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ABSTRACT

We present a detailed analysis of 101 white dwarf-main secgibinaries (WDMS) from the
Sloan Digital Sky Survey (SDSS) for which multiple SDSS gpeare available. We detect
significant radial velocity variations in 18 WDMS, identifig them as post common envelope
binaries (PCEBSs) or strong PCEB candidates. Strict upptdito the orbital periods are cal-
culated, ranging from 0.43 to 7880d. Given the sparse teatgampling and relatively low
spectral resolution of the SDSS spectra, our results imBlZ&B fraction of>15 % among
the WDMS in the SDSS data base. Using a spectral decompufiting technique we de-
termined the white dwarf effective temperatures and serfgavities, masses, and secondary
star spectral types for all WDMS in our sample. Two independéstance estimates are ob-
tained from the flux scaling factors between the WDMS speatnd the white dwarf models
and main sequence star templates, respectively. Approgiynane third of the systems in our
sample show a significant discrepancy between the two distestimates. In the majority of
discrepant cases, the distance estimate based on the aegcetatt is too large. A possible ex-
planation for this behaviour is that the secondary startsplegpes that we determined from
the SDSS spectra are systematically too early by 1-2 spetdsses. This behaviour could
be explained by stellar activity, if covering a significaradtion of the star by cool dark spots
will raise the temperature of the inter-spot regions. Fynale discuss the selection effects of
the WDMS sample provided by the SDSS project.
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1 INTRODUCTION

A large fraction of all stars in the sky are part of binary orltiple
systems (Iben 1991). If the initial separation of the magtence
binary is small enough, the more massive star will engulas-
panion while evolving into a red giant, and the system ergesm-
mon envelope (CE, e.g. Livio & Soker 1988; Iben & Livio 1993).
Friction within the CE leads to a rapid decrease of the bisagy-
aration and orbital period, and the energy and angular mamen
extracted from the binary orbit eventually ejects the CBdacts

of CE evolution include a wide range of important astronahic
objects, such as e.g. high- and low-mass X-ray binaried)ldaie-
generate white dwarf and neutron star binaries, catactysari-
ables and super-soft X-ray sources — with some of those tshjec
evolving at later stages into type la supernova and shorngam
ray bursts. While the concept of CE evolution is simple, étadls
are poorly understood, and are typically described by panased
models (Paczynski 1976; Nelemans et al. 2000; Nelemans & Tou
2005). Consequently, population models of all types of Cétlpr
ucts are subject to substantial uncertainties.
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Real progress in our understanding of close binary evaiutio
is most likely to arise from the analysis of post common eopel
binaries (PCEBSs) that are both numerous and well-undetstoo
terms of their stellar components — such as PCEBs contaiing
white dwarf and a main sequence $tahile detailed population
models are already available, (e.g. Willems & Kolb 2004gréh
is a clear lack of observational constraints. Schreiber @sicke
(2003) showed that the sample of well-studied PCEBs is nigt on
small, but being drawn mainly from “blue” quasar surveys #lso
heavily biased towards young systems with low-mass secgnda
stars — clearly not representative of the intrinsic PCEButeton.

The Sloan Digital Sky Survey (SDSS) is currently providing
the possibility of dramatically improving the observatibside of
PCEB studies, as it has already identified close to 1000 WDMS
(see Fig. 1) with hundreds more to follow in future data re¢=a

1 Throughout this paper, we will use the term WDMS to refer te tb-
tal class of white dwarf plus main sequence binaries, andB2Q& those
WDMS that underwent a CE phase.
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Figure 1. The spectrum of SDSS J005208.42-005134.6, a typical WDMS in
the SDSS data base. The white dwarf is clearly visible in the thile the

low mass companion dominates the red part of the spectruidefvare

the Ha emission line, and the NaA 8183.27,8194.81 absorption doublet,
originating on the companion star. These features are slowre small
insets on a velocity scale, and are used to measure the vadtgities of
101 WDMS for which multiple SDSS spectra exist in DR5. See &lg. 2.

(Raymond et al. 2003; Silvestri et al. 2006; Eisenstein .€2@06;
Southworth et al. 2007). Within SEGUE, a dedicated program t
identify WDMS containing cold white dwarfs is successfuliy-
derway (Schreiber et al. 2007).

Identifying all PCEBs among the SDSS WDMS, and deter-
mining their binary parameters is a significant observatiahal-
lenge. Here, we make use of SDSS spectroscopic repeat abserv
tions to identify 18 PCEBs and PCEB candidates from radilalose
ity variations, which are excellent systems for in-depttofe-up
studies. The structure of the paper is as follows: we desailr
WDMS sample and the methods used to determine radial veloci-
ties in Sect. 2. In Sect. 3 we determine the stellar paramefahe
WDMS in our sample. In Sect. 4, we discuss the fraction of PEEB
found, the distribution of stellar parameters, compareresults to
those of Raymond et al. (2003) and Silvestri et al. (200&cuks
the incidence of stellar activity on the secondary stars DM,
and outline the selection effects of SDSS regarding WDM%$ wit
different types of stellar components.

2 IDENTIFYING PCEBSIN SDSS
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Figure 2. Fits to the NaAA 8183.27,8194.81 absorption doublet (right pan-
els) and the ¢ emission line (left panels) in the four SDSS spectra of the
WDMS SDSS J024642.55+004137.2. The SDSS spectroscopitifieies
(MJD, Plate-ID and Fibre-ID) are given in the top left corredrthe Hx
panels. Nahas been fitted with a double-Gaussian of fixed separatia plu
a parabola, i with a Gaussian plus a parabola. In this system, radial ve-
locity variations are already obvious to the eye. The topdtspectra are
taken in a single night, the bottom one is combined from dakart on
three nights, MJD =52970, 52972, and 52973. The widths oGidwessians
fitting the Na doublet are (top to bottom) 44 5.8A, 5.3A, and 6.0A.

observed more than orethe detection of radial velocity varia-
tions between different SDSS spectra of a given WDMS will un-
ambiguously identify such a system as a PCEB, or a strong PCEB
candidate. Throughout this paper, we define a PCEB as a WDMS
with an upper limit to its orbital periogk 300d, a PCEB candi-
date as a WDMS with periods 300 Py < 1500d, following

Fig. 10 from Willems & Kolb (2004), which shows the period and

SDSS operates a custom-built 2.5m telescope at Apache Pointmass distribution of the present-day WDMS population atstaet

Observatory, New Mexico, to obtaingriz imaging with a 120-
megapixel camera coveringSided at once. Based on colours and
morphology, objects are then flagged for spectroscopiovelip
using a fibre-fed spectrograph. Each “spectral plate” sefdys-
ically to a metal plate with holes drilled at the positions6zf0
spectroscopic plus calibration targets, coveringded. Techni-
cal details on SDSS are given by York et al. (2000) and Staught
etal. (2002). The main aim of SDSS is the identification obgeds
(e.g. Strauss et al. 2002) and quasars (e.g. Adelman-MuoCetral.
2006), with a small number of fibres set aside for other ptejexg.
finding cataclysmic variables and WDMS (Raymond et al. 2003)
A feature of SDSS hitherto unexplored in the study of WDMS
is the fact that- 10 per cent of the spectroscopic SDSS objects are

of the WDMS binary phase. WDMS with periog 1500d have
too large binary separations to undergo a CE phase, and memai
wide systems. While these definitions depend to some extand o
the detailed configuration of the progenitor main sequericary
the population model of Willems & Kolb (2004) predicts a mth
clean dichotomy.

We have searched the DR5 spectroscopic data base for mul-
tiple exposures of all the WDMS listed by Silvestri et al. (B)

2 SDSS occasionally re-observes entire spectral platesevatigargets on
that plate get an additional spectrum, or has plates whiehnlagy to some
extent, so that a small subset of targets on each plate isvelosagain.

© 2007 RAS, MNRASD00, 1-15



and Eisenstein et al. (2006), as well as a set of WDMS inde-

pendently found in the SDSS data by our team. This search re-

sulted in a sample of 130 WDMS with two to seven SDSS spec-

Post Common Envelope Binaries from SDSS

nition, or end up with a very broaddine. This may in fact explain
the absence / weakness of theidaublet in a number of WDMS
where a strong Niadoublet would be expected on the basis of the

tra. Among those WDMS, 101 systems have a clearly pronounced spectral type of the companion. In most cases, however,die ¢

Nai A\ 8183.27,8194.81 absorption doublet and/or émission in
their SDSS spectfaand were subjected to radial velocity measure-
ments using one or both spectral features. Theddaiblet was fit-
ted with a second order polynomial and double-Gaussiarplioe
file of fixed separation. Free parameters were the amplitndethe
width of each Gaussian and the velocity of the doublet.ws fit-
ted using a second order polynomial plus a single Gaussifieef
velocity, amplitude and width. We computed the total ernottioe
radial velocities by quadratically adding the uncertaiimyhe ze-
ropoint of the SDSS wavelength calibration Kis 1, Stoughton
et al. 2002) and the error in the position of theiMda lines de-
termined from the Gaussian fits. Figure 2 shows the fits todbe f

bined SDSS spectrum will represent an “effective” orbitahge,
and comparing it to another SDSS spectrum, itself being coaab
or not, still provides a measure of orbital motion. We codelthat
the main effect of the combined SDSS spectra is a decreassd se
tivity to radial velocity variations due to averaging outs®orbital
phase information. Figure 2 shows an example of a combinect sp
trum (bottom panel), which contains indeed the broadestliNas
among the four spectra of this WDMS.

In order to check the stability of the SDSS wavelength cali-
bration between repeat observations, we selected a to&8 &F
type stars from the same spectral plates as our WDMS sanmale, a
measured their radial velocities from the (O&\ 3933.67,3968.47

SDSS spectra of SDSS J024642.55+004137.2, a WDMS display-H andK doublet in an analogous fashion to the IN@easurement

ing an extremely large radial velocity variation identifgiit as a
definite PCEB. This figure also illustrates an issue encoadttor

a handful of systems, i.e. that thextind Na radial velocities do
not agree in the latest spectrum (Table 1). This is probatibted
to the inhomogeneous distribution of thelldmission over the sur-
face of the companion star, and will be discussed in morédldeta
Sect. 4.1. In total, 18 WDMS show radial velocity variati@msong
their SDSS spectra at as3evel and qualify as PCEBs or strong
PCEB candidates. Their radial velocities are listed in &aband
illustrated in Fig.3 and Fig.4. Three systems (SDSS0250600
SDSS1737+5403, and SDSS2345-0014) are subject to sygtemat
uncertainties in their radial velocities due to the ratt@nspectro-
scopic data. The radial velocities for the remaining 83 WDiki&
did not show any significant variation are available in thectrbnic
edition of the paper (see Table 2).

We note that special care needs to be taken in establishéng th
date and time when the SDSS spectra where obtained: a sagmific
fraction of SDSS spectra acembinedrom observations taken on
different nights (which we will call “sub-spectra” in whatlfows)
in which case the header keywavllDL| ST will be populated with

carried out for the WDMS. None of those stars exhibited aikign
icant radial velocity variation, the maximum variation amgoall
checked F-stars had a statistical significance .661The mean
of the radial velocity variations of these check stars wasébto
be 145kms™1, consistent with the claimed 10kmsaccuracy of
the zero-point of the wavelength calibration for the spedtom
an individual spectroscopic plate (Stoughton et al. 2002%hort,
this test confirms that the SDSS wavelength calibratioraiklstin
time, and, as anticipated above that averaging sub-spdmt®not
introduce any spurious radial velocity shifts for sourdest thave
no intrinsic radial velocity variation (as the check stams equally
subject to the issue of combining exposures from differégihts
into a single SDSS spectrum). We are hence confident thaigny s
nificant radial velocity variation observed among the WDM$+
trinsic to the system.

3 STELLARPARAMETERS
The spectroscopic data provided by the SDSS project areffof su

more than one date. The headers of the SDSS data provide-the excient quality to estimate the stellar parameters of the WOivis

posure start and end times in International Atomic Time {TAhd
refer to the start of the first spectrum, and the end of theslaest-
trum. Hence, a meaningful time at mid-exposure can only bengi
for those SDSS spectra that were obtained in a single cantigyu
observation.

A crucial question is obviously how the fact that some of the
spectra in our sample are actually combinations of data ew
eral nights impacts our aim to identify PCEBs via radial eép
variations. To answer this question, we first consider wideN'é
that did not undergo a CE phase, i.e. binaries with orbitebps
of > years. For these systems, sub-spectra obtained over trsecou
of several days will show no significant radial velocity ion,
and combining them into a single spectrum will make no differ
ence except of increasing the total signal-to-noise r&it). In
contrast to this, for close binaries with periods of a few risoio
a few days, sub-spectra taken on different nights will sanajif-
ferent orbital phases, and the combined SDSS spectrum vl b
mean of those phases, weighted by the S/N of the individual su
spectra. In extreme cases, e.g. sampling of the oppositrafuae
phases, this may lead to smearing of the Nieublet beyond recog-

3 The SDSS spectra are corrected to heliocentric velocitiespaovided
on a vacuum wavelengths scale.
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sented in this paper. For this purpose, we have developedca-pr
dure which decomposes the WDMS spectrum into its white dwarf
and main sequence star components, determines the spgpeal

of the companion by means of template fitting, and derives the
white dwarf effective temperatur@ds) and surface gravity (log)
from spectral model fitting. Assuming an empirical spectyake-
radius relation for the secondary star and a mass-radiasaelfor

the white dwarf, two independent distance estimates acelleaéd
from the flux scaling factors of the template/model spectra.

In the following sections, we describe in more detail thecspe
tral templates and models used in the decomposition andgfitti
the method adopted to fit the white dwarf spectrum, our ewcgdiri
spectral type-radius relation for the secondary stars,thadlis-
tance estimates derived from the fits.

3.1 Spectral templatesand models

In the course of decomposing/fitting the WDMS observatioves,
make use of a grid of observed M-dwarf templates, a grid of ob-
served white dwarf templates, and a grid of white dwarf model
spectra. High S/N ratio M-dwarf templates matching the spéc
coverage and resolution of the WDMS data were produced from a
few hundred late-type SDSS spectra from DR4. These speeta w
classified using the M-dwarf templates of Beuermann et 8Dg).



A. Rebassa-Mansergas et al.

4

2345-0014
2344+0027
2341+0037

2339-0020
2339-0017

2335-0056
2310+0014
2305-0014
2241+0027
2160-0727
2047+0006
2044-0614
1737+5403
173545414
1726 +5605
1724+5516
1724 +5620
1720+5652
1716+5443
1711+5654
1546+4922
1542+0323
1529+0020
1510+4048
1502+0110
1453+0055
1439-0106
1437+5737
1239+0055
1238-0040
1210-0046
1151-0007
1138-0011
1040+0834
0948+5739
0935+4411
0904+5621
0820+4314
0817+0542
0803+4256
0338-0007
0335+0038
0328+0017
0327-0022
0327-0057
0326-0103
0326+0110
0324+0019
0324-0005

0321-0016
0314-0111

0309-0101

0308-0027
0303+0035
0258+0109
0257-0031
0257+0049
0255-0044
0251-0000
0251-0041

0248+0041

0225+0054

0222+0027
0219+0032
0213-0050
0212+0018
0208+0032
0205+0058
0203+0040

0103+0031
0054-0025

0052-0053
0052-0051

0036-0031
0034-0008
0022-0027
0018+0021
0017-0009
0017-0024
0012+0010

P I N o o R s sy
= T
—_—— e e e == ]
L e TE e
s U U g |
JE e B e S
L T L e ]
L me= T
—_—— e — —= T = =]

- ~

—— .

—— L
L |
RN 0 U SN S

= .

_— e e g - = = e - =
e .
L T

iy -

— .,

—_—— e e e T E = — — - —
pa
|
P PR B PRI U R
o o o o o
QR —

Q o o Q
— a
| |

Figure 3. Radial velocities obtained from the Nabsorption doublet. WDMS> 30 RVs variation, i.e. PCEBs, are shown in black.
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Figure 4. Same as Fig. 3 but for thed+adial velocities.

We averaged the 10 20 best exposed spectra per spectral sub- 3.2 Spectral decomposition and typing of the secondary star

type. Finally, the spectra were scaled in flux to match théaser

o

o

brightness at 7508 and in the TiO absorption band near 7165
as defined by Beuermann (2006). Recently, Bochanski etG7(2
published a library of late type stellar templates. A corigmar be-

Our approach is a two-step procedure. In a first step, we fitted

the WDMS spectra with a two-component model and determined
the spectral type of the M-dwarf. Subsequently, we sulsrhct
the best-fit M-dwarf, and fitted the residual white dwarf spean
(Sect. 3.3). We used an evolution strategy (Rechenberg) 10 @4é-

compose the WDMS spectra into their two individual stellame
ponents. In brief, this method optimises a fithess functiorhis

tween the two sets of M-dwarf templates did not reveal any sig
nificant difference. We also compiled a library of 490 higiNS/

DA white dwarf spectra from DR4 covering the entire observed

range of T and logg. As white dwarfs are blue objects, their
spectra suffer more from residual sky lines in tHeand. We have

case a weightegt?, and allows an easy implementation of addi-
tional constraints. Initially, we used the white dwarf mbsigectra

and the M-dwarf templates as spectral grids. However, liigtdrout
that the flux calibration of the SDSS spectra is least rediatdar

o

smoothed the white dwarf templates at wavelengti700A with

a five-point box car to minimise the amount of noise added by th
residual sky lines. Finally, we computed a grid of synthéis
white dwarf spectra using the model atmosphere code descip

the blue end of the spectra, and correspondingly, in a nummber

Koester et al. (2005), covering lgg= 5.0— 9.5 in steps of 0.25 and
Teft = 6000— 100000 K in 37 steps nearly equidistant in (dg).

cases the? of the two-component fit was dominated by the poor
match of the white dwarf model to the observed data at shorewa
lengths. As we are in this first step not yet interested in #taitbd

parameters of the white dwarf, but want to achieve the besdipo
ble fit of the M-dwarf, we decided to replace the white dwarfdmo
els by observed white dwarf templates. The large set of gbder

© 2007 RAS, MNRASD00, 1-15
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Table 1. Radial velocities of our 18 PCEBs and PCEB candidates, med$twom the Hx emission line and/or the NaA 8183.27,8194.81 absorption doublet.
The HJIDs for SDSS spectra that have been combined from esgsotaken in several different nights (see Sect. 2) are stdlics. PCEB candidates with
uncertain radial velocity measurements are indicated bynsopreceding and trailing the object name. Upper limittheforbital periods are also provided
(Sect. 4.2). The two spectral components identified in tieetsa are coded as follows. DA =white dwarf with clearly blsiBalmer lines; DC = clearly visible
blue continuum without noticeable structure; bix = weakebdxcess; dM = M-dwarf.

SDSSJ HJD RV(id)kmst RV(Na)kms? Pyy[d] < SDSSJ HJD RV(id)kmst RV(Na)kms? Pyp[d] <
0052-0053 2451812.3463 718 16.6 23.4+ 14.9 280 2452235.2865 9.4 11.0 10.3+ 14.2
DA/AM  2451872.6216 11.0 + 12.0 18.0+ 12.7 2452250.2457 -49.8: 12.2 -128.2+ 13.9
2451907.0834 -62.1 + 11.7 -37.7+ 11.6 2452254.2053 -66.7 12.8 -111.7+ 10.9
2452201.3308 -26.0- 16.0 -23.8+ 14.9 2452258.2195 87.3: 10.8 135.2+ 13.5
0054-0025 2451812.3463 216 15.3 4 0820+4314 2451959.3074 1188 11.4 106.3+ 11.5 2.4
DA/AM  2451872.6216 -25.6 + 44.2 DA/AM  2452206.9572-107.8 + 11.2 -94.6+ 10.8
2451907.0835 -144.7 + 17.2 1138-0011 2451629.8523 535 + 16.9 35
0225+0054 2451817.3966 538 14.9 58.6+ 15.4 45 DA/dM  2451658.2128 -38.1 18.6
bix/dM 2451869.2588 -19.2- 20.7 -21.6+ 11.6 1151-0007 2451662.1689 -158 15.1 4.4
2451876.2404 37.5: 224 253+ 12.4 DA/AM  2451943.4208 154.0 19.5
2451900.1605 -25.1 14.0 -12.84+ 17.0 1529+0020 2451641.4617 7348 14.8 0.96
2452238.2698 27.9 22.3 37.4+ 128 DA/AM  2451989.4595 -167.2+ 11.8
0246+0041 2451871.2731 -955 10.2 -99.3+ 11.1 25 1724+5620 2451812.6712 125.6 + 10.2 160.6+ 18.4 0.43
DA/AM  2452177.4531 163.1 10.3 167.2+ 11.3 DA/AM  2451818.1149 108.3: 11.1 -+ -
2452965.2607 140.% 10.8 135.3+ 11.0 2451997.9806-130.6 + 10.3 -185.5+ 20.1
2452971.7468 64.0 + 10.5 1257+ 11.3 1726+5605 2451812.6712 -44.3 + 16.7 -38.9+ 12.9 29
:0251-0000:2452174.4732 4.1 + 335 0.0+ 154 0.58 DA/AM  2451993.9805 46.6 + 14.6 47.3+ 125
DA/AM  2452177.4530 -139.3 24.6 15.8+ 18.3 :1737+5403: 2451816.1187 -1235 28.6 6.6
0309-0101 2451931.1241 448 13.2 31.5+ 13.7 153 DA/AM  2451999.4602 44.0+ 24.0
DA/AM  2452203.4500 51.2t 14.1 48.7+ 24.4 2241+0027 2453261.2749 94 17.9 220+ 124 7880
2452235.2865 27.4- 141 76.3+ 16.2 DA/AM  2452201.1311 -60.3: 12.7 81+ 12.2
2452250.2457 28.8: 150 8.1+ 33.0 2339-0020 2453355.5822 -29.2 + 10.4 -27.1+ 12.3 120
2452254.2052 53.9- 11.8 557+ 14.3 DA/AM 24525253539 -93.6- 12.3 -90.1+ 12.7
2452258.2194 155 13.0 27.94+ 19.9 :2345-0014: 2452524.3379 -1415 22.9 9.5
2453383.6493 50.7 + 11.0 56.5+ 12.8 DA/AM  2453357.5821 -19.8 + 19.3
0314-0111 2451931.1242 -416 12.4 -51.7+ 124 1.1 2350-0023 2451788.3516 -1608 16.6 0.74
DC/dM  2452202.3882 35.6t 10.9 35.2+ 14.4 bix/dM  2452523.3410 154.4t 31.3

Notes on individual systems. 0246+0041, 0314-0111, 2282#1X339-0020: variabledHequivalent width (EW); 0251-0000: faint, wealkitémission with
uncertain radial velocity measurements; 1737+5403, 23@54: very noisy spectrum; See additional notes in Table 5

Table 2. 83 WDMS in our sample that did not show a significant a significadial velocity variation between their different SD$@stra. The complete table
is available in the electronic edition of the paper. The figdimn gives the SDSS object name, the second the HID of &wtram, in the third column we
guote withy andn those spectra which are composed of subspectra taken énetiffnights, the fourth and fith columns provide the Ne8183.27,8194.81
absorption doublet andddemission radial velocities, respectively. Blanck spaodgcate that no radial velocity measurement could be obtain

Object HJD Sub. RV(iel) kms1 RV(Na)kms?

SDSSJ001247.18+001048.7  2452518.4219 y 0.4 260 256 <+ 138
SDSSJ001247.18+001048.7  2452519.3963 y 341 46.7 91 + 200
SDSSJ001726.63-002451.1  2452559.2853 y -46c 162 -343 + 102
SDSSJ001726.63-002451.2 2452518.4219 y -34% 115 -320 £+ 129
SDSSJ001749.24-000955.3  2451794.7902 n -476 136 -443 + 157
SDSSJ001749.24-000955.3 2452518.4219 y -7.& 149 87 £+ 116
SDSSJ001855.19+002134.5  2451816.3001 y 542 176

SDSSJ001855.19+002134.5 2451892.5884 n 118 16.3

white dwarf templates, which are subject to the same obsene listed in Table 5 for the PCEBSs in the analysed sample, anden t

issues as the WDMS spectra, provided in practically all €@se  electronic edition of this paper for the remaining WDMS (Jee
better match in the blue part of the WDMS spectrum. From the ble 4). Inspection of those tables shows that for the vasbritajof
converged white dwarf plus dM template fit to each WDMS spec- systems, the fits to the individual spectra give consistanarpe-
trum (see Fig.5), we recorded the spectral type of the seagnd  ters. We restricted the white dwarf fits to WDMS containing/ D
star, as well as the flux scaling factor between the M-staplaia primary, consequently no white dwarf parameters are peal/fdr
and the observed spectrum. The typical uncertainty in teetsa those WDMS containing DB or DC white dwarfs.

type of the secondary stard9).5 spectral class. The spectral types

determined from the composite fits to each individual spectare

© 2007 RAS, MNRASD00, 1-15
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Figure 6. Spectral model fits to the white dwarf components of the twoM&shown in Fig.5, obtained after subtracting the best-fil\Warf template. Top
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3.3 Whitedwarf parameters ity increases for the higher Balmer lines (e.g. Kepler e2@06),

we decided not to include them in the fit because of the deterio
rating S/N and the unreliable flux calibration at the blue.ane
determined the best-fii4 and logg from a bicubic spline interpo-
lation to thex? values on thd — logg grid defined by our set of
model spectra. The associateadrrors were determined from pro-
jecting the contour ahx? = 1 with respect to th&? of the best fit
onto theTex and logy axes and averaging the resulting parameter

range into a symmetric error bar.
The equivalent widths of the Balmer lines go through a max-

Once the best-fit M-dwarf template has been determined ateldsc
appropriately in flux, it is subtracted from the WDMS spentru
The residual white dwarf spectrum is then fitted with the grid
DA models described in Sect. 3.1. Because of the unceraiii
the flux calibration of the SDSS spectra and the flux residuais
the M-star subtraction, we decided to fit the normalisgiitbl He
lines and omitted Bl where the residual contamination from the
secondary star was largest. While the sensitivity to thiasargrav-
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imum nearTgg = 13000 K, with the exact value being a function
of logg. ThereforeTes and logy determined from Balmer line pro-
file fits are subject to an ambiguity, often referred to as ™faotd
“cold” solutions, i.e. fits of similar quality can be achieven either
side of the temperature at which the maximum equivalenthniglt
occurring. We measured theBHequivalent width in all the model
spectra within our grid, and fitted the dependence of the ¢emp
ature at which the maximum equivalent width o ldccurs by a
second-order polynomial,

Teff(EW[HB]max) = 20361— 3997 logg+ 390(log g)? 1)

Parallel to the fits to the normalised line profiles, we fit thed g
of model spectra to the white dwarf spectrum over the wagtken
range 3850- 7150A (see Fig. 5). The red end of the SDSS spectra,
where the distortion from the M-dwarf subtraction is stresigis
excluded from the fit. We then use tfigg and logg from the fits
to the whole spectrum, continuum plus lines, to select thod™br
“cold” solution from the line profile fits. In the majority ofases,
the solution preferred by the fit to the whole spectrum hasha su
stantially lowery? than the other solution, corroborating that it is
likely to be the physically correct choice. In a few cases, libst-
fit Tegr and logg from the whole spectrum are close to the maxi-
mum equivalent width given by Eq.1, so that the choice betwee
the two line profile solutions is less well constrained. Hearein
most of those cases, the two solutions from the line profdefrer-
lap within their error bars, so that the final choiceTgk and logg
is not too badly affected.

Once thafle and logg are determined from the best line pro-
file fit, we use an updated version of Bergeron et al.’s (198Bles
to calculate the mass and the radius of the white dwarf. Tatde
portsTesr, l0gg, and the white dwarf masses for the PCEBs in our
sample, while the results for the remaining WDMS can be fdand
the electronic edition (Table 4). We have carefully inspdatach
individual composite fit, and each subsequent fit to the uedid
white dwarf spectrum, and are confident that we have sel¢lbted
correct solution in the majority of cases. Some doubt rempii
marily for a few spectra of very low signal-to-noise ratideTfact

that we have analysed at least two SDSS spectra for each sys-

tem allows us to assess the robustness of our spectral deeomp
sition/fitting method. Inspection of Table 5 shows that thistem
parameter of a given system, as determined from severarelift
SDSS spectra, generally agree well within the quoted eroans-
firming that our error estimate is realistic.

3.4 Anempirical spectral type-radiusrelation for M stars

In order to use the flux scaling factor between the observedAS'D
spectra and the best-fit M-dwarf templates for an estimatihef
distance to the system (Sect. 3.5), it is necessary to asaurae
dius for the secondary star. Since we have determined tlotrape
types of the companion stars from the SDSS spectra (Septwa2
require a spectral type-radius relatichp— R) for M-dwarfs. The
community working on cataclysmic variables has previousig
interest in such a relation (e.g. Mateo et al. 1985; Catll&uPat-
terson 1990), but while Baraffe & Chabrier (1996) deriveeltet-
ical mass/radius/effective temperature-spectral typatiomships
for single M-dwarfs, relatively little observational woakong these
lines has been carried out for field low mass stars. In carttvdkis,
the number of low mass stars with accurate mass and radius mea
surements has significantly increased over the past fevs (sae
e.g. the review by Ribas 2006), and it appears that for mdsses
low the fully convective boundary stars follow the theccatimod-

© 2007 RAS, MNRASD00, 1-15

Post Common Envelope Binaries from SDSS

0.8

0.6

0.4

All R [R,]

0.2

0.6

0.4

All R [R,]

0.2

e Eclip. WDMS binaries
o0 Eclip. binaries

0.6

© Interf.

0.4

0.2

Measured R [Ry]

-
o

Figure 7. Top panel: indirectly measured radii of M-dwarfs vs spdctra
type. Our empiricalSp— R relation is given by a third order polynomial
fit (solid line) to these data. Middle panel: mean radii andrespond-
ing standard deviations obtained by averaging the radihentop panel
for each spectral type. O&p— R relation is again superimposed. Bottom
panel: directly measured radii of M-dwarfs, again our efplrSp— Rre-
lation, the dashed line is the theoreti&p— R relation from Baraffe et al.
(1998). M-dwarf radii from the eclipsing WDMS RR Cae, NN S8E CVn,
RXJ2130.6+4710 and EC 13471-1258 are shown as solid dots.

Sp Rnean(Ro)  Rs(Ro) Rt (Ro) Mt (M) Terr (K)
MO0.0 0.543 0.066 0.490 0.472 3843
MO0.5 0.528 0.083 0.488 0.471 3761
M1.0 0.429 0.094 0.480 0.464 3678
M1.5 0.443 0.115 0.465 0.450 3596
M2.0 0.468 0.106 0.445 0.431 3514
M2.5 0.422 0.013 0.420 0.407 3432
M3.0 0.415 0.077 0.391 0.380 3349
M3.5 0.361 0.065 0.359 0.350 3267
M4.0 0.342 0.096 0.326 0.319 3185
M4.5 0.265 0.043 0.292 0.287 3103
M5.0 0.261 0.132 0.258 0.255 3020
M5.5 0.193 0.046 0.226 0.225 2938
M6.0 0.228 0.090 0.195 0.196 2856
M6.5 0.120 0.005 0.168 0.170 2773
M7.0 0.178 0.080 0.145 0.149 2691
M7.5 0.118 0.009 0.126 0.132 2609
M8.0 0.137 0.046 0.114 0.120 2527
M8.5 0.110 0.004 0.109 0.116 2444
M9.0 0.108 0.004 0.112 0.118 2362
M9.5 0.111 0.008 0.124 0.130 2281

Table 3. Empirical Sp— R, Sp— M andSp— T relations (R, Msit, Tef)
found in this work. Ryeanand Ry represent the mean radii and their standard
deviation obtained from the sample of M-dwarfs describe8euot. 3.4.
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els by Baraffe et al. (1998) relatively well. However, for ssas

2> 0.3 Mg, observed radii exceed the predicted ones. Stellar activ-
ity (e.g. Lopez-Morales 2007) or metallicity effects (eRprger

et al. 2006) were identified as possible causes.

Besides the lack of extensive observational work or&pe R
relation of single M-dwarfs, our need for an M-dw&p— Rrela-
tion in the context of WDMS faces a number of additional prob-
lems. A fraction of the WDMS in our sample have undergone a CE
phase, and are now short-period binaries, in which the skegn
star is tidally locked and hence rapidly rotating. This cagitation
will enhance the stellar activity in a similar fashion to tsleort-
period eclipsing M-dwarf binaries used in the— R relation work
mentioned above. In addition, it is difficult to assess the"'amd
metallicity of the secondary stars in our WDMS sample.

With the uncertainties on stellar parameters of single M-
dwarfs and the potential additional complications in WDMS i
mind, we decided to derive an “averag8p— R relation for M-
dwarfs irrespective of their ages, metallicities, and\atgtilevels.
The primary purpose of this is to provide distance estimbssed
on the flux scaling factors in Eq. 4, but also to assess palesyts-
tematic peculiarities of the secondary stars in the WDMS.

We have compiled spectral types and radii of field M-dwarfs
from Berriman & Reid (1987), Caillault & Patterson (1990),
Leggett et al. (1996), Delfosse et al. (1999), Leto et al0O@P
Lane et al. (2001), Ségransan et al. (2003), Maceroni & lklban
(2004), Creevey et al. (2005), Pont et al. (2005), Ribas §200
Berger et al. (2006), Bayless & Orosz (2006) and Beatty et al.
(2007). These data were separated into two groups, namaaty st
with directly measured radii (in eclipsing binaries or viger-
ferometry) and stars with indirect radii determinationgy(espec-
trophotometric). We complemented this sample with spetstpas,
masses, effective temperatures and luminosities from obsdf
etal. (1998), Leggett et al. (2001), Berger (2002), Golirskiet al.
(2004), Cushing et al. (2005) and Montagnier et al. (2008); ¢
culating radii fromL = 4niR2aTe¢* and/or Caillault & Patterson’s
(1990) mass-luminosity and mass-radius relations.

Figure 7 shows our compilation of indirectly determinediirad
as a function of spectral type (top panel) as well as those éioect
measurements (bottom panel). A large scatter in radii igvesl
at all spectral types except for the very late M-dwarfs, \ehemly
few measurements are available. It is interesting that theuat
of scatter is comparable for both groups of M-dwarfs, thogt w
directly measured radii and those with indirectly deterximadii.
This underlines that systematic effects intrinsic to tl@sstause a
large spread in th& p— Rrelation even for the objects with accu-
rate measurements. In what follows, we use the indirectiysuesd
radii as our primary sample, as it contains a larger numbstasé
and extends to later spectral types. The set of directly ureds
radii are used as a comparison to illustrate $pe- R distribution
of stars where the systematic errors in the determinatiotineif
radii is thought to be small. We determine 8p— R relation from
fitting the indirectly determined radius data with third ergoly-
nomial,

4 In principle, an age estimate can be derived by adding théevehiarf
cooling age to the main sequence life time of the white dwasfypnitor.
This involves the use of an initial mass-final mass relationtfie white
dwarf, e.g. Dobbie et al. (2006), which will not be strictlglid for those
WDMS that underwent a CE evolution. Broadly judging from tligtribu-
tion of white dwarf temperatures and masses in Fig. 10, md3k§ in our
sample should be older than 1 Gyr, but the data at hand doeganatnt a
more detailed analysis.

R=0.48926— 0.00683 Sp- 0.01709 Sp+ 0.00130 Sp  (2)
The spectral type is not a physical quantity, and strictlyading,
this relation is only defined on the existing spectral clas3éis
fit agrees well with the average of the radii in each spectessc
(Fig. 7, middle panel, where the errors are the standarcatiemi
from the mean value). The radii from the polynomial fit areomrted
in Table 3, along with the average radii per spectral clasth Ehe
radii from the polynomial fit and the average radii show a rirealg
upturn at the very latest spectral types, which should naaken
too seriously given the small number of data involved.

We compare in Fig.7 (bottom panel) the directly measured
radii with our Sp— R relation. It is apparent that also stars with
well-determined radii show a substantial amount of scaisdt are
broadly consistent with the empiric8lp— R relation determined
from the indirectly measured radii. As a test, we includesl dir
rectly measured radii in the fit described above, and did mat fi
any significant change compared to the indirectly measuwadil r
alone.

For a final assessment on our empiriga Rrelation, specif-
ically in the context of WDMS, we have compiled from the lit-
erature the radii of M-dwarfs in the eclipsing WDMS RR Cae
(Maxted et al. 2007), NN Ser (Haefner et al. 2004), DE CVn (van
den Besselaar et al. 2007), RX J2130.6+4710 (Maxted et @4)20
and EC 13471-1258 (O’'Donoghue et al. 2003), (Fig. 7, bottom
panel). Just as the accurate radii determined from intrfetric
observations of M-dwarfs or from light curve analyses ofpe:l
ing M-dwarf binaries, the radii of the secondary stars in WM
display a substantial amount of scatter.

3.4.1 Comparison with the theoretical Sp-R relation from
Baraffe et al. (1998)

We compare in the bottom panel of Fig. 7 our empiriSgd— R
relation with the theoretical prediction from the evolutioy se-
guences of Baraffe et al. (1998), where the spectral typadsdbon
thel — K colour of thePHCENI X stellar atmosphere models coupled
to the stellar structure calculations. The theoret®pt R relation
displays substantially more curvature than our empiriesdtion,
predicting larger radii for spectral typeSM2, and significantly
smaller radii in the range M3-M6. The two relations conveage
late spectral types (again, the upturn in the empiricalticrafor
>M8.5 should be ignored as an artifact from our polynomial fit)
The “kink” in the theoretical relation seen around M2 is thbuto
be a consequence obtholecular dissociation (Baraffe & Chabrier
1996). The large scatter of the directly determined radiiedfl M-
dwarfs as well of M-dwarfs in eclipsing WDMS could be related
two types of problem, that may have a common underlying cause
(2) In eclipsing binaries, the stars are forced to extremaghjd rota-
tion, which is thought to increase stellar activity thatikely to af-
fect the stellar structure, generally thought to lead torangase in
radius (Spruit & Weiss 1986; Mullan & MacDonald 2001; Chalpri
et al. 2007), and (2) the spectral types in our compilatidrsudii
are determined from optical spectroscopy, and may diffesotoe
extent from the spectral type definition basedlenK colours as
used in the Baraffe et al. (1998) models. Furthermore astattiv-
ity is thought to affect not only the radii of the stars, bigatheir
luminosity, surface temperatures, and hence spectrad tyifjee ef-
fect of stellar activity is discussed in more detail in Sdct.

© 2007 RAS, MNRASD00, 1-15
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Table 4. Stellar parameters of the remaining WDMS identified in oungle, as determined from spectral modelling. The complgitetcan be found in the
electronic edition. Given are, from left to right: SDSS alhjpame, MJID, fiber and plate number of the spectrum, whitefdeifective temperature and error,
white dwarf surface gravity and error, mass of the white daad error, distance to the white dwarf and error, specyae bf the secondary star, distance to
the secondary and error, flag (we refer by arhde those systems which have been studied previously by Silstl. (2006) and Eisenstein et al. (2006),
by re those systems whose binary components are resolved), &gl no

Object MJID plate fiber T(k) err log err M(Mg) err dw(pc) err Sp dedpc) err flag notes

SDSSJ000442.00-002011.6 51791 387 24 - - - - - - - - 0 2187 236 e
52943 1539 21 - - - - - - - - 0 2330 251

SDSSJ001029.87+003126.2 51793 388 545 - - - - - - 2 1639 338 s

52518 687 347 13904 3751 8.43 1.16 0.88 0.62 781 605 2 1521 314
SDSSJ001247.18+001048.7 52518 687 395 18542 5645 8.75 0.80.07 0.41 661 446 3 830 132 e
52519 686 624 32972 7780 8.61 1.11 1.01 0.54 1098 930 3 936 149
SDSSJ001749.24-000955.3 51795 389 112 72136 3577 8.07 0.14.77 0.07 532 60 2 684 142 s.e
52518 687 109 69687 4340 7.61 0.20 0.59 0.07 784 127 2 659 136
SDSSJ001726.63-002451.1 52559 1118 280 12828 2564 8.06 0.40.61 0.29 422 120 4 579 172 s.e
52518 687 153 13588 1767 8.11 0.38 0.68 0.24 424 106 4 522 155
SDSSJ001855.19+002134.5 51816 390 385 - - - - - - - - 3 1186 189
51900 390 381 14899 9266 9.12 1.03 1.26 0.54 445 330 3 1249 199
52518 687 556 10918 4895 8.64 2.01 1.00 1.06 539 247 3 1087 173

(1) Possible K secondary star

3.4.2 Sp-Tef and Sp- M relations 4 DISCUSSION

For completeness, we fitted the spectral type-mass datahend t

spectral type-effective temperature data compiled froenlitera- 4.1 HavsNai radial velocities

ture listed above, and fitted tigp— M andS p— Ters relations with As mentioned in Sect. 2, a few systems in Table 1 show consider
a third-order polynomial and a first-order polynomial, resipvely. able differences between theiaHind Na radial velocities. More
The results from the fits are reported in Table 3, and will keis specifically, while both lines clearly identify these systeas being
this paper only for estimating upper limits to the orbitatipés of radial velocity variable, and hence PCEBs or strong PCERliean
our PCEBs (Sect. 4.2) and when discussing the possibilsyetfar dates, the actual radial velocities ofithind Na differ for a given
activity on the WDMS secondary stars in Sect. 4.7. SDSS spectrum by more than their errors.

In close PCEBs with short orbital periods thel ldmission is
typically observed to arise from the hemisphere of the caongra
star facing the white dwarf. Irradiation from a hot white dfvia

35 Distances the most plausible mechanism to explain the anisotropiehhis-

sion, though also a number of PCEBs containing rather cogkewh
The distances to the WDMS can be estimated from the bestit flu dwarfs are known to exhibit concentrated l¢mission on the in-

scaling factors of the two spectral components. For theandhitarf, ner hemisphere of the companion stars (e.g. Marsh & Duck;1996
Maxted et al. 2006). The anisotropy of thetlémission results in

fwd T[(Rwd)z @3) its radial velocity differing from other photospheric fasts that

Fod Awd are (more) isotropically distributed over the compani@arstsuch

as the Na absorption. In general, thecHemission line radial ve-
where f,,q is the observed flux of the white dwaff,,q the astro- locity curve will then have a lower amplitude than that of the
physical flux at the stellar surface as given by the modeltspec  absorption lines, as ¢doriginates closer to the centre of mass of
Rwd is the white dwarf radius and,q is the distance to the WD.  the binary system. In addition, the strength af Ean vary greatly

For the secondary star, due to different geometric projections in high inclinatisystems.
More complications are added in the context of SDSS spexipys
fsec Rsec 2 where the individual spectra have typical exposure time45sf
@: (@) Q) 60min, which will result in the smearing of the spectral teat
in the short-period PCEBs due to the sampling of differebitat
where fsecis the observed M-dwarf flugsec the flux at the phases. This problem is exacerbated in the case that the §i28S
stellar surface, anBsecand decare the radius and the distance to  trum is combined from exposures taken on different nighés (s
the secondary respectively. Sect. 2). Finally, the H emission from the companion may sub-
The white dwarf radii are calculated from the bestFi§ and stantially increase during a flare, which will further enbarthe
logg as detailed in Sect. 3.3. The secondary star radii aretagen f ~ anisotropic nature of the emission.
Table 3 for the best-fit spectral type. The uncertaintieshefdis- Systems in which the & and Na radial velocities
tances are based on the error&Rjfy, which depend primarily on differ by more than 20 are: SDSSJ005245.11-005337.2,
the error in logy, and inRseg Where we assumed the standard de- SDSS J024642.55+004137.2, SDSS J030904.82-010100.8,

viation from Table 3 for the given spectral type. Table 5slidte SDSSJ031404.98-011136.6, and SDSSJ172406.14+562003.0.
valuesd,q and dsec Obtained for our PCEBs. The remaining 112 Of  these, SDSS J0246+0041, SDSSJ0314-0111, and
WDMS's distances can be found in the electronic edition [@4dh SDSSJ1724+5620 show large-amplitude radial velocity -vari

© 2007 RAS, MNRASD00, 1-15
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Figure 8. Comparison of the white dwarf effective temperaturesadistés based
from our fits (Sect. 3.2, 3.3 and Table 5), and those of Raynebradl (2003). To

on the white dwarf fit, and the spectral typeg sfttondary stars determined
p panels, from left to right: the ratioTi, the ratio ind, and the difference

in the secondary’s spectral types from the two studies ascifin of the white dwarf temperature.

ations and substantial changes in the equivalent width ef th
Ha emission line, suggesting that they are rather short drbita
period PCEBs with moderately high inclinations, which most
likely explains the observed differences between the obselra

and Na radial velocities. Irradiation is also certainly importan
in SDSSJ1724+5620 which contains a hot 36000 K) white
dwarf. SDSS J0052-0053 displays only a moderate radiatitglo
amplitude, and while the ¢ and Na radial velocities display a
homogeneous pattern of variation (Fig.3 and 4% kppears to
have a larger amplitude which is not readily explained. &imi
discrepancies have been observed e.g.
WDMS binary WXLMi, and were thought to be related to a
time-variable change in the location of thexHemission (Vogel

et al. 2007). Finally, SDSS J0309-0101 is rather fag=(20.4),

but has a strong & emission that allows reliable radial velocity
measurements that identify the system as a PCEB. The radial
velocities from the Nadoublet are more affected by noise, which
probably explains the observed radial velocity discrepanmne

out of its seven SDSS spectra.

4.2 Upper limitstotheorbital periods

The radial velocities of the secondary stars follow from kKep
3rd law and depend on the stellar masses, the orbital peaiudl,
are subject to geometric foreshortening by a factor, siith i the
binary inclination with regards to the line of sight:

(Mygsini)®
(de + Msec)2
with Ksecthe radial velocity amplitude of the secondary star, @nd

the gravitational constant. This can be rearranged to Jolvthe
orbital period,

_ Porngec
2nG

®)

in the close magnetiéN

2nG(Mygsini)®

- woe 6
orb (MWd‘i‘Msec)ZKéec ( )

From this equation, it is clear that assuming 90° gives an upper
limit to the orbital period.

The radial velocity measurements of our PCEBs and PCEB
candidates (Table 1) sample the motion of their companiars it
random orbital phases. However, if vassumehat the maximum
and minimum values of the observed radial velocities sartipe
guadrature phases, e.g. the instants of maximum radiatitglo
e obtainlower limitsto the true radial velocity amplitudes of the
companion stars in our systems. From Eq. 6, a lower limKdg:
turns into an upper limit t&y,p,.

Hence, combining the radial velocity information from Ta-
ble 1 with the stellar parameters from Table 5, we determinzd
per limits to the orbital periods of all PCEBs and PCEB caatid,
which range between 0.46-7880 d. The actual periods arg tixe
be substantially shorter, especially for those systemseavhely
two SDSS spectra are available and the phase sampling - corr
spondingly poor. More stringent constraints could be otet@difrom
a more complex exercise where the mid-exposure times aea tak
into account — however, given the fact that many of the SD&8-sp
tra are combined from data taken on different nights, weaneéd
from this approach.

4.3 Thefraction of PCEB among the SDSSWDM Shinaries

We have measured the radial velocities of 101 WDMS which have
multiple SDSS spectra, and find that 15 of them clearly shaliata
velocity variations, three additional WDMS are good caatkd for
radial velocity variations (see Table 1). Taking the upjmits to

the orbital periods at face value, and assuming that sysiéthsa
period < 300 d have undergone a CE (Willems & Kolb 2004, see

© 2007 RAS, MNRASD00, 1-15
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Figure 9. Comparison of the white dwarf effective temperatures amthsa gravities and the spectral types of the secondary d&termined from our fits
(Sect. 3.2, 3.3 and Table 5), and those of Silvestri et aD§20Top panels, from left to right: the WD effective tempara and surface gravity ratios, and the
difference in the secondary’s spectral types from the twdies as a function of the white dwarf temperature.

also Sect. 2) 17 of the systems in Table 1 qualify as PCEBdyimp  their errors accordingly. We find that2/3 of the temperatures de-
ing a PCEB fraction of~15 % in our WDMS sample, which isin  termined by Raymond et al. (2003) agree with ours at20 per
rough agreement with the predictions by the population rofle cent level, with the remaining being different by up to a éa¢tvo
Willems & Kolb (2004). However, our value is likely to be a lew (Fig. 8, left panels). This fairly large disagreement is tridely
limit on the true fraction of PCEBs among the SDSS WDMS bina- caused by the simplified fitting Raymond et al. adopted, itEndi

res for the following reasons. (1) In most cases only two spere the white dwarf models in the wavelength range 3800-5%)0tk-
available, with a non-negligible chance of sampling similebital glecting the contribution of the companion star. The spétypes
phases in both observations. (2) The relatively low spertsnlu- of the companion stars from our work and Raymond et al. (2003)
tion of the SDSS spectroscopy/(AA ~ 1800) plus the uncertainty ~ agree mostly to withint1.5 spectral classes, which is satisfying
in the flux calibration limit the detection of significant iabiveloc- given the composite nature of the WDMS spectra and the prable
ity changes tev 15kms™1 for the best spectra. (3) In binaries with  associated with their spectral decomposition (Fig. 8,trjgmels).
extremely short orbital periods the long exposures will antae The biggest discrepancy shows up in the distances, with #ye R

Nai doublet beyond recognition. (4) A substantial number of the mond et al. distances being systematically lower than drigs 8,
SDSS spectra are combined, averaging different orbitadeshand middle panels). The average of the factor by which Raymond et
reducing the sensitivity to radial velocity changes. Rehtap ob- al. underpredict the distances is 6.5, which is closertosRggest-
servations of a representative sample of SDSS WDMS withenigh  ing that the authors may have misinterpreted the flux defimitif
spectral resolution and a better defined cadence will bessacg the model atmosphere code they used (TLUSTY/SYNSPEC from

for an accurate determination of the fraction of PCEBs.

4.4 Comparison with Raymond et al. (2003)

In a previous study, Raymond et al. (2003) determined wihviterfi

Hubeny & Lanz 1995, which outputs Eddington fluxes), and benc
may have used a wrong constant in the flux normalisation (Eq. 3

45 Comparison with Silvestri et al. (2006)

temperatures, distance estimates based on the white dtsagrfd Having developed an independent method of determiningtéie s
spectral types of the companion star for 109 SDSS WDMS. They lar parameters for WDMS from their SDSS spectra, we compared
restricted their white dwarf fits to a single gravity, pg- 8.0, our results to those of Silvestri et al. (2006). As in Seet.above,
and a white dwarf radius of 8 10° cm (corresponding tt/,,q = we average the parameters obtained from the fits to the dhdivi

0.6 M), which is a fair match for the majority of systems (see ual SDSS spectra of a given object. Figure 9 shows the cosquari
Sect. 4.6 below). Our sample of WDMS with two or more SDSS between the white dwarf effective temperatures, surfaegitigs,
spectra has 28 objects in common with Raymond’s list, seffici and spectral types of the secondary stars from the two stulah
to allow for a quantitative comparison between the two difife studies agree in broad terms for all three fit parameters 9-fapt-
methods used to fit the data. As we fitted two or more spectra for tom panels). Inspecting the discrepancies between the ride- i
each WDMS, we averaged for this purpose the parameterqiebdtai  pendent sets of stellar parameters, it became evidentaladitely
from the fits to individual spectra of a given object, and pated large disagreements are most noticeably foundifgr< 20000 K,

© 2007 RAS, MNRASD00, 1-15
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with differences inTeg of up to a factor two, an order of magni-
tude in surface gravity, and a typical difference in spédiype

of the secondary of-2 spectral classes. For higher temperatures

the differences become small, with nearly identical vafoeS e,
logg agreeing withint0.2 magnitude, and spectral types differing
by +1 spectral classes at most (Fig. 9, top panels). We intetfiset
strong disagreement at low to intermediate white dwarf &nap
tures to the ambiguity between hot and cold solutions desdrin
Sect. 3.3.

A quantitative judgement of the fits in Silvestri et al. (2006
difficult, as the authors do not provide much detail on thehoet

used to decompose the WDMS spectra, except for a single exam-

ple in their Fig. 1. It is worth noting that the M dwarf compaomén
that figure displays constant fluxk 6000A, which seems rather
unrealistic for the claimed spectral type of M5. Unfortuetgt Sil-
vestri et al. (2006) do not list distances implied by theis tio

the white dwarf and main sequence components in their WDMS

sample, which would provide a test of internal consistersse(
Sect. 4.7).

We also investigated the systems Silvestri et al.'s (2006)

method failed to fit, and found that we were able to determaae r
sonable parameters for the majority of them. It appears dhat
method is more robust in cases of low signal-to-noise raim
in cases where one of the stellar components contributatvedly
little to the total flux. Examples of the latter are SDSS J&1445—
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Figure 10. White dwarf mass, Sp types of the secondaries, effective tem
perature and log histograms obtained from the SDSS WDSS sample. Ex-

061440.2, where an MO secondary star dominates the SDSS speccluded are those systems with individual WD mas3gs,and logy associ-

trum atA > 4600,&, or SDSSJ172406.14+562003.1, which is a

close PCEB containing a hot white dwarf and a low-mass com-

panion. An independent analysis of the entire WDMS sampie fr
SDSS appears therefore a worthwhile exercise, which wepwiH
sue elsewhere.

4.6 Digtribution of the stellar parameters

Having determined stellar parameters for each individystiesn in
Sect. 3, we are looking here at their global distributionmtour
sample of WDMS. Figure. 10 shows histograms of the white élwar
effective temperatures, masses, dpgnd the spectral types of the
main-sequence companions.

ated to relative errors larger than 25 per cent.

WDMS is expected to be larger than in a sample of single white
dwarfs.

Also worth noting is that our distribution of companion star
spectral types is relatively flat between M2-M4, more simita
the distribution of single M-dwarfs in SDSS (West et al. 2004
than the companion stars in Silvestri et al. (2006). Morecgelty
speaking, the cut-off at early spectral types is due to thetfeat
WDMS with K-type companions can only be identified from their
spectra/colours if the white dwarf is very hot — and hencey ve
young, and correspondingly only few of such systems aredndh

As in Sect. 4.4 and 4.5 above, we use here the average of thetal SDSS WDMS sample. The cut-off seen for low-mass compan-

fit parameters obtained from the different SDSS spectra offi ea
object. Furthermore, we exclude all systems with relativers
in their white dwarf parameterdy(q,logg, Myq) exceeding 25 per
cent to prevent smearing of the histograms due to poor gualit
data and/or fits, which results in 95, 81, 94, and 38 WDMS in
the histograms for the companion spectral type,glo§yq, and
Mwd, respectively. In broad terms, our results are consistéift w
those of Raymond et al. (2003) and Silvestri et al. (200&) ntlost
frequent white dwarf temperatures are between 10 000—28000
white dwarf masses cluster arouMi,q ~ 0.6 M, and the com-
panion stars have most typically a spectral type M3—4, witictal
types later than M7 or earlier than M1 being very rare.

At closer inspection, the distribution of white dwarf masse

ions is not so trivial to interpret. Obviously, very latepgystars are
dim and will be harder to be detected against a moderatehyhite
dwarf, such a bias was discussed by Schreiber & Gansickisj20
for a sample of~ 30 well-studied WDMS which predominantly
originated from blue-colour (= hot white dwarf) surveys \awver,
old WDMS with cool white dwarfs should be much more com-
mon (Schreiber & Gansicke 2003), and SDSS, sampling a much
broader colour space than previous surveys, should beatulen-
tify WDMS containing cool white dwarfs plus very late typenco
panions. The relatively low frequency of such systems irb&S
spectroscopic data base suggests that either SDSS is oatraffi
targeting those systems for spectroscopic follow-up, at they
are rare in the first place, or a combination of both. A dedidlis-

in our sample has a more pronounced tail towards lower massescussion is beyond the scope of this paper, but we note thétiFar

compared to the distribution in Silvestri et al. (2006). Al tf
lower-mass white dwarfs, peaking around 0.4 M observed also
in well-studied samples of single white dwarfs (e.g. Li¢kstral.
2005), and is interpreted as He-core white dwarfs descgrichm
evolution in a binary star (e.g. Marsh et al. 1995). In a sanufl

et al. (2005) have constructed the relative distributiorsméctral
types in the local M/L dwarf distribution, which peaks arduv3—
4, and steeply declines towards later spectral types, stiggehat
late-type companions to white dwarfs are intrinsicallyerafhis
is supported independently by Grether & Lineweaver (2086)0

WDMS, a significant fraction of systems will have undergone a analysed the mass function of companions to solar-likes sgard
CE phase, and hence the fraction of He-core white dwarfs gmon found that it steeply decreases towards the late end of tie sea
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quence (but rises again for planet-mass companions, iregfi
the term "brown dwarf desert”).

An assessment of the stellar parameters of all WDMS in
SDSS DR5 using our spectral decomposition and white dwarf fit
ting method willimprove the statistics of the distributsopresented
here, and will be presented in a future paper.

4.7 Stdlar activity on the secondary stars?

As outlined in Sect. 3.5, the scaling factors used in the ntiode

of the two spectral components of each WDMS provide two in-
dependent estimates of the distance to the system. In plenci
both estimates should agree within their errors. Figureodhipares
the white dwarf and secondary star distance estimatesnelotén
Sect. 3.5, where the distances obtained from the indiviGz$S
spectra of a given object were averaged, and the errorscingtyr
propagated. In this plot, we exclude systems with relativers in
dwg larger than 25 per cent to avoid cluttering by poor S/N data.
The relative error irdsecis dominated by the scatter in ti$p— R
relation, which represents an intrinsic uncertainty rathan a sta-
tistical error in the fit, and we therefore did not apply any icu
dsec Taking the distribution of distances at face value, it @ppe
that about 23 of the systems hav@sec~ dywg Within their 1o er-
rors, as expected from purely statistical errors. Howeabere is a
clear trend for outliers whemdsec > dyg. We will discuss the pos-
sible causes and implications in the following sections.

4.7.1 Possible causes foggd # dyg

We identify a number of possible causes for the discreparey b
tween the two independent distance estimates observed (i3 of
the WDMS analysed here.

(1) Atendency for systematic problems in the white dwarf fits?
dsec > dyg could be a result of too small white dwarf radii for a
number of systems, i.e. too high white dwarf masses. Wefibrere
identify in the left panel of Fig. 11 those systems with mes$i>
0.75My) white dwarfs. It is apparent that the outliers from the
dsec= dyg relation do not contain a large number of very massive
white dwarfs.

(2) Problems in determining the correct spectral type of the
secondaryf the error on the spectral type of the companion star
determined from the spectral decomposition is larger theud, as
assumed in Sect. 3.2, a substantial deviation figgp= d,q would
result. However, as long as this error is symmetric arousdrie
spectral type, it would cause scatter on both sides ofighe= dyg
relation. Only if the determined spectral types were cdantty too
early for~ 1/3 of the systems, the observed preference for outliers
at dsec > dyg could be explained (see Sect. 4.7.2 below for a hy-
potheticalsystematicgeason for spectral types that are consistently
too early).

(3) Problems in the spectral type-radius relatiod® dis-
cussed in Sect. 3.4, the spectral type-radius relation tef tigpe
stars is not particularly well defined. The large scatterlfesved
radii at a given spectral type is taken into account in thersrr
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of the affected spectral types among the outliers. For thipgse,
we divide our sample into three groups of secondary startigpec
classes, Sp- 5, 3< Sp< 5, and Sp< 3 (Fig. 11, right panel). The
outliers show a slight concentration towards early typgs <S3)
compared to the distribution of secondary star spectrasyp the
total sample (Fig. 10).

To explore the idea that our empiric@p— R relation is sim-
ply inadequate, we calculated a new set of secondary standiss,
using the theoreticé® p— Rrelation from Baraffe et al. (1998) (see
Fig. 7, bottom panel), which are shown in the left panel of ER
The theoreticaSp— R relation implies smaller radii in the range
M3-M6, but the difference with our empirical relation is reatf-
ficient enough to shift the outlying WDMS onto thgec = dygq
relation. For spectral types earlier than M2.5, our emaii&p— R
relation actually givesmallerradii than the theoretical Baraffe et
al. 1998 relation, so that using the theoretis@l- R actually exac-
erbates thélsec> dyg problem.

(4) A relationship with close binarityThe fraction of PCEBs
among the outliers is similar to the fraction among the tegahple
of WDMS (Fig. 11), hence it does not appear that close bipisit
a decisive issue.

(5) An age effect2ate type stars take a long time to con-
tract to their zero age main sequence (ZAMS) radii, and ifesofn
the WDMS in our sample were relatively young objects, their M
dwarfs would tend to have larger radii than ZAMS radii. A<effigi
discussed in Footnote 4, the majority of the WDMS in our sampl
are likely to be older than- 1 Gyr, and the outliers in Fig. 11,12
do not show any preference for hot or massive white dwarfg;hwh
would imply short cooling ages and main sequence life times.

4.7.2 Could stellar activity affect gp?

None of the points discussed in the previous section coivelys
explains the preference for outliers haviliige> dyg. If we assume
that the problem rests in the determined properties of thenskary
star, rather than those of the white dwarf, the immediatdiagap
tion of dsec> dyqg is that the assumed radii of the secondary stars
are too large. As mentioned above and shown in Fig. 12, this-st
ment does not strongly depend on whiSp— R relation we use
to determine the radii, either our empirical relation or theoreti-
cal Baraffe et al. (1998) relation. Rather than blaming iy we
explore here whether the secondary star spectral typesmetzl
from our decomposition of the SDSS spectra might be comglgte
too early in the outlying systems. If this was the case, welevou
pick a radius from ous p— Rrelation that is larger than the true ra-
dius of the secondary star, resulting in too large a distanagther
words, the question iss there a mechanism that could cause the
spectral type of an M-star, as derived from low-resolutigatical
spectroscopy, to appear too early?

The reaction of stars to stellar activity on their surfadso ae-
ferred to aspottedness a complex phenomenon that is not fully
understood. Theoretical studies (e.g. Spruit & Weiss 188@lan
& MacDonald 2001; Chabrier et al. 2007) agree broadly ondhe f
lowing points: (1) the effect of stellar activity is relagly weak at
the low-mass end of the main sequenkke<g 0.3 M), where stars

in dseo If those errors were underestimated, they should cause anare conventionally thought to become fully convective (itjio, see

approximatively symmetric scatter of systems arodegt = dyq,
which is not observed (th€ p— R relation being non-linear lead
to asymmetric error bars in the radius for a given symmetric e
ror in the spectral type, however, over a reasonably smadjean
the spectral type this effect is negligible). A systematiobpem
over a small range of spectral types would result in a comagan

© 2007 RAS, MNRASD00, 1-15

Mullan & MacDonald 2001; Chabrier et al. 2007 for discussion

on how magnetic fields may change that mass boundary), (2) ste

lar activity will result in an increase in radius, and (3) #féective

temperature of an active star is lower than that of an unsgatiar.
Here, we briefly discuss the possible effects of stellavaygti

on the spectral type of a star. For this purpose, it is impbriat to
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Figure 11. Comparison ofdsec and dyq obtained from our spectral decomposition and white dwasftlitthe SDSS spectra. Approximately a third of the
systems havésec# dwg. The left panel splits the sample according to the mass ofvtiie dwarfs, while the right panel divides the sample adiray to the
spectral types of the secondaries. In both panels systanhwéhidentify as PCEBs from radial velocity variations ieithtSDSS spectra are shown in red.
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Figure 12. Left panel: the distances implied by the spectral decontipasivere calculated by using ti#p— R relation predicted by the models of Baraffe
et al. (1998), instead of our empiric8lp— R relation. Right panel: the spectral types of the secondanmg svere adjusted by 1-2 spectral classes to achieve
dwd = dsec Only three systems can not be reconciled in this way, andiaceissed individually in the text. We suggest that steltdivity in some WDMS
may change the spectral type of their secondary stars, leenigalent to a change in surface temperature by a few 100 K.

confuse theeffective temperaturavhich is purely a definition cou-
pled to the luminosity and the stellar radius Lie 4MR?0 T4 (and
hence is aglobal property of the star), and tHecal temperature
of a given part of the stellar surface, which will vary fromosp
ted areas to inter-spot areas. In an unspotted star efiemtid local
temperature are the same, and both colour and spectral tgpe a
well-defined. As a simple example to illustrate the diffeeme-
tween effective temperature and colour in an active stagssame
that a large fraction of the star is covered by zero-tempegat.e.
black spots, and that the inter-spot temperature is the sartteat
of the unspotted star. As shown by Chabrier et al. (2007yrass
ing constant luminosity requires the radius of the star twease,
and the effective temperature to drop. Thus, while intaitieuld
suggest that a lower effective temperature would resultredaer
colour, this ficticious star haexactlythe same colour and spectral
type as its unspotted equivalent — as the black spots cateriimo
flux at all, and the inter-spot regions with the same spestrape
as the unspotted star.

Obviously, the situation in a real star will be more compli-
cated, as the spots will not be black, but have a finite tentpera
and the star will hence have a complicated temperatureiliistr
tion over its surface. Thus, the spectral energy distritoutif such
a spotted star will be the superposition of contributiondifierent
temperatures, weighted by their respective coveringifvaaf the
stellar surface. Strictly speaking, such a star has no loageell-
defined spectral type or colour, as these properties wilkdepn
the wavelength range that is observed. Spruit & Weiss (1886)
sessed the effect of long-term spottedness on the tempeidits
tribution on active stars, and found that for stars with reass
the range B — 0.6 M, the long-term effect of spots is to increase
the temperature of the inter-spot regions~y.00— 200 K (com-
pared to the effective temperature of the equivalent utsgatar),
wheras the inter-spot temperature of spotted lower-mass st-
mains unchanged. Spruit & Weiss (1986) also estimated fhetsf
of stellar activity on the colours of stars, but given theie wf sim-
ple blackbody spectra, these estimates are of limited va#lsea
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general tendency, the hotter (unspotted) parts of the stepns-
dominantly contribute in the blue end of the the spectratgndis-
tribution, the cooler (spotted) ones in its red end. As wegheine
the spectral types of the secondary stars in the SDSS WDM fro
optical (=blue) spectra, and taking the results of Spruit &4 at
face value, it appears hence possible that they are too eamty
pared to unspotted stars of the same mass. A full theoretezt-
ment of this problem would involve calculating the detaisedface
structure of active stars as well as appropriate spectrdetador
each surface element in order to compute the spatially riesegd
spectrum as it would be observed. This is clearly a chaltengisk.

Given that theoretical models on the effect of stellar activ
ity have not yet converged, and are far from making detailed p
dictions on the spectroscopic appearence of active starguw
sue here an empirical approach. We assume that the discyepan
dsec> dwg results from picking a spectral type too early, i.e. we as-
sume that the secondary star appears hotter in the optieetram
that it should for its given mass. Then, we check by how much
we have to adjust the spectral type (and the corresponddigsia
to achievedsec = dyg Within the errors. We find that the major-
ity of systems need a change of 1-2 spectral classes, whieh co
responds to changes in the effective temperature of a fewrbdn
degrees only, in line with the calculations of Spruit & We{$986).
Bearing in mind that what weeein the optical is the surface tem-
perature, and not the effective temperature, comparirgtththe
surface temperature changes calculated by Spruit & We886{1
and taking into account that we ignored in this simple apghidbe
change in radius caused by a large spottedness, it appaassijié¢
that the large deviations fromec= dyg may be related to stellar
activity on the secondary stars.

There are three WDMS where a change of more than

Post Common Envelope Binaries from SDS35

may have undetected late-type companions. There are aigo ve
few WDMS with secondary stars earlier than M3 within 500 pc.
In those systems, the secondary star is so bright that itagatithe

z, and possibly theé band, disqualifying the systems for spectro-
scopic follow up by SDSS. While these selection effects nesyrs
dishearting at first, it will be possible to quantitativelyrgect them
based on predicted colours of WDMS binaries and the infaomat
available within the SDSS project regarding photometrapprties
and spectroscopic selection algorithms.

5 CONCLUSIONS

We have identified 18 PCEBs and PCEB candidates among a sam-
ple of 101 WDMS for which repeat SDSS spectroscopic observa-
tions are available in DR5. From the SDSS spectra, we datermi
the spectral types of the main sequence companions, thaiedfe
temperatures, surface gravities, and masses of the whiggvas

well as distance estimates to the systems based both ondhe pr
erties of the white dwarfs and of the main sequence starddata

1/3 of the WDMS studied here the SDSS spectra suggest that the
secondary stars have either radii that are substantiathedahan
those of single M-dwarfs, or spectral types that are tooyean

their masses. Follow-up observations of the PCEBs and P@GEB ¢
didates is encouraged in order to determine their orbitabge as

well as more detailed system parameters. Given the factibat
have analysed here only 10 per cent of the WDMS in DR5, it is
clear SDSS holds the potential to dramatically improve owteu-
standing of CE evolution.

two spectral classes would be necessary: SDSSJ032510.84ACKNOWLEDGEMENTS.

011114.1, SDSSJ093506.92+441107.0, and SDSSJ143947.62

010606.9. SDSSJ143947.62-010606.9 contains a very hde whi

dwarf, and the secondary star may be heated if this system is a

PCEB. Its two SDSS spectra reveal no significant radial vigloc
variation, but as discussed in Sect. 2 the SDSS spectra ¢axno
clude a PCEB nature because of random phase sampling, lbw inc
nation and limited spectral resolution. SDSSJ03251084t04.1
and SDSSJ093506.92+441107.0 could be short-period PGEBs,
they both have poorly define Nabsorption doublets, possibly
smeared by orbital motion over the SDSS exposure (see 3eict. 2
a close binary, their moderate white dwarf temperatureddvoe
sufficient to cause noticeable heating of the secondan\stacon-
clude that our study suggests some anomalies in the prepeati

~ 1/3 of the M-dwarf companions within the WDMS sample anal-
ysed here. Thisis in line with previous detailed studiesrepg the
anomalous behaviour of the main sequence companions in PCEB
and cataclysmic variables, e.g. O'Brien et al. (2001) orlbiagt al.
(2005).

4.8 Selection effectsamong the SDSSWDMS.

Selection effects among the WDMS found by SDSS with resjpect t
the spectral type of their main-sequence component canduedéd
from the right panel of Fig. 11. No binaries with econdarycips
types later than M5 are found at distances larger thas00 pc.
Because of their intrinsic faintness, such late-type s@annstars
can only be seen against relatively cool white dwarfs, anttée
the large absolute magnitude of such WDMS limits their detec
tion within the SDSS magnitude limit to a relatively shorstdince.
Hot white dwarfs in SDSS can be detected to larger distarmees,
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Post Common Envelope Binaries from SDS37

Table 5: WD masses, effective temperatures, surface gavipectral types and
distances of the SDSS PCEB:s identified in Sect. 3, as detedfiiom spectral

modelling. The stellar parameters for the remaining 112 WWEtiharies can be
found in the electronic edition of the paper. We quote bysamde those systems
which have been studied previously by Silvestri et al. (3@0®I Eisenstein et al.

(2006), repectively.

SDSSJ MJID plate fiberTer(K) err logg err M(Mg)

Sp dsedpc) err flag

notes

005245.11-005337.2 51812 394 96 15071 4224 8.69 0.73
51876 394 100 17505 7726 9.48 0.95
51913 394 100 16910 2562 9.30 0.42
52201 692 211 17106 3034 9.36 0.43
005457.61-002517.0 51812 394 118 16717 574 7.81 0.13
51876 394 109 17106 588 7.80 0.14
51913 394 110 17106 290 7.88 0.07
022503.02+005456.2 51817 406 533 - - - -
51869 406 531 - - - -
51876 406 532
51900 406 532
52238 406 533 - - - -
024642.55+004137.2 51871 409 425 15782 5260 9.18 0.76
52177 707 460 - - - -
52965 1664 420 16717 1434 8.45 0.28
52973 1664 407 14065 1416 8.24 0.22
025147.85-000003.2 52175 708 228 17106 4720 7.75 0.92
52177 707 637 - - - -
030904.82-010100.8 51931 412 210 19416 3324 8.18 0.68
52203 710 214 18756 5558 9.07 0.61
52235 412 215 14899 9359 8.94 1.45
52250 412 215 11173 9148 8.55 1.60
52254 412 201 20566 7862 8.82 0.72
52258 412 215 19640 2587 8.70 0.53
53386 2068 126 15246 4434 8.75 0.79
031404.98-011136.6 51931 412 45 - - - -
52202 711 285 - - - -
52235 412 8 - - - -
52250 412 2 - - - -
52254 412 8 - - - -
52258 412 54 - - - -
082022.02+431411.0 51959 547 76 21045 225 7.94 0.04
52207 547 59 21045 147 7.95 0.03
113800.35-001144.4 51630 282 113 18756 1364 7.99 0.28
51658 282 111 24726 1180 8.34 0.16
115156.94-000725.4 51662 284 435 10427 193 7.90 0.23
51943 284 440 10189 115 7.99 0.16
152933.25+002031.2 51641 314 354 14228 575 7.67 0.12
51989 363 350 14728 374 7.59 0.09
172406.14+562003.0 51813 357 579 35740 187 7.41 0.04
51818 358 318 36154 352 7.33 0.06
51997 367 564 37857 324 7.40 0.04
172601.54+560527.0 51813 357 547 20331 1245 8.24 0.23
51997 367 548 20098 930 7.94 0.18
173727.27+540352.2 51816 360 165 13127 1999 7.91 0.42
51999 362 162 13904 1401 8.24 0.31
224139.02+002710.9 53261 1901 471 12681 495 8.05 0.15
52201 674 625 13745 1644 7.66 0.36
233928.35-002040.0 53357 1903 264 15071 1858 8.69 0.33
52525 682 159 12536 2530 7.92 0.79
234534.49-001453.7 52524 683 166 19193 1484 7.79 0.31
53357 1903 103 18974 730 7.98 0.15

err dyg(pc) err
1.0438 0.505 297 4
145 049 202 15
135 0.22 261 173
138 0.22 238 178
0.5107 0.455 38 5
0.51 0.07 474 40
055 0.04 420 19
- - - - 5
- - - - 5
- - - - 5
- - - - 5
1289 0213 212 4
- - - - 3
090 0.16 515 108
0.76 0.14 510 77
0.4%4 01660 812 4
- - - - 4
0.7310 01107 471 3
124 031 462 325
117 0.75 374 208
095 0.84 398 341
111 037 627 407
1.04 0.27 650 281
1.07 041 522 348
- - - - 4
- - - - 4
- - - - 4
- - - - 4
- - - - 4
0.59 2 0.053 4 4
0.60 0.01 147 2
0.62l7 0588 106 4
0.84 0.10 487 60
0.5414 0.180 25 5
059 0.10 191 19
04405 0.338 25 5
041 0.04 372 21
0.401 0.417 15 2
0.40 0.02 453 24
043 0.01 439 16
0.7714 0582 94 2
059 011 714 83
05626 0559 140 6
0.76 0.20 488 106
0.6409 0 369 35 4
043 0.19 524 108
1.0418 416 112 4
056 048 655 291
0.5117 0713 132 4
0.61 0.09 652 62

502

149 s.e

4 511 152
4 496 147

4
539

526 156
271 s,e

5 562 283
5 550 277
5 341 172 s.e

351
349
342
356
365
483
3
3
881

177
176
172
179
108 s,e
77
492 78
499 80
262 e

794 236

888

AOWWAPLP®

141 s,e
830 132
586 174
569 169
836 133
854 136
628 187

4 445 132 s.e
475 141

452
426
444
445
250

134
126
132
132
74  s.e

4 244 72

601
4
397

178 s,e
581 173
200 s,e

5 431 217

394
5

199 s.e
391 197

1075 222 s.e
2 1029 213
2 1031 213

1090 225 s.e
2 1069 221

680
6

381
4

307 s,e
639 288

113 e
378 112

530 157 e

4

528 157

1058 314 s.e
4 1155 343

5

1

1

Continued on Next Page. ..
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Table 5 — Continued

SDSSJ MJID plate fiberTer(K) err logg err M(Mg) err dyg(pc) err Sp dsedpc) err flag notes
235020.76-002339.9 51788 386 228 - - - - - - - - 5 504 254 6
52523 684 226 - - - - - - - - 5 438 22

(1) Tegr less than 6000; (2) Noisy spectra; (3) Cold WD; (4) Diffusekgaound galaxy in the SDSS image; (5) Reflection effectS@ne
blue excess, WD?
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