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Initial stellar mass

Helium white dwarfs
• MWD< 0.3 MSun 	


• must be helium core 	


• not single star evolution	


• Extremely Low Mass (ELM) 
WD	


• MWD  = 0.3 to 0.45 MSun	


•  probably helium core	


• can by hybrid CO/He	


• often binaries but some singles 
(metal-rich enhanced wind?)
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He-rich core, but this is not the whole story. In fact, stars with
initial mass in the range 1.8 to 3 M⊙, which undergo intense and
rapid mass-loss episodes, could produce both CO- or He- rich
WDs with mass lower than 0.5 M⊙. In these stars, the degree
of electron degeneracy and, in turn the cooling processes, in the
core developed during the RGB are weaker and the He ignition
occurs when its mass is lower (see e.g. Fig. 1). As early as 1985
in a very instructive paper, Iben & Tutukov showed that a star
with an initial mass of 3 M⊙ evolving in a close-binary system
can produce a remnant of 0.4 M⊙ with a sizeable C−O core.
More recently, Han et al. (2000), obtained a similar result by
computing the evolution of close binary systems by selecting
different initial parameters. They show, in particular, that a star
with an initial mass M1 = 2.51 M⊙, belonging to a binary with
mass ratio q = M1/M2 = 2 and initial period P = 2.559 d, even-
tually succeeds in igniting the He-burning, even if they did not
follow the evolution up to the formation of the C−O WD, since
their code met numerical problems when the primary star was as
low as 0.33 M⊙ with a C−O core of 0.11 M⊙.

In this framework and by means of detailed computations
performed with a full Henyey code able to consistently follow
the evolution of stars from the pre-main sequence to the final
cooling phase of WDs, we have investigated possible evolu-
tionary scenarios leading to the production of very low-mass
C−O WDs (VLMWDs), that is, with mass lower than <0.5 M⊙.
The peculiar features of the corresponding cooling evolution will
be also discussed.

2. The red giant phase transition

The stellar models shown in the present work were computed
with an updated version of FRANEC (Prada Moroni & Straniero
2002; Degl’Innocenti et al. 2008), a full Henyey evolutionary
code. We adopted a metallicity Z = 0.04 and an initial helium
abundance of Y = 0.32 suitable for the very metal-rich stars be-
longing to some open galactic cluster, such as NGC 6791. A sim-
ple way of understanding the findings by Iben & Tutukov (1985)
and Han et al. (2000) is to analyze Fig. 1, which shows the de-
pendence of MH at the first thermal pulse and at the RGB tip on
the initial mass for isolated-single stars. At the beginning of the
thermally pulsing AGB phase, MH is almost constant, around
0.55 M⊙, for initial masses lower than 3 M⊙, but at the tip of
RGB it presents a deep minimum around 2.3 M⊙ for this partic-
ular chemical composition (Sweigart et al. 1990; Castellani et al.
1992; Bono et al. 1997b). Such behavior is the consequence of
the physical conditions occurring in the He-core at the ignition
of the 3α nuclear reaction.

For initial mass lower than 1.5−1.7 M⊙, a regime of strong
electron-degeneracy develops in the He-core at the beginning of
the red giant phase, and the ignition of the 3α occurs in a violent
nuclear runaway, the so-called He-flash (Hoyle & Schwarzschild
1955) when MH approaches about 0.46 M⊙, for metal-rich stars,
and 0.50 M⊙, for metal-poor stars. The first ignition point is off
center, and it is followed by a series of weaker and more central
flashes, until a quiescent He burning takes place in the center.

From this point on, the higher the initial mass, the weaker
the electron-degeneracy of the core in the red giant phase.
Consequently, the mass of the H-exhausted core required for
the 3α ignition is lower and lower. When the initial mass is
as high as about 2.3 M⊙, the He-burning ignites almost qui-
escently, through a single and central weak flash. For higher
masses, the core in the red giant phase is not degenerate any
more. Nevertheless, for stars with initial mass greater than about
2.3 M⊙, the larger the initial mass, the higher the MH at the tip
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Fig. 1. Mass of the H-exhausted core MH at the first thermal pulse on
the AGB (circles and solid line) and at the tip of the RGB (diamond and
dashed line) as a function of the initial mass for stars with Z = 0.04,
Y = 0.32.

of the RGB. In these stars, indeed, the He in the core is mainly
produced during the central H-burning phase, which occurs in
a convective core whose mass extension is a growing function
of the initial total mass. Such a variation in the physical con-
ditions at the He ignition, gives rise to a minimum MH at the
RGB tip that marks the transition between low and intermediate
mass stars (the so-called RGB phase transition, after Renzini &
Buzzoni 1983).

For the present composition (Z = 0.04 Y = 0.32), such
a minimum occurs for M = 2.3 M⊙ and MH = 0.315 M⊙.
The RGB phase transition occurs at higher masses as the ini-
tial He abundance decreases or the initial metallicity increases.
Moreover, the value of the minimum MH at the RGB tip depends
slightly on chemical composition (see e.g. Sweigart et al. 1989).
Notice that, as previously stated, this minimum disappears at the
first thermal pulse (see the upper curve in Fig. 1). The reason
is that the H-burning shell continues to process H during the
core He-burning and moves further outward. Moreover, it is a
well-established result of the theory of stellar evolution that the
lower the mass of the H-exhausted core at the onset of the 3α,
the fainter the star and the longer the central He-burning phase.
Thus, the H-burning shell will work for a longer time for stars
belonging to the RGB phase transition. This is the reason stars
with initial mass lower than 3 M⊙ enter the AGB phase with
nearly the same MH (Dominguez et al. 1999). Since Iben (1967),
who provided the first detailed study of the evolutionary char-
acteristics of stars belonging to the RGB phase transition, many
studies have been focused on this particular range of stellar mass
(see e.g. Sweigart et al. 1989, 1990; Castellani et al. 1992), but
only a few have dicussed the possible compact remnants of these
evolutionary sequences.

Figure 2 illustrates the temporal evolution of the mass of the
H-exhausted core MH for a star with initial mass 2.3 M⊙. The
four circles mark the following evolutionary phases: the central
H exhaustion, the base and the tip of the RGB, respectively, and
the central He exhaustion. As one can easily see, when the star
exhausts its central H, the mass of the core is already 0.225 M⊙,
which is more than the 70% of the value at the RGB tip. In fact,
a sizeable convective core was developed during the previous
main sequence phase, which was supported by the H-burning
through the CNO cycle. When the star reaches the base of the
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Pre-He-WD evolution

Driebe et al., 1999

Normal main-sequence 
Starts ascent of RGB



Pre-He-WD evolution

Driebe et al., 1999

Hydrogen envelope stripped



Pre-He-WD evolution

Driebe et al., 1999

Shell hydrogen burning (p-p) 
Luminosity set by core mass 
Stripped red giant



Pre-He-WD evolution

Driebe et al., 1999

Shell burning rate drops 
Start of WD cooling track



Pre-He-WD evolution

Driebe et al., 1999

Possible CNO shell-flashes 
Very sensitive to details of model



Pre-He-WD evolution

Driebe et al., 1999

WD cooling track 
Cooling time very sensitive to remnant H layer mass



Predictions from the models
• ELM WD born with thick hydrogen envelopes	


• lower the mass ⇒ thicker the envelope (up to ~0.05 MSun)	


• For binary systems, Porb related to MWD	


• low mass ⇒ short period	


• Also depends on composition	


• observed in WD - NS binaries (milli-second pulsars)	


• Lifetime of stripped red giant phase depends on mass	


• lower mass ⇒ longer lifetime (up to 1 Gyr)	


• Minimum mass ≅ 0.15MSun



How to strip a red giant

PC1-V36

Knigge et al., 2008• Binary stars systems	


• Milli-second pulsars	


• Blue stragglers	


• Dense stellar systems	


• PC1-V36, 47 Tuc	


• Galactic centre/SMBH	


• PS-10jh

ELM WD are tracers of extreme environments



J0247-25

Total eclipse deeper  then secondary eclipse  => Smaller star is hotter 
=> some sort of subdwarf?





Known stripped red giants (2011)

Precursors of helium (ELM) white dwarfs (M<0.3MSun)



Known stripped red giants (2011)

Precursors of helium (ELM) white dwarfs (M<0.3MSun)

Binary evolved 
pulsating (BEP) 
star(s)



Known stripped red giants (2011)

Precursors of helium (ELM) white dwarfs (M<0.3MSun)

Kepler bloated 
hot white 
dwarfs



V209 in ω Cen

Kaluzny et al., 2007

Primary
Mass 0.95 M
Radius 0.98 R
T 9,400 K
Secondary
Mass 0.14 M
Radius 0.43 R
T 11,000 K



UVES follow-up of J0247-25

• MA = 1.356 ± 0.007M☉ 	


• MB = 0.186 ± 0.002M☉



Ultracam NTT data



Pulsations in J0247-25

0.1%



Pulsation characteristics
• J0247-25A 

• Metal poor δ Scuti star (SX Phe) 

• Non-radial p-modes, P ≈ 40 mins 

• Driving from κ-mechanism in He II ionisation zone  

• J0247-25B 

• Mixed modes, P ≈ 6 mins 

• Envelope – p-modes 

• Core  – g-modes 

• Non-radial and radial with k ≈10 

• Probably similar driving mechanism to SX Phe 

• Completely new type of pulsating star 

• Will pulsate again as ZZ Cet when it is an ELM WD 



J0247-25 in the HRD

Maxted et al., Nature 498, 463–465 (2013)

• J0257-25B born with a thick hydrogen envelope



Potential for asteroseismology

With diffusion
No diffusion



SOAR data for J0247-25

Brad Barlow, Bart Dunlap

Pulsations of J0247-25B have disappeared!



EL CVn-type binaries	
	


17 new eclipsing pre-He-WD from WASP (Maxted et al., MNRAS 2014)



EL CVn-type binaries
• EL CVn – 

• “standard” A1V star, 

• variability found in Hipparcos photometry (V=9.4) 

• Orbital periods 0.7 – 2.2 days (or longer) 

• Primary stars A0 – F0 (typically A2) 

• Teff,B = 9,000 – 15,000K (typically, can be a bit hotter) 

• Companion mass ~0.2M☉ 

• Found in the halo star,  thin-disc stars and thick-disk



Summary
Name of object depends on how it is discovered / who discovered it 

• Kepler (the space craft) 

• bloated hot white dwarf/hot white dwarf 

• WASP photometry 

• EL CVn binary  

• stripped red giant star / pre-He-WD 

• Spectroscopy 

• ELM WD (if binary period ⇒ not a main-sequence A-star) 

• Milli-second pulsar optical counterpart 

• metal-rich low-gravity companion (Kaplan et al., 2013) 

• Spectroscopy + parallax (HD188112) 

•  helium-core white dwarf progenitor (Heber et al., 2003)


