloged X-ray sources, within 1’ of
the stripe edges. Since the DR1 area is 2099 deg? (Abazajian et al., 2003), or roughly 5%
of the entire sky, this number is consistent with a naive surface density expectation;
Figure 2.1 shows the DR1 area, in Galactic coordinates’.

In order to identify bright stars near these RASS sources, we first queried the SDSS
photometric database using the SDSS Query Analyzer (sdssQA)2. The following is our
sdssQA query, composed using Structured Query Language:

SELECT ra, dec, psfMag_u, psfMag._g, psfMag_r, psfMag.i, psfMag_z, type
FROM PhotoObjAll

WHERE psfMag_g < 16 OR psfMag_r < 16

AND (flags & dbo.fPhotoFlagsCBRIGHT")) = 0

AND (flags & dbo.fPhotoFlagsCDEBLENDED’)) = 0

"The quoted DR1 area is for the imaging survey; the DR1 spectroscopic area is 1360 deg®.
8See http://cas.sdss.org/dr4/en/help/download/sdssQA/default.asp for a description.
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OR (flags & dbo.fPhotoFlags(SATURATED’)) > 0
OR (flags & dbo.fPhotoFlags(SATURATED_CENTER”)) > 0

This query returns the coordinates, PSF magnitudes®, and automatically assigned type
(star or galaxy) for objects brighter than 16 mag in either the g or » band, subject to a
(small) number of tests of the objects’ photometric flags. Very bright objects detected
by the SDSS photometric pipeline have their properties measured twice before being
cataloged—once with a global sky background, and once with the local sky. Setting
the BRIGHT flag equal to 0 removes the first set of measurements from consideration;
these are almost never used for analysis. The photometric pipeline attempts to deblend
composite objects automatically, and the final SDSS database includes entries for so-
called children, the various components of a deblended object. At the very bright end,
where objects are saturated and stars can be confused with extended galaxies, deblend-
ing is often done inaccurately; requesting that objects have DEBLENDED = 0 rejects
the children while keeping the parent object. By contrast, we request that the SATU-
RATED or SATURATED_CENTER flag be set; this occurs if there are saturated pixels
in any of the five SDSS images (u, g, , ¢, 2) of a given object (for a detailed discussion of
the SDSS flags, see Stoughton et al., 2002).

The number of objects meeting this set of criteria is very large (several million
objects), and, as discussed below, also highly contaminated. This is unsurprising, since
we are seeking to identify the objects that the SDSS pipeline is least well equipped to
handle, and are therefore very unrestrictive in our use of the photometric flags. The
survey’s goal is to obtain high—quality photometry and spectroscopy for objects fainter
than have previously been cataloged, not to characterize very bright stars.

The final output from sdssQA was then matched to the RASS sources determined
to be in the DRI footprint1®. This matching produced a list of slightly fewer than 5000
RASS sources with a bright/saturated SDSS object within 1’, a very large fraction of

9PSF fitting typically provides better estimates of isolated star magnitudes; see Stoughton et al. (2002).

OHere and elsewhere we made use of the various TABLE routines in IRAF. IRAF (Image Reduction and
Analysis Facility) is distributed by the National Optical Astronomy Observatories, which are operated
by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Figure 2.1: The SDSS DRI imaging area, in Galactic coordinates. The DR1 spectro-
scopic area is smaller; spectroscopic targets are selected largely based on their photo-
metric properties, and the spectroscopic survey trails the imaging one.

the total number of RASS/DR1 sources (about two—thirds!). However, visual inspection
of the SDSS cut—out images for these 5000 sources discovered that a significant fraction
did not in fact have a bright object in the field!!. This contamination was presumably
due to the presence of numerous objects with cataloged magnitudes of —9999 (i.e., too
faint for the photometric pipeline to assign a magnitude) in our sdssQA output. While
a more conservative set of cuts using the photometric flags would have eliminated the
bulk of these objects, it might also remove the real but saturated objects in which
we are interested. We therefore chose instead to use the Two Micron All Sky Survey
(2MASS; Skrutskie et al., 2006) to confirm the existence of a bright SDSS object. SDSS
is a much deeper survey than 2MASS, whose J, H, and Kg limits are 14 — 15 mag, and
previous studies have shown that less than 10% of SDSS objects have a 2MASS coun-
terpart (Finlator et al., 2000). At the bright end (r < 16), however, the two surveys are

UHere and elsewhere we use the SDSS image list tool to examine our fields (Nieto—Santisteban et al.,
2004).
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in fact well matched, and our target sample of bright/saturated SDSS objects should
be detected by 2MASS, while faint interlopers should lack 2MASS counterparts.

Accordingly, the 2MASS catalog was queried for matches to the 5000 SDSS objects.
The typical positional uncertainties for point sources in both surveys are on the order
of a fraction of an arcsecond (e.g., Finlator et al., 2000), but here we defined a match
as occurring when a 2MASS object fell within 10” of the SDSS position. We used this
large matching radius to account for possible positional inaccuracies due to the large
spatial extent of the brightest objects in our sample. The median separation between
the SDSS objects for which we found matches and their 2MASS counterparts, however,
was only 0.22”. This matching left us with a list of roughly 2500 bright/saturated SDSS
objects with a nearby 2MASS counterpart within 1’ of a RASS source.

We also wished to examine the SDSS spectroscopic data available for these RASS
fields. At that time (September 2003), roughly 680,000 SDSS spectra were available, a
sample that we defined for these purposes as making up the DR1 spectroscopic survey.
As expected, only a very small fraction of the 2500 SDSS objects had an SDSS spec-
trum, since the spectroscopic survey does not target objects whose brightness might
cause bleeding from one fiber to another. The spectroscopic target’s position is within
3" of the photometrically cataloged object for fewer than 70 of our objects. An addi-
tional 390 fields have at least one SDSS spectrum within 1’ of the X—ray source posi-
tion. As a result, less than 20% of the RASS sources have an SDSS DR1 spectrum (as
defined here) within 1/, so that a significant fraction of these X-ray sources cannot be
directly identified from SDSS spectroscopy. Furthermore, most of these identifications
are likely to be of quasars and other active galactic nuclei, since these tend to be fainter
optical sources compared to X—ray—emitting stars, and are therefore more likely to be
targeted for SDSS spectroscopy.

Finally, the 2520 X-ray sources with SDSS/2MASS candidate counterparts were fed
into SIMBAD and NED, with which we searched for cataloged objects within 1’ of the
RASS positions. This allowed us to identify 425 potential known extragalactic coun-
terparts to RASS sources, including 191 previously known quasars and active galactic

nuclei, 139 Seyfert 1 galaxies, and 65 clusters of galaxies.
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2.4 The RASS/SDSS DRI1 Catalogs of Stellar X-ray Sources

2.4.1 The known stellar X-ray sources

Of the remaining 2095 RASS sources, 416 had a star cataloged in SIMBAD with an
associated spectral type. If no spectral type was given, the source was not considered
“known” and was not included in this sample, which makes up 16.5% of the total num-
ber of RASS/SDSS DR1 sources?. The average separation between the RASS sources
and these bright SIMBAD stars is 15 + 12”; this is equivalent to 1 + 0.70, where ¢ is
the separation between the RASS source and the SIMBAD object divided by the RASS
positional uncertainty. In Figure 2.2, the distribution of positional offsets for these
stars is plotted in the left panel; in the right panel, the o distribution is presented. In

the rest of this discussion we focus on the 384 stars for which o < 2.
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Figure 2.2: Left panel: Distribution of positional offsets between the RASS sources and
the candidate bright SIMBAD stellar counterparts. Right panel: The same distribu-
tion, expressed in terms of the cataloged X—ray positional uncertainty. In both panels
the colored histograms show the distribution by spectral type. Our discussion focuses
on those stars to the left of the dashed line in the right panel.

2This does not mean that the SIMBAD object has previously been suggested as the RASS counterpart.



28

Unsurprisingly, these stars tend to be optically very bright. For the 370 stars that
have cataloged V magnitudes, 5.2 < V < 16.6 mag, with the median being 8.9 mag; for
the 360 that have cataloged B magnitudes, 5.7 < B < 15.7 mag, and the median is 9.5
mag. In addition, these stars are generally near to brighter X-ray sources, with the
384 RASS sources having a median count rate of 0.040 + 0.012 counts s~!; by contrast,
the median count rate for the entire sample of 2520 sources is 0.026 = 0.010 counts s™.
Figure 2.3 displays the RASS count rate versus SIMBAD V magnitude for these stars.
As expected, the bulk of these proposed X-ray counterparts are normal F, G, K, and
M stars, although there are a few proposed A star counterparts (see later discussion).
There are also a handful of white dwarfs and cataclysmic variables (for which B was
used), which stand out because of their relative optical faintness but X-ray brightness.
We discuss these objects briefly later in this section; for an extensive discussion of the
X-ray properties of white dwarfs and of cataclysmic variables, see Chapters 3 and 4.
The brightest X—ray source in this sample is the famed X-ray binary Hercules X-1,

among the first extrasolar X—ray sources to be detected.
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Figure 2.3: Cataloged X-ray count rate versus optical magnitude for the stars for
which o < 2; V was used for all the stars for which they were available. The brightest
X-ray source is Hercules X-1.
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The proximity of these stars to the RASS sources and their optical brightnesses
strongly suggest that they are indeed the X-ray sources. To confirm that these are
plausible associations, we need to calculate the X-ray—to—optical flux ratios for these
stars and compare them to those of known X-ray emitters from the same spectral class.
While, as mentioned earlier, the X—ray flux from two seemingly similar stars can be
very different, previous studies have shown that there is a typical range of X-ray—to—
optical flux ratios for each stellar type (e.g., Stocke et al., 1991; Krautter et al., 1999;
Zickgraf et al., 2003). In order to determine the best photometry to use for these cal-
culations, we collected their cataloged SIMBAD, 2MASS, and SDSS magnitudes. (The
20 objects belonging to luminosity classes III or IV are not included in this analysis;
see later discussion and Table 2.2.) To obtain Ks magnitudes, we searched for 2MASS
objects within 10” of the SIMBAD positions; for the 350 stars for which we obtained
a match, the median separation is 0.14”. We also fed the SIMBAD positions into the
SDSS Imaging CrossID!3 and requested the PSF magnitudes for the nearest cataloged
object. For the 359 objects near an SDSS object with a cataloged v magnitude, the me-
dian separation is 0.28” (based on the SDSS filter transmission curves, the u band is

less likely to saturate than the g, r, or i bands for these bright stars).
In the left panel of Figure 2.4, the 2MASS K versus SDSS u magnitude is plotted

for the 345 matched stars that are cataloged in both surveys, with the color—coding
indicating spectral class. The dashed lines represent the best fit to the predicted Ks
versus v magnitudes when u is estimated from the measured K¢ using the median (J—
Ks) color and the appropriate 2MASS to SDSS transformation for F, G, K, and M stars
(K. Covey 2006, private communication). This plot suggests that a significant fraction
of these stars—those with measured Ks magnitudes between 4 and 8 and SDSS g ~
14—have suspect photometry either in 2MASS or, more likely, in SDSS, which is not
designed to study objects this bright. In fact, the surprise is that a significant fraction
of these stars do appear to have reliable SDSS photometry.

In the right panel of Figure 2.4, the 2MASS K is plotted versus the SIMBAD V

3http://cas.sdss.org/dr4/en/tools/crossid/upload.asp.
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Figure 2.4: Left panel: 2MASS Kg versus SDSS u for the SIMBAD bright stars within
20 of a RASS source in DR1. The clump of stars with « ~ 14 and 4 < Kg < 8 is probably
due to bad photometry, as those stars are not well characterized by the dashed lines,
which correspond to the predicted u given the K'g magnitude. Right panel: The 2MASS
Kg versus SIMBAD V plot is much cleaner, suggesting that the SDSS photometry is
indeed suspect for many of these bright stars.

for 342 stars, with the color—coding being identical to that in the left panel. There are
still a few outliers relative to the predicted Kg versus V relation for F, G, K, and M
stars (calculated as above, using standard (V — Kg) transformations; Cox, 2000), but
this plot suggests that the SIMBAD V' magnitude, rather than any SDSS magnitude,
should be used for the fx/fop calculations. Accordingly, we calculated fx /fy for these

stars using the classic Maccacaro et al. (1988) formula:

log (fx/fopt) =log fx + 0.4V 4+ 5.37, 2.1

assuming that on average 1 count s~! translates to an X-ray flux of 107! ergem=2 57!
in the 0.1 — 2.4 keV energy range (e.g., Motch et al., 1998; Voges et al., 1999). In Fig-
ure 2.5, the log (fx/fv) histograms for the 330 F, G, K, and M stars in this sample are
shown. For the F, G, and K stars, empirical 20 ranges for the flux ratios were estimated

from the mean log (fx/fv) and are presented. Our sample of 20 M stars with a cata-
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loged V is too small to draw useful conclusions about the overall distribution of their
flux ratios, and instead we used our (large) sample of M stars with APO spectroscopy

(described in §2.4.2) to determine the log (fx/ fopt) range for X—ray—emitting M stars.
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Figure 2.5: Log (fx/fv) histograms for the SIMBAD F, G, K, and M stars. The dashed
blue histograms are the Krautter et al. (1999) observed distributions. In the first three
panels, the red vertical line corresponds to the mean flux ratio, and the green vertical
lines bracket the 20 range, for SIMBAD stars of that spectral class. The horizontal
lines are ratio ranges from the literature: the solid lines are from the Maccacaro et al.
(1988) Einstein survey, while the dotted extensions are from Krautter et al. (1999). In
each panel, we indicate the number of stars with a cataloged V.

For comparison, we show the flux ratio distributions and limits (also calculated us-
ing the Maccacaro et al. formula) for each class as observed by Krautter et al. (1999);
they identified 274 stellar X-ray emitters in an area-limited survey of RASS BSC and
FSC sources. Their catalog includes log (fx/fv) data for 53 F stars, 54 G stars, 84 K
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stars (a third of which are Ke stars), and 55 M stars, 49 of which are dMe stars. The
classic Maccacaro et al. (1988) Einstein limits are also included in each panel. The
flux ratio distributions and ranges for the bright stars are consistent with those found
in these earlier studies; only a handful of our stars have unusual log (fx/fv). This
suggests that, as expected, the vast majority of these SIMBAD stars (including the M
stars) are in fact RASS source counterparts. Furthermore, the flux ratio ranges cal-
culated from our own distributions for these stellar types give us limits slightly more
generous than the Einstein values (which are known to be quite conservative; Stocke

et al., 1991), but generally more conservative than those of Krautter et al. (1999).
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Figure 2.6: Log (fx/fk) ratios for the SIMBAD F, G, K, and M stars. As in Figure 2.5,
the red vertical lines are the mean flux ratios, and the green vertical lines bracket the
20 ranges. The number of stars from Figure 2.5 used to calculate these 20 ranges is
indicated in the first three panels; 20 M stars have a K magnitude.
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We therefore choose to use our empirically determined flux ratio ranges as the basis
for later comparisons. We take the 132 F, 90 G, and 74 K stars whose log (fx/fv) falls
within the 20 range for that stellar class and calculate their log (fx/fop:) using Ks
rather than V. We then obtain the mean flux ratio and 20 limits for each stellar type
(see Figure 2.6 and Table 2.1). This is not equivalent to calculating the infrared—to—
X-ray flux ratios for these stars, and the obtained flux ratio ranges can therefore not
be directly compared to those found in other samples (e.g., Feigelson et al., 2004). We
are simply interested in the statistical distribution of the log (fx/fx) values. Since the
majority of the candidate stellar X-ray emitters identified in this program are too faint
to have been cataloged in SIMBAD, but all were selected to have 2MASS counterparts,
these ranges allow us to make flux ratio comparisons for our larger sample of proposed
counterparts without having to introduce possible uncertainties (e.g., when using a

color transformation to obtain V' from g).

Table 2.1: Log (fx/fx) ratios derived from the RASS/SIMBAD stars.

Type 20 Min 20 Max Mean Notes

F -5.19 -3.36 —4.28
G -5.10 —2.98 —4.04
K —5.53 —-2.92 —4.23
M —4.65 —1.58 -3.11 Derived from APO sample

Table 2.2 summarizes the properties of this sample of the 364 SIMBAD bright stars
in DR1 within 20 of a RASS sources (the Appendix contains sample data from our on—
line catalog for the sample). We list the number of stars of each spectral type among
the 364, and the number identified as X-ray sources based on positional proximity
and X-ray-to—optical flux ratio. We also include the minimum, maximum, and mean

log (fx/fv) for these stars (V was unavailable for the cataclysmic variables; instead,
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fx/fB was calculated when a B was cataloged!*). Unless otherwise specified, the stars
were assumed to be on the main sequence; the 20 stars cataloged as belonging to other
luminosity classes were not included in the flux ratio calculation for their stellar class.

The number of variable stars (V+) within a given class is indicated, but should be
considered a lower limit. For example, it is likely that nearly all of the M stars flare,
and are therefore variable at some level. Likewise, the number of stars with measured
emission is indicated (e.g., Ke); these were included in the flux ratio calculations for
the relevant class and not treated separately since their total number is small (and the
definition of emission is presumably not uniform). Among the atypical stars included in
this sample we note the presence, in addition to Hercules X—1, of three non—-magnetic
peculiar A (Am) stars and of PG 0205+13, a UV emission source that may be an O
subdwarf. Below we comment on whether the A stars are likely to be the RASS sources,
touch on the properties of the white dwarfs and cataclysmic variables in this sample,
and discuss the relative number of F/G and K/M stars among these RASS/SIMBAD

stars.

The A stars

The total number (13) and relative fraction (~ 3.5%) of A stars in this sample are rel-
atively large. Krautter et al. (1999), for example, reported only three A stars (1%
of the total) among the 274 stellar counterparts they identified in their survey of
RASS sources. As discussed in §2.2.3, A stars are not generally predicted to be X—
ray emitters; an unseen, young, active later—type companion is usually thought to be
the source for the observed X rays (Giidel, 2004). While some of the A stars in this sam-
ple have been previously associated with a RASS source (e.g., HD 139493 with 1RXS
J153556.84-543753), it is unlikely, therefore, that all of the A stars in this sample are
X-ray emitters. However, examination of the available SDSS data does not allow us to
propose a different counterpart to these X—ray sources. The stars are simply too bright

for the imaging or spectroscopic data to be useful.

“Here we used the Zickgraf et al. (2003) relation for fx/f.p: calculations based on B, which is the
Maccacaro et al. (1988) formula with a different constant.
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Table 2.2: RASS/SIMBAD stars. The full fx/fv ranges are given.

Total RASS log (fx/fv)
Type Number Sources Min Max Mean Notes
A 13 0? —534 -320 -406 €3Am&2Vx
F 141 132 —4.93 -218 =374 €17Vx;>52FIII &8 FIV
G 92 90 —4.73 -213 -334 €9Vx>5GII&1GIV
K 82 74 —4.78 —-150 -3.16 €7Vx&4Ke;>4KIII
M 24 16 -3.37 -082 -1.77 €5 flare &2 Me
WD 6 6 —-0.86 +0.65 +0.03 €5DA
Ccv 4 4 —-2.04 -0.12 -0.73 € 3DN;used fx/fB
other 2 2? € 1 sdO(?) & Hercules X—1

The presence of three chemically peculiar non-magnetic A stars in this sample is
quite intriguing, since there is active debate about whether these types of stars can in
fact be X-ray emitters (see discussion in Giidel, 2004). For all of these A stars, however,
follow—up X-ray and/or optical observations (to search for a late—-type companion, for

example) are required to test whether they are in fact the RASS sources.

The white dwarfs and cataclysmic variables

The matches to SIMBAD—cataloged white dwarfs and cataclysmic variables are listed
in Table 2.3. All of the cataclysmic variables are known X-ray emitters, and three of
the four have had their spectra taken by SDSS (only EI UMa has not). PHL 1242 was
identified as a polar in recent work by Szkody et al. (2002) and Schmidt et al. (2005b);
see Chapter 3.

Four of the six white dwarfs are explicitly listed as X—ray sources in SIMBAD. A
fifth, WD 1125-025, was included in the Marsh et al. (1997b) catalog of ultraviolet—
selected ROSAT white dwarfs, while the last, WD 1520+525, was recently proposed
as a soft X~ray source by Chu et al. (2004). Overall, the X—ray sources near the white
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Table 2.3: The white dwarfs (first six objects) and cataclysmic variables among the
RASS/SIMBAD matches. For the white dwarfs V is given, except for WD 1125-025.
For this object and the four cataclysmic variables B is listed.

1RXS J Counts s! SIMBAD name Offset mag Type

034850.1-005823 1.965 £ 0.158 WD 0346-01 8 13.98 DA
112814.4-024950 0.051 +0.015 WD 1125-025 37" 1532 DA
152146.6+522215 0.168 £0.016 WD 15204525 11 16.60 DO
165008.0+370130 0.115+0.019 WD 16484371 22" 16.10 DA
165020.4+403723 0.094 + 0.016 WD 16484407 R 14.50 DA
172642.8+583726 1.247 £0.028 WD 17254586 7 1545 DA

015543.3+002817 0.042 £0.012 PHL 1242 10" 16.60 Polar
083821.6+483800 0.565 £0.042 Vx EI UMa 4" 1490 DN
085343.5+574846 0.414 £0.035 Vx BZ UMa 7 15.30 DN
113826.8+032210 0.659 +0.061 V=T Leo 3/ 10.00 DN

dwarfs have very soft X-ray spectra, as measured by their hardness ratios (HRs). By

definition, HR1 = gg:?:g:gg;gg:ézg:gg and HR2 = (1'0‘?f()):é%‘;_1'°), where, for example,

(0.5—2.0) indicates the number of counts in the 0.5—2.0 keV energy range (Motch et al.,

1998). For these sources, HR1 ~ —1, which is typical for X-ray—emitting white dwarfs
(e.g., Fleming et al., 1996; Zickgraf et al., 1997), confirming that their counterparts
are indeed likely to be these white dwarfs. Only one of these objects has an SDSS
spectrum: WD 17254586 (see Chapter 4).

F/Gversus K/ M stars

A peculiarity of this sample is its relative fraction of F/G and K/M stars. F and G stars
represent nearly 68% of the proposed stellar X-ray emitters, while K and M stars are
only 29% of the total. By comparison, the Krautter et al. (1999) distribution is 40%
F/G stars and 54% K/M stars. And in their catalog of Hamburg/RASS identifications
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(described in §1.2), Zickgraf et al. (2003) find that 74% of their stellar identifications
are M or K stars, and only 10% of the 454 confirmed stellar emitters are F or G stars?®.

In all likelihood, the relative imbalance in our sample simply reflects the fact that F
and G stars are more commonly found in classic catalogs of bright stars (e.g., the Henry
Draper catalog). Our sample of spectroscopically confirmed stellar X-ray emitters,

discussed below, does not show this same strong bias toward F and G stars.

2.4.2 The APO spectroscopic sample

In addition to the 416 sources with nearby SIMBAD bright stars described above, we
identified 1430 RASS sources with no obvious likely counterparts cataloged in either
SIMBAD or NED; here again, 1’ was used as a search radius for cataloged objects.
Some sources with matches within 1’ were nevertheless included in this sample; for
example, if a star was listed in SIMBAD without a spectral type, as is the case for
some of the stars in the Guide Star Catalog (GSC)!8, or if NED returned a galaxy in-
cluded in the Automatic Plate Measuring survey (APMUKS; Maddox et al., 1990). The
2 x 10° galaxies listed only in the APMUKS are generally faint (the limiting magni-
tude is m ~ 20.5), and absent any spectroscopic information, should not be considered
strong candidate counterparts to the RASS sources. By contrast, GSC stars are often
relatively bright, and are strong candidate counterparts—but without spectral infor-
mation, the likelihood that they are the RASS X—ray sources cannot be tested.

For the purposes of defining a sample to target for spectroscopic follow—up, we sepa-
rated the proposed SDSS counterparts to these 1430 RASS sources between those < 30"
and > 30” from the X—ray positions. The roughly 800 objects less than 30” from a RASS
source made up the list of primary targets for our spectroscopic campaign. We used
the Dual Imaging Spectrograph (DIS) on the APO 3.5-m telescope to obtain spectra for

~ 95% of these objects, and also for over 100 of the objects with separations > 30", over

5However, the number of typed stars in their sample is dwarfed by the number of bright stars of
unknown type, 1219. Presumably identifying M and K stars with their R ~ 100 spectra is easier
because of the relatively common, strong emission features visible in these stars’ spectra.

6pProduced by the Space Telescope Science Institute & Osservatorio Astronomico di Torino (2001).
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Figure 2.7: SDSS images of three RASS fields (left column) and of the proposed stellar
counterpart for which an APO spectrum was obtained (right column).
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Figure 2.8: APO spectra of the three stars in Figure 2.7. The green lines delimit
the overlap between the DIS blue and red spectrum for each object. The prominent
features visible in this area in the top and bottom panels are due to the dichroic. The
red dashed lines in the middle panel indicate the positions of two telluric features, the
Fraunhofer A (7600 A) and B (6800 A) bands. The fringing to the red of the Fraunhofer
A band is due to the red DIS CCD, which is a thinned chip. For each spectrum, the
name of the corresponding RASS source is included.
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the course of 50 half nights from 2003 Sept to 2006 May. In our standard low-resolution
set—up, the DIS blue CCD is centered on 4500 A, with a dispersion of 2.4 A per pixel,
while its red CCD is centered on 7600 A, with a dispersion of 2.3 A per pixel. In Fig-
ure 2.7, we show the SDSS cut—out images of three randomly selected RASS X-ray
source fields and of the associated stars targeted for APO spectroscopy; Figure 2.8
presents the DIS spectra for these stars.

In most cases, a single observation was sufficient to obtain a spectral type for the
proposed counterpart; we thus have 682 fields with a unique spectrum. In another 124
fields we took at least two spectra of the same target, sometimes because the original
spectrum had an insufficient signal-to—noise ratio to allow for confident typing, or
because the spectrum suggested that there was something unusual about the star (for
example, it appeared to be flaring in the initial spectrum; see later discussion). Finally,
in an additional 91 RASS fields we took spectra for more than one target, usually
because of the presence of an apparent companion to our primary target. The total
number of spectra we collected is about 1200 in 897 RASS fields. Our initial discussion
focuses on the 806 RASS fields for which we targeted only one object, whether once or
multiple times. We treat the 91 fields in which we took multiple spectra separately,
since in these cases there are nominally several candidate counterparts.

To obtain spectral types for our targets, we used the Hammer, an Interactive Data
Language code developed by K. Covey!’. The Hammer automatically analyzes each
spectrum and predicts its Morgan—Keenan (for stars earlier than M) or Kirkpatrick (for
later stars) spectral type on the basis of a fit to a set of 30 spectral indices. In addition
to this automated typing, the Hammer allows the user to interactively modify the
assigned spectral type. Every spectrum was therefore checked by eye before a final type
was assigned; this allowed us, for example, to identify a handful of interloping quasars
in our sample. As mentioned above, in 124 cases we obtained at least two spectra
of a proposed RASS counterpart. Generally this was because the target was relatively

faint18, or the weather uncooperative, and the first spectrum was of insufficient quality

Y"Publicly available from http://www.astro.washington.edu/covey/.

18 Almost all of our observing was done in bright time, and our integrations were typically no more than
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to allow for confident typing of the star. Nevertheless, in almost four out of five cases,
the stellar types assigned for a given star from the different spectra agree to within
two stellar subclasses. For those cases where the difference is more significant, we
examined the spectra to determine which had the highest signal-to—noise ratios and

assigned the corresponding spectral types.
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Figure 2.9: Left panel: Distribution of positional offsets between the RASS sources
and 800 candidate SDSS stellar counterparts with APO spectra. Right panel: The
same distribution, expressed in terms of the cataloged X-ray positional uncertainty.
In both panels the colored histograms show the distribution by spectral type.

In Figure 2.9 we present the positional offset and o (as defined earlier) distributions
for 800 stars in RASS fields where we selected only one target. Of the six objects
not included in this analysis, two are quasars, and four are stars whose spectra are
too poor for confident typing. 737 (92%) of the 800 stars have separations < 20; for
these calculations, we updated the positional (and photometric) data for the SDSS

stars to the more recent Data Release 5 (DR5) values!® (the average change in the

five minutes long; faint in this context is g ~ 16.

%The DR5 database does not include photometric data for seven stars. For three we use the DR1 data;
four others lack data in both DR1 and DR5. Two of these fall on one of the survey edges, while the
others were not processed by the pipeline for unknown reasons. Two RASS sources have positional
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SDSS position from DR1 to DR5 for our entire sample of APO targets was 0.36").

The log (fx/fk) distributions for the 734 F, G, K, and M stars in our spectroscopic
sample with separations < 20 are plotted in Figure 2.10. We also include the equiv-
alent distributions for 320 RASS/SIMBAD stars, along with the means and 20 ranges
derived from those distributions for the F, G, and K stars (see Table 2.1). For the M
stars we derive the mean and 20 range directly from our spectroscopic sample, which
is eight times larger than our RASS/SIMBAD sample.

These plots clearly show that the probability that a spectroscopic target is a RASS
counterpart increases as we move to later spectral types. Only 34 of the 92 spectro-
scopically identified F stars fall within the 20 log (fx/fx) range derived from the
RASS/SIMBAD F stars. For the G stars, the fraction is slightly higher: 136 of 292
(47%). For K stars and M stars the fraction is much higher: 132 of 187 K stars (71%)
and 159 of 163 M stars (98%)20 have log (fx/fx) within their respective 20 ranges; the
overall fraction for these stars is 66%.

In Figure 2.11 we compare the bulk optical and X-ray properties of all 461 SDSS
F, G, K, and M stars within 20 of a RASS position and with appropriate fx/fop: ratios
to those of the SIMBAD stellar counterparts, described in the previous section, which
meet the same criteria. In the left panel of the figure, we reproduce Figure 2.3 for
312 of the RASS/SIMBAD stars, and in the right panel we plot the SDSS g versus
RASS count rate for the spectroscopic targets. As expected, the latter sample is both
fainter optically and in X rays. In addition, there is a clear difference in the spectral
distribution of the stars; there are proportionally far more K and M stars in the APO
spectroscopic sample than in the SIMBAD bright star sample.

The X-ray, optical, and infrared properties of these stellar X-ray sources are in-
cluded in an on-line master catalog (see the Appendix). Below we discuss the fields
for which we obtained multiple APO spectra, the proposed A star counterparts in our

spectroscopic sample, and our candidate flare stars.

uncertainties of 0”; these were changed to 30”.

#Note that if we use instead the broader 2¢ range derived from the SIMBAD sample, the same four M
stars have flux ratios outside of the expected range for M star X-ray source counterparts.
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Figure 2.10: Log (fx/fx) ratios for the proposed SDSS counterparts with APO spec-
troscopy (black), along with the distributions for the RASS/SIMBAD F, G, K, and M
stars (dashed blue), within 20 of a RASS source. In the first three panels, the red ver-
tical lines are the mean flux ratios, and the green vertical lines bracket the 20 ranges,
derived from the RASS/SIMBAD sample. The mean and 20 range are derived directly
from the APO sample for the M stars. The number of stars with an APO spectrum is
indicated in each panel.

The fields with multiple spectra

For the 91 fields in which we have APO spectra for several targets, we calculated the
separation and log (fx/fk) ratio and obtained a spectral type for each. The best candi-
date counterpart in each field was then identified on the basis of its proximity (only
stars < 20 from the RASS source were considered) and the appropriateness of its

fx/fx given its spectral type. In 31 fields we identified a single stellar counterpart
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Figure 2.11: Cataloged X-ray count rate versus optical magnitude for the F, G, K, and
M stars X-ray emitters. Left: RASS/SIMBAD stars. Right: RASS/SDSS stars.

(1F, 10 G, 8 K, and 12 M stars); these are included in our master catalog.

In another 29 fields, two stars met our criteria; in 17 of these cases our target has
an apparent close companion (separations of ~ 5" or less), making it difficult to avoid
photometric uncertainties in the SDSS and 2MASS catalogs and sometimes to obtain
clean spectra with our 1.5” slit. We list these fields separately in Table 2.4; the table
includes the RASS source name and count rate, the SDSS counterpart name and g
magnitude, the 2MASS K and fx/fk, and the spectral type. Higher resolution X-ray
observations are required to determine which of the possible counterparts is in fact the

X-ray source; it is also possible, of course, that both stars are X—ray emitters.

The A stars

In three RASS fields, our proposed counterpart is identified as a late A star on the
basis of its APO spectrum. The bright star coincident with 1RXS J004518.4+151001,
however, is in fact the F3IV star HD 4270, according to SIMBAD. This field should

therefore not have been among our spectroscopic targets; the APO spectrum was taken
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when we were still developing our algorithm.

SIMBAD lists RXS J165711.6+392028 as near CAIRNS J165712.56+392017.7, a
galaxy in a cluster of galaxies, suggesting that the cluster may be the X-ray source.
However, the RASS source is not extended, and its hardness ratios (HR1 = 0.49 +
0.36; HR2 = —0.2 £ 0.32) are more consistent with those of stars (e.g., Voges et al.,
1999), although the associated uncertainties are large. It is probable that a galaxy in
the cluster is in fact the X—ray source, but further X-ray observations are needed to
confirm this.

Finally, the SDSS spectrum of SDSS J095220.07+531455.6, a galaxy 33.5” away
from the third RASS source, reveals it to be a z = 0.12 quasar. While the proposed
stellar counterpart is closer (19.2”), the RASS hardness ratios (HR1 = —0.05 & 0.34;
HR2 = —0.15+0.46) are consistent with those commonly found for active galactic nuclei
(although here again the uncertainties are large), and it therefore seems most likely

that the quasar is in fact the RASS source.

The candidate flare stars

Of the 124 stars for which we obtained multiple spectra, 32 were M stars with what
appeared to be stronger-than—average emission lines. Figure 2.12 shows the spectra
for the target with the largest number of observations, the proposed counterpart to
1RXS J080826.7+434745. The initial spectrum suggested that we had caught this M4
star flaring, and we returned to it regularly over the course of the next two years to
obtain quiescent spectra to which we could compare the flare (and because we hoped
to capture another flare!). All of the spectra include the Balmer and Ca II H & K
emission lines typical of M star spectra. However, these features are much stronger
in the initial spectrum than in any of the others, as can be clearly seen in the bottom
panel of Figure 2.12, where the spectra have been normalized to the value of their flux
at 4600 A. In addition, an emission feature at 4471 A is evident in the initial spectrum
and absent in the quiescent spectra. During a flare, the amount of material emitting at

chromospheric temperatures increases, and lines due to high—excitation species such
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as Hel, which is responsible for this feature, appear (Reid & Hawley, 2005). The blue
continuum visible in the initial spectrum is also typically observed in flare events (e.g.,
Hawley & Pettersen, 1991). In a forthcoming paper (Hilton et al., 2006, in preparation)
we describe the properties of M stars for which we detected similar changes to the

emission lines and continuum.

Spectra for another proposed counterpart are presented in Figure 2.13. This K4
star, associated with 1RXS J171456.2+585130, shows strong, persistent Balmer emis-
sion. The emission lines are clearly broader than for the M star in Figure 2.12, sug-
gesting that what we are observing is accretion rather than flaring, and there is there-
fore a currently invisible companion to the K4 star. This binary may be a cataclysmic
variable; in those systems the spectra are typically (but not always) dominated by
the white dwarf onto which accretion is occurring, or by the accretion disk around
the white dwarf (see Figure 3.3 for sample cataclysmic variable spectra). Here the
spectrum is clearly not that of a white dwarf or of a disk—dominated system, and the
binary could therefore be a symbiotic system. Typically in such systems a white dwarf
accretes material from the wind of a companion red giant; in some cases, the accreted
material forms a disk around the white dwarf, much as in cataclysmic variables. How-
ever, symbiotics have much longer orbital periods (on the order of years), and their
relatively small optical outbursts tend to occur every few years to decades (Sokoloski,
2003). With high-resolution spectroscopy the nature of this system may become obvi-
ous (e.g., cataclysmic variables tend to have broader emission lines than symbiotics);

further study will then allow us to characterize it.

2.5 Appendix: The Catalogs

Two separate catalogs of stellar X-ray sources are available on-line. One is for the
sample of RASS counterparts identified with APO spectroscopy; representative data
for the first 19 objects in this catalog are shown in Table 2.5. We give the RASS source
name, count rate, hardness ratios, and detection likelihood (DL), a maximum likeli-

hood measure of source significance. We also include the SDSS counterpart name, the
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offset between the X—ray position and SDSS position expressed in terms of the X-ray
positional uncertainty (o), the g magnitude and (g — r) color. From 2MASS we list the
Ks magnitude and (J— KJ) color, along with log (fx/fk), calculated using equation 2.1
(Maccacaro et al., 1988; Voges et al., 1999) and substituting K for V. Finally, we give
the date of the APO spectroscopic observations and the stellar type derived from our
DIS spectra. Comments are also included, for example, if the RASS or 2MASS data
have relevant flags set (the full set of SDSS flags is available in the on-line catalog),
or if several objects were targeted within the RASS field. In total this catalog includes
data for 492 stars, including 35 F stars, 146 G stars, 140 K stars, and 171 M stars.

A similar catalog is available for 322 sources with SIMBAD—cataloged counterparts.
In addition to the six white dwarfs and four cataclysmic variables listed in Table 2.3,
we include 132 F, 90 G, 74 K, and 16 M stars. The F, G, and K stars fall within 2¢ of the
mean log (fx/fv) calculated for their spectral class, while the M stars fall within 20 of
the mean log (fx/fk) calculated for the APO M stars. Data from the first 18 entries in

this catalog are shown in Table 2.6.
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Figure 2.12: APO spectra of the proposed stellar counterpart to 1RXS J0808+4347.
Top: The spectra are artificially offset from each other in flux; two spectra were ob-
tained on 2005 Apr 21 and Dec 20. The dotted lines indicate the positions of the Balmer
lines. Bottom: The blue continuum and strong Balmer emission visible in the 2004 Dec
03 spectrum are even more apparent when all of the spectra are normalized to their
flux value at 4600 A. The dot—dashed lines indicate the positions of the Ca H & K lines
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Chapter 3

A CATALOG OF X-RAY-EMITTING CATACLYSMIC VARIABLES
FROM THE ROSAT ALL-SKY AND SLOAN DIGITAL SKY SURVEYS

The data discussed in this chapter and presented in Table 3.2 and Figure 3.3 are
culled from a series of papers which appeared in the Astronomical Journal (Szkody
et al., 2002, 2003, 2004a, 2005, 2006, all © the American Astronomical Society). In ad-
dition, Section 3.3.2 of this chapter and the associated figures and table data originally
appeared in the Astronomical Journal (Szkody et al., 2002, ©) the American Astronom-
ical Society). The inclusion of these materials in this chapter is by permission of the
American Astronomical Society. Where necessary, they have been edited to conform to

University of Washington’s requirements for doctoral theses.

3.1 Introduction

Cataclysmic variables (CVs) are binary systems in which a white dwarf (WD) accretes
material from its companion, typically a late—type star. These systems are character-
ized observationally by their variability, and CVs are accordingly divided into novae,
dwarf novae, and nova-likes. Classical novae, which are thought to be produced by
thermonuclear runaway events, have the largest increase in brightness (10 to 20 mag-
nitudes), but are not periodic, or at least have only one observed eruption (classical
novae that are found to repeat their outbursts are known as recurrent novae; Warner,
1995). Dwarf novae undergo quasi—periodic changes in their brightness of order 2 to 7
magnitudes on timescales of weeks to years; these are usually thought to be due to in-
stabilities in the accretion disk around the WD. Finally, nova-likes have unpredictable
increases in their brightness of order a few magnitudes. These events are thought
to reflect changes in the mass—transfer process (and hence stronger/weaker accretion

onto the WD; Szkody et al., 2002). Both dwarf novae and nova-likes are further di-
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vided according to their properties (e.g., Verbunt et al., 1997); see Table 3.1 for details.
Essentially CVs are characterized by the rate of the mass transfer from the donor onto

the WD and by the latter’s magnetic moment (Kuulkers et al., 2003).

Table 3.1: Cataclysmic variable nomenclature.

Class Differentiating characteristic Subclass
Occasional super—outbursts SU UMa
Dwarf novae | Brightness plateaus before quiescence Z Cam
All others U Gem
Strong B field locks WD to orbit AM Her/polar
Nova-likes | Strong B field, no locking DQ Her/intermediate polar
No evidence for WD B field UX UMa
Either Donor is also WD AM CVn/double degenerate

Before the Sloan Digital Sky Survey (SDSS; York et al., 2000) began taking data,
~ 1000 CVs were known (Downes et al., 2001). Most of these systems include a (faint)
M-dwarf companion and are fairly faint in quiescence—but have prominent accretion
disks or strong outbursts. The result is a bright and blue object that is fairly easy to de-
tect, but is probably not representative of the overall population of Galactic CVs. Evo-
lutionary models predict that aging CVs will have very low mass—transfer rates and
cool, optically faint secondary stars, but this harder—to—detect population was under—
sampled before the advent of SDSS. As a result, questions such as the true number
of CVs in the Galaxy and their age distribution are difficult to answer (Szkody et al.,
2002). These questions are directly related to broader questions about our Galaxy: for
example, there is currently much debate about the abundance in the Galactic Center
of high—-mass X-ray binaries and of CVs (e.g., discussion in Muno et al., 2005). These
abundances reflect the Galactic star formation history: the presence of high-mass X—
ray binaries, in which matter from a 10 or 20 M, star accretes onto a degenerate com-

panion, implies recent episodes of massive star formation. By contrast, CVs, where
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the donor is a low—mass star, are longer—lived. If they dominate the stellar population
detected at hard X rays, tidal disruptions of globular clusters, in which CVs form pref-
erentially, might be the main process shaping the central Galactic stellar population

(Laycock et al., 2005, and references therein).

While designed as a galaxy survey, SDSS is in fact an ideal tool for finding rare
Galactic objects such as CVs. The survey’s five—color u, g, 7, ¢, z photometry and faint
limiting magnitudes make it useful for selecting both blue objects such as the young
CVs and red ones such as the older ones. Furthermore, its spectroscopy renders confir-
mation of a candidate CV straightforward, as the easily detected presence of hydrogen
Balmer and helium emission lines are telltale signs of ongoing accretion (Szkody et al.,
2002). Accordingly, the data have yielded more than 150 new spectroscopically con-
firmed CVs to date, with another 30 or so known CVs having been recovered in the
SDSS spectroscopic survey (Szkody et al., 2006).

The general properties of these SDSS CVs have been described in a series of dis-
covery papers by P. Szkody and collaborators (Szkody et al., 2002, 2003, 2004a, 2005,
2006). In this chapter we focus on those systems found to be X-ray emitters through
correlations with the ROSAT All-Sky Survey (RASS) Bright and Faint Source Cata-
logs (Voges et al., 1999, 2000). In §3.2 we summarize the mechanisms through which
CVs are thought to produce X rays. In §3.3, we present and discuss the properties of
the published SDSS CVs that are X-ray emitters, and give an example of the follow—
up work required to characterize one of these systems. Finally, in §3.4 we describe the
handful of candidate X-ray—emitting CVs found in the SDSS spectroscopy since the
last SDSS discovery paper was published.

3.2 X-ray Emission in Cataclysmic Variables

Although CVs, which have typical X-ray luminosities between 10% and 1032 erg s—!
(Verbunt et al., 1997), do not belong to a particularly X-ray-bright class of objects, in-
dividual CVs were among the earliest known sources of X rays. Several were detected

in soft X rays (< 1 keV) by rocket—borne experiments (e.g., SS Cyg by Rappaport et al.,
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1974), and one magnetic system, EX Hya, was detected in hard X rays (2.0 — 6.0 keV)
by Uhuru (Warner, 1972), in the early 1970s. Based on later data from the Einstein
Observatory, Patterson & Raymond (1985a,b) developed the first observationally sup-
ported models for hard and soft X—ray emission from CVs. For highly magnetic CVs,
where the white dwarf has B ~ 107 — 10® G, the emission of hard X rays is probably
due to radial accretion onto the magnetic poles—a process that creates a shock above
the star’s surface and converts infall energy to hard X rays (Patterson & Raymond,
1985a). This process, however, is unlikely to explain the production of hard X rays in
most CVs, where accretion onto the WD takes place through a disk, and where the WD
magnetic field is weaker. In those systems, Patterson & Raymond suggested that the
boundary between the rapidly rotating disk and the slowly rotating WD is the source of
hard X rays, with some fraction of the gravitational energy of infalling matter (which
depends on the accretion rate) producing a hot (> 10° K), optically thin layer emitting
the observed X rays (Patterson & Raymond, 1985a). The emission of soft X rays can
then be understood as taking place in the limit of this model, when high accretion
rates (> 1.5 x 10710 Mg yr~!) render the boundary layer optically thick (Patterson &
Raymond, 1985b).

Polars and intermediate polars are thought to be the most inherently luminous X-
ray sources among CVs (e.g., Verbunt et al., 1997). Polars, somewhat surprisingly, are
particularly bright at soft X-ray energies (below ~ 1 keV) despite the absence of ac-
cretion disks in these systems (Warner, 1995). For example, in their study of ROSAT-
detected CVs, Verbunt et al. found that while seven of the ten brightest sources overall
were AM Her-type systems, only two of these polars were among the brightest detected
at energies between 0.5 and 2.5 keV—the ROSAT hard X-ray energy band (Verbunt
et al., 1997). The hard X rays produced in these CVs by the radial accretion mech-
anism described above are reprocessed in the WD atmosphere, which also intercepts
and reprocesses as much as half of the cyclotron radiation emitted by the accretion col-
umn into soft X rays (see discussion in Kuulkers et al., 2003). As a result, the ratio of
soft to hard X rays in these CVs depends strongly on the relative importance of thermal

bremsstrahlung and cyclotron cooling in the WD atmosphere, and therefore on the WD
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magnetic field strength (de Martino et al., 2006, and references therein). The accretion
rate is also key, as it determines both the main heating and cooling mechanisms for
the accretion region (Kuulkers et al., 2003). In any case, because of the interstellar
medium’s opacity to soft X rays (< 100 eV), we are largely unable to observe much and
perhaps most of the X-ray emission produced by these CVs, with the exceptions being
nearby systems. It is therefore possible that the X-ray census of polars is essentially
complete for objects with V < 20 mag, with ROSAT having detected (if not yet identi-
fied) all of these CVs (Warner, 1995). However, even occasionally X-ray-bright polars
appear to spend much of their lives in low—accretion states (e.g., Ramsay et al., 2004),
and may therefore have evaded ROSAT!.

Intermediate polars (IPs), with lower magnetic fields and truncated accretion disks,
are both harder and brighter X-ray sources than polars. The accretion in these systems
occurs over a larger area of the WD (Kuulkers et al., 2003), producing an Lx roughly
ten to one hundred times that of polars (Warner, 1995). Higher intrinsic absorption
than in polars may help explain the absence of detected soft X~ray emission from IPs
(de Martino et al., 2006). The nature of the possible evolutionary relationship between
the polars and IPs is still unclear; a few IPs do in fact emit soft X rays, suggesting that
they may be polar progenitors (de Martino et al., 2006).

One consequence of the diversity of CVs and of the inherent variability in their
X-ray emission is that the observed ratio of X-ray to optical fluxes (a standard tool
in characterizing X-ray sources; see, for example, Chapter 2) is perhaps less useful
than for other classes of X-ray emitters. These flux ratios are strongly dependent on
the mechanism responsible for the X-ray production and by extension the nature of
the CV. Non—magnetic CVs typically have —3 < log (fx/fopt) < 1, while polars have
0.5 < log (fx/fopt) < 2.5; because IPs are optically brighter on average than polars,
their fx/ fot ratios are similar to those of the non-magnetic systems. Clearly, however,

an individual CV’s flux ratio will vary as a function of its state, with dwarf novae, for

Also likely to be underrepresented in the RASS data are low-accretion-rate magnetic CVs (Schwope
et al., 2002). A few of these systems, thought to be pre—polars, have been discovered in SDSS; they are
too faint to have RASS detections, and are barely detected in follow—up X-ray observations (Szkody
et al., 2004b; Schmidt et al., 2005a).
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example, producing on average three times as much hard X-ray flux during outbursts

than at quiescence (Warner, 1995).

3.3 Published X-ray-Emitting SDSS Cataclysmic Variables

ROSAT, designed to be five times more sensitive than Einstein, was expected to dis-
cover thousands of new CVs. This prediction has yet to be confirmed (Warner, 1995),
although the counterparts to a large fraction of the 124,000 sources included in the
RASS Bright and Faint Source Catalogs (Voges et al., 1999, 2000) remain unidenti-
fied (see Chapter 1). New magnetic CVs have been found in the RASS, most of them
polars, with the number cataloged growing from roughly a dozen before the survey
to over 80—a substantial increase, if still a small total number of systems (Kuulkers
et al., 2003; Staude et al., 2003; Schmidt et al., 2005a). Because ROSAT"’s sensitivity
does not extend past 2.5 keV, it is not ideally suited to detecting very hard sources such
as IPs. Still, follow—up observations of RASS sources has added roughly 20 new IPs to
the handful that had been previously cataloged in the X ray (Staude et al., 2003), and
identified at least one new variety of CVs, the “soft IPs” (de Martino et al., 2006).

Table 3.2 lists the 40 SDSS CVs found to have X-ray counterparts in the RASS and
published as part of the SDSS CV discovery papers (Szkody et al., 2002, 2003, 2004a,
2005, 2006). This is not a complete list of X—ray—emitting CVs in the SDSS/RASS over-
lap region. Rather, this is a list of color-selected and spectroscopically confirmed SDSS
CVs falling within 1’ of a RASS source?; the typical separation was under 45”. Because
of the survey design, not every candidate CV identified in the SDSS photometry is
targeted for spectroscopic follow—up. Conversely, some fraction of the SDSS spectra of
CVs are “accidentally” obtained, since CVs share color-space with quasars (QSOs) and
are therefore occasionally targeted as part of the SDSS spectroscopic QSO or serendip-
ity surveys (90% of the spectra for the first SDSS CV sample, for example, came from
these two surveys; Szkody et al., 2002).

20ne published CV, SDSS J075853.03+161645.2, is more than 1’ removed from the RASS position
(Szkody et al., 2006). In addition, another CV, SDSS J023322.61+005059.5, was found to have a coun-
terpart in the ROSAT catalog of pointed observations, but not in the RASS (Szkody et al., 2002).
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Since the space density of both SDSS CVs and RASS sources is low (~ 0.04 deg=2
and ~ 3 deg—2, respectively), the likelihood that a given CV is a RASS source is a prior:
fairly high. The case for the CV/RASS association was strengthened by searching the
SDSS spectroscopic databases for other, nearby possible counterparts to the X-ray
source. The standard catalogs were also examined for other possible counterparts.

Table 3.2 includes the SDSS name and g magnitude®, the corresponding RASS
source, and the separation between the two () expressed in terms of the X-ray po-
sitional uncertainty, for each CV. It also lists the RASS count rate and X-ray flux
(calculated assuming a 2 keV bremsstrahlung spectrum; 1 count s~! corresponds to a
0.1 to 2.4 keV flux of about 7 x 10712 ergs cm™2 s71). Log (fx/fopt) Was calculated for
each of these sources using the Maccacaro et al. (1988) formula adapted to the RASS
(equation 2.1; Voges et al., 1999) and substituting g for V; we also include the systems’
periods, if known, and their cataloged name, if they were previously published. In sev-
eral cases the data have been updated to reflect information obtained from follow—up
observations; for example, the period of SDSS J085414.02+390537.3 is now known,
while 144659.95+025330.3 has been confirmed as an IP (P. Szkody 2006, private com-
munication). The SDSS spectra for the 40 CVs are presented again in Figure 3.3.

Below we discuss the log (fx/fopt) distributions for these CVs, and reproduce the
classic Patterson & Raymond (1985a) log (fx/fopt) versus HB equivalent width plot.
In the following section we provide an example of a detailed study of one of these CVs

in which we participated (Szkody et al., 2002).

3.3.1 Flux ratios and Hp equivalent width

The left panel of Figure 3.1 is a histogram of the overall log (fx/ f,) distribution for the
CVs in Table 3.2. While this distribution is fairly symmetric about the median (0.40),
the right panel, which separates the CVs by type where known, shows the expected
offset between confirmed polars (median log (fx/f,) = 1.13) and dwarf novae (median
log (fx/f;) = 0.28).

3We use PSF magnitudes throughout this Chapter.
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Figure 3.1: Left panel: Distribution of log (fx/f,) for all of the published SDSS/RASS
CVs. Right panel: The same distribution for the known dwarf novae and polars.

Strong Hell emission in a spectrum indicates that the CV is either magnetic or
undergoing high mass transfer. Follow—up polarimetry is generally required to deter-
mine whether the system is in fact magnetic and to differentiate between polars and
IPs; large circular polarization is observed in polars and not IPs (Wickramasinghe &
Ferrario, 2000). Time-resolved photometry and spectroscopy also help to identify the
nature of the system: IPs and high-mass—transfer systems both show less polarization
than polars, but the WDs in the former are rapidly rotating with spin periods on the
order of only a few minutes (Szkody et al., 2005).

Patterson & Raymond (1985a) were the first to identify a correlation between the
fx/f, ratio and the equivalent width of the H3 emission line, a proxy for the CV’s
overall emission strength. In Figure 3.2 we plot these two quantities for our CV sam-
ple. The H3 equivalent widths are reported in Szkody et al. (2002, 2003, 2004a, 2005,
2006) for all but one of these CVs, SDSS J083642.80+532838.1 (SW UMa), for which
we measure it directly?. The Patterson & Raymond (1985a) relationship holds for the

*Here and elsewhere we used IRAF’s fitting routines in splot.
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majority of these CVs, with the scatter around the predicted fx/f, being comparable
to that found in other studies (e.g., Richman, 1996). However, there are clear depar-
tures from the Patterson & Raymond (1985a) relationship, with the polars in particular
appearing to form a distinct population from the dwarf novae and other CVs. Further-
more, because they are relatively faint optically, the SDSS CVs tend to have higher
fx/ fopt ratio than those included in the earlier studies, where only a handful had log
(fx/fopt) = 0 (Richman, 1996).

The log (fx/fy) = —0.93 of SDSS J015543.40+002807.2 makes it a clear outlier
relative to the other polars plotted in Figure 3.1, and explains its anomalous position
in Figure 3.2. As noted by Szkody et al. (2002), SDSS J0155 was significantly brighter
when observed by the survey than in its Digitized Sky Survey (DSS) image. A change
in brightness of a few magnitudes—typical for polars entering a phase of stronger
accretion—would be sufficient to explain the apparent inconsistency of this system’s
log (fx/f,) relative to that of other polars. Follow—up observations by Schmidt et al.
(2005b) confirmed that this an eclipsing polar, with the shortest known period of any

such system.
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Figure 3.2: Log (fx/fy) versus equivalent width of the Hg line for the 40 published
SDSS/RASS CVs. The predicted fx/f, is from Patterson & Raymond (1985a).
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While the SDSS spectrum of SDSS J205017.84—-053626.8, another system high-
lighted in Figure 3.2, showed Hell emission, initial follow—up observations of this CV
could not confirm whether it is a magnetic system (Szkody et al., 2003). It does not
appear to have polarized emission to the limits of the current observations, and is
considered a candidate intermediate polar (P. Szkody 2006, private communication).
Indeed, its log (fx/fg) of 0.19 is similar to that of other IPs in our sample. As men-
tioned earlier, because IPs are optically brighter on average than polars, their flux
ratios are similar to those of non-magnetic CVs. However, SDSS J2050 has a period
of 1.6 hr, much shorter than is typical for IPs, suggesting that this is in fact not a
magnetic system.

We investigated the properties of a number of other systems because of their po-
sition in Figure 3.2. SDSS J102026.53+530433.1, the dwarf nova KS UMa, has an
anomalously low H3 equivalent width relative to other dwarf novae; this is because its
SDSS spectrum was taken during an outburst and is dominated by the accretion disk.
As for SDSS J204827.91+005008.9, its spectrum is very unusual (see Figure 3.3), with
a hump apparent between 4000 and 5000 A and a typical M—dwarf continuum to the red
of the hump. Follow—up observations by Schmidt et al. (2005a) led to the conclusion
that this is a low—accretion magnetic binary and possibly a pre—polar system.

Interestingly, the X—ray luminosity derived for this CV is an order of magnitude
greater than the Lx for similar SDSS systems, where the X—ray emission is thought
to be due to coronal emission from the late-type companion star (Szkody et al., 2004b).
Schmidt et al. (2005a) suggest that this weakens the case for SDSS J2048 as an X-ray
emitter. Accordingly, on 2005 August 08 we obtained a spectrum for the most obvious
potential X-ray counterpart in the RASS field with the APO 3.5-m telescope using
DIS in low-resolution mode. The spectrum, of a bright nearby star (g = 14.43 & 0.00
mag) was then typed using the Hammer, an IDL code developed by K. Covey (see
Chapter 2 for details about our observing set~up and typing procedure). This G6 star
has a 2MASS counterpart with Ks = 14.85 £ 0.12 mag; the resulting log (fx/fx) of
—1.55 is not typical for G stars (see Chapter 2). However, this is a crowded field; pointed

X-ray observations are required to confirm that SDSS J2048 is an X-ray source.
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Figure 3.3: SDSS spectra for the X—ray—emitting CVs in Table 3.2. The y axis is flux
density (1017 ergs cm~2 s~! A~1); the x axis is wavelength (&).
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Figure 3.3: (continued) The roman numeral indicates the Szkody et al. paper in which
the CV spectrum was published (Szkody et al., 2002, 2003, 2004a, 2005, 2006).
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Figure 3.3: (continued)
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Figure 3.3: (continued)
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Figure 3.3: (continued) J165658.13+212139.3 was accidentally included in both

Szkody et al. 2005 and 2006.
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Finally, SDSS J084026.16+220446.6 was not listed as having strong Hell emission
in its discovery paper (Szkody et al., 2006), but its log (fx/f;) and H3 equivalent width
are very similar to those of the known polar GG Leo. However, definitively classifying
this systems and many other SDSS CVs clearly requires more observational data than
is provided by the survey. An example of the work needed to characterize one SDSS
CV, SDSS J173008.38+-624754.7, is given in the following section.

3.3.2 A detailed optical study of one X~-ray-emitting SDSS CV: the dwarf nova SDSS
J173008.384+-624754.7

While SDSS is not designed primarily to be a variability survey, the SDSS photometric
data and spectra are obtained at different times. With the addition of the DSS data,
we therefore have three separate measurements of a given object’s brightness—useful
for identifying candidate dwarf novae (where the variations indicate that the system
is undergoing an outburst) and nova-likes (where the variations are due to changes in
the system’s accretion rate). To distinguish between these cases requires spectroscopic

follow—up.

Table 3.3: Follow—up data from APO and MRO for SDSS J1730.

UT Date Site Interval Data Obtained
2000 Jun 05 MRO 5.00 hr V photometry
2000Jun 16 MRO 1.75hr V photometry
2000Jul 16 MRO 2.40hr V photometry
2000 Aug 07 MRO 4.80hr V photometry
2000 Aug 08 MRO 47.20 hr B photometry
2000 Aug 25 MRO 2.00 hr B photometry

2000 0ct 03 APO 220hr 20 spectra at outburst
20000ct 06 APO 0.25hr 2 spectra at quiescence
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Figure 8.4: APO spectra showing the outburst and quiescence of SDSS J1730. The
fluxes have units of 10716 ergs em=2 s~1 A-1,

SDSS J173008.38+624754.7 was among the early CVs identified in the survey data
(Szkody et al., 2002), and was found to be variable. A summary of the follow—up ob-
servations of this system is presented in Table 3.3. Twenty time-resolved spectra of
the system were obtained on 2000 October 2 with the 3.5-m telescope at APO, and
two more were obtained three nights later, using DIS in high~resolution mode (~ 3 A).
These spectra spectra revealed that SDSS J1730 was undergoing a dwarf nova out-
burst, during which the Balmer emission lines turned into absorption lines when the

system was several magnitudes brighter than at quiescence.

Figure 3.4 shows typical outburst spectra and the smoothed mean of the two qui-

escent spectra for the blue and red wavelength regions. At outburst, the overall flux
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increased by a factor of 20 in the blue and 4 in the red, with noticeable, broad absorp-
tion features surrounding the H3 and H~ emission lines. Figure 3.5 shows a closeup
of the Hg line throughout the orbit. While inspection of the line suggests the possi-
ble presence of a narrow component passing from blue (phase 0.48) to red (phase 0.57),
careful analysis of the velocity of the peak component did not produce an unambiguous

feature which could be associated with the orbital period.

Normalized Flux

1 1 i 1 I 1 1 1 1 I 1 1 1 L

4700 4800 4900 5000
Wavelength

Figure 3.5: APO spectra showing the variation of the Hg line profile of SDSS J1730
throughout an orbital period during outburst.

The presence of the underlying absorption features at Hj3 and H~y in SDSS J1730

made it difficult to obtain radial velocities for these two lines, and a reliable solution
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was obtained only for the Ho data. We obtained values for the central peak of the
Ho line by using IRAF’s fitting routines in splot. As the line shows a fair amount of
structure at outburst, the centroid “e” method returned more consistent answers than
did Gaussian fitting. An IDL routine, CURVEFIT, was used to fit the radial velocities
with a sinusoidal function of the form v = v — Ksin[2n(t — to)/P], where v (systemic
velocity), K (semi-amplitude), P (orbital period) and to (time of conjunction) were left
as free parameters (see Table 3.4 for the best fit parameters).

Figure 3.6 shows the best fit to the Ha radial velocity curve. Four spectra showed
extreme deviations and were not included in the fitting, and are indicated in Figure 3.6
as open circles. We studied these spectra for evidence of shifts in the lines and for other
potential sources of error, but were unable to detect any cause. Nevertheless, they
provided velocities which were clearly inconsistent with the rest of our measurements.
The velocities for these four spectra shown in Figure 3.6 are from measurements of
the midpoint of the extremes of the Ha line done by eye. We tested our fitting program
while including these spectra, and found that the best fit obtained for the orbital period
(117 + 5 min) was consistent with the fit excluding these points.

Finally, we used the period obtained from the spectra to look for evidence of vari-
ability in the photometry of this system obtained with the 0.76—m telescope at the Man-
astash Ridge Observatory (MRO) in eastern Washington (see Table 3.3). We folded the
differential magnitudes on each of the two longest nights on the orbital period but
found no evidence for any significant orbital variability. An average of the two nights’
data produces an upper limit for any such variability of 0.04 mag. The absence of vari-
ability, along with the lack of line doubling, suggests that SDSS J1730 is a system with

a fairly low inclination (Warner, 1995).

Table 3.4: Radial velocity solution for SDSS J1730.

Line P (min) ~ K (km/s) @ o
Ho 117+5 23+3 746 0.0x0.02 19
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Figure 3.6: Best fit to the radial velocity curve of SDSS J1730 at outburst using the
Ha emission line. The open circles produced large deviations to a sine fit and were
therefore left out of the best solution, which is shown as the solid line.

3.4 New Candidate X-ray-Emitting SDSS Cataclysmic Variables

In the time since the publication of the most recent SDSS CV discovery paper (Szkody
et al., 2006), new candidate CVs have been identified from visual inspection of the sur-
vey spectra. Among these are eight objects within 1’ of a RASS X-ray source position.
Four of these are previously cataloged objects: one is a dwarf nova, one is a polar, and
the two others are symbiotic stars®. The four other objects are SDSS discoveries.
Table 3.5 includes the SDSS name and g magnitude, the corresponding RASS source,
and the separation between the two (o) expressed in terms of the X-ray positional un-
certainty, for each of these candidates. We also list the RASS count rate, X~ray flux,
and log (fx/f,) (both calculated as for the objects in Table 3.2), and include measure-

50ne of these, Draco C1, is included in the Downes et al. (2004) study of high-latitude carbon stars in
SDSS.
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ments of the HB equivalent width. Finally, for the first four objects we list the cataloged
name. The SDSS spectra for these eight objects are presented in Figure 3.8.

The SDSS photometric data for SDSS J215101.33+123737.9, the symbiotic star
AG Peg, are misleading. The star has B = 9.81, V = 8.65 according to SIMBAD, and
is obviously saturated in SDSS imaging; unsurprisingly, the SATURATED flag is set
in its photometric catalog entry. Accordingly, we use its SIMBAD V to calculate its log
(fx/ fopt) and include this value in Table 38.5.

CVs are typically UV—excess objects for which the SDSS (u — g) < 0.6. By contrast,
the candidate CV SDSS J012018.49-102536.1 has (u — g) = 2. Furthermore, its emis-
sion lines are narrower than one would expect for a CV, suggesting that this is possibly
a flaring, solitary late—type star. However, the blue upturn that is usually seen in
flares (e.g., in Figure 2.12) appears to be absent in this spectrum; further spectroscopic
observations are required to confirm whether this star was in fact caught flaring, or is
simply very active. In any case, while this object is clearly the RASS source counter-
part, it cannot be confidently classified as a CV.

SDSS J100515.38+191107.9 is at a large positional offset from the RASS source
1RXS J100511.9+191105. The SDSS data do not suggest an immediately apparent
alternate counterpart to the X-ray source, but a pointed X-ray observation would be

useful to confirm that this is indeed the RASS source.

3.4.1 Flux ratios and H{ equivalent width

We updated Figure 3.2 by adding the log (fx/f,) and H3 equivalent width values of
the two previously published CVs and four SDSS discoveries; the new plot is shown in
Figure 3.7. The dwarf nova SX LMi and polar RX J1554.2+2721 both appear in the
expected regions of the plot, although the log (fx/f,) of the latter object is lower than
one might expect. SDSS J0120, as expected, is unlike the other CVs in our sample.
While the three other candidates all show strong Hell emission, only one, SDSS
J094558.24+292253.2, appears to have a larger than usual log (fx/f,). This is there-

fore our strongest candidate to be a new magnetic CV. Follow—up observations will be
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Figure 3.7: Log (fx/f,) versus equivalent width of the H3 line. The two recently
recovered CVs and four new CV candidates have been added.

necessary to verify whether any of these are in fact magnetic systems.
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are as in Figure 3.2.
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Chapter 4

A CATALOG OF X-RAY-EMITTING WHITE DWARFS
FROM THE ROSAT ALL~-SKY AND SLOAN DIGITAL SKY SURVEYS

4.1 Introduction

White dwarfs (WDs) are the eventual end point of the lives of low— to medium-mass
stars such as the Sun, and are observed in a number of different forms: at the heart of
beautiful planetary nebulae, in binary systems such as cataclysmic variables, and as
solitary stars, slowly cooling their way to eventual invisibility. Roughly the diameter
of the Earth, WDs are very dense: according to theoretical predictions, they can reach
up to 1.44 Mg, although the observed mass function is strongly peaked at ~ 0.6 Mg
(e.g., Koester et al., 1979; Madej et al., 2004). Observed WD properties are therefore
of great interest to those who wish to explore the physics of degenerate matter: white

dwarfs are macroscopic objects sustained by microscopic quantum mechanical effects.

Like most stars, WDs are essentially blackbody emitters. DA white dwarfs, which
have a pure hydrogen atmosphere and are the most commonly observed WDs, can have
temperatures > 100,000 K when they form, but cool as they age; generally, they are
observed to have effective temperatures ~ 10,000 K (e.g., Kleinman et al., 2004; Eisen-
stein et al., 2006). At those temperatures, one would not expect a typical DA to be a
significant producer of thermal X rays, and so this does not seem a natural regime in
which to study WDs. However, Shipman (1976) pointed out that the X rays produced in
the hotter interior of a DA WD should travel through its thin hydrogen atmosphere un-
absorbed, and should therefore be detected. Early satellite X~ray missions did in fact
detect a handful of DAs: five were found with Einstein, and another 11 with EXOSAT,
the European X-ray Observatory (Kahn et al., 1984; Paerels & Heise, 1989).

Since these were targeted observations of previously known WDs, and Einstein was

not sensitive to the soft X rays the DAs were predicted to emit, the small number of
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detections was not considered worrisome. Indeed, the consensus was that ROSAT,
sensitive to soft X rays and designed to conduct an all-sky survey, would detect up-
wards of 5000 DAs (e.g., Barstow, 1989). These should be particularly easy to find in
the RASS data because of their “super—soft” X-ray spectra: DA X-ray emission should
be from the Wein tail of the blackbody spectrum and the detected flux should be below
0.28 kev, so that the sources are detected in soft but not hard RASS images (Flem-
ing et al., 1996). In practice, this means that for DAs the cataloged hardness ratios
HR1 and HR2 should equal —1 and 0, respectively, where HR1 = Eg:i’:g:g;;gg:ézg:g and
HR2 = (1'0_%'1(_)()):(2(.)6‘;_1'0) and, for example, (0.5 — 2.0) indicates the number of counts in

the 0.5 — 2.0 keV (hard) energy band (Fleming et al., 1996; Motch et al., 1998).

However, when the ROSAT All-Sky Survey (RASS; Voges et al., 1999, 2000) was
completed, the number of detected DAs was far smaller than had been predicted.
Searching for the super—soft sources among 55,000 RASS sources, Fleming et al. (1996)
found only 161 DAs, leading them to conclude that 90% of DAs are in fact opaque to X—
ray emission. Still, these data allowed observers to probe beneath the surface of WDs,
as well as to explore the composition of these stars. Barstow et al. (1993) were able
to show, for example, that WDs cooler than ~ 40,000 K have essentially pure hydro-
gen atmospheres, while hotter WDs contain significant amounts of heavier elements.
It is now thought that WDs are soft X-ray sources if they are hotter than 23,0000 K
and have pure hydrogen atmospheres (Jordan et al., 1994), are between 23,000 and
54,000 K and have hydrogen atmospheres significantly polluted by heavier elements
(Marsh et al., 1997b), or are hotter than 100,000 K and have helium—rich atmospheres
(i.e., rarer types such as PG 1159 stars and DO WDs; Motch et al., 1993).

4.1.1 SDSS and White Dwarfs

While the number of known X-ray—emitting WDs remains small, with recent RASS
identifications programs adding only a few dozen to the Fleming et al. (1996) sample
(e.g., Zickgraf et al., 2003), the overall number of known WDs has increased dramat-
ically since the beginning of the Sloan Digital Sky Survey (SDSS; York et al., 2000).
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Previous to SDSS, the most extensive WD catalog was that of McCook & Sion (1999),
which in its most recent form includes data for 3061 WDs. While the SDSS spectro-
scopic survey is intended to focus on extragalactic targets, there are sufficient fibers
on each of the survey plates to insure that significant numbers of interesting Galac-
tic sources are also targeted!. As a result, the SDSS Data Release 1 (DR1; Abazajian
et al., 2003) produced a catalog of 2551 spectroscopically confirmed WDs; these are
stars selected on the basis of their SDSS colors and spectroscopic properties, as de-
scribed in Kleinman et al. (2004), and whose spectra are well fit by theoretical WD
atmosphere models. Of these WDs, only 108 were included in the McCook & Sion
(1999) list (Kleinman et al., 2004). A more recent catalog of WDs in the Data Release 4
(DR4; Adelman—-McCarthy et al., 2006), which covers an area roughly 3.5 times larger
than DR1, identifies 9309 WDs, of which ~ 6000 are new discoveries (Eisenstein et al.,
2006); the vast majority of these WDs are DAs (7999).

In this chapter we begin by cataloging the X—ray—emitting WDs in SDSS from cor-
relations with the RASS (§4.2). We found that SDSS is not adding many new WDs to
the sample of previously known X-ray emitters. For example, we are able to identify
with a high degree of confidence only 14 X~ray—emitting DAs among the 7999 DAs cat-
aloged by Eisenstein et al. (2006) that were not included in the Fleming et al. (1996),
McCook & Sion (1999), and Zickgraf et al. (2003) catalogs. This dearth of new X-ray—
emitting WDs may be a result of the relative sensitivities of the two surveys. Stellar
counterparts to RASS—cataloged sources tend to be optically very bright, and can be
identified without requiring the depth of SDSS—while the fainter WDs discovered by
SDSS are unlikely to be bright enough in the X-ray regime to have RASS detections
(e.g., because they are too distant). However, among these new X-ray emitters are
three that, if confirmed, may be the coolest X-ray—emitting DAs detected to date (see
§4.2.5), suggesting that these fainter SDSS X-ray—emitting WDs, while small in num-

ber, may prove to be very interesting.

1Because many interesting Galactic sources share color—color space with extragalactic sources and
particularly quasars, they are also occasionally inadvertently targeted for spectroscopy. Several WDs
were also among the hot stars selected as spectroscopic standards.
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We then use the DR1 sample of DA WD spectra to produce high resolution compos-
ite white dwarf spectra (§4.3). These composites will allow us to search for heretofore
unidentified spectral features, and may eventually help us identify differences in the

composition of known DA X-ray emitters and ordinary DAs of the same temperature.

4.2 X-ray-Emitting SDSS White Dwarfs

4.2.1 Previously known X-ray-emitting DAs

Correlations of the Eisenstein et al. (2006) catalog of DR4 WDs with the RASS Bright
and Faint Source Catalogs (Voges et al., 1999, 2000) identified 22 DAs listed in the
McCook & Sion (1999) catalog with an X-ray source within 1. We classified seven of
these sources as unlikely WDs. In four cases, a known quasar is in the RASS field
and the X-ray source is not super-soft, as measured by its HR1 (HR1 = —0.28 £ 0.43,
0.62 + 0.63, —0.78 + 0.17, and 0.18 & 0.27, respectively), which is consistent with the
quasars being the X-ray sources. This leaves us with 18 possible associations.

In three ambiguous cases, the sources are not super—soft and at large separations
from the RASS source, but the available SDSS data for the RASS fields do not rule
out the DA WD as the X~ray source. SDSS J022618.60—083049.3 is in a RASS field
with two bright stars (g = 12.98 £ 0.00 and 13.19 + 0.00)2. The RASS source is not soft
(HR1 = 0.22 £ 0.36) and it is therefore unlikely that the WD is the X-ray source. SDSS
J093456.44+023121.11is in a field with no obvious X-ray source counterparts. There is
a very faint, red star closer to the RASS position (g = 21.35+0.06,r = 20.06 & 0.03), but
were it the X—ray counterpart, its log (fx/f,) (calculated using the updated Maccacaro
et al. (1988) formula; Voges et al., 1999) would be much higher than one expects for
stars. Again, the RASS source is not soft (HR1 = 0.36 £ 0.52), so perhaps this is a
quasar with stellar colors. Finally, SDSS J152349.89+041434.6 is in a field with SDSS
J152349.884+041400.8,a g = 17.71 £ 0.02 galaxy. In these cases follow—up spectroscopy

is needed to reveal, for example, whether this galaxy hosts an active galactic nucleus.

2Because the WDs are cataloged in Eisenstein et al. (2006) with PSF magnitudes, we quote PSF mag-
nitudes throughout this chapter.
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We list the 15 confident known DA WD/RASS source associations in Table 4.1 and
add these three possible associations at the end of the Table. We include the SDSS
name, PSF g magnitude, effective temperature (T.s;) and surface gravity (expressed
as log g), for the DA WDs. We also list the RASS source name, the offset between the
WD and the RASS source (expressed as o, where o is the separation between the RASS
source and the WD divided by the RASS positional uncertainty), the RASS count rate,
and the log (fx/fopt), calculated using the Maccacaro et al. (1988) formula and using
the SDSS g magnitude. The RASS source hardness ratios and detection likelihood
(DL), a maximum likelihood measure of source significance, are also given. Finally, we
list the WD name in the McCook & Sion (1999) catalog and add comments, e.g., if the
DA was listed by Fleming et al. (1996) or Zickgraf et al. (2003) as an X-ray source. We
also summarize the SDSS flags by indicating if the u, g, 7, ¢, 2 magnitudes are suspect.

While all of these WDs are classified as DAs by Eisenstein et al. (2006), we note that
SDSS J093608.90+382200.5 is cataloged as a DQ WD. However, the SDSS spectrum
does not show the carbon absorption lines typical of DQs, and it seems that this is
indeed a DA WD. Furthermore, while these DAs were all previously known, four were

previously unidentified as X-ray sources.

4.2.2 New SDSS X-ray-emitting DAs

Correlating the Eisenstein et al. (2006) catalog and the RASS data yielded a further 25
SDSS—discovered DA WDs (i.e., not listed in the McCook & Sion (1999) catalog) with
an X-ray source within 1’. Five of these sources also have nearby cataloged quasars
and are not super-soft. We eliminate these DAs as likely X~-ray sources, and have 20
remaining possible associations.

For three other WDs we identify other plausible counterparts to the RASS sources.
A UV-excess source with (u — g) = 0.00 & 0.03 is positionally coincident with the RASS
source for which SDSS J083300.12+272254.5 is proposed as a counterpart. Simi-
larly, another UV-excess source (with (v — g) = 0.24 £ 0.13) is closer than SDSS
J094437.72+493815.3 to the RASS source for which the WD is the proposed counter-
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part®. Finally, for SDSS J162814.59+-363008.3 a very faint (g = 21.45+0.04) UV-excess
object (with (u—g) = 0.18+0.13) is positionally coincident with a FIRST radio source. In
all three cases the RASS sources are not super—soft (HR1 = —0.77+0.17,0.11+0.31, and
—0.37 & 0.35, respectively), and it seems likely that the UV—excess objects are quasars
and X-ray sources. Follow—up spectroscopy is required to confirm whether this is in
fact the case, but we consider these DAs to be unlikely RASS—source counterparts.

Of the 17 remaining possible X-ray—emitting DAs, there are five cases in which
inspection of the RASS field, combined with the RASS source hardness ratio, sug-
gests that the WD is probably not the X~ray source—but does not provide a strong
alternate X—ray counterpart candidate. In these fields, spectroscopy of multiple ob-
jects or high spatial resolution X-ray observations are needed to identify the X-ray
source. And then there is the interesting case of SDSS J232658.89—-002339.9 and
J232659.23—-002348.0, both of which are within 1’ of 1RXS J232701.2—-002337, for
which HR1 = 0.31 & 0.51. While it seems unlikely that either WD is therefore the X~
ray source, a high spatial resolution X-ray observation of the field is required in order
to reveal the X-ray emitter.

We list the 10 confident new SDSS DA WD/RASS source associations in Table 4.2
and add these last seven possible associations. As in Table 4.1, we present key X-
ray and optical data for these objects. Since these are SDSS discoveries, we list the
SDSS WD paper in which the spectroscopic identification was made. For the seven
possible identifications we suggest, where possible, an alternate counterpart to the

X-ray source.

4.2.3 Other SDSS X-ray-emitting WDs

Among the matches obtained when correlating the Eisenstein et al. (2006) WDs with
the RASS catalogs were a handful of non—-DA WDs. Four are actually binary pairs
where a DA WD has an M star companion. Four are DB WDs; these are WDs with

SInterestingly, there is a radio source in this field cataloged by both the NRAO Very Large Array
(VLA) Sky Survey (NVSS; Condon et al., 1998) and the VLA Faint Images of the Radio Sky at Twenty-
Centimeters (FIRST; Becker et al., 1995) survey that does not have an SDSS counterpart.
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helium-rich atmospheres. In addition, there is one DC WD (a WD lacking absorption
lines in its spectrum) and one PG 1159 star (a pre—~WD star showing strong oxygen and
carbon lines). Once again we eliminate those WDs in fields with cataloged quasars;
there are three such fields here, all with RASS sources that are not soft (HR1 = 0.52 +
0.46, —0.15 £ 0.15, and 0.09 & 0.18). This removes two of the DB WDs and the DC WD
from our list of potential X-ray sources.

For two other RASS sources the SDSS data suggest other counterparts. SDSS
J123337.71+570335.4 is a z = 0.351 redshift quasar nearer to the RASS source (HR1
= 0.20 £ 0.42) than SDSS J123345.52+570343.9, another one of the DB WDs. The
UV—excess object SDSS J155209.12+433821.8 ((u — g) = 0.45 + 0.04) is also closer to
the RASS source (HR1 = —0.18 £ 0.37) than SDSS J155205.59+433825.8, one of the
DA/M star binaries. While spectroscopic confirmation is needed in the latter case, we
conclude that both of these RASS sources are in fact quasars.

The remaining six objects are listed in Table 4.3; the columns are as in Table 4.2.
The first two are DB white dwarfs newly identified by Eisenstein et al. (2006); both
are at relatively large offsets from the corresponding RASS source, which has a low
detection likelihood. Higher resolution X-ray observations are needed to confirm that
these DBs are in fact X-ray sources, particularly since they are both cooler than one
would expect for non-DA X-ray emitters (e.g., discussion in O’'Dwyer et al., 2003).
The next four objects are all poorly fit by the automated model-fitting routine used
to obtain temperature and surface gravity estimates from the SDSS spectra, and the
values in Table 4.3 should therefore not be trusted. The first of these four objects is
the previously known PG 1159 star SDSS J114635.23+001233.5; the other three are
DA/M star systems, of which one is an SDSS discovery, SDSS J223051.15+125706.8
(Silvestri et al., 2006).

4.2.4 SDSS X-ray-emitting WDs identified since DR4

In the time since the production of the Eisenstein et al. (2006) SDSS WD catalog, new

WDs have been identified through inspection of the more recent survey spectroscopy.
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In addition, we have collected a few objects whose spectra were taken earlier in the
survey but that were not included in the Kleinman et al. (2004) or Eisenstein et al.
(2006) samples; we refer to all of these objects as post-DR4. They are not confirmed
WDs, and have not been fit to obtain their physical parameters, so our analysis is
preliminary.

Among the 42 RASS sources with new candidate WDs within 1/, we selected the
super-soft sources by requiring that HR1 < —0.8. Nine sources met this criterion. Two
are the known DA WDs WD 1325+512 and WD 1415+132 cataloged by McCook & Sion
(1999) and confirmed as X-ray emitters*. Interestingly, the SDSS spectra suggest that

both have possible M—star companions.

Inspection of the SDSS data for the seven uncataloged sources (all of which have
DA-like spectra) suggests that in five cases the association of RASS source and SDSS
WD is very strong. In the two other cases, spectroscopic follow—up is required to con-
firm that the SDSS WD is indeed the RASS source. For SDSS J114142.84+143356.5,
a g = 15.76 + 0.01 star is nearer to the RASS position. This star, were it to be the
X-ray source counterpart, would have log (fx/f;) = —1.04, which is high for a main
sequence stellar X—-ray emitter. On the other hand, this is the least soft of the RASS
sources (HR1 = —0.88 &+ 0.20). For SDSS J155109.55+454252.2, a UV—excess object
(g = 1755 £ 0.02, (u — g) = —0.39 £ 0.03) is virtually coincident with the RASS posi-
tion. Since the RASS source is super—soft, a WD counterpart is very likely. But the
UV-excess object cannot be ruled out as the X-ray emitter: it may also be a WD, or a
cataclysmic variable; the latter are also frequently super—soft emitters (see Chapter 3).

All nine matches are listed in Table 4.4. We provide their SDSS name and g mag-
nitude. The corresponding RASS source names, offsets (o) between the SDSS objects
and RASS positions, count rates, hardness ratios, and detection likelihood are also
included. The last column is the log (fx/f,) calculated as above using the Maccac-

aro et al. (1988) formula. In Table 4.5 we list 27 of the 33 other candidate WDs.

‘WD 1415+132 is included in Fleming et al. (1996); WD 13254512 is listed in SIMBAD as a known
X-ray source, but is not included in Fleming et al. (1996) or Zickgraf et al. (2003). It is unclear how it
was identified as a RASS source.
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Four of the candidates not listed are SIMBAD—cataloged A stars. In the two other
fields, the X-ray source is known, and is not the WD (one is an M star and the
other is a quasar). The columns are as in Table 4.4. We note that in three of the
RASS fields there is a known quasar in addition to the new candidate WD (1RXS
J101707.8+064847, J141334.9-012505, and J165739.3+341125); another field, 1RXS
J075343.2+240301, has a nearby cataloged radio source. Finally, the spectrum of
SDSS J153611.094-580206.4 suggests it is a possible WD/M star binary.

4.2.5 Log (fx/f,) and temperature distributions

In Figure 4.1 we plot the log (fx/f,) distributions for the subset of 36 Fleming et al.
(1996) X-ray-emitting DA WDs that fall within the SDSS footprint. The median log
(fx/fq) for these WDs is —0.23, with the 20 range being from —1.72 to 1.26—a range
that comfortably includes the log (fx/f,) values for the 17 WDs not cataloged in Flem-
ing et al. (1996) that we have confidently identified as X-ray emitters (7 are from Ta-
ble 4.1 and 10 from Table 4.2). Although we have not included them in this Figure, we
note that the 10 additional less certain X—ray—emitting DA WDs listed in Table 4.1 and
Table 4.2, and the nine post-DR4 X-ray emitters in Table 4.4 (which are statistically
most likely to be DAs) also have log (fx/f,) values within these 20 limits.

In Figure 4.2 we compare the temperature distribution for our sample of X-ray—
emitting DAs to that of the 76 Fleming et al. (1996) DAs for which Marsh et al. (1997a)
obtained temperatures. We include only the 15 previously known and 10 new DAs for
which the association with a RASS source is most secure in this plot. While eight of the
Fleming et al. (1996) DAs are among our WDs, only three have Marsh et al. (1997a)
temperatures and are plotted twice: WD 1026+453, 1429+373, and 1725+5863. For
these DAs, the difference between the Eisenstein et al. (2006) and Marsh et al. (1997a)
temperatures are rather large (2700, 1900, and 8900 K, respectively), with the Eisen-
stein et al. (2006) temperature being greater in each case. Discrepancies such as these
have been noticed in comparisons between SDSS temperatures and those in the lit-

erature for previously cataloged WDs, and are particularly noticeable for the hotter
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il

2
log (fx / 1)
Figure 4.1: Log (fx/f,) distributions for X~ray—emitting DA WDs. The black his-
togram is for the 36 Fleming et al. (1996) DAs in the SDSS footprint; the dashed blue
one is for the sample identified here (eight recovered Fleming et al. (1996) DAs are not
included in the latter histogram). The red vertical line is the mean flux ratio, and the
green vertical lines bracket the 20 ranges, for the Fleming et al. (1996) sample.

4

objects, with the differences reaching about 10% at 50,000 K (D. Eisenstein 2006, pri-
vate communication). Nevertheless, the temperature distributions for our sample of

X-ray—emitting DAs and that of Fleming et al. (1996) are very similar, as expected.

For comparison, we also plot the temperature distribution for 7578 Eisenstein et al.
(2006) DAs, normalized to the maximum of the Fleming et al. (1996) distribution. The
separation between X-ray emitters and “ordinary” WDs is clear, with the Fleming et al.
(1996) DAs having a median temperature of ~ 39,000 K, compared to 14,000 K for the
Eisenstein et al. (2006) DAs. Interestingly, 1251 of the Eisenstein et al. (2006) DAs are
hotter than 22, 153 K, the temperature of the coolest Fleming et al. (1996) DA. Even if,
as suggested by Fleming et al. (1996), 90% of DAs—including hot ones—are opaque to
X rays, we would expect ~ 125 of these to be X-ray sources. If we include the uncertain
WD/RASS associations, we have to date found roughly half that number. One possible
explanation for this discrepancy is that the use of the Fleming et al. (1996) definition
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Figure 4.2: Temperature distributions for X-ray—emitting and “ordinary” DA WDs.
The black histogram is the Fleming et al. (1996) sample of X-ray emitters; the blue
dashed one is the sample identified here. The green histogram is the normalized dis-
tribution for 7578 Eisenstein et al. (2006) DAs.

for super—softness is too restrictive at fainter X-ray fluxes, where the hardness ratios
have larger errors. We plan to explore this possibility at a later time.

We note that three of the new X-ray—emitting DAs are cooler than the coolest Flem-
ing et al. (1996) DA and therefore below 23,0000 K, which is thought to be the mini-
mum temperature needed for X-ray emission from a DA (e.g., Jordan et al., 1994). The
three DAs, SDSS J101339.56+061529.5 (14,400 K), J120432.67+581936.9 (15, 700 K),
and J163418.25+365827.1 (10, 100 K) are optically faint (¢ > 19 mag), and the quoted
temperatures should therefore be considered with caution®; the SDSS spectra are pre-
sented in Figure 4.3. In addition, the three corresponding RASS sources have low
X-ray detection likelihoods. Follow—up optical and especially X-ray observations are

therefore called for, and we plan to use these observations to investigate these objects®.

SHowever, model fits to lower temperature SDSS spectra are typically very reliable because of the
strength of the Balmer absorption lines (D. Eisenstein 2006, private communication; see also Fig-
ure 4.4).

8Interestingly, nearly all of the less certain DA/RASS associations we list in Table 4.1 and Table 4.2
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Figure 4.3: SDSS spectra for our candidate cool DA X-ray emitters. The x axis is
wavelength in A; the fluxes have been smoothed and normalized and are offset for
plotting purposes. The g band signal-to-noise ratio for these spectra range from ~ 3
for SDSS J1013+0615 to ~ 6 for SDSS J1204+5819 (Eisenstein et al., 2006).

4.3 Composite DA White Dwarf Spectra

We wished to use the high quality and uniformity of the SDSS spectroscopy, and
the large number of WDs cataloged by the survey, to examine whether temperature—
dependent composite spectra of WDs might reveal anything new about their compo-
sition. In particular, we hoped to investigate whether there are compositional differ-
ences between X-ray—emitting and non-emitting WDs that may not be detectable in
individual spectra, but might be visible in stacked spectra with high signal-to-noise

ratios. Creating composite spectra would have the additional benefit of allowing us to

are also cooler than 23,0000 K. We may have an excellent sample with which to test the minimum
temperature paradigm.
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divide individual spectra by the corresponding composite to highlight possible hidden
features such as weak magnetic lines.

We began by applying a model transformation to the observed SDSS (u — i) color
to obtain effective temperatures for the Kleinman et al. (2004) DAs (the model was
produced by P. Bergeron and provided by S. Kleinman 2004, private communication).
We then adapted the code developed by D. Vanden Berk to produce composite SDSS
quasars (Vanden Berk et al., 2001) in order to create our stacked spectra. The SDSS

spectra are flux normalized and re-binned in wavelength before being co—added.
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Figure 4.4: Composite DA WD spectra. The x axis is wavelength in A; the fluxes have
been normalized and offset for plotting purposes. About 1100 DR1 WDs were used to
make these composites.

The seven spectra presented in Figure 4.4 are composites from a sample of Klein-
man et al. (2004) 1129 DAs for which |(u — ©)obs — (¥ — )modet] < 0.02, where the model

temperature versus (u — %) relation is for log g = 8 DA WDs (the mean log g for the



107

Table 4.6: Number of DAs used to create the composite spectra in Figure 4.4.

Temperature range DAs

5000 — 10,000 K 278
10,000 — 12,500 K 299
12,500 — 15,000 K 253
15,000 — 20,000 K 211
20,000 — 30,000 K 52
30,000 — 45,000 K 28

> 45,000 K 8

DR1 DAs is 8.06; Kleinman et al., 2004). The temperature binning was done in 2500 or
5000 K increments at the cool end (5000 to 25,000 K), with larger bin sizes at the hotter
end (30,000 to 40,000 K and 45,000 K and above) where the Kleinman et al. (2004) DAs
are rarer. The number of DAs in each bin is given in Table 4.6.

As discussed above, the sample of X-ray—emitting DAs with SDSS spectra is both
small and hot relative to the overall number of confirmed SDSS DAs. 21 of the 25
confident SDSS DA/RASS identifications listed in Table 4.1 and Table 4.2 have tem-
peratures above 30,000 K, where our sample of “ordinary,” non—-X-ray—emitting DAs is
sparsest. As a result, the work presented below should be considered no more than a
preview of a possible application of the technique.

We bin the 10 X-ray-emitting DAs with temperatures between 30,000 and 45, 000
K and the 11 with temperatures > 45,000 K (a number greater than used to make the
corresponding composite in Figure 4.4) to create the composites shown in Figure 4.5.
We also plot the corresponding “ordinary” composites for reference. Only one of the X—
ray—-emitting DAs presented here was included in our original Kleinman et al. (2004)
sample, and we removed it to produce the “ordinary” 30,000 — 45,000 K DA composite.

The composite spectrum for X-ray—emitting DAs between 30,000 and 45,000 K

shows structure in its Hy and H¢ lines that appear to be due to noise in the indi-
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vidual spectra. A larger sample would allow us to verify whether these features are in

fact real.
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Figure 4.5: Composite spectra for both the X-ray and the “ordinary” (in green) DA
WDs. The spectra are plotted as in Figure 4.4.
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Chapter 5

CANDIDATE ISOLATED NEUTRON STARS
AND OTHER OPTICALLY BLANK X-RAY FIELDS IDENTIFIED
FROM THE ROSAT ALL-SKY AND SLOAN DIGITAL SKY SURVEYS

This chapter originally appeared in the Astronomical Journal (Agiieros et al., 2006,
© the American Astronomical Society). Its content is reproduced by permission of the
American Astronomical Society. It has been edited to conform to University of Washing-

ton’s requirements for doctoral theses.
5.1 Introduction

Neutron stars (NSs) were empirically confirmed first as radio pulsars (Hewish et al.,
1968), and these objects continue to dominate neutron star statistics. Currently there
are over 1500 pulsars cataloged, and the number grows steadily'. If one includes the
number of observed X-ray binary systems (e.g., Liu et al., 2000, 2001), most of which
are thought to contain a neutron star, ~ 2000 NSs are known. Yet a neutron star is
born in the Milky Way every 30 to 100 years, suggesting that the total population is
10® — 10° objects (or roughly 1% of the stars), depending on the Galaxy’s star formation
history (Neuhé#user & Triimper, 1999). Of these neutron stars, only the youngest will
be detected as radio pulsars, provided they are aligned favorably; after a few million
years, the pulsar will have radiated away its rotational and internal energy, and the
pulses will cease (Treves et al., 2000). As a result, the total number of pulsars in the
Milky Way is only a few times 10%; for every active pulsar there are ~ 1000 radio—quiet
neutron stars (Kulkarni & van Kerkwijk, 1998).

Ostriker et al. (1970) proposed that some of these defunct pulsars could reheat

by accreting matter from the surrounding interstellar medium (ISM) through Bondi-

'For an up—to—date catalog of known pulsars, see the Australia Telescope National Facility’s database:
http://www.atnf.csiro.au/research/pulsar/psrcat/.
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Hoyle accretion. The ISM would need to be relatively dense, the NS velocity relatively
low, and the NS magnetic field somewhat decayed to allow accreting matter to reach
the star’s surface (see also Treves & Colpi, 1991). If these conditions are met, the
neutron star might emit approximately as a blackbody with a peak in the extreme ul-
traviolet/soft X-ray energy band (Treves et al., 2000). For nearby NSs, this thermal
emission is observable, and it was thought that ROSAT would detect 102 to 10° re-
heated isolated neutron stars (INSs), thereby potentially providing strong constraints
on the neutron star equation of state (EOS) (see, e.g., Treves & Colpi, 1991; Blaes &
Madau, 1993).

Yet today the list of ROSAT-detected radio—quiet isolated neutron stars contains
just seven entries (for a recent review of the so—called Magnificent Seven, see Haberl,
2004). Recent work has suggested at least one plausible explanation for this discrep-
ancy between the predicted and observed numbers of INSs: Bondi-Hoyle accretion
may not be an adequate mechanism for reheating large numbers of INSs, in part be-
cause the conditions described above are unrealistic (particularly if one considers the
observed pulsar velocity distribution; e.g., Perna et al., 2003). Indeed, Popov et al.
(2000) have suggested instead that at the bright end of the X-ray log N-log S distribu-
tion, where most INS searches have taken place, the current number of known INSs is
compatible with population models for young, cooling neutron stars. This is consistent
with observations of the Magnificent Seven suggesting they may have magnetic fields
and velocities too large for Bondi-Hoyle accretion.

While the X-ray characteristics of the Magnificent Seven are broadly consistent
with thermal emission, the current sample has managed to be both too small and too
diverse in detail to definitively address the neutron star EOS. For example, while at
least five of the Magnificent Seven are X-ray pulsars (Zane et al., 2005), the upper
limit for the amplitude of X~ray pulsations in RX J1856.5—3754, the brightest known
INS, is < 1.3% (Burwitz et al., 2003). In addition, rather than bland blackbody spec-
tra, X—ray spectroscopy of four of the Seven has revealed unexpected broad absorption
features (Triimper, 2005). The nature and significance of each of these differences are

also topics of current debate (e.g., Burwitz et al., 2003; Triimper, 2005; Zane et al.,
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2005), although some have argued that all the observational evidence is consistent
with blackbody emission altered by the presence of a hydrogen atmosphere and mag-
netic fields of differing intensities (van Kerkwijk et al., 2004). Clearly, if we are to find
unifying patterns by which to disentangle the various possible roles of magnetic fields,
geometry, and atmospheres, obtaining a larger sample of INSs is required, especially
to make eventual progress toward understanding the fundamental questions of the
neutron star EOS.

In the past, a major obstacle to finding isolated neutron stars was the absence of a
large—area optical survey of equivalent sensitivity with which to identify the > 124, 000
X-ray sources cataloged in the ROSAT All-Sky Survey (RASS; Voges et al., 1999). The
availability of a suitable companion optical survey would allow the removal of “con-
taminants” to INS searches (i.e., the bulk of more common X-ray—emitting subclasses:
quasars, bright stars, clusters of galaxies, etc.), thereby narrowing the list of RASS
error circles in which to search for new INSs. Rutledge et al. (2003) attempted to iden-
tify candidate INSs from among the 19,000 RASS sources in the Bright Source Catalog
(BSC; Voges et al., 1999) by eliminating matches to the United States Naval Obser-
vatory (USNO) A2.0 optical catalog, but in the interim the Sloan Digital Sky Survey
(SDSS; York et al., 2000) has emerged as a more powerful companion optical survey
to RASS, especially for extending the search for new INSs to the RASS Faint Source
Catalog (FSC; Voges et al., 2000).

Here we describe a program to identify the best candidate isolated neutron stars
from correlations of the RASS Bright and Faint Source Catalogs and an early version
of the SDSS Data Release 4 (DR4; Adelman—-McCarthy et al., 2006). In §5.2 we outline
the properties of the two surveys. Section 5.3 describes the method used to select our
candidate fields, and in §5.4 we describe the properties of the individual candidate
fields identified by this program. Section 5.5 is a discussion of our results and includes
a comparison of our method with that of Rutledge et al. (2003), an earlier search for

INSs that also used the RASS.2 We conclude in §5.6.

Chieregato et al. (2005) have recently published four ROSAT—detected X-ray sources without optical
counterparts to the Guide Star Catalog faint limit of 19 — 23 mag (depending on the optical band and
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5.2 RASS and SDSS: A Match Made in the Heavens

The ROSAT All-Sky Survey (RASS) was the first of its kind in soft X rays (~ 0.1 —
2.4 keV). Using the Position Sensitive Proportional Counter, ROSAT imaged the sky
with exposures of lengths ranging from ~ 400 to ~ 40,000 s at the ecliptic equator
and poles, respectively, with 99.7% of the sky observed in exposures at least 50 s long
(Voges et al., 1999). The typical limiting sensitivity of the resulting RASS catalog is a
few times 10712 ergs em~2 s~1, and more than 124,000 sources are included when one

merges the RASS Bright and Faint Source Catalogs (Voges et al., 1999, 2000).

The Sloan Digital Sky Survey provides a uniform optical photometric and spectro-
scopic dataset with which to correlate the RASS catalog. SDSS is currently mapping
the sky at optical wavelengths using a dedicated 2.5—m telescope at Apache Point Ob-
servatory (APO), NM, and producing homogeneous five color «, g, r; i, z CCD images to
a depth of r ~ 22.5 (Fukugita et al., 1996; Gunn et al., 1998; Hogg et al., 2001; Smith
et al., 2002; Gunn et al., 2006), with associated photometry accurate to 0.02 magnitudes
(Ivezié et al., 2004). Astrometric accuracy is better than 0.1” per coordinate (rms) for
sources with r < 20.5 (Pier et al., 2003); morphological information drawn from SDSS
images allows for reliable star/galaxy separation to r ~ 21.5 (Lupton et al., 2002). The
survey’s coverage of ~ 10* deg? around the north Galactic cap and of ~ 200 deg? in the
southern Galactic hemisphere will result in photometric measurements for over 108
stars and a similar number of galaxies. SDSS will also obtain spectra for 10° galax-
ies and 10° quasars. DR4 includes photometric data for 6670 deg? of sky, and catalogs
1.8 x 102 objects (Adelman—McCarthy et al., 2006).

Largely by coincidence, the RASS and SDSS are extremely well-matched, making
SDSS an ideal tool for identifying large numbers of ROSAT sources (e.g., Anderson
et al., 2003). In particular, if one considers the known range of fx/fop: for common
X-ray emitters, even the faintest optical counterparts to typical RASS sources are

bright enough to be detected in the SDSS photometric survey and targeted for SDSS

the source position on the sky). These are High Resolution Imager observations, and the area of sky
covered and the X-ray error circles are both much smaller than for the RASS.
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spectroscopy. For the typical classes of X—ray emitters, including normal stars, normal
galaxies, quasars, and BL Lac objects, the highest X—ray—to—optical flux ratios have
log (fx/fopt) values of about —1, 0, +1, and +1.5, respectively (e.g., Stocke et al., 1991;
Zickgraf et al., 2003). Given the RASS flux limit quoted above, this implies that a
faint optical counterpart in each of these categories of typical X—ray counterparts will
have m < 15,17, 20, and 21, respectively, and therefore that SDSS will obtain accurate
photometry for the vast majority of RASS counterparts within its footprint. (We use
the Maccacaro et al. (1988) formula for calculations of log (fx/fopt), and substitute g
magnitudes for V3.) Furthermore, at these magnitudes the SDSS spectroscopic survey
will frequently obtain spectra with good signal-to~noise ratios for targeted suspected

counterparts, allowing for confident identifications.
5.3 Using SDSS to Identify Optically Blank RASS Fields

Isolated neutron stars, however, are not among the typical classes of X-ray emitters,
and have anomalously large log (fx/fopt) values compared to other X-ray sources due
to their optical faintness. Of the Magnificent Seven, four have suggested optical coun-
terparts with V between 25.8 and 28.7 and associated log (fx/fv) values between 4.4
and 5.0 (Kaplan et al., 2003). Clearly, an optical counterpart to an INS is unlikely to be
found using SDSS. Rather, we use SDSS to search for RASS fields devoid of plausible
optical counterparts to the SDSS m ~ 22 limit. Such error circles host X-ray sources
with such extreme fx/fop: ratios that an INS becomes a plausible identification.

We select the RASS BSC and FSC objects within the SDSS DR4 footprint by query-
ing the DR4 database for a complete list of SDSS field positions. SDSS fields are
2048 x 1489 pixels and consist of the frames in the five SDSS filters for the same part of
the sky. An SDSS field is in some sense the survey’s smallest imaging unit in that all
elements of a given field are processed by the photometric pipeline at one time. Match-
ing the RASS positions with those of the ~ 250,000 DR4 fields obtained, we find that
~ 22,700 RASS sources are within the area defined by the DR4 fields, which covers

3While ¢ and V are not equal, the color-dependent difference between the two is relatively small:
g =V +0.05 for a typical low-redshift quasar with (B — V) = 0.3 (Fukugita et al., 1996).
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6670 deg?. Since there are roughly three RASS sources per deg?, this number of X-ray
sources in the DR4 footprint is consistent with the number of RASS sources expected
from a simple surface density argument. Unlike other INS candidate searches (e.g.,
Rutledge et al., 2003), we do not apply a cut based on the measured X-ray hardness
ratios (HR1 and HR2; see Voges et al., 1999). The Magnificent Seven have HR1 ratios
that range from —1 to 0, not a strong constraint when the possible range is —1 to 1.
While the HR2 ratio may provide a better tool with which to identify soft X-ray emit-
ters, the uncertainties associated with the count rates for RASS faint X-ray sources
make this ratio practically undetermined for many of the sources we consider here.

To find the best isolated neutron star candidate fields, we search the 22, 700 RASS
sources for those with small X-ray positional uncertainties and select the ~ 9500 with
quoted positional errors (1o) smaller than 15” (the median RASS positional error for
this sample is 13”). In identifying counterparts to these sources in SDSS and other
catalogs (and thereby eliminating them), we generally restrict our search to objects
within a disk centered on the RASS position and having a radius of either 1’ or 4 times
the quoted X—ray positional error. Voges et al. (1999) provide one empirical distribution
of the positional offsets of optical counterparts relative to the quoted BSC positional
errors (see their Figure 8, compiled from correlations with the Tycho catalog Hog et al.,
1998). An examination of their most reliable matches indicates that this distribution
is not adequately described overall by a two—dimensional Gaussian, and that a one—
dimensional Gaussian may be a better fit at larger multiples of the quoted positional
error. We therefore estimate that among the 9500 sources we consider further, fewer
than 1 is expected to have a counterpart with a positional offset larger than 4 times
the ROSAT X-ray positional error. For simplicity, we describe this search radius in the
rest of the text as equal to 4 p.e. (for positional error), and the associated error circle as
the 4 p.e. error circle.

Previous work suggests that roughly one-third of the ~ 9500 sources with small po-
sitional errors are quasars and that another third are bright stars (e.g., Zickgrafet al.,
2003). We therefore match the 9500 sources with small positional errors to the most re-

cent SDSS catalog of > 4000 spectroscopically identified RASS quasars (e.g., Anderson
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et al., 2003). We take 1’ as our matching radius, meaning that any X-ray source with
a spectroscopically confirmed quasar within an error circle of radius > 4 p.e. is elimi-
nated from further consideration. Similarly, we use the SDSS DR4 photometric catalog
to eliminate RASS fields with a ¢ < 15 mag object* within 1’. When querying the DR4
database, we request “primary” photometry, which requires that objects have a single
entry in the database, that they not be deblended, and that they fall within the sur-
vey boundaries (for details, see Stoughton et al., 2002). The median count rate for our
sample of RASS sources with small positional errors is 0.034 counts s™1, so that g < 15
objects have log (fx/f;) £ —1.1 and are most probably the X-ray source counterparts
(see Table 1 in Stocke et al., 1991). Both of these cuts are extremely conservative, as
they are applied without specific fx/fop restrictions and extend to a large positional
offset for each source. Still, a confirmed quasar, or a bright star or galaxy, even with
an atypical fx/fop: and at a large positional offset, might be a more plausible identi-
fication than an INS. Roughly half of the 9500 originally selected sources with small

positional errors remain at the end of this stage of our algorithm.

To reduce the number further, we use the DR4 database to eliminate X-ray error
circles with any UV-excess objects. These are objects satisfying (u — g) < 0.6 and
u < 22.0, the SDSS 95% completeness limit (Stoughton et al., 2002); for the most part,
these are candidate (photometric) quasars (e.g., Richards et al., 2002), but this cut
also identifies and removes white dwarfs and cataclysmic variables/X-ray binaries.
Here we calculate the separation between each such object and the RASS source and
eliminate those fields in which a UV—excess object falls within the 4 p.e. error circle
of the associated X-ray source. Finally, because the occasional pathologically bland
quasar (a few percent of all cases; Vanden Berk et al., 2001) or a quasar in a selected
redshift range can have colors consistent with those of normal stars and cannot easily
be identified using SDSS—color cuts, we remove fields with objects that have quasar—

like X-ray—to—optical flux ratios (defined as log (fx/f,) < 1.2, the typical upper limit

*In querying the database for photometry, we request both PSF and model magnitudes, and make our
cuts based on both. Typically, PSF fitting provides better estimates of isolated star magnitudes, while
model fitting is best for galaxies (see Stoughton et al., 2002).
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for AGN given by Stocke et al., 1991) regardless of their optical colors. We eliminate all
fields in which such an object with g < 22.2 (the 95% completeness limit in that band)
is cataloged within 4 p.e. of the X-ray position. This removes about four—fifths of the
remaining sources, leaving us with 410 X-ray sources, about 4% of our initial sample of

RASS sources with small positional errors®.

We then require, when matching these sources to the SDSS catalog, that SDSS pri-
mary photometry within the 4 p.e. error circle be available, thereby eliminating false
positives—fields that would otherwise be defined as optically blank at this stage of
the algorithm only because there is no reliable SDSS photometry for them. Over 80%
of the 410 fields lack SDSS photometry; this is frequently because of the presence of
a saturating star or because the RASS source falls on the edge of the DR4 footprint.
The remaining 74 RASS sources are then fed to SIMBAD and the NASA/IPAC Extra-
galactic Database (NED), with which we eliminate 19. Roughly half of these sources
are cataloged clusters within 1/, while the rest include known BL Lac objects or bright
Two Micron All Sky Survey galaxies within the 4 p.e. error circle. We also eliminate
the 22 X-ray error circles with a cataloged NRAO Very Large Array (VLA) Sky Sur-
vey (NVSS; Condon et al., 1998) or VLA Faint Images of the Radio Sky at Twenty-
Centimeters (FIRST; Becker et al., 1995) source within 4 p.e. of the associated X-ray
position; this is intended especially to eliminate uncataloged BL Lac candidates. These

steps reduce the list of candidates to 33 RASS X-ray error circles.

Visual inspection of the SDSS images of these remaining 33 fields finds three cases
with an obvious candidate optical counterpart to the X—ray source that has somehow
evaded our algorithm. In two cases the most likely explanation is the absence of pri-
mary SDSS photometry for a bright star present in the center of one field and for a
galaxy in the center of the other. In the third case, SDSS spectroscopy of a g = 20.44
object reveals it to be an emission line galaxy and therefore a conceivable (though un-

usual) X-ray source. We eliminate these fields and are left with a list of 30 X~ray error

5This cut is sufficiently stringent that it may render some of the previous steps unnecessary. However,
it would not alone eliminate spectroscopically confirmed SDSS BL Lac objects, for example, a significant
fraction of which do have log (fx/f;) > 1.2 (Anderson et al., 2003).
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circles that are optically blank (devoid of plausible optical counterparts) at the SDSS

catalog level as defined by our algorithm.

Table 5.1: X-ray and optical data for the 11 candidate isolated neutron star fields. Note
that 1RXS J003413.7—-010134 and 013630.4+004226 are outside of the optical cluster
catalog footprint; 1RXS J130547.2+641252 was rejected as an INS (Rutledge et al.,
2003); and 1RXS J160518.8+324907 is a known INS.

RASS SDSS
Source name Count rate Detection Exp. g Min.
1RXS J lo 1072cps likelihood s mag log (fx/f,)
003413.7-010134 14”7 1.3+0.6 10 630 | 23.22 1.8
013630.4+004226 13”7 2.5+1.0 16 283 | 21.82 1.5
092310.14+275448 14”7 25+1.0 14 407 | 21.74 1.5
103415.1+435402 14" 1.7+ 0.8 9 502 | 21.66 1.3
110219.6+022836 15" 1.8+0.8 11 423 | 21.80 1.3
122344.6+373015 15" 28+1.1 11 490 | 21.97 1.6
130547.24+641252 9" 16.7+2.1 122 544 | 22.05 2.4
131400.14+072312 15”7 1.8+1.0 8 333 | 21.69 1.3
141428.5+601707 14”7 14+0.7 9 630 | 21.99 1.3
151855.1+355543 9" 3.3£+£09 32 518 | 21.04 1.3
160518.84-324907 7' 87.5+4.1 1140 566 | 22.80 34

Visual inspection of the ROSAT hard- and soft-band images of these 30 fields al-
lows us to eliminate nine RASS sources from further consideration. These eliminated
sources include possible artifacts and extended or very uncertain X-ray detections.
Among the RASS sources eliminated at this stage is 1RXS J115309.7+545636, one of
the sources observed with the Chandra X—Ray’ Observatory as a candidate INS by Rut-
ledge et al. (2003). Their observations confirmed that 1RXS J115309.74+545636 is in
fact not an INS (see §5.5.1).
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Figure 5.1: SDSS composite g,r,: images of our best INS candidate fields, with the
stretch being the same for all. North is up and east is to the left; the images are roughly
3.5' on a side. The 4 p.e. RASS error circle is shown in each image. The brightest SDSS

object within any of the error circles is g = 21.04 mag. Rutledge et al. (2003) rejected
1RXS J130547.2+641252 as an INS; 1RXS J160518.8+324907 is a known INS.
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Three additional RASS sources were set aside at this stage. Their quoted posi-
tional error of 6” appears to be an underestimate if one considers the count rates and

exposure lengths for these sources (see §5.7 for further discussion).

Some fraction of the remaining X-ray sources are likely to be associated with opti-
cally faint clusters of galaxies. We therefore correlate our remaining X-ray positions
with a catalog of optically selected SDSS clusters (J. Annis 2005, private communi-
cation). Two of our X-ray sources fall outside of the cluster catalog’s footprint, and
were therefore not subject to this cluster analysis; see Table 5.1. The optical clusters
are described in part by their ngy,; value, the number of red sequence galaxies brighter
than 0.5L, within a 1 Mpc radius volume, with SDSS colors providing a photometric
estimate of the redshifts. If there is a candidate cluster with ng, > 3 with an offset
< 1’ from the X-ray position, we eliminate the X-ray source as a candidate INS. This
removes two RASS sources from consideration and is consistent with our elimination,

earlier in our algorithm, of cases with a cataloged NED/SIMBAD cluster within 1'.

In identifying clusters at larger angular separations as likely RASS X-ray sources,
we take 5’ as our maximum separation for considering matches. There is a drop off in
the surface density of candidate SDSS optical clusters at that separation. We choose
ngql > 6 as our richness criterion for considering a cluster to be a likely X-ray source,
in these high positional offset cases, and thereby eliminate another five RASS error
circles as candidate clusters (see §5.7 for further discussion of these candidate clus-

ters).

These steps winnowed the original list of 9500 RASS sources in the SDSS DR4 foot-
print to 11 X—ray sources that are bereft of plausible counterparts and are therefore
candidate blank—field X—ray sources. It is highly reassuring that among these surviv-
ing blank—-field X-ray sources is the field containing RX J1605.3+3249, the only previ-
ously known isolated neutron star in the SDSS DR4 footprint. We argue in §5.5.1 that
our selection using SDSS is an order of magnitude more stringent than the Rutledge

et al. (2003) hallmark blank-field search for INSs.
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5.4 Properties of the Candidate Isolated Neutron Star Fields

The 11 fields discussed in this section are those that survived our winnowing algorithm
and are most likely to harbor either isolated neutron stars or some other rare and ex-
otic X-ray emitter such as radio—quiet BL Lac objects, obscured AGN, and dark clus-
ters. They include one previously rejected candidate INS field Rutledge et al. (2003),
as well as the field of RX J1605.3+3249, the only known INS falling within the SDSS
DR4 footprint. Figure 5.1 is a mosaic of the SDSS composite g, r, ¢ images of all 11 of
the candidate fields with the RASS 4 p.e. error circles superimposed. Table 5.1 includes
the ROSAT parameters for all of these RASS sources (counts s~1, detection likelihood,
and exposure time; see Voges et al., 1999), as well as the g magnitude of the brightest
SDSS object within the 4 p.e. RASS error circle and the corresponding minimum log
(fx/f,) for the optical counterpart to the X-ray source.

Below we provide additional information about several of these X-ray sources:
those that might have viable optical counterparts at unexpectedly large positional off-

sets, and those previously identified in the literature as INS candidates.

5.4.1 New candidate INS fields with other possible counterparts at large offsets

There are two candidate INS fields in which a known quasar or a bright star lies
just outside the 4 p.e. RASS error circle. Although we expect < 1 case of an optical
counterpart being found at such large positional offsets from our entire starting set
of 9500 RASS X-ray sources, in this section we call special cautionary attention to
these cases. Good angular resolution X-ray images would quickly resolve such issues

definitively. These two cases are:

¢ 1RXS J003413.7—010184 The 4 p.e. error circle just barely excludes a g = 16.75
star for which we obtained a spectrum with the APO 3.5-m telescope. This spec-
trum is of a G star with no emission; the star’s log (fx/f,) of —0.8 is unlikely for
G stars, whose (log) flux ratios are typically between —4.3 and —2.4 (see Table 1
of Stocke et al., 1991), suggesting that it is probably not the X—ray source.
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In addition, we note the presence of a spectroscopically confirmed quasar, SDSS
J003413.04-010026.8, 1.13' (4.8 times the quoted RASS positional error) from
this source. This g = 17.20 quasar has a log (fx/f,;) = —0.63, within the range for
AGN given by Stocke et al. (1991) of —1 to 1.2.

o 1RXS J141428.5+601707 SDSS J141431.67+601807.2, a spectroscopically con-
firmed quasar, lies 1.09’ (4.7 times the quoted RASS positional error) from this
source. This quasar has g = 17.82 mag, so that its log (fx/f;) = —0.36, within the
range for AGN given by Stocke et al. (1991).

5.4.2 Previously known candidate INS fields

There are two previously suggested candidate isolated neutron stars that are also in-
cluded among our 11 candidates. One is a confirmed INS, while the other was later

refuted as an INS;

¢ 1RXS J130547.2+641252 This source was proposed and rejected as a candidate
INS by Rutledge et al. (2003) because of its X-ray variability (see §5.5.1 for fur-

ther discussion).

¢ 1RXS J160518.8-+324907 This is the only previously known INS in the SDSS
DR4 footprint. It is very reassuring that this confirmed case is recovered by our

algorithm.
5.5 Discussion

5.5.1 Comparison with Previous Work

An important effort involving RASS/optical selection of candidate isolated neutron
stars was that of Rutledge et al. (2003). Rutledge et al. identified candidate INS fields
by correlating the RASS BSC with NVSS, the Infrared Astronomical Satellite Point
Source Catalog, and the USNO A2.0 optical catalog. They obtained a list of 32 candi-
date blank—field RASS sources (including two known INSs), from which they selected
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eight for Chandra observations. None of these eight sources was found to be an INS
(Rutledge et al., 2003).

The current availability of both SDSS spectroscopy and much deeper SDSS photo-
metric data—two or three magnitudes fainter than USNO A2.0—permits us to invoke
a much more stringent set of selection criteria. To compare our method with that of
Rutledge et al., we discuss the properties of the 11 candidate fields from their origi-
nal list of 32 that fall within the SDSS DR4 footprint, as well as those of the six of
their eight Chandra targets that do not fall within the SDSS footprint but for which
Rutledge et al. provide Digitized Sky Survey (DSS) data. Finally, we speculate on how
the remaining 15 Rutledge et al. blank—field candidates would fare at the hands of our
algorithm if they were in the SDSS DR4 footprint.

Rutledge et al. (2003) sources within SDSS DR4

Of the initial 32 Rutledge et al. candidate sources, 11 fall within the DR4 footprint, in-
cluding the previously known INS, RX J1605.3+3249. All 11 candidates were processed
by our winnowing algorithm in a double-blind, end-to—end fashion. Reassuringly, RX
J1605.3+3249 survives our algorithmic selection, and is among our 11 INS candidates.

Six of the remaining 10 Rutledge et al. sources, for which they identified “ordi-
nary” optical counterparts, were eliminated early on by our algorithm. The source
1RXS J091010.2+481317 disappears from our list of candidate sources when matched
against spectroscopically confirmed SDSS quasars. Three other Rutledge et al. sources
(1RXS J104710.3+633522, J130402.8+353316, and J130753.6+535137) are eliminated
because of the presence of candidate photometric SDSS quasars®. Finally, the sources
1RXS J123319.04+-090110 and J130034.2+054111 fail our test for sources with no ob-
jects brighter than g = 15 within 1'.

A seventh source, 1RXS J094432.84+-573544, is eliminated when our X-ray sources
are matched to the radio catalogs; it also has an SDSS spectrum, which suggests that

it is a BL Lac object. Two of the three other sources survive to the last stages of our

5This eliminates 1RXS J104710.3+633522 and J130753.6+535137, fields with known cataclysmic
variables, as these also have (u — g) < 0.6.
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algorithm before being eliminated. Visual inspection of the RASS images of 1RXS
115309.7+545636 reveals it to be an extended source, and it is therefore eliminated
as a candidate INS by our algorithm. 1RXS J145234.9+323536 is identified as a can-
didate optical cluster and is also removed from our list of INS candidates (see §5.7).
Rutledge et al. obtained Chandra observations of both of these sources and did not
detect an X-ray source in either case (Rutledge et al., 2003).

Only one of the remaining 10 Rutledge et al. sources, 1RXS J130547.2+641252,
survives to make our list of the best candidate isolated neutron stars. Rutledge et
al. rejected this source as a candidate based on its X—ray variability, measured by
comparing its RASS data to observations of the same source with the High Resolution
Imager on ROSAT (Rutledge et al., 2003). We queried the Chandra and XMM-Newton
lists of observed targets, as well as the various ROSAT catalogs, and found that none
of our other INS candidates has the complementary X-ray observations required for
the detection of such variable or transient sources. We therefore cannot discount the
possible contamination of our candidate list by such sources.

In summary, of the 11 Rutledge et al. candidate isolated neutron star fields that
fall within the DR4 footprint, only two survive our winnowing process. One is a likely
transient or variable source, previously discounted as an INS via Chandra observa-
tions by Rutledge et al. (2003). The other is a successful recovery of the one previously
confirmed INS in the SDSS DR4 imaging area, RX J1605.3+3249. Our algorithm is
therefore significantly more efficient at removing contaminants from our candidate list
while simultaneously recovering the only previously confirmed INS in the SDSS DR4
footprint.

Sources for which Rutledge et al. provide DSS data

Rutledge et al. also obtained Chandra observations for six sources that do not fall
within the SDSS DR4 footprint. However, Rutledge et al. do discuss the DSS photo-
metric properties of these six sources: for three they find fairly bright likely optical
counterparts, and for three they find counterparts near the DSS faint limit, all offset
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from the RASS source by less than three times the quoted positional error (Rutledge
et al., 2003). While these six sources are not in the DR4 footprint, it is almost certain
that if they had been, none would have made our list of candidate isolated neutron
stars.

In three of the X-ray error circles (1RXS J024528.9+262039, J132833.1-365425,
and J163910.7+565637), Rutledge et al. identify the likely optical counterparts as two
B ~ 15 late—type stars and a B = 17.8, z = 1.65 quasar, respectively (Rutledge et al.,
2003). With SDSS data, the magnitudes of the late-type stars and/or their fx/fo: ra-
tios (approximately —0.5 and —0.9, respectively, within the range for M stars in Stocke
et al., 1991) would very likely have caused our algorithm to eliminate these error cir-
cles, and perhaps even suggested the proper identifications. The low redshift quasar’s
colors might have been unusual, causing our algorithm to remove it from our candi-
date list early on; if not, its fx/fopt ratio (~ 0.2) likely would also have caused it to be
eliminated by our algorithm (an SDSS spectrum might also have been available).

In the cases of 1RXS J020317.5—243832, 145010.6+655944, and 122940.6+181645,
the three other sources, SDSS photometry would be available, as the SDSS faintness
limit is ~ 2—3 magnitudes deeper than the DSS limit, depending on the band. Rutledge
et al. suggest a faint cataclysmic variable (CV) and two faint AGNs as the optical
counterparts to these X—ray sources (Rutledge et al., 2003). The colors of the objects,
again along with their fx/f,: ratios, would probably have disqualified these fields
from further consideration.

Our algorithm therefore would probably have eliminated all six of these additional

sources observed with Chandra by Rutledge et al. (2003), none of which were confirmed
as an INS.

Other Rutledge et al. sources

There remain 15 sources that Rutledge et al. initially considered as candidate iso-
lated neutron stars, but ultimately rejected in post—algorithmic screening. The optical

content of these RASS error circles as described by Rutledge et al., or as directly de-
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termined from DSS images by us, is such as to virtually guarantee that 14 would be
rejected by our algorithm if they fell within the SDSS footprint. These fields include
12 with bright stars, a CV in the globular cluster M3, and a known Seyfert 1 galaxy.
The 15" source is another known INS, RX J1308.6+2127.

In summary, these comparisons verify that our algorithm, relying especially on the
greater optical photometric depth of SDSS, successfully recovers the only previously
known INS in our survey area, and also rejects an order of magnitude more contami-

nating RASS error circles than the Rutledge et al. search for isolated neutron stars.

5.5.2 Comparison With Galactic INS Population Models

The current dearth of candidate isolated neutron stars beyond the Magnificent Seven
has led to several efforts to rethink the expected population of INSs within the Galaxy.
In particular, Popov et al. (2000) compared the space density of accreting (i.e., reheated
and old) isolated neutron stars to that of cooling (i.e., young) neutron stars, using
a number of assumptions about, for example, the Galactic neutron star birth rate,
the large—scale distribution of gas in the interstellar medium, the cooling time for a
newborn neutron star.

Popov et al. (2000) find that at the bright end (ROSAT count rates > 0.1 counts s,
Lx ~ 10% — 10% ergs s~!), the predicted population of INSs is essentially just the
small number of young neutron stars seen at an early enough evolutionary stage—the
first 10% years of their lives—to still be quite hot. They also find that these coolers
are typically three orders of magnitude brighter than accreting, older isolated neutron
stars. However, the total number of predicted accretors is about two orders of magni-
tude larger than that of coolers, so that at lower count rates/X-ray fluxes, the number
of accretors is comparable to that of coolers. Indeed, Popov et al. predict that at fluxes
below ~ 10713 ergs cm™2 s~! the number of accretors exceeds the number of coolers.
The overall Popov et al. prediction for the Galactic INS population is consistent with
current observations, if one assumes that the Magnificent Seven are indeed all young,

bright coolers. Interestingly, it also suggests that at the fainter flux limits of the RASS
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Faint Source Catalog, there are a significant number of as yet undetected isolated neu-

tron stars.

Of the ~ 9500 RASS X-ray sources with small positional errors from which we
selected our candidate INSs, 80% have count rates > 0.017 counts s~!, and we adopt
this value as a rough lower limit to our search sensitivity. This corresponds to the peak
in the cumulative distribution of count rates for our sample, and is also consistent with
the value of the flux for which Shen et al. (2006) quote a 50% completeness level for
RASS detections in the SDSS Data Release 1 area. Popov et al. (2000) predict that the
total number of isolated neutron stars with count rates greater than this limit should
be 3 — 10 steradian—!, or 40 — 125 over the entire sky. Based on their models, a naive
prediction is that the SDSS DR4 area contains 5 — 20 isolated neutron stars, a range
consistent with the number of new candidates we identify here. We note, however, that
our list is not complete: it is very likely that good INS candidates were lost because
of their chance proximity to unrelated SDSS objects, which caused our algorithm to

eliminate those RASS error circles from consideration.

5.6 Conclusion

In an effort to expand the sample of known isolated neutron stars, we have developed a
selection algorithm based on a cross—correlation of the RASS and SDSS data to identify
X-ray error circles devoid of plausible optical counterparts. We use SDSS spectroscopy
and, especially, deep SDSS DR4 photometric data to quantitatively characterize the
11 RASS fields that survive our winnowing algorithm as optically blank to the SDSS
g ~ 22 mag faint limit. Our search is an order of magnitude more selective than
similar previous searches for optically blank RASS error circles; in selecting our INS
candidates, we have excluded 99.9% of the RASS error circles in our initial sample.
The 11 RASS fields we identify as potentially hosting an INS include the only con-
firmed INS in the DR4 footprint, RX J1605.3+3249, along with a source previously
considered as an INS candidate and rejected on the basis of Chandra observations,

1RXS J130547.2-+641252 Rutledge et al. (2003). The remaining nine new candidates
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may host INSs or other similarly exotic X—ray sources, such as unusual X-ray binaries,
high-redshift quasars, dark clusters of galaxies, type 2 quasars, or extreme BL Lac ob-
jects (e.g., Chieregato et al., 2005).

We note that the number of candidates we find is consistent with the predictions
from recent INS population models for the number expected in the SDSS DR4 foot-
print. Planned Chandra follow—up observations of these candidate fields will help
confirm whether they contain isolated neutron stars or some alternate exotic X-ray
emitters. At the minimum, our sample may help increase the diversity of neutron

stars available for study.

5.7 Appendix: Additional Interesting Fields

In addition to the candidate fields listed in Table 5.1 and discussed in §5.4, we present a
number of interesting X—ray fields identified in the process of developing the algorithm
described above. These fields can be divided into two groups. The first seven are can-
didate faint optical clusters that failed the last step in our algorithm (see Figure 5.2).
The other group is of six fields that barely fail the final version of the algorithm (all
but one were correlated with the cluster catalog without being eliminated, however;
see Figure 5.3). While this is not a complete list of either potential new RASS/SDSS
clusters, or of interesting fields not quite good enough to make our final list, it does
provide a sense of the properties of X-ray fields considered borderline optically blank
by our algorithm.

Table 5.2 includes the main ROSAT parameters for these RASS sources, and the g
magnitude of the brightest SDSS object within the 4 p.e. RASS error circle and the cor-
responding minimum log (fx/f,) for the optical counterpart. Below we give additional

information about a number of these fields.

5.7.1 Candidate clusters with other possible optical counterparts

In this section we list candidate clusters identified by our program in which another

plausible optical counterpart to the X~ray source is also present (see §5.3 for a discus-
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Figure 5.2: SDSS composite g, r,i images of candidate fields that did not survive the
cluster—detecting stage of our algorithm. The orientation and scale are the same as
in Fig. 5.1. The brightest object in any of the 4 p.e. error circles is g = 19.35 mag; for
most fields the brightest object is g > 21.0. Rutledge et al. (2003) identified 1RXS
J145234.9+323536 as a candidate INS, but no X-ray source was detected by their
follow—up Chandra observations.

sion of the cluster identification stage of our algorithm).

¢ 1RXS J102659.6+364039 Two potential optical counterparts to this X-ray source
are cataloged by Zickgraf et al. (2003). However, both are too faint (B > 20) to be
unambiguously identified by Zickgraf et al. as the X-ray source. To our knowl-
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edge no spectrum of either of these potential counterparts has been taken.

e 1RXS J130723.7+095801 Three optical objects within 1’ of this X-ray source are
cataloged by Zickgraf et al. (2003). Again, however, these are too faint (B > 19)
to be unambiguously identified by Zickgraf et al. as the X—ray source; no spectra

of these potential counterparts exist to our knowledge.

e 1RXS J155705.0+383509 This is a source with a bright (¢ = 15.10) star near
the edge of its 4 p.e. error circle. We obtained a spectrum for this star with the
APO 3.5-m telescope; it appears to be a late G/early K star with no emission. G/K
stars typically have (log) flux ratios between —4.3 and —1.5 (Stocke et al., 1991),
while this star has log (fx/f,;) = —1.11, and is therefore unlikely to be the X-ray

source.

5.7.2 Other interesting fields

Three of these six fields meet all of our selection criteria (1RXS J105648.6+413833,
1RXS 162526.9+455750, and 1RXS J205334.0—-063617). However, the RASS images
of these fields, along with their count rates and exposure times, suggest that their cat-
aloged positional error of 6” is an underestimate. They cannot therefore be considered
among our best INS candidates. The other three fields were identified in preliminary
work as possibly hosting interesting X—ray sources. Below we provide additional in-
formation about one of the 6” fields, and we describe why the three “early” fields were

eliminated but remain interesting.

e 1RXS J105648.6+413833 A known g = 19.86 quasar, QORG J105651.3+413809,
is 39” (6.4 times the quoted RASS positional error) from the X-ray position (Flesch
& Hardcastle, 2004); it is also the radio source FIRST J105651.2+413809. While
this quasar has log (fx/f,;) = 0.53, within the range for AGN (Stocke et al., 1991),

such a large positional offset relative to the quoted positional error means that
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this quasar is unlikely to be a RASS source, unless the quoted X-ray positional

error is underestimated.

A Galaxy Evolution Explorer (Martin et al., 2005; Morrissey et al., 2005) source

with a near—ultraviolet magnitude of 21.85 £ 0.29 is positionally coincident (1”)

with a ¢ = 22.67 SDSS source within the 4 p.e. error circle. The nature of this
object, SDSS J105649.58+413837, is difficult to determine from its SDSS pho-

Table 5.2: X-ray and optical data for seven cluster candidates. Six other interest-
ing fields are listed below the horizontal line. 1RXS J145234.94323536 was previ-
ously identified as a candidate INS, but no source was detected by Chandra (Rut-
ledge et al., 2003); 1RXS J162526.9+455750, 162526.9+455750, and 205334.0—063617
have cataloged X-ray positional errors that appear to be underestimated; and 1RXS
J205334.0—-063617 is outside of the optical cluster catalog footprint.

RASS SDSS
Source name Count rate Detection Exp. g Min.
1RXS J lo  107%2cps likelihood s | mag log (fx/f,)
102659.6+364039 12" 6.1+1.6 26 371 | 2043 1.3
105352.5+330255 13" 3.0%1.1 15 384 | 21.05 1.3
115247.0+093118 14" 28+1.1 13 433 | 21.51 1.4
120844.3+055839 15" 2.9+12 11 410 | 21.50 14
130723.7+095801 13" 14.2+26 47 303 | 19.35 1.3
145234.9+323536 8’ 8.0+1.3 74 614 | 21.52 1.9
155705.0+383509 15”7 3.0+1.4 9 272 | 21.12 1.3
105648.6+413833 6" 1.6+0.7 7 413 | 22.40 1.5
140654.5+525316 12" 1.3+0.6 10 617 | 22.50 1.5
141944.5+113222 6" 22411 7 288 | 24.70 2.6
142423.3-020201 6”7 2.6+1.1 8 322 | 22.08 1.6
162526.9+455750 6" 1.44£0.6 7 572 | 22.26 14
205334.0-063617 6"  2.1+0.8 9 434 | 23.16 1.9
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Figure 5.3: SDSS composite g,7,7 images of six fields that did not survive our final
version of the algorithm but may host interesting X—ray emitters. The orientation and
scale are the same as in the previous figures. The brightest object in any of the 4 p.e.
error circles is g = 22.08 mag.

tometry because of its faintness (u = 23.9, g = 22.7) and resulting uncertainties

in its optical colors.

¢ 1RXS J140654.5+525316 This field was eliminated because of a g = 21.70, log
(fx/fs) = 1.16 object offset from the RASS source by between three and four
times the quoted positional error. However, this object’s photometry is suspect

and its colors are inconsistent ((u — g) = 3.5 £ 2.5) with that of a typical AGN.

o 1RXS J141944.5+113222 This field was eliminated when the X-ray images of
our fields were examined: it cannot be completely ruled out that this X-ray source
and its neighbor, the bright star 1RXS J141949.0+ 113619, are actually the same
source. While it meets all of our algorithm’s other criteria, we therefore include

it in this list rather than among our INS candidates.
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o 1RXS J142423.3—020201 This field was eliminated by our algorithm because of
the presence of a g = 20.65 object with log (fx/fs) = 1.05 about 4 p.e. from the
RASS position. We obtained several spectra of this object with the APO 3.5-m
telescope. These spectra indicate that the object is most likely an ordinary G star
with no signs of emission, and that it is therefore unlikely to be the X-ray source.
The next brightest SDSS object within the 4 p.e. error circle is g = 22.08, so the
counterpart to the X—ray source would then have log (fx/f,) > 1.6.
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Chapter 6
CONCLUSION

The work presented in this thesis is part of a program to produce a complete sample
of ROSAT All-Sky Survey (RASS; Voges et al., 1999) X-ray source identifications from
correlations with the Sloan Digital Sky Survey (SDSS; York et al., 2000). Until 2000,
our ability to identify the roughly 124,000 sources in the Bright and Faint Source Cat-
alogs (BSC and FSC; Voges et al., 1999, 2000) was significantly limited by the absence
of large—scale optical photometric and especially spectroscopic surveys with which to
correlate the RASS data. As a result, the nature of fewer than 10% of RASS sources
is known (Mickaelian et al., 2006). With SDSS, however, we now have such a survey:
the upcoming Data Release Five contains photometric data for over 2 x 10® objects,
with over 108 having been targeted for spectroscopy, and covers an area of 8000 deg?
(Adelman-McCarthy et al., 2006, in preparation). SDSS is therefore an excellent tool
for identifying large numbers of ROSAT sources (e.g., X~-ray—emitting active galactic
nuclei; Anderson et al., 2003). In this Chapter I review the main results from my work
using SDSS to identify Galactic stellar X-ray emitters, and also discuss a few possible

future research directions based on these results.

Normal stars

About a third of the RASS counterparts should be Galactic stars (e.g., Bade et al.,
1998; Gioia et al., 2003; Zickgraf et al., 2003), most of which are coronally emitting
X—ray sources brighter in the optical than the m ~ 15 mag SDSS spectroscopic limit.
While these objects do have SDSS photometric data, the survey cannot directly identify
them as X-ray source counterparts, as this requires knowledge of the stars’ spectral
type. In Chapter 2, I described a method based on correlations of the RASS BSC and
FSC, the SDSS Data Release 1 (DR1; Abazajian et al., 2003), the Two Micron All Sky
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Survey (2MASS; Skrutskie et al., 2006), and public databases (particularly SIMBAD),
which produced a sample of roughly 2000 candidate stellar X—ray emitters. One-fifth
of these stars had previously cataloged spectral types, and I used these to determine
empirical log (fx/fopt) ranges for each spectral class.

Using the Dual Imaging Spectrograph on the 3.5-m telescope at the Apache Point
Observatory, NM, I then obtained spectra for objects in roughly 900 of the remaining
RASS fields. The vast majority of these are fields in which the separation between
the bright SDSS star and the RASS source was < 30”, increasing the likelihood that
the star is the X-ray emitter. Flux ratios were then calculated and compared to the
empirical ranges for the appropriate spectral class.

In total, this program yielded 834 stellar identifications, of which 492 were previ-
ously uncataloged stars (i.e., lacking a spectral type). Of those, 167 are F stars (35 are
new), 236 are G stars (146), 214 are K stars (140), and 187 are M stars (171). In addition,
I recovered six known X-ray-emitting white dwarfs, and four known X-ray—emitting
cataclysmic variables.

Overall, I was able to identify the spectroscopic target as the RASS X-ray source
roughly 66% of the time. For a significant number of RASS fields, the X-ray counter-
part is therefore still unknown. With the SDSS spectroscopic survey having grown
significantly since I produced my list of targets!, a reanalysis of these fields may well
allow me to make the identifications (e.g., if there is a previously unknown quasar in
the field). Once I have completed the DR1 analysis, I hope to use the assembled sample
to calibrate an algorithm, based only on available SDSS photometric and spectroscopic
data, with which to identify likely RASS counterparts in the entire SDSS footprint.
The SDSS area has grown by a factor of four since DR1, and a program to obtain
individual spectra for all of the candidate stellar counterparts is probably unrealistic.

The X-ray—emitting M star sample will be studied in some detail in a forthcoming
paper (Hilton et al., 2006, in preparation). Some of these stars were observed while

flaring, and comparisons between the merely active and the flaring M stars will al-

'DR1 objects with interesting photometric characteristics (e.g., UV excess) may not have been targeted
for spectroscopy until later in the survey.



136

low us to explore the properties of the latter. I also plan to obtain high-resolution

spectroscopy of the possible exotic binary system I identified.

Cataclysmic variables

While most of the stellar X—ray sources are coronally emitting F to M stars, a small
fraction are more exotic. Some are cataclysmic variables (CVs), white dwarf/late-type
star binaries for which the typical optical magnitude is within the SDSS spectroscopic
target range. The survey data alone are therefore sufficient for identifying X-ray—
emitting CVs, and in Chapter 3, I compiled the published data for 40 spectroscopically
identified CVs in the SDSS footprint that are RASS sources (Szkody et al., 2002, 2003,
2004a, 2005, 2006). I also discussed eight other emission-line systems not currently
published in the SDSS CV catalog that are probable RASS sources. Two of these are
previously known CVs, and three others are SDSS discoveries.

I used the Patterson & Raymond (1985a) relationship between log (fx/fop:) and
the equivalent width of the H3 emission line to examine the likelihood that several of
the currently uncategorized CVs are magnetic systems. Follow—up observations will
be required to test my predictions, and the continuing spectroscopic identification of
new SDSS CVs will expand the sample for which these predictions can be made and
tested.

White dwarfs

White dwarfs (WDs) are another exotic stellar source of X-ray emission for which
SDSS spectroscopy is frequently available. In Chapter 4, I presented the results of
correlations of the most recent SDSS WD catalog, that of Eisenstein et al. (2006), and
of the RASS. The total number of X-ray—emitting WDs identified in this manner is
small: 25 DA WDs, of which 10 are SDSS discoveries (another 4, although known DAs,
were not previously known to be X-ray sources), with another 10 being less certain

associations.

A handful of non—-DAs were also identified as RASS sources: three DA/M star bina-
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ries, one PG 1159 star (a pre-WD), and most interestingly, two DB WDs, which have
helium-rich (rather than hydrogen—rich) atmospheres, and are relatively cool.

These two DBs, along with three of the DAs, form a small sample of cooler—~than—
expected X—ray—emitting WDs. X—ray emission is thought to be visible only from DAs
hotter than 23,0000 K (e.g., Jordan et al., 1994) and only in even hotter non-DAs (e.g.,
Motch et al., 1993; Marsh et al., 1997b). Further work, including possibly pointed
X-ray observations, is clearly required to confirm my findings.

New candidate WDs have been identified in the SDSS spectroscopy in the time
since the production of the Eisenstein et al. (2006) catalog, and I identified nine X-ray
emitters among these. Two were previously known X-ray—emitting DAs, while the
seven others are SDSS discoveries. These new WDs appear to be DAs, but confirming
their nature requires fitting the SDSS spectra; I will then be able to compare their
properties to those of the other SDSS X~ray—emitting DAs.

Isolated neutron stars

Finally, I used RASS/SDSS correlations to search for new candidate isolated neutron
stars (INSs)—probably the most elusive stellar X-ray sources in the RASS; only seven
INSs are currently known. In Chapter 5, I describe the algorithm I developed to iden-
tify blank fields RASS sources, where the absence of a likely optical counterpart to the
SDSS m ~ 22 mag limit implies that the source is a good candidate INS (INSs typically
have m > 25).

I currently have a Chandra X-ray Observatory program to obtain short exposures
of 13 of the candidate INS fields found in this manner. These data should provide
pinpoint positions for the X-ray sources cataloged in the RASS. I will then verify that
the source is not in fact positionally coincident with any SDSS object. If the small
Chandra error circle is optically blank, I will follow up with deep optical observations
to find the counterpart and with X-ray spectroscopy to characterize the INS.

If instead the source is coincident with an SDSS object, optical spectroscopy will be

used to determine the nature of the source—which is likely to be exotic, since these
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fields do not include any potential X-ray counterparts with typical fx/fop: ratios (for
example, the source might be an unusual X-ray binary or a high-redshift quasar;

Chieregato et al., 2005).
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VITA

Marcel Agiieros’s journey from the Manhattan tenements of his youth to the upper
echelons of the astrophysical community would not provide a truer embodiment of
the American Dream were it penned by Horatio Alger himself. To see Marcel lost in
thought, the brass buttons on his official (and tax—-exempt) work uniform glittering as
he rocks rhythmically to Prince Paul’s masterful beats, is to see to see an astronomer
at the peak of his career, decoding the secrets of the universe. Indeed, Marcel shows no
signs of the self-doubt or crises of confidence that afflict so many other middle-aged

intellectuals.

Marcel’s keen mind is the cornerstone of his academic career, finding its purest ex-
pression in his professional dedication to unraveling the mysteries of the neutron star
equation of state. His curiosity was evident at the earliest ages; in an attempt to feed
an insatiable literary appetite, young Marcel surreptitiously obtained subscriptions to
the leading literary journals of the day, a decision only revealed to his mother months
later, when the invoices came due! Marcel’s promise as a scholar was clearly visible by
the time he reached high school, where his teachers often remarked that he seemed to
be nearly a full year ahead of many of his classmates. All the more impressive, Marcel
maintained this laudable academic standing while remaining engaged in an impres-
sive array of extra—curricular activities, most notably serving as an active member of
the Parisian Reggae Appreciation Club, the Brussels Late Night Power Walkers and

the all-volunteer Parking Meter Removal Team.

These academic achievements, however, have not come at the cost of a rich and tex-
tured life. Marcel’s astronomical career was even briefly put on hold when, lured by the
promise of brisk morning runs, invigorating chin—up competitions, and complimentary
blue velvet track suits, Marcel succumbed to the siren call of a tour in the French mil-

itary. This penchant for physical exertion underlies Marcel’s passion for sport; Marcel
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channels his athletic energies onto the basketball court and has been described as pos-
sessing the grace of Shaquille O’Neal, Bruce Bowen’s sense of fair play, and the looks of
Sam Cassell. (It should be noted this last point is a matter of some dispute, as others
claim Marcel and Rick Fox were likely separated at birth.). Marcel is also a dedicated
athletic supporter; not only is he a devoted fan of his hometown New York Yankees
and New York Knickerbockers, but even takes the time to provide encouragement and
support to schoolchildren in the local kickball leagues.

Aside from sport, Marcel’s other passion is travel; particularly fond memories in-
clude a charming trek and bus ride to Kathmandu, a refreshing stroll up Fuji—-san and
losing track of time on the beaches of the Philippines. Marcel’s journeys have, however,
given him firsthand experience of the inability of the rest of the world to measure up
to the standards of his native New York, where he will be moving this fall to begin his
postdoctoral work. Marcel hopes to continue his long—standing charitable support of
the New York Philharmonic, and resume his impromptu tours of the Columbia cam-
pus and its environs; one of his Columbia classmates remembers fondly how Marcel
secured her a chauffeured ride cross-town after personally escorting her to a local
produce vendor.

But the joy that will be provided by the Prodigal Astronomer’s return to New York
will be the opportunities to create warm new memories with friends and family. Sep-
arated from her beloved dog Winnie, Marcel’s beautiful and charming partner Melissa
will undoubtedly enjoy the scads of dog walkers that frequent Central Park, where
Marcel’s earliest experience of the warmth and joy of canine companions took place.
Marcel will also be able to spend more time with his father and sister, who both still
live in New York; once again Marcel will be able to bring the family together around
the warmth of a fire in the living room.

(As told to Kervin R. Covel.)



