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Motivation and Outline�
•  We  are  amidst  exponential  white  dwarf  discovery  in  the  era  of  

deep,  large-‐‑area,  multi-‐‑colour  photometric  surveys	
•  WDs:  The  Endpoints  of  Single  Stars	

–  Ultracool  (<4000  K)  WDs  trace  the  Galactic  star  formation  history	
–  Pulsating  WDs  allow  us  to  probe  their  degenerate  interiors  	
–  Some  WDs  bear  the  signatures  of  evolved  planetary  systems	

•  WDs:  The  Endpoints  of  Binary  Systems	
–  WDs  in  binaries  constrain  both  single-‐‑degenerate  and  

double-‐‑degenerate  Supernovae  Ia  progenitors	
–  Explore  post-‐‑common-‐‑envelope  binary  evolution	
–  Ultracompact  binaries  rapidly  merge  due  to  gravitational  radiation	

D. Berry, GSFC!



The White Dwarf Catalogue in 1999 April �

McCook  &  Sion  1999,  ApJS,  121,  1	
Spectroscopically  confirmed  WDs	



The White Dwarf Catalogue in 2013 January�

McCook  &  Sion  1999;  Kleinman  et  al.  2013,  ApJS,  204,  5	
Spectroscopically  confirmed  WDs	



•  White  Dwarfs  (WDs)  are  the  burnt-‐‑out  cores  of  all  low-‐‑mass  
stars  with  initial  masses  below  ~8-‐‑10  M¤	

•  They  are  personal,  since  this  is  the  future  of  our  Sun  	
	

	
	
	
	
•  WDs  are  blue  and  hot  but  very  faint  (roughly  an  Earth  radius)	

–  The  brightest  WD,  Sirius  B,  is  just  2.6  pc  away  and  is  still  V=8.4  mag	
•  Thus,  our  knowledge  of  WDs  is  still  fragmentary	

White Dwarfs, the Quantum Dots �



•  Local  WD  sample  only  complete  out  to  ~13  pc	
–  Likely  still  missing  >50%  of  WDs  within  25  pc	

•  Hydrogen-‐‑atmosphere  (DA)  WDs  separate  by  u-‐‑g,  g-‐‑r  colours	
•  80%  of  WDs  are  hydrogen-‐‑atmosphere  (gravitational  se\ling)	
•  Fit  spectra  to  model  atmospheres  to  get  Teff/log(g)  à  masses	

Dwarfspotting. 

100,000-‐‑6000  K  WDs	

Kleinman  et  al.  2013,  ApJS,  204,  5	

MS  stars	

He-‐‑Core	 CO-‐‑Core	 ONe-‐‑Core	



He-‐‑Core:  Hermes  et  al.  2013,  MNRAS,  436,  3573	
ONe-‐‑Core:  Hermes  et  al.  2013,  ApJ,  771,  L2	
	
	

Pulsating WDs Probe Degenerate Interiors�
•  Pulsations  driven  by  H  partial-‐‑ionization  zone  (12,500—11,200  K)	
•  Easy  to  select  by  temperature	
•  Pulsations  probe  entire  WD	

Canonical-‐‑mass  
(~0.6  M¤)  WDs	

Extremely  low-‐‑mass  (<0.25  M¤)  
He-‐‑core  WDs	

Ultramassive  (1.2  M¤)  
ONe-‐‑core  WD  GD  518	



Oswalt  et  al.  1996,  Nature,  382,  692	

•  Ultracool  WDs:  Teff  <4000  K,  can  be  proper-‐‑motion/colour  selected  	
•  Insight  into  the  oldest  stellar  populations  (cooling  ages  >8  Gyr)	
•  ATLAS  can  firm  ages  by  finding  more  cool  and  ultracool  WDs	

Cool WDs Trace Galactic Star-Formation History�

Harris  et  al.  2006,  AJ,  131,  571	

Luminosity  function  of  
WDs  sets  a  lower  limit  
on  the  age  of  the  local  
Galactic  disk,  >9.5  Gyr	

WDs  from  SDSS  
roughly  corroborates  
this  disk  age	



•  Not  all  WDs  have  simply  hydrogen-‐‑  or  helium-‐‑only  atmospheres	
•  Roughly  30-‐‑50%  of  all  cool  WDs  show  some  metal  pollution	
•  These  metals  sink  out  of  WD  photosphere  in  days  to  years	

Not All WDs Have Chemically Pure Atmospheres�

DA  (hydrogen-‐‑pure  atmosphere) DZ  (atmospheric  metals) 
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Gänsicke  et  al.  2012,  MNRAS,  424,  333	
Farihi  et  al.  2013,  Science,  342,  218	
Koester  et  al.  2014,  arXiv:  1404.2617	

•  Metal-‐‑polluted  WDs  reveal  the  chemical  composition  of  rocky  
exoplanetary  debris  (comets,  asteroids,  planetessimals,  etc.)	

•  Abundance  analyses  show  that  this  exo-‐‑terrestrial  debris  is  rocky;  
chemically  diverse,  
like  meteorites  
(Gänsicke+  2012)	

•  Strong  evidence  that  
some  debris  is  
rocky  &  water-‐‑rich  
(Farihi  et  al.  2013)	

•  Many  have  infrared  
excesses  from  debris  
disks  (ATLAS+VHS)  	

The Scars of Tidally Disrupted Planetary Material �



•  The  number  of  identified  WD+MS  binaries  went  from  a  few  
dozen  before  SDSS  to  more  than  2,200  in  2013	

•  Many  of  these  systems  have  
evolved  through  a  common-‐‑  
envelope  phase  and  are  close,  
detached  WD+dM	

•  These  are  the  progenitors  of  
cataclysmic  variables  (CVs)	

Dwarfspotting. 

The SDSS WDMS binary catalogue 3401

Figure 2. Colour selection of WDMS binaries that combines optical SDSS and infrared UKIDSS, 2MASS and/or WISE magnitudes (black solid lines) and the
3 419 resulting photometric WDMS binary selected candidates (black solid dots). To illustrate how main-sequence stars and quasars are efficiently excluded
with our selection criteria, we represent a sample of quasars from Schneider et al. (2010) as solid green dots and main-sequence stars as grey solid dots.
Spectroscopically confirmed SDSS WDMS binaries from Rebassa-Mansergas et al. (2012a) are also shown as red solid dots.

Table 2. Object names, coordinates (in degrees) and SDSS ugriz, UKIDSS yjhk, 2MASS JHK and WISE w1w2 magnitudes of the 3419 photometrically
selected WDMS binaries. For those with available spectroscopy, we include the spectral classification (Table 3). The complete table is available in the electronic
edition of the paper.

SDSS J RA Dec. u g r i z y j h k J H K w1 w2 Type

000116.50+000204.8 0.318 74 0.034 68 18.85 18.80 18.91 19.04 19.22 18.90 18.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Unknown
000152.09+000644.5 0.467 03 0.112 36 19.03 18.57 17.89 17.48 17.17 16.51 16.05 15.40 15.28 0.00 0.00 0.00 0.00 0.00 WDMS
000218.67−064850.1 0.577 81 −6.813 91 20.44 18.96 17.78 17.19 16.79 0.00 0.00 0.00 0.00 15.65 14.93 14.74 14.66 14.73 –
000238.16+162756.7 0.658 98 16.465 76 19.13 18.56 17.84 16.80 16.13 0.00 0.00 0.00 0.00 14.76 14.16 13.89 13.79 13.68 –
000356.94−050332.8 0.987 23 −5.059 10 18.53 18.22 18.15 17.48 16.88 0.00 0.00 0.00 0.00 15.58 14.98 14.50 14.48 14.42 WDMS
000413.91+183616.4 1.057 95 18.604 55 18.71 18.53 18.57 17.87 17.23 0.00 0.00 0.00 0.00 15.84 15.16 14.96 14.79 14.61 –
000504.91+243409.6 1.270 47 24.569 34 19.51 18.89 18.47 17.48 16.81 0.00 0.00 0.00 0.00 15.36 14.72 14.40 14.26 14.11 WDMS
000541.94+133734.2 1.424 74 13.626 16 19.23 18.77 18.86 19.05 19.17 18.87 18.99 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –
000553.76+113128.5 1.474 02 11.524 57 18.84 18.83 19.00 19.23 19.46 19.13 19.20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –
000559.88−054416.1 1.499 48 −5.737 80 18.56 18.32 17.75 17.06 16.62 0.00 0.00 0.00 0.00 15.43 14.84 14.73 14.43 14.40 WDMS

comprehensive catalogues of single white dwarfs within the SDSS
DR7 footprint are available (Debes et al. 2011; Girven et al. 2011;
Kleinman et al. 2013). We compare our WDMS binary candidate
list with the catalogues of Kleinman et al. (2013) and Girven et al.
(2011) and exclude all positive matches. This reduces our number
of selected candidates to 3419 (Table 1), shown as black solid dots
in Fig. 2. Coordinates, optical SDSS and infrared UKIDSS, 2MASS
and WISE magnitudes of the 3419 photometrically selected WDMS
binaries can be found in Table 23.

It is worth mentioning that the photometric white dwarf cata-
logue of Girven et al. (2011) includes SDSS white dwarfs for which
UKIDSS near-infrared excess is detected, which implies we might

3 Among the 3419 selected candidates, 1109 have available yjhk UKIDSS
magnitudes, 2459 available JHK 2MASS magnitudes, 2606 available w1w2
WISE magnitudes and 501 available magnitudes from all three infrared
surveys.

be excluding some genuine WDMS binaries in this exercise. How-
ever, the overlap between our WDMS binary photometric candidate
list and the sample of WDMS binaries that may be included in the
catalogue by Girven et al. (2011) is very small, as the colour se-
lection by Girven et al. (2011) removes any white dwarf that has a
noticeable excess in the SDSS i magnitude, i.e. the main interest of
that study is to detect infrared excess typical of debris discs around
or brown dwarf companions to white dwarfs. It is also important to
keep in mind that the single white dwarf catalogues are based on
SDSS DR 7 and that we are considering DR 8 data here. Therefore,
a few per cent of single white dwarfs may still be included in our
WDMS binary candidate list.

2.4 The success rate of the photometric sample

We have demonstrated that our selection criteria are highly effi-
cient in excluding single main-sequence stars and quasars. Single

Confirmed  WD+MS  binaries	

Quasars	
WD+MS  
candidates	

Rebassa-‐‑Mansergas  et  al.  2013,  MNRAS,  433,  3398	

WD dM 



Zorotovic  et  al.  2011,  A&A,  536,  42	

•  Theoretical  predictions:  
dwarf  novae  eject  more  
mass  than  they  accrete	

•  Mean  mass  of  CVs  
(0.83  M¤)  is  significantly  
higher  than  the  mean  
mass  of  isolated  WDs  
(0.6  M¤)  or  WDs  in  post-‐‑
common-‐‑envelope  
binaries  (0.58  M¤)	

•  PCEBs  will  evolve  into  
CVs	

•  ATLAS  can  help  select  
many  more  systems,  to  
firm  up  these  statistics	

Do Dwarf Novae Actually Grow in Mass?�

A&A 536, A42 (2011)

Fig. 7. Mass distribution of the WDs in CVs (top), pre-CVs (middle),
and PCEBs (bottom). The black histogram in the top panel represents
the 32 fiducial CV WDs with presumably more reliable mass, defined
in Sect. 2.1.

Fig. 8. CV WD-mass distribution divided into systems in or below the
period gap (top), and above (bottom). As in Fig. 7, black histograms
correspond to the 32 fiducial CV WDs.

5. Discussion

The main results obtained in the previous sections can be sum-
marized as follows. The masses of CV WDs do significantly

exceed the WD masses of both pre-CVs and single WDs. The
high masses of CV WDs cannot be explained as the consequence
of observational biases. The mean CV WD masses below and
above the period gap are very similar but the mass distribution
seems to be broader above the gap. Finally, very few, if any,
He-core WD candidates are known in CVs and the fraction of
He-core WDs in pre-CVs is <∼17 ± 8%. Below we briefly review
the predictions of binary-population-synthesis (BPS) models of
CVs before discussing possible explanations for the high mean
WD masses in CVs.

5.1. BPS models of CVs

The first BPS model of CVs and their progenitors has been pre-
sented in a pioneering work by de Kool (1992), who calculated
the formation rates of CVs for different initial-mass-ratio distri-
butions and CE efficiencies (for similar studies see de Kool &
Ritter 1993; Kolb 1993; King et al. 1994; Politano 1996; Howell
et al. 2001). The conclusions of these early works can be sum-
marized as follows.

– The most crucial uncertain parameters are the initial-mass-
ratio distribution and the CE efficiency. The peak of the
orbital-period distribution predicted by BPS models of
PCEBs depends crucially on the initial-mass-ratio distribu-
tion, while the width of the peak depends on the CE effi-
ciency α.

– The WD-mass distribution of newly formed CVs is bimodal
with maxima at ∼0.4 M" (He-core WDs) and <∼0.6 M"
(C/O-core WDs). The fraction of He-core WDs in CVs
can be up to ∼50% but decreases for low values of the
CE efficiency.

– If the initial-mass-ratio distribution favours unequal masses,
most CVs are born below the gap.

– If the initial-mass-ratio distribution favours equal masses
and/or the CE efficiency is small and/or CVs descending
from super soft X-ray binaries are included, most CVs might
be born above the orbital-period gap.

– Most importantly in the context of this paper, the predicted
mean WD mass of BPS models for CVs are typically well
below the mean WD mass of single stars (see e.g., Politano
1996, who predicts 〈Mwd〉 = 0.49 M").

5.2. Initial-to-final mass relations

Before discussing the implications of our results for the standard
theory of CV evolution, we emphasize and illustrate our main
finding once more, i.e. the obtained difference of WD masses
in pre-CVs and CVs. The right-hand side of Fig. 9 shows the
distribution of WD masses for the pre-CVs in our sample (solid
histogram) and for the sample of 32 fiducial CVs (dashed his-
togram). In the bottom left panel we compare the initial-to-final
mass (IFM) of the WDs in our pre-CV sample (crosses) with
different theoretical and empirical IFM relations for single-star
evolution (grey lines, from top to bottom: Catalán et al. 2008;
Williams et al. 2009; Casewell et al. 2009; and Weidemann
2000). The black dashed line corresponds to the average of the
four IFM relations. The differences between the reconstructed
initial masses for the pre-CVs and the average IFM relation
are negligible for Mwd >∼ 0.5 M", which is true for all fidu-
cial CVs. Therefore we can use the average IFM relation to
obtain a reasonable guess of the initial mass for the WDs in
CVs. The top panel, finally, compares the distribution of recon-
structed initial masses for the WDs in our sample of pre-CVs

A42, page 12 of 16

<MWD>  =  0.83  
              ±  0.23  M¤ 

<MWD>  =  0.58  
              ±  0.20  M¤ 

A&A 536, A42 (2011)

Fig. 7. Mass distribution of the WDs in CVs (top), pre-CVs (middle),
and PCEBs (bottom). The black histogram in the top panel represents
the 32 fiducial CV WDs with presumably more reliable mass, defined
in Sect. 2.1.

Fig. 8. CV WD-mass distribution divided into systems in or below the
period gap (top), and above (bottom). As in Fig. 7, black histograms
correspond to the 32 fiducial CV WDs.

5. Discussion

The main results obtained in the previous sections can be sum-
marized as follows. The masses of CV WDs do significantly

exceed the WD masses of both pre-CVs and single WDs. The
high masses of CV WDs cannot be explained as the consequence
of observational biases. The mean CV WD masses below and
above the period gap are very similar but the mass distribution
seems to be broader above the gap. Finally, very few, if any,
He-core WD candidates are known in CVs and the fraction of
He-core WDs in pre-CVs is <∼17 ± 8%. Below we briefly review
the predictions of binary-population-synthesis (BPS) models of
CVs before discussing possible explanations for the high mean
WD masses in CVs.

5.1. BPS models of CVs

The first BPS model of CVs and their progenitors has been pre-
sented in a pioneering work by de Kool (1992), who calculated
the formation rates of CVs for different initial-mass-ratio distri-
butions and CE efficiencies (for similar studies see de Kool &
Ritter 1993; Kolb 1993; King et al. 1994; Politano 1996; Howell
et al. 2001). The conclusions of these early works can be sum-
marized as follows.

– The most crucial uncertain parameters are the initial-mass-
ratio distribution and the CE efficiency. The peak of the
orbital-period distribution predicted by BPS models of
PCEBs depends crucially on the initial-mass-ratio distribu-
tion, while the width of the peak depends on the CE effi-
ciency α.

– The WD-mass distribution of newly formed CVs is bimodal
with maxima at ∼0.4 M" (He-core WDs) and <∼0.6 M"
(C/O-core WDs). The fraction of He-core WDs in CVs
can be up to ∼50% but decreases for low values of the
CE efficiency.

– If the initial-mass-ratio distribution favours unequal masses,
most CVs are born below the gap.

– If the initial-mass-ratio distribution favours equal masses
and/or the CE efficiency is small and/or CVs descending
from super soft X-ray binaries are included, most CVs might
be born above the orbital-period gap.

– Most importantly in the context of this paper, the predicted
mean WD mass of BPS models for CVs are typically well
below the mean WD mass of single stars (see e.g., Politano
1996, who predicts 〈Mwd〉 = 0.49 M").

5.2. Initial-to-final mass relations

Before discussing the implications of our results for the standard
theory of CV evolution, we emphasize and illustrate our main
finding once more, i.e. the obtained difference of WD masses
in pre-CVs and CVs. The right-hand side of Fig. 9 shows the
distribution of WD masses for the pre-CVs in our sample (solid
histogram) and for the sample of 32 fiducial CVs (dashed his-
togram). In the bottom left panel we compare the initial-to-final
mass (IFM) of the WDs in our pre-CV sample (crosses) with
different theoretical and empirical IFM relations for single-star
evolution (grey lines, from top to bottom: Catalán et al. 2008;
Williams et al. 2009; Casewell et al. 2009; and Weidemann
2000). The black dashed line corresponds to the average of the
four IFM relations. The differences between the reconstructed
initial masses for the pre-CVs and the average IFM relation
are negligible for Mwd >∼ 0.5 M", which is true for all fidu-
cial CVs. Therefore we can use the average IFM relation to
obtain a reasonable guess of the initial mass for the WDs in
CVs. The top panel, finally, compares the distribution of recon-
structed initial masses for the WDs in our sample of pre-CVs
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accreting  WDs: 

detached  binary  WDs: 



•  Another  recent  boon  from  SDSS:  Extremely  low-‐‑mass  (<0.3  Msun)  
ELM  WDs	

•  Bridge  the  u-‐‑g,  g-‐‑r  gap  
between  WDs  (logg=8)  
and  MS  stars	

•  These  WDs  are  by  
necessity  the  products  
of  close  binary  evolution,  
and  many  are  found  in  
ultracompact  binaries	

•  Excellent  gravitational  
wave  sources!	

Dwarfspotting. 

Latest  ELM  Survey  release:	
Brown  et  al.  2013,  ApJ,  769,  66	

log(g)=	

log(g)=	

log(g)=	



Mean Earth--Moon 
separation 

Minimum ELM Binary 
(J0651+2844) 

Median ELM Binary 

Maximum 
ELM Binary 

(J0815+2309) 

1  R¤ 



Phase = 0	


•  This  is  the  most  compact  detached  
binary  system  currently  known	

•  It  will  come  into  contact  in  <1  Myr  due  
to  emission  of  gravitational  radiation	

SDSS J0651+2844: A 12.75-min WD+WD Binary�
0  
min 

25.5  
min 

12.75  
min 



– 14 –

Fig. 2.— Orbital decay caused by the loss of energy by gravitational radiation. The parabola

depicts the expected shift of periastron time relative to an unchanging orbit, according to

general relativity. Data points represent our measurements, with error bars mostly too small

to see.

•  This  12.75-‐‑min  WD+WD  binary  is  decaying  >  3.5  times  faster  than  the  
7.75-‐‑hr  Hulse-‐‑Taylor  binary  pulsar,  which  was  the  first  indirect  
detection  of  gravitational  radiation  (1993  Nobel  prize  in  physics)	

Weisberg  et  al.  2010,  ApJ,  722,  1030	

J0651+2844	 PSR  B1913+16	

dP/dt  =  -‐‑0.278  ms/yr	 dP/dt  =  -‐‑0.076  ms/yr	

SDSS J0651+2844: A 12.75-min WD+WD Binary�

Hermes  et  al.  2012,  ApJ,  757,  L21	



•  J0651,  an  excellent  verification  source:  forb  =  1.30683671(9)  mHz  	
•  J0651+2844  should  be  

detectable  by  eLISA  
with  S/N  >  3  within  
its  first  week  of  
operation!	

•  Finding  more  
ELM  WDs  in  
ATLAS  will  allow  
us  to  find  more  
verification  sources	

Kilic,  Brown  &  Hermes  2013,  ASP  Conference  Series,  467,  47	

ELM WDs are Excellent eLISA  Verification Sources�

Interacting  binaries	

Detached  binary	

Expected	
gravitational  wave	
foreground	



VST ATLAS and WDs in the South�



Digging in the Stellar Graveyard with VST ATLAS�
•  Finding  WDs  is  trivial  with  well-‐‑calibrated  u  photometry  and  

proper  motions  (PPMXL)	
•  VST  ATLAS  can  find  thousands  of  new  WDs  in  the  south	

–  10,000+  new  individual  WDs  (many  in  clusters)	
–  100+  pulsating  WDs	
–  50+  WDs  with  debris  disks	
–  1000+  WD+MS  binaries	
–  100+  extremely  low-‐‑mass,  compact  WD+WD  binaries	

•  Don’t  forget  the  stars!	


