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ABSTRACT

We report the discovery, from our preliminary survey of thred3epe open cluster, of
two new spectroscopically confirmed white dwarf candidatmbers. We derive the ef-
fective temgeratures and surface gravities of WD0837+2tB@D0837+185 (LB5959) to
be 178457222K and log g= 8.481007 and 141707 1250K and log g= 8.4610 13 respec-
tively. Using theoretical evolutionary tracks we estimiite masses and cooling ages of these
white dwarfs to be).92 -+ 0.05M ¢, and280735Myrs and0.90 £ 0.10Mg and500" 70Myrs
respectively. Adopting reasonable values for the clustgr we infer the progenitors of
WD0837+218 and WD0837+185 had masseg.6f< M < M.i1Mgp and2.4 < M < 3.5
Mg respectively, where M;; is the maximum mass of a white dwarf progenitor. We briefly
discuss these findings in the context of the observed defigihde dwarfs in open clusters
and the initial mass-final-mass relationship.
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1 INTRODUCTION

The common age, metallicity and distance of their membeilema
galactic open star clusters favourable environments ichvto ex-
amine fundamental issues in stellar and galactic astraggsg.
the shape of the initial mass function (IMF) or the form of the
initial mass-final mass relationship (e.g. Weidemann 198%g
modestly rich and well studied Praesepe (NGC2632) clustar a
distance of 177pc, as determined from Hipparcos astroometa-
surements (Mermilliod et al. 1997), appears particuladiyes to
such investigations. Its members share a distinct prop¢iomeo
it is comparatively straightforward to discriminate therorh the
vast majority of field objects along this line of sight. Foraax
ple, Hambly et al. (1995) performed an astrometric survey®f
sq. degrees centered on the cluster and found the propeomaoti
of members tightly clumped aroung,cos 6 = —30 mas yr'
andus = —8mas yr'. A more recent Hipparcos based study of
Praesepe finds mean valuesiofcos § = —35.7 mas yr* and
ps = —12.7mas yr * (van Leeuwen 1999).

A spectroscopic study of F type members indicates the clus-
ter is slightly metal rich with respect to the Sun ([Fe/HBE8,
[C/H]=0.01; Freil & Boesgaard 1992). This is consistenthatite
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conclusions reached by previous investigations of thi® t{gg.
Boesgaard & Budge 1988). However, there is still unceryaast
to the age of the cluster, with estimates ranging from 0.4y2sG
(e.g. Allen 1973; Mathieu & Mazeh 1988). Those determinatio
based on isochrone fitting generally support an age of bet@&e
1.1 Gyrs (e.g. Anthony-Twarog 1982; Mazzei & Pigatto 19&8),
though Claver et al. (2001), hereafter C01, favour a valosesl
to that of the Hyades (625Myrs), on grounds that the two ehsst
have similar metalicity and, kinematically, Praesepe id phthe
Hyades moving group (Eggen 1960).

To date, five white dwarf members of Praesepe have been
identified: LB390, LB5893, LB393, LB1847 and LB1876 (Luyten
1962; Eggen & Greenstein 1965; Anthony-Twarog 1982, 1984;
CO01). This is fewer than the 7-20 observable degeneratelicped
from the extrapolation of the present day cluster lumiryokinc-
tion, allowing for reasonable assumptions about the fornthef
IMF, the maximum progenitor mass (M) and the binary fraction
(Williams 2004, hereafter W04). Several explanations hasen
put forward to account for this shortfall and the deficit ofitgh
dwarfs observed in other open clusters such as the HyadesxFo
ample, if Mit ~ 4Mg there would have been fewer white dwarf
progenitors in the first place (e.g. Tinsley 1974). Howethez pres-
ence of the white dwarf LB1497 in the Pleiades with an estuhat
progenitor mass & 6Mq argues against this (C01). It has recently
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Table 1. Details of the six new candidate WD members unearthed (togh}tee four previously known WD members recovered (bottoymur preliminary

survey of Praesepe.

Designation Other ID RA DEC (0] E B Rp Lo oS O 755
J2000.0 USNO-B SuperCOSMOS mas yr
candidate 1 - 083610.01 193819.1 17.60 18.17 18.44 18.30 +£236 -243
WD0837+185  LB5959 084013.30 184326.4 17.81 18.20 18.28 2418. -32+0 -12+7
WwD0837+218 - 084031.47 2140431 17.87 18.64 18.04 18.17 =£530 -6+5
candidate 4 - 084258.03 1854355 17.86 18.44 18.34 1843 4334 -8+2
candidate 5 - 084322.00 2043305 18.34 18.39 18.44 1854 +£430 -8+2
candidate 6 LB8648 08460191 1830485 18.04 1825 18.11 2518. -36t5 -1445
WDO0836+201 LB393, EG61 08394557 200016.0 17.54 18.24 817.918.15 -32:2 -10+4
WD0836+199 LB1847,EG60 083947.20 1946121 17.64 18.31 7318. 18.25 -3&3 -10+2
WD0837+199  LB390, EG59 084028.09 1943348 17.28 17.78 817.417.59 -34:2 -243
WD0840+200 LB1876 084252.32 195111.3 17.27 18.00 17.75 0218. -30+3 -10+4

been shown that asymmetry at a level of only 1% in the post main
sequence mass loss process is sufficient to lead to the cgsidf

a significant fraction of the white dwarf population from apea
cluster (Fellhauer et al. 2003). Alternatively, for Prgesat least,

it may be that no investigation to date has included a suffidrac-

tion of the total area the cluster projects on the sky. Theeysr of
Anthony-Twarog (1982, 1984) and C01 have both concentmated
the central 2 sq. degrees of the cluster but Adams et al. (2002)
determine the tidal radius to be 5° (see Figure 1).

There have been a number of studies of the five previously
known Praesepe white dwarfs. Reid (1996) have used high reso
lution spectroscopy of the Ha line cores to derive gravitational
redshift based mass estimates of 0.42, 0.91 and Q:6favLB390,
LB5893 and LB393 respectively. CO1 fit synthetic line prafite
moderate resolution, high S/N spectra of the4dto H—3 mem-
bers of the Balmer series in each white dwarf, to measure-effe
tive temperatures (k) and surface gravities (log g). Subsequently,
they derived the mass of each, in the order listed in the apake-
graph, to be 0.82,0.91, 0.62, 0.82 and 0.7Z5Mhey also noted the
anomolously low mass Reid determined for EG59 likely stechme
from his neglect of the Zeeman splitting of the-H line core
caused by a magnetic field with a strength~ef3MG. Reid and
CO01 have estimated the mass of the progenitor star of ea@ndeg
erate, comparing the difference between the age of theeclasd
the cooling time for the white dwarf to the predictions ofliste
evolutionary models. For four of the white dwarfs studiee fino-
genitor mass is consistent with the existence of a moncatinic
increasing relationship between the initial mass and tta firass
(see Figure 11 of C01). However, in both investigations L&58
is found to be “too young” for its comparatively high mass.1CO
speculate that it may be the outcome of binary evolutionhaues
a double degenerate merger. Alternatively, taking int@antboth
this white dwarf and his mass estimate for LB390, Reid sugges
that a simple relationship between initial mass and finalsmaay
not exist.

To move towards a resolution of these issues we are embarking defi

on a comprehensive search for additional white dwarf membkr
Praesepe. Here we report the discovery, from a preliminargion
of this survey, of two new white dwarf candidate cluster mersb
For each object we present an optical spectrum, determinerid
log g and by comparing these measurements to evolutionadgisio
estimate mass and cooling time. We conclude by briefly dings
our findings in the context of the reported deficit of white disédn
Praesepe and the initial mass-final mass relationship.

2 APRELIMINARY SEARCH FOR PRAESEPE WHITE

DWARFS

We have utilised the USNO-B1.0 catalogue to undertake aegurv
of a5° x 5° region centred on the Praesepe open clustet (08 40
é = 419 40, J2000.0). The USNO-B catalogue contains astromet-
ric information and photographic magnitudes for over aduillob-
jects, gleaned from digitally scanned photographic plapesining
a baseline ofv 50 years. The internal astrometric accuracy and the
dispersion in the photometry are estimated te-b@.2” and~ 0.3
magnitudes respectively (for details see Monet et al. 2003)

In this preliminary effort we have extracted all sourceshwit

19 > O > 17, O-E < 0 and with proper motions-25 >
pacos § > —45 mas yrt, 0 > ps > —20 mas yr!. This en-
compasses the magnitude range of known cluster white daads
is virtually coincident with the astrometric range sampbgdHam-
bly et al. (1995). Further, the survey should be near coraftat
O-E=z —1 (Hambly et al. 1995). Subsequently, the POSS Il J and
F images of each candidate have been inspected to elimirate e
tended sources, blended objects and spurious detectimigadr
ing in the diffraction spikes of bright stars. As an addiiboheck,
candidates have been cross referenced against the 2MASS Poi
Source Catalogue (Skrutskie et al. 1997), keeping onlyetidsch
are either non-detections or have blue near-IR coloursinvitie
photometric errors. Finally, we have used photographicqrhe-
try measured by SuperCOSMOS to compare the location of our
new candidates to the locus of cluster white dwarfs in theRg
colour-magnitude diagram (Figure 2). The external acguodi-
dividual passband magnitudes in the SuperCOSMOS Sky Survey
is quoted as 0.3 magnitudes, but this uncertainty is domihby
drifts in zeropoints as a function of magnitude and positiarthe
sky. These systematic errors do not appear when using soésur
they are the same in all passbands, so indices like Br are ac-
curate to~ 0.1 magnitudes (Hambly et al. 2001). This is not the
case in USNO-B where the scatter in colours-i§.3 magnitudes.

To enhance the white dwarf sequence which is rather loosely
ned by the five known degenerate members (the photonuetry f
LB5893 appears to have been adversely affected by the pitgxim
of the bright stellar cluster member KW195) we have usedblgt
objects drawn from the 20pc sample of Holberg et al. (2002 wi
trigonometric parallax determinations and SuperCOSMQ a1
Rr photometry, scaling these to the cluster distance of 17@pc.

the seven new candidates the locations of six are deemesteis
with them being white dwarf members of Praesepe, the rengini

object lying~ 1 magnitude below the sequence (see Figure 2).
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Figure 1. A schematic plot of the Praesepe cluster showing stars down t
= 9 and the areas surveyed by Anthony-Twarog (1982, 1984; ealithe)
and CO01 (grey shading). The region included in this invesitg is outlined
(dashed grey line). All objects listed in Table 1 (open esgland the known
white dwarf cluster members (open stars) are also oveeplofthe locations
of the two new spectroscopically confirmed white dwarf cdaté members
are highlighted (open triangles).
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Figure 2. A B, By— Ry colour-magnitude diagram of the eleven objects
remaining after cross referencing against the 2MASS PSE€n(apcles).
The thick line represents a linear least squares fit to SUPSNIOS pho-
tometry of the known degenerate members (open circles}siad objects
drawn from the 20pc sample of Holberg et al. (2002) with tnigmetric
parallax determinations (filled triangles). The magnitudéthe latter have
been scaled to correspond to a distance of 177pc. Note tre83B(filled
square) has been excluded from the fit.

Details of these six candidates and the four previously knatite
dwarf members recovered here are given in the top and therbott
of Table 1 respectively. Although CO1 recognise LB5893 t@mhe
astrometric member, it is not recovered here as its propéomis
listed in the USNO-B1.0 catalogue ascos § = —56 mas yr ',
us = —14 mas yr'. This astrometry also appears to have been
affected by the proximity of KW 195.

We have obtained optical spectra of two candidates in the sam
ple (LB5959 and WD0837+218) using the William Herschel Tele
scope and the double armed ISIS spectrograph on 28/01/3691.
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Figure 3. The results of our fitting of synthetic profiles (thin blackds) to
the observed Balmer lines (thick grey lines).

conditions were fair on this night with clear skies but witesg

~ 2". For the course of the run ISIS was configured with the 5700
dichroic and the EEV12 and TEK4 detectors on the blue and red
arms respectively. The data were obtained using the R158B an
R158R gratings and a slit width of 1” to provide a spectral res
olution of =~ 6A. Total exposure times were 60 and 120 minutes
for LB5959 and WD0837+218 respectively. The CCD frames were
bias subtracted, flat fielded and cosmic ray hits removedjubia
IRAF routines CCDPROC and FIXPIX. Subsequently the spectra
were extracted using the APEXTRACT package and wavelength
calibrated by comparison with the CuAr+CuNe arc spectra. Ou
observed spectral standards (G191-B2B and Feige 67) wavendr
from the catalogues of Oke (1974,1990) and used to remove the
instrument signature and telluric features from the s@espectra.

3 ANALYSIS OF THE DATA

3.1 Model white dwarf spectra

A glance at Figure 3 reveals broad hydrogen Balmer lines con-
sistent with both objects being DA white dwarfs. Therefore,
have generated a grid of pure-H synthetic spectra coveneJt:

and surface gravity ranges 14000-20000K and log g=7.06€-0 r
spectively. We have used the latest versions of the plaregigia
hydrostatic, non-local thermodynamic equilibrium (nohH) at-
mosphere and spectral synthesis codes TLUSTY (v200; Hubeny
1988, Hubeny & Lanz 1995) and SYNSPEC (v48; Hubeny, |. and
Lanz, T. 2001, ftp:/tlusty.gsfc.nasa.gov/synsplib/pew. We have
employed a state-of-the-art model H atom incorporatincBthmv-

est energy levels and one superlevel extending from n=9 8 n=
where the dissolution of the high lying levels was treatedigans

of the occupation probability formalism of Hummer & Mihalas
(1988), generalised to the non-LTE situation by Hubeny, hHhen

& Lanz (1994). All calculations were carried out under thewasp-

tion of radiative equilibrium, included the bound-free drek-free
opacities of the H ion and incorporated a full treatment for the
blanketing effects of HI lines and the Lymarny, — 3 and—- satel-

lite opacities as computed by N. Allard (e.g. Allard et al02p
During the calculation of the model structure the lines & Ly-

man and Balmer series were treated by means of an approximate
Stark profile but in the spectral synthesis step detaileéilesdor

the Balmer lines were calculated from the Stark broaderabtes

of Lemke (1997).
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Table 2. Details of the two new spectroscopically confirmed white dwa
candidate cluster members. Masses and cooling times avediérom the
“thick H-layer” evolutionary calculations of Wood (1995).

WD Terr(K) log g M(Mg) 7c(Myrs)
+1380 +0.15 +170

0837+185 1417071550« 8.467 51 0.904+0.10 5007
+555 +0.07 +40

0837+218 17845727 8.487 s 0.92£0.05 28075,

* extrapolated.

3.2 Determination of effective temperatures and surface
gravities

the SuperCOSMOS data;B= 18.3+0.3 and By = 18.0+0.3, we
determine V magnitudes d8.15 + 0.3 and18.0 £+ 0.3. Hence, we
estimate these white dwarfs to residel@0™ 35 pc and1801 30 pc
respectively.

Indeed, the favourable success rate of our preliminaryesurv
in unearthing cluster white dwarfs suggests several of ¢éhgaimn-
ing four new candidates will also prove to be degenerate mem-
bers. However, as confirmation of this must await furthercspe
troscopy, for now we consider the observed number of Praesep
white dwarfs, N, to lie in the rangé < N < 11. Based on the
Williams simulations we find the steep powerlaw form of theHM
is consistent with the observed number for any reasonahle
Meric. Similarly, if N> 8 the “Naylor” form can be considered con-
sistent for any reasonable value of,M. We note, one requires to

We carried out comparisons between models and data using thedetect at least ten white dwarf members for the Salpeter étime

spectral fitting program XSPEC (Shafer et al. 1991). XSPE ka0
by folding a model through the instrument response before-co
paring the result to the data by means qf’a-statistic. The best fit
model representation of the data is found by incrementieg §rid
parameters in small steps, linearly interpolating betwggints in
the grid, until the value o? is minimised. Errors are calculated
by stepping the parameter in question away from its optimalues
until the difference between the two valugsy?, corresponds to

1o for a given number of free model parameters (e.g. Lampton et

al. 1976). The errors in the.&s and log g s quoted here are formal
1o fit errors and may underestimate the true uncertainties.
Preliminary fitting of our model grid to the observed Balmer
line profiles (H-¢ - H—a) in both spectra revealed that our efforts
to remove the effects of the wiggles in the response of th8 ISI
dichroic around 4408 had not been entirely successful. Therefore,
we excluded the Balmery line from our subsequent analyses, de-
termining T.¢s and log g s from the four remaining profiles. The
results are given in Table 2 and shown overplotted in Figure 3

4 DISCUSSION
4.1 Cluster membership and the white dwarf deficit

A steep powerlawI{ = 2) was the only shape of IMF of the four
investigated by W04 consistent with his assumption of seueite
dwarf members of Praesepe, for reasonable values of themaaxi
progenitor mass (6M < Mgt < 10M@). The “Naylor” IMF, a
broken powerlaw with indeX” = 0.2 (M< 1Mg) andT” = 1.8
(M> 1Mg) was found to be consistent only forlM = 6Mg.
However, in a subsequent paper, Williams, Bolte & Liebe@02),

IMF to be regarded at best, in Williams scheme, as mildly irsi®-
tent with the observed numberAP0.07). As our preliminary re-
sults indicate white dwarf members are to be found beyond/étie
studied inner regions of the cluster (Figure 1 shows WD0233+
lies at a projected separationsf2°) more likely await discovery.
A detailed survey extending out to at least the tidal radhaukd
be undertaken before any firm conclusions are drawn regatien
form of the IMF.

Prior to this work only the “Naylor” form of the IMF was
found to be consistent with the non-detection of clustertevhi
dwarfs residing in unresolved binary systems (WO04). Howeve
there is no evidence to suggest that either of the two new con-
firmed white dwarfs resides in a binary. We find a white dwathwi
Tes = 17000K and log g= 8.0, typical of the Praesepe popula-
tion, has M,=11.0, Mg=11.0 and My=10.2 (Bergeron et al. 1995)
and a young disc M3 dwarf hasw10.7, Mz=12.3 and My=13.4
(Leggett et al. 1992). An unresolved binary consisting ekttwo
objects has U-B- —0.6, B-V= 0.6. It thus lies on the fringes of
the W04 criteria for being “observable” (U-B 0.0, B-V < 0.6),
which were chosen to approximate the limits of the UBV susvey
of CO1 and Anthony-Twarog. White dwarfs with more massive
main sequence companions are unlikely to have been idehtifie
by these surveys. Similarly, since both Luyten’s and theerur
work utilised blue and red photographic plates, selectibgais
with colours 1.C< 0.2 (= B-VS 0.5) and O-K 0 respectively,
these too are likely biased against finding white dwarfaiagiin
binaries with stars of spectral type earlier than mid-M.

Farihi et al (2003) report a deficit of objects of spectraletyp

show LB6037 and LB6072 to be QSOs, reducing the number of later than mid-M paired to field white dwarfs at separatiofis-o
bona fide white dwarf members of Praesepe unearthed to date tofew 100AU. Further, radial velocity surveys point towarddrap

only five. In this case, only the steep powerlaw form with.M <
8M can be considered consistent with the observations.

in the relative frequency of main sequence binaries withsmas
tios Mx/M; < 0.2, at separationsS 5 AU (Halbwachs et al.

Nevertheless, we have presented evidence here the numbe2003; Marcy & Butler 2000). Hence, it seems plausible, parti

of Praesepe white dwarfs is at least seven. As a further cbieck
the membership status of our two new spectroscopic carediaet
constrain their distances using the measurggsTand log g s and
radii derived from evolutionary tracks. From the “thick Hyda”
models of Wood (1995) we determine=R0.0093 + 0.0020Rg
and R= 0.0091 + 0.0009R ¢ for LB5959 and WD0837+218 re-
spectively. Subsequently,we estimate the absolute visaghitude
of LB5959 to be My = 12.0 £ 0.5 and that of WD0837+218 to be
My = 11.7 + 0.2. Refering to the synthetic photometry of Berg-
eron et al. (1995; private comm.), we estimate B«V+0.15 and
+0.05 for the cooler and hotter degenerate respectivelys Titom

larly as the progenitors of the Praesepe and Hyades whitefslwa
had Mz 2.5Mg, that by including a population of zero age bina-
ries consisting of randomly paired stars, the simulatiohg/o4
overpredict the number of detectable white dwarfs in urivesb
binaries with main sequence companions. This assumptisragma
knowledged by W04 as a possible shortcoming in their mautglli
Our forthcoming GALEX survey of Praesepe will expand the pa-
rameter space in which we are able to search for white dwarfs t
include those in unresolved systems with K, G, and F type @mp
ions. It will reveal important additional information onetfiorm of
the IMF and the binary fraction of this cluster.



Table 3.Progenitor lifetimes and corresponding masses for vaiolapted cluster ages.

Progenitor 8.80 (logh Myrs) 8.92 (logo Myrs) 9.04 (log o Myrs)

of WD Tprog (MYrS)  Mprog (Me)  Tprog (MYrs)  Mprog (M@)  Tprog (Myrs)  Mprog (M)
+100 SMm +100 +1.1 . +100 +0.3

0837+185 1307 196 0 i 3301396 sales 6001196 2800

0837+218 350730 3.310:2 550130 2.910-0 82030 2.5+0.0

4.2 White dwarf masses and the initial mass-final mass
relationship

We have estimated the masses of the two new white dwarfs by com

paring their measured.#s and log g s to the predictions of evolu-
tionary calculations (Wood 1995). As expected for theimgamitor

masses, M& 2.5M, these two objects have masses greater than

the canonical white dwarf value of ¥ 0.6Mg, (see Table 2). We

have also used the evolutionary tracks to estimate thergptitnes

of these objects, determinirig)0™;75Myrs and 280730 Myrs for

LB5959 and WD0837+218 respectively. As the age of the dluste

is rather uncertain we have used three different estimatesne-
passing the likely value (Iogciuster = 8.80,8.92 and 9.04) to

derive the progenitor lifetimes. Using cubic splines t@ipblate
between the lifetimes calculated for stars of solar comjuosby
Girardi et al. (2000), we constrain the masses of the progiesnof
LB5959 and WD0837+218 to kie6 < M < Merit Mg and2.4 <

M < 3.5 M respectively.

Examining the location of these objects in Figure 11 of

CO01 we find while LB5959 fits in comfortably with a monotonic
relationship between initial mass and final-mass, like LEH8

WDO0837+218 appears to be too hot and hence too young for its
high mass. We note there are five blue straggler members ef Pra

sepe (e.g. Andrievsky 1998). The evolution of these objapts
pears to have been delayed, either through binary interacti

another as yet unidentified mechanism. We suggest that LB589

and WD0837+218 may be related to this population. Altevest)

as suggested by Reid (1996), perhaps, at least some stamst do
subscribe to a simple monotonic relationship between tieiss
and the mass of their resulting white dwarf remnant.
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