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Ultracompact Binaries with WDs: Basic Picture 

• Binary evolution driven by gravity wave 
angular momentum losses.

• Orbital period evolution phases:
• Inspiral during detached phases 

(before mass transfer begins).
• Onset of mass transfer; phase where 

donor contracts rapidly enough in 
response to mass loss to drive 
continued inward evolution.

• (Some subset of systems) Eventual 
reversal of Porb evolution once donor’s 
contraction slows and then reverses.

• Component natures:
• “Accretors”: C/O or He WDs.
• “Donors”: C/O WDs, He WDs, or 

He-burning stars.
• Most systems seen in mass-transferring 

phase:
• Longer lived.
• Accreting systems brighter.

population synthesis calculation used here to provide the initial
conditions. The number of systems in the tail of the distribution
increases with Porb, since a higher specific entropy has a more
significant impact on the donor’s structure at lower M2. The
majority of systems in the RWDC population lie near the T ¼ 0
tracks as is expected, but "10% of this population have donors
that produce mass transfer rates greater than the spread attrib-
utable to M1 variations alone (at least at longer Porb ; see the
right-hand panel in Fig. 6 in particular).

4.3. Implications for the AM CVn Gravity-Wave Signal

The Galactic population of AM CVn binaries contains ob-
jects that can be detected with the planned Laser Interferometer
Space Antenna (LISA) GW detector mission,2 and the GW sig-
nal of the AM CVn binary population has been considered in
several recent studies (Nelemans et al. 2001c, 2004; Farmer &
Phinney 2003). Here we discuss the differences between the
T ¼ 0 and RWDC populations’ GW signals.

A binary system in a circular orbit emits GWs at a frequency
f ¼ 2/Porb (i.e., twice the orbital frequency) and luminosity
(Press & Thorne 1972)
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where G is the gravitational constant and c the speed of light.
The flux F ¼ LGW /4!d 2 received by a detector a distance d from
the source is often written in terms of the so-called dimension-
less strain amplitude h given by (Press&Thorne 1972;Nelemans
et al. 2001c)
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where M ¼ (M1M2)
3=5 / (M1 þM2)

1=5 is known as the chirp
mass. In an individual AM CVn binary, changing the entropy
of the donor changes the relation between M and Porb and al-
ters the binary’s GW luminosity. We show a summary of how
hot donors change the expected GW signal in Figure 7, where
we consider the evolution of an AM CVn binary with M1; i ¼
0:6 M' and M2; i ¼ 0:2 M' located 1 kpc away. The evolution
of this binary precontact is independent of the donor’s state,
and the system’s h as a function of Porb evolves inward along
the dashed line in Figure 7 toward shorter periods. If the donor
is fully degenerate, the binary makes contact at Porb ( 3:5 min-
utes and then evolves outward in Porb along the leftmost solid
line. The orbital period at contact depends on the donor’s en-
tropy. The other two solid lines show the evolution for systems
making contact at Porb ¼ 5 minutes (requiring a partially de-
generate donor with Tc ¼ 5:6 ;107 K at contact) and 10minutes
(requiring a nondegenerate donor with Tc ( 6:1 ; 107 K at
contact). Donors with these entropies occur in the RWDC pop-
ulation (which contains systems that make contact at orbital
periods as large as(25 minutes). The qualitative impact of a hot
donor is the increase in h as a function of Porb since hotter donors
at fixed Porb are more massive, increasing M.

The integrated GW flux from a collection of identical AM
CVn binaries depends on the donor’s specific entropy in two ways.
First, the flux from each system at a fixed f increases with the do-

nor’s specific entropy. Second, each system’s ḟ ¼ df /dt depends
on n, which varies with both the donor’s mass and specific entropy.
For constant n in a steady-state population, one can derive a sim-
ple scaling for the GWenergy density per logarithmic frequency
interval, EGW / f N ( f )LGW( f ) / f LGW( f ) / ḟ ¼ f dEGW /df .
This can be expressed in terms of the dimensionless charac-
teristic amplitude in a logarithmic interval, hc, as

EGW ¼ !f 2c2

4G
h2c( f ): ð7Þ

Taking R2 / Mn
2 and assuming M2TM1 along with stable

mass transfer, h2
c
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(see Phinney 2001; Farmer & Phinney 2003 for a derivation
of this under the assumption n ¼ &1

3). Returning to Figure 7, at
contact n ¼ &0:350 for the fully degenerate donor, while for the
donor making contact at 5 minutes (10 minutes), n ¼ &0:342
(&0.333). AtPorb ¼ 20minutes ( f ¼ 1:67 ;10&3 Hz), the three
donors have n ¼ &0:233, &0.276, and &0.308, respectively.
Since " is an increasing function of n and is negative for n <
&0:167, h2c falls off less rapidly with f for cold donors (as they
evolve less rapidly in f than donors with higher specific en-
tropy). While hotter donors produce AM CVn binaries that are
individually more GW-luminous at fixed f, their increased rate
of f evolution somewhat mitigates this in the population’s
overall GW energy density at lower f.

We nowmove from these simple analytics to a direct numeric
calculation of the GW signal from both the T ¼ 0 and RWDC2 See http:// lisa.nasa.gov and http://sci.esa.int/home/lisa for mission details.

Fig. 7.—AM CVn binary’s (with M1; i ¼ 0:6 M', M2; i ¼ 0:2 M' at 1 kpc)
h vs. Porb, showing the impact of a hot donor on the system’s postcontact GW
flux. The dashed line shows the system’s precontact inward evolution, the sym-
bols showing when its time to contact (for a T ¼ 0 donor) is log (t / yr) ¼ 5:0,
5.5, 6.0, 6.5, and 7.0 (left to right). The solid lines show the postcontact evo-
lution for a T ¼ 0 donor and for donors hot enough to make contact at Porb ¼ 5
and 10 minutes. The symbols here show time since contact: log (t / yr) ¼ 5:0,
5.5, 6.0, 6.5, 7.0, and 7.5 (left to right). At fixed Porb, hotter donors are more
massive and louder GW sources. The dotted line shows the detached WD-WD
binary confusion limit for LISA (Nelemans et al. 2001c).
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on n, which varies with both the donor’s mass and specific entropy.
For constant n in a steady-state population, one can derive a sim-
ple scaling for the GWenergy density per logarithmic frequency
interval, EGW / f N ( f )LGW( f ) / f LGW( f ) / ḟ ¼ f dEGW /df .
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Forming WD-Ultracompact Binaries: Prior Binary Evolution
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Primordial Binary 
Parameters:

(M ′

1, M ′

2, a′)

Binary Evolution Processes

Binary Parameters at Contact:
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Theoretically Uncertain
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Would like to use observations to constrain:
1. The distribution of contact parameters 
(which informs understanding of binary 
evolution).
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Known Sample of Ultracompact Binaries

• 16-18 AM CVn 
systems known from 
EM observations.

• Galactic-Plane 
surveys expected to 
turn up ≈ 750 
(Nelemans 2007).

• Many AM CVn 
systems will serve as 
verification sources 
for LISA.

WD 0957-666

4U 1820-30

RX J0806

V407 Vul

ES Cet

AM CVn

HP LibV803 Cen

CR Boo

GP Com

FIGURE 2. Expected signals of ultra-compact binaries, the ones with error bars from Roelofs et al. [29]

measurements, well before the launch of LISA in order to develop the best strategies for

LISA data analysis and complementary electro-magnetic observations.

CURRENT DEVELOPMENTS

Current developments include both theoretical investigations, new observations as well

as studies to investigate the interplay between gravitational wave measurements and

more traditional electro-magnetic observations. I will discuss a number of these issues.

Verification binaries

In the last year, the prototype of the interacting double white dwarfs, the variable
star AM CVn, has been studied in detail using the William Herschel Telescope and the

Hubble Space Telescope [30, 29]. AM CVn is one of the Verification sources [24, 25].

The new data yielded two surprises, the first is that the distance to the system is much

larger than was expected: 606 pc, rather than the estimated 235 pc [29]. The second

was the fact the the mass of the donor star and the mass ratio of the system are larger

than expected: rather than fully degenerate, the donor turns out to be semi-degenerate

[30]. Together these changes leave the expected signal strength as will be measure with

LISA rather unchanged, but this expectation is now based on firm measurements and a

realistic error bar can be given (see Fig. 2). Similar arguments for other systems (HP

(Nelemans 2007, astro-ph/0703292)

(Error bars from 
Roelofs et al. 2007)

(I year, S/N 1)



AM CVn Population as Seen by LISAAM CVn systems as optical, X-ray and GWR sources 189

Figure 9. Histograms of the population of short-period AM CVn systems, subdivided into different types. In each panel we show the total AM CVn population
as the white histogram. In the top-left panel we show the systems that can be resolved by LISA in grey and subdivide these into those that have optical counterparts
(GWR + Opt), X-ray counterparts (GWR + X) and both (GWR + Opt + X). Similarly the top-right panel shows the population that is in the direct-impact
phase of accretion in grey and we subdivide that population into GWR and X-ray sources. The bottom two panels show (again in grey) the populations that are
detectable in the optical band (left panel) and the X-ray band (right panel). The distribution of sources detectable in both the optical and X-ray band is shown
by the hatched histogram in both lower panels (Opt + X). See also Table 3.

Table 2. Number of systems for which ḟ or f̈ can be measured as a function
of the minimum phase shift needed for detection. The duration of the LISA

mission is assumed to be 1 year, except for the last row, where a mission
time of 5 yr is assumed.

!"min Detached systems AM CVn systems
ḟ f̈ ḟ f̈

π/2 145 0 9 0
π/4 313 0 22 0
π/8 636 1 56 0
π/16 1163 1 108 0
π/32 1935 2 201 0
π/32, T = 5 yr 10 094 23 3416 0

be measurable. This is due to the fact that the AM CVn systems form
from pairs of low-mass (M ! 0.5 M!) white dwarfs (e.g. Nelemans
et al. 2001b) which have larger radii and thus do not penetrate into
the highest frequency range where f̈ is large (see Fig. 8). In this
range there are only massive (M > 1 M!) detached double white-
dwarf pairs that merge rather than become AM CVn systems.

5 R E S U LT S I I : S H O RT- P E R I O D A M C V n

S Y S T E M S D E T E C TA B L E B Y L I S A W I T H

O P T I C A L A N D / O R X - R AY C O U N T E R PA RT S

In Fig. 9 we show the number distributions versus orbital periods
for LISA sources that have optical and/or X-ray counterparts, direct-
impact systems that are GWR and X-ray sources, and the total

number of systems that are optical and/or X-ray sources (see also
Table 3). For comparison, we indicate also the distribution of the
total number of AM CVn systems with P < 1500 s as the white
histogram in each panel. The systems with different properties are
marked by different hatching styles. We will discuss these groups
now in more detail.

5.1 Resolved LISA sources (GWR)

The top-left panel shows the 11 000 systems that are expected to
be resolved by LISA (grey histogram, also shown in Fig. 8), most
of which do not have optical or X-ray counterparts. There are 151
short-period systems that have X-ray counterparts (GWR + X) and
143 systems, mainly with periods between 500 and 1000 s, that
have optical counterparts (GWR + Opt). Only 31 systems have
both optical and X-ray counterparts (GWR + Opt + X).

5.2 Direct-impact accretors

The top-right panel shows the 2680 systems that are in the direct-
impact phase of accretion (grey histogram, as in Fig. 4). Most
of these systems (2057) are expected to be resolved by LISA [DI
(GWR)], while at the shortest periods there are 105 X-ray systems
that are in the direct-impact phase [DI (X)].

5.3 Optical sources

The bottom-left panel shows (in grey) that for periods below 25 min
there are 1336 systems that have V < 20 mag (grey histogram).
These are the systems shown in the bottom panel of Fig. 7, and

C© 2004 RAS, MNRAS 349, 181–192

(Nelemans et al. 2004)
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5.2 Direct-impact accretors
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of these systems (2057) are expected to be resolved by LISA [DI
(GWR)], while at the shortest periods there are 105 X-ray systems
that are in the direct-impact phase [DI (X)].

5.3 Optical sources
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C© 2004 RAS, MNRAS 349, 181–192

LISA will see 
≈10,000 AM CVns. 

(Nelemans et al. 2004)
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Once mass transfer starts:
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Implications for the Orbital Period Evolution
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Ṗorb

! 107yrs

At short periods, Porb 
distribution of systems 

is in steady state:

n(Porb) ∝ Ṗ
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Porb  minimum will lead to peaks 
in n(Porb) that are diagnostic of 

donor’s entropy, mass, and 
composition.



Example Steady-State Orbital Period Distributions 

• A system’s properties at 
contact parameterize its 
relative contribution to the 
population’s orbital period 
distribution.

• Minimum period peaks will 
provide an obvious feature that  
should diagnose which systems 
survive onset of mass transfer 
as binaries.

• Key questions:
• What physics will this probe?

• How constraining will LISA 
observations be?
• (Work in this direction in 

progress).

“WD” Donors

“Colder” “Hotter”



Stability of Mass Transfer At Contact: Disk Mediated or Direct Impact?

 

Direct Impact Accretion:
With “WD” donors,  orbital separation at 
contact is so close in most systems that 
accretion stream directly impacts accretor, 
spinning it up at cost of orbit’s J.

2 T. R. Marsh, D.Steeghs

the donor stars are hydrogen-deficient, and indeed no hy-
drogen appears in their spectra. They are thought to form
from initially detached double white dwarf systems, from
systems with helium-star donors or from mass transfer ini-
tiated when a ∼ 1M! donor starts to transfer mass to a
white dwarf at the end of its core hydrogen burning (Nele-
mans et al. 2001; Podsiadlowski, Han & Rappaport 2001).
Double white dwarfs that fail to become AM CVn stars are
possible Type Ia supernova progenitors.

A problem with the polar model is that V407 Vul shows
no optical polarization (Ramsay et al. 2000), possible on the
polar model only if the white dwarf has either a very strong
or relatively weak field (while remaining synchronized). In
an effort to explain this, Wu et al. (2001) proposed a model
in which the spin of the magnetic white is not synchronised
with the orbit leading to dissipation of electric currents in
the donor which produces unpolarized optical flux. How-
ever, the dissipation also leads to synchronization on a short
timescale, which makes the chance of such a configuration
low.

In this paper we present an alternative model for
V407 Vul, in which the white dwarf need not be magnetic,
but the X-rays will still be strongly modulated. V407 Vul
may thus be the first example of a new class of X-ray emit-
ting binary star. We start by describing the observational
characteristics of V407 Vul that need explaining.

2 OBSERVED FEATURES OF V407 Vul

While there have been relatively few observations of
V407 Vul, any model of the system must satisfy the fol-
lowing constraints:

(i) The 9.5 min X-ray pulsations. The X-ray bright phase
occupies half of the pulsation period; for the other half of the
cycle, the X-ray flux is undetectable (Cropper et al. 1998).
No other periodic signals are seen in X-rays.

(ii) The 9.5 min optical pulsations. Again, no other peri-
odic signals are seen. The optical pulsations have a peak-to-
peak amplitude of 0.07 magnitudes. The optical flux peaks
0.4 cycles before the X-ray flux (Ramsay et al. 2000).

(iii) The X-ray spectrum. This is soft and can be fitted
with an absorbed black-body spectrum of temperature 40–
55 eV (Motch et al. 1996; Wu et al. 2001).

(iv) The lack of optical polarization. Ramsay et al. (2000)
measured 0.3% circular polarization, a level consistent with
zero given the systematic uncertainties.

(v) The optical spectrum. Unfortunately this has not yet
been published, but it is reported to be devoid of emission
lines (Wu et al. 2001). Without having seen it, it is hard
to judge the importance of this, but we will consider it as
another possible constraint to satisfy.

(vi) The distance. V407 Vul is heavily absorbed from
which Ramsay et al. (2000) obtain d > 100 pc. They further
find that d < 400 pc from a de-reddened I-band magnitude
of 15.5, although the “reddening” is deduced from the X-
ray column, and may be too high since the colours end up
being too blue even for a Rayleigh-Jeans spectrum. Ram-
say et al. (2000) used AV = 5.6, but also state that colours
deduced from AV = 4 do fit black-bodies, from which we
estimate that the de-reddened I-magnitude lies in the range
15.5 < I < 16.1.

Figure 1. Path of the stream in V407 Vul in the case M1 =
0.5M!, M2 = 0.1M!. The dashed line is tangent at the impact
point, to show that the impact is hidden from the donor in this
case.

It was the singly periodic signal and the on/off nature of
the X-ray light-curve that led Cropper et al. (1998) to sug-
gest their polar model. The absence of both polarization and
optical line emission presented difficulties that led Wu et al.
(2001) to develop their unipolar inductor model by analogy
with the Jupiter-Io system. As outlined in the introduction,
in their model, the magnetic white dwarf (the accretor in
our model) is slightly asynchronous with the binary orbit
and the resulting electric field drives currents that run be-
tween the two stars, leading to energy dissipation in both of
them. Dissipation on the magnetic white dwarf powers the
X-ray emission, while dissipation at the donor plus irradi-
ation powers the optical flux. The irradiation is predicted
to be comparable to the ohmic dissipation, which they sug-
gest can explain the relatively weak optical modulation and
the lack of line emission. Since the non-magnetic star domi-
nates the optical emission, the absence of polarization is also
explained.

The major problem with Wu et al.’s model is that it is
short-lived: they estimate that it will last only ∼ 1000 yr.
Even if all AM CVn systems pass through this stage, there
would only be 1–10 such systems in our Galaxy at any one
time, according to the formation rates of Nelemans et al.
(2001) and Podsiadlowski et al. (2001). The chance of finding
one within our neighbourhood is therefore small. Magnetic
systems may in fact comprise only a small fraction of the
total, making the probability of finding such a system very
low. It is therefore worth searching for longer-lived models.

3 A NEW MODEL FOR V407 Vul

Our idea is simple: in very close binary systems, the mass
transfer stream can plough straight into the accretor even in
the absence of the magnetic field. This happens if the min-
imum distance of the ballistic gas stream from the centre
of mass of the accretor is smaller than the accretor’s ra-
dius, which is most famously the case in Algol binary stars,
where the accretors are main-sequence stars. We propose
that V407 Vul is the first instance of Algol-like direct im-
pact in the case of a white dwarf accretor.

 (Marsh & Steeghs 2002)
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Stability of Mass Transfer vs. System Parameters 

• Systems with:
• Hotter donors.
• More massive accretors

will avoid mass transfer 
instabilities.

• If unstable mass transfer 
produces mergers:
• Porb distribution will reflect 

lack of outward 
contribution from systems 
with cold donors and less 
massive accretors.

• Provide constraints on tidal 
coupling efficiencies in 
close WD-WD binaries.
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Mass Transfer Rate Evolution and Accreted He Ignition

• During all phases of mass transfer, 
accretion rate is evolving.

• Occurrence of instabilities 
significantly alters mass transfer 
evolution history.
• Binaries do not necessarily merge as 

result  of instabilities (Gokhale et al. 
2006).

• During early phases of mass transfer, 
rates of He accretion onto WD high 
enough for nuclear physics to be 
relevant.
• Needs to be taken into account to 

understand contact phase outcomes.

M2,i = 0.2M!

M1,i = 0.3M!

log(ψc,i) = 1.1



Summary of He Ignition Outcomes at Constant Accretion Rate
1
9
8
2
A
p
J
.
.
.
2
5
3
.
.
7
9
8
N

Macc,ign = 0.08 − 0.23M!

Initial Accretor 
Mass

He-Shell 
Flashes, Nova

(Nomoto 1982)

SNe Ia Events



Ignition Outcomes with Evolving He Mass-Transfer Rate
• Different donor types produce 

qualitatively different mass-transfer rate 
evolution.
• Alters the nature of any He ignition 

events that occur on accretor’s surface.
• “WD” donors:

• evolution from stable surface He-
burning to phase of (multiple?) He-
shell flashes.

• Some systems may access dynamical 
explosions (i.e. Type Ia-like 
Supernovae) (see also Bildsten et al. 
2007). 

• He-star donors:
• Probes regime of  “stronger” shell-

flashes.
• Many systems also produce dynamical 

explosions.
• Relevance to LISA: which systems 

produce explosive ignitions destroying 
the binary and where in their evolution 
does this occur?

(courtesy L. Yungelson)
(Deloye et al. 2007)



Summary

• With its detailed view of the galactic WD-ultracompact binary population, LISA will provide 
unprecedented constraints on this population’s properties and the physics that shapes it.

• Physics important to the outcomes of these system’s early contact phase that will be probed 
include:

• Mass transfer instabilities at contact and whether these produce mergers.

• Efficiency of tidal coupling in ultracompact binaries.

• Outcomes of He-ignition events on the surface of the accretor.

• Laundry list of to-do’s (so that all of this could actually be useful):

• Determine realistic orbital period distributions of WD-ultracompact binaries given population 
synthesis inputs and examine how each component of population contributes to this distribution.

• Quantify across the range of system properties which systems avoid mass transfer instabilities at 
contact.

• Understand how time-evolving mass transfer rates affect He-ignition events (again as function of 
system parameters at contact) on the accretor:

• Which systems lead to accretor detonation?

• How does this change if systems experiencing unstable mass transfer do not merge as matter of course?


