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ABSTRACT

We report the discovery of three ultracompact binary white dwarf systems hosting accretion disks,
with orbital periods of 7.95, 8.68, and 13.15 minutes. This significantly augments the population of
mass-transferring binaries at the shortest periods, and provides the first evidence that accretors in
ultracompacts can be dense enough to host accretion disks even below 10 minutes (where previously
only direct-impact accretors were known). In the two shortest-period systems, we measured changes in
the orbital periods driven by the combined effect of gravitational wave emission and mass transfer; we
find P is negative in one case, and positive in the other. This is only the second system measured with
a positive P, and it the most compact binary known that has survived a period minimum. Using these
systems as examples, we show how the measurement of P is a powerful tool in constraining the physical
properties of binaries, e.g. the mass and mass-radius relation of the donor stars. We find that the
chirp masses of ultracompact binaries at these periods seem to cluster around M, ~ 0.3Mg, perhaps
suggesting a common origin for these systems or a selection bias in electromagnetic discoveries. Our new
systems are among the highest-amplitude known gravitational wave sources in the millihertz regime,
providing exquisite opportunity for multi-messenger study with future space-based observatories such
as LISA and TianQin; we discuss how such systems provide fascinating laboratories to study the unique
regime where the accretion process is mediated by gravitational waves.
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1. INTRODUCTION

Binary systems containing accreting white dwarfs
(WDs) with orbital periods < 65 minutes—the mini-
mum period at which a hydrogen-rich star can attain
the density to fit within its Roche lobe—are known as
AM Canum Venaticorum (AM CVn) systems (for re-
views see Nelemans 2005; Solheim 2010; Ramsay et al.
2018), which are part of the class of ultracompact bina-
ries. The dense donor stars in AM CVns lack hydrogen,
and the systems show spectra comprising stellar mate-
rial dominated by helium, carbon, and nitrogen (Warner
1995; Nelemans et al. 2010).

Several dozen AM CVns are known, discovered via
an eclectic range of signatures including optical out-
bursts (Levitan et al. 2015), X-ray pulsations (Israel
et al. 1999), spectral/color properties (Roelofs et al.
2007, 2009; Rau et al. 2010; Rodriguez et al. 2023, 2024),
and short-period photometric variability in the accre-
tion disks (Smak 1967; Green et al. 2018a; Burdge et al.
2020a; van Roestel et al. 2022). The current population
has orbital periods spanning from 65 down to 5 minutes
(Ramsay et al. 2018; Green 2024; Kupfer et al. 2024).
Below 10 minutes, all known systems are so compact
that the accretion stream directly collides with the ac-
cretor surface (direct-impact accretion, Marsh & Steeghs
2002; Marsh et al. 2004).

The extremely short periods of these objects mean
emission of gravitational waves (GWs) is the primary
factor driving their orbital evolution (Paczynski 1967).
They will be the dominant source of millihertz gravi-
tational waves detected by future space-baced observa-
tories, such as the Laser Space Antenna Interferometer
(LISA; Amaro-Seoane et al. 2017, 2023), TianQin (Luo
et al. 2016), and Taiji (Ruan et al. 2020) missions. As
the instantaneous GW strain amplitude, expressed in
terms of the chirp mass (M.), orbital period (P), and
distance (d), is roughly (Nelemans et al. 2004):
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the shortest-period systems will typically have the high-
est intrinsic strains and most rapid evolution. Having
inspiral set primarily by GWs makes AM CVns unique
among accreting binary systems; the certainty of our
understanding of gravitational radiation provides a con-
venient foothold in understanding their complex accre-
tion properties, in contrast to binaries with poorly-
understood angular momentum loss mechanisms (e.g.
magnetic braking).

Apart from their nature as GW sources, ultracom-
pact binaries provide interesting laboratories for astro-
physics. They are potential progenitors of Type Ia su-
pernovae, making them central to understanding one of
the foundational standard candles for local-universe cos-
mology both observationally (Maoz et al. 2014; Jha et al.
2019) and theoretically (Hillebrandt et al. 2013; Shen &
Moore 2014; Liu et al. 2023). Yet we lack a complete un-
derstanding of AM CVn formation and evolution, which
has significant implications for their effect on SNIa rates
and, more generally, the long-term fate of binary stars in
the Galaxy. There are up to three channels contributing
significantly to the population, most easily distinguished
via their imprints on the donor C/O, N/O, and N/C ra-
tios (Nelemans et al. 2010; Green et al. 2018b):

1. Double white dwarf channel: two detached
white dwarfs evolve closer due to gravitational
wave emission following a common envelope phase,
eventually starting mass transfer at P < 10 min
(Nelemans et al. 2001). Depending whether tidal
synchronization efficiently returns angular mo-
mentum to the donor, their orbits may stabilize,
reaching a period minimum at 4-9 minutes be-
fore outspiraling to produce a long-lived AM CVn
(Marsh et al. 2004; Kaplan et al. 2012). The
donors are He-dominated, with a possible low-
mass residual hydrogen envelope. They have metal
abundances according to the equilibrium of the
CNO cycle depending on the main sequence pro-
genitor mass. In the relevant mass ranges for AM
CVn donors, they transfer mass with equilibrium
N/C =~ 100.

2. Helium star channel: If the donor is instead
a helium core-burning star (e.g. an sdB/O star,
Heber 2016), a minimum period of P ~ 11 min-
utes is reached before the onset of mass transfer
(Savonije et al. 1986). The orbital evolution is set
by the degeneracy level in the mass-transferring
outer envelope. N/O and N/C <« 100 are ex-
pected, because fusion and CNO processing were

interrupted to produce these donors (Yungelson
2008).

3. Hydrogen CV channel: For a partially evolved
main sequence donor, mass transfer may begin
while the system is still hydrogen-rich. The
stripped donor gradually becomes degenerate
enough to reach a compact orbit. These systems
will have undergone H fusion the longest, so N/C



will be > 100 (Kalomeni et al. 2016), and will
also show traces of H. It is uncertain how signif-
icantly this channel contributes to the shortest-
period population, and our understanding of their
period minima is still evolving (Ramsay et al. 2018;
Burdge et al. 2022).

Discovery and spectral characterization of further AM
CVns is the most promising route to determining the
importance of each channel, which then constitutes a key
input into binary population synthesis models (Breivik
et al. 2020), the all-sky millihertz GW signal (Littenberg
et al. 2020), and Type Ia SNa rates (Ruiter et al. 2009).

Here we report the discovery of three new ultracom-
pact binaries with accretion disks: ZTF J0546+3843,
ZTF J1858-2024, and ZTF J0425+3858. Two of these
systems have orbital periods under 10 minutes, where
previously only direct-impact accretors were known.
Our systems are thus the most compact known binaries
with accretion disks, showing that the accretors in AM
CVns can become dense enough to host disks even at
P < 10 min. Our study significantly augments the pop-
ulation for systematic study of binary evolution closest
to the period minimum, and provides exquisite labora-
tories to test the accretion process mediated by strong
gravitational radiation.

In Section 2 we describe the observations and data
analysis procedures used in this work. In Section 3 we
give an overview of the results, including time-resolved
photometry and spectroscopy and phase-coherent tim-
ing. In Section 4 we discuss implications of the spectro-
scopic and timing measurements of these systems on AM
CVn evolution. We further describe how direct measure-
ment of a period derivative is a powerful tool for signifi-
cantly constraining binary systems driven by GWs, and
that their high GW strain will aid in fully character-
izing them with the future space-based GW detectors.
We make remarks on the thus-far observed population
of binaries below ~ 15 minutes. In Section 5 we make
concluding remarks and suggest directions for future wo

2. METHODS AND OBSERVATIONS
2.1. High-speed photometry and phase coherent timing

The sources presented in this work were discovered
by a bulk periodicity search (Burdge et al. 2020a) of
data from the Zwicky Transient Facility (ZTF; Bellm
et al. 2019; Graham et al. 2019; Masci et al. 2019;
Dekany et al. 2020). We obtained high-speed photo-
metric follow-up observations of our three targets to
confirm their orbital periods and determine their tim-
ing solutions. We used four high-speed photometers:
HiPERCAM, ULTRACAM, CHIMERA, and Light-
speed. HiPERCAM (Dhillon et al. 2021) is a frame-
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transfer, quintuple-beam imager on the 10.4-m Gran
Telescopio Canarias (GTC) at Roque de los Mucha-
chos Observatory, which can simultaneously image in
Us/gs/Ts/is/7s bands at rates > 1 kHz. ULTRACAM
(Dhillon et al. 2007) is a three-channel high speed pho-
tometer mounted on the 3.5-m New Technology Tele-
scope at La Silla Observatory. CHIMERA (Harding
et al. 2016) is a two-channel photometer on the 200-inch
Hale telescope at Palomar Observatory. Lightspeed is
a high speed imager under construction for the Mag-
ellan telescopes (Burdge in prep., 2025). We obtained
0.6 hours of observations using the Lightspeed camera
while it was being tested on the 200 inch Hale telescope
at Palomar observatory. The camera is Hamamatsu’s
qCMOS sensor, which offers deeply sub-electron readout
noise, making it possible to obtain higher time resolution
observations of J0546 without paying a prohibitive read-
out noise penalty. We calibrated the absolute timing so-
lution of Lightspeed using a pulse per second signal from
a GPS, and have ensured that it is stable to microsec-
ond precision (and we verified this using observations of
the Crab Pulsar). The camera’s first exposure is time
tagged by a GPS reference card, and we use timestamps
from the internal clock to compute the timestamps of
each exposure.

All instruments were operated in frame transfer mode
to minimize the readout time between exposures. ZTF
J0546+3843 and ZTF J1858-2024 also fell within ZTF
Deep-Drill fields, i.e. they each have ~ 100 photometric
measurements within a span of three nights; this higher-
than-usual cadence allowed us to use these data as an
independent timing epoch without significant decoher-
ence. All HIPERCAM and ULTRACAM data were re-
duced using the HIPERCAM reduction pipeline', while
the CHIMERA and Lightspeed data were reduced with
a custom aperture photometry pipeline. Table A.1 con-
tains a full observations log listing the dates of obser-
vation, instruments used, filters, exposure times, and
total exposure lengths. The unique instrument capa-
bilities of rapid exposures (< 10 s) and no dead-time
between exposures were pivotal in determining eclipse
mid-times with sufficient precision to test for long-term
period changes.

Timing solutions were obtained by first fitting the sin-
gle epoch with highest signal-to-noise ratio with a five-
term Fourier model, which was the minimum needed
to fit the overall light curve profile without overfitting
the accretion-induced variability. We used Fourier fre-
quencies corresponding to the first five harmonics of the

1 cygnus.astro.warwick.ac.uk /phsaap/hipercam/docs /html/
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Name Py RA (J2000.0) | Dec (J2000.0) | Distance (est.) | Optical mag. (Lopt) Fx (Lx)
(min) (deg) (deg) (pc) [gaB (erg s™)] lerg s™! em™? (erg s™1)]
ZTF J054643843 | 7.94691(1) 86.6142 38.7204 37071153, 19.31 4 0.0068 <21x107"
(2.55%37 x 10®3) (< 211737 x 10%?)
ZTF J1858-2024 | 8.67990(1) 284.5248 -20.4135 289512735 19.37 4 0.012 <11x107"
(2.0375-% x 10%) (< 1.10%3 %, x 103%)
ZTF J0425+3858 | 13.154(1) 66.4592 38.9827 — 21.62 £ 0.19 <1.3x 10718

Table 1. System parameters for the three sources. Geometric distances derived from Gaia Data Release 3 are quoted from
Bailer-Jones et al. (2021). g-band optical magnitudes are quoted from Gaia DR3 for ZTF J0546+43843 and ZTF J1858-2024,
and ZTF for ZTF J0425+3858. Optical luminosities are calculated by integrating a power-law fit to the flux-calibrated LRIS
spectra from 3000-10000 A. X-ray flux upper limits were obtained via Swift Target-of-Opportunity observations.

orbital frequency. We then applied this model to each
epoch to determine the eclipse times, then fit a tim-
ing model using the nested sampling package UltraN-
est (Buchner 2021). Except in ZTF J0425+3858 (where
the data are significantly sparser than the two shorter-
period systems), clear deviations from a constant period
were apparent, so we expanded quadratically around the
initial best-fit period to account for a period derivative
term:

¢(f):fo(t—to>+%f0(t—to)2+~-- ) (2)

where ¢(t) is the orbital phase at a given time; ¢y is some
reference epoch; fo = P(;1 is the orbital frequency at tg;
and fo = —]'DOPO*2 is the frequency derivative, assumed
to be constant in time. We defer the measurement of
higher-order terms, e.g. f, to future work with a longer
timing baseline.

2.2. Spectroscopic follow-up

We obtained spectroscopic follow-up (Fig. 1) with the
Low Resolution Imaging Spectrometer (LRIS; Oke et al.
1995) on the 10-m W. M. Keck I Telescope at Mauna
Kea Observatory, which we reduced using the lpipe
pipeline version 2020.09 (Perley 2019). Observations
were made with the 1x175 arcsec long slitmask, the
clear filter, 60 second exposures, and 2x2 CCD binning.
For the red arm we used the 300/5000 grism, and for
the blue arm we used 600/4000. We obtained spectra of
ZTF J0546+3843 on Dec 10, 2020; ZTF J1858-2024 on
Apr 20, 2023; and ZTF J0425+3858 on Aug 26, 2022.
We computed orbital phases by correcting for the pe-
riod derivatives, then plotted trailed spectra from the
LRIS data by phase-folding the barycenter-corrected,
time-resolved spectra (Fig. 2).

In addition to optical spectroscopy, we obtained a far-
ultraviolet (FUV) spectrum of the shortest period sys-
tem in the sample of AM CVns, ZTF J0546-+3843, us-
ing the Space Telescope Imaging Spectrograph (STIS)
aboard the Hubble Space Telescope (HST). We used the
G140L grating mode 52x2 aperture. The observations

were taken on Oct 7, 2022 (PI: Burdge, proposal ID
16689). We compare our FUV spectrum to that of ES
Cet, taken from the International Ultraviolet Explorer
(IUE) archive? (Fig. 3). To our knowledge, this is the
first published UV spectrum of ES Cet. We fit both
UV spectra with a power-law continuum model, plus
Lorentzian line profiles to obtain fluxes (or upper lim-
its) for the lines of ionized helium, carbon, silicon, and
nitrogen commonly observed in accreting white dwarfs

(Table 2).

2.3. X-ray upper limits with Swift/XRT

We obtained upper limits on the X-ray flux using the
Neil Gehrels Swift Observatory (Gehrels et al. 2004)
X-ray Telescope (XRT) instrument. Upper limits were
computed from the Swift Living X-ray Point Source Cat-
alog® (LSXPS, Evans et al. 2023), then converted from
counts s~! to energy units by assuming a 1 keV black-
body spectrum (motivated by the X-ray spectrum of the
10.3-minute orbital period AM CVn ES Cet, Strohmayer
2004a). The upper-limits are reported in Table 1, and
of order 107 '3 erg cm =2 s~ 1.

This is a surprisingly deep non-detection of X-rays.
Assuming that matter falls from the inner Lagrange
point (L1) to the boundary layer of the accretor, and
that half of its gravitational potential energy is dissi-
pated in the accretion disk, the emitted X-ray luminos-

ity (Lx) is:

GM, M R,
Lx =~ 11— — 3

X 2R, ( RL1> ®)
where M is the accretor mass, R; is the glonor radius,
Ry,q is the donor Roche lobe radius, apd M 1is the mass
accretion rate. Rearranging to yield M for an observed

2 archive.stsci.edu/iue/
3 swift.ac.uk/LSXPS/
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This is 3-4 orders of magnitudes smaller than the M
typical of ultracompact binaries at such short orbital
periods (Fig. 6). We are left to conclude that either 1)
the X-ray flux in our systems is significantly obscured,
perhaps by the inner disk or foreground ISM absorption,
which is particularly severe for small blackbody temper-
atures < 100 eV; or 2) only a very small fraction of the
total accretion luminosity is even released in X-rays, for
reasons not understood. A similar magnitude discrep-
ancy was also found in ES Cet (Strohmayer 2004a) and
most AM CVn systems below 30 min (Begari & Mac-
carone 2023), meaning this tension is a common feature
of the shortest-period disk accretors.

3. RESULTS
3.1. Optical photometry & spectroscopy

In Fig. 1 we show optical spectra of the three new
ultracompact binaries ZTF J0546+3843, ZTF J1858—
2024, and ZTF J0425-+3858. All three systems are dom-
inated by strong Keplerian profiles of doubly ionized He,
N, and Ne, as well as weak Hel emission, indicating a
hot, optically thin accretion disk. These lines are all
labelled in Fig. 1.

From our photometric follow-up, we find orbital pe-
riods of 7.95, 8.68, and 13.15 minutes, which we re-
port alongside the optical X-ray fluxes/upper limits
in Table 1. In Fig. 2 we show the photometric data
phase-folded on the orbital periods in different bands.
All systems show significant variability in flux, by 40-
60% through each orbit. While these sources are too
faint to have robust parallax measurements with Gaia
(Gaia Collaboration et al. 2016), we quote the geometric
distance estimates (where available) from Bailer-Jones
et al. (2021). ZTF J0425+3858 was too faint for even a
Gaia detection, so we have no distance estimate.

Fig. 2 also shows the optical spectra in a phase-
resolved sequence (trailed spectra), for the strongest
emission lines (He11 4686 A and He1r 5411 A). One fea-
ture in the trailed spectra is the presence of sinusoidal
trails of brightness peaks and troughs offset from the line
centroid at zero velocity, known as S-wave signatures
(though the feature is less clear in the lower-quality spec-
trum of ZTF J0425+-3858). S-waves are induced by the
co-rotation of the disk-impact/bright-spot region near
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the outer disk edge with the binary orbit (Smak 1985),
and they constitute the most robust evidence that the
photometric period is indeed the orbital period of these
systems.

While it is tempting to proceed by measuring
emission-line radial velocities (RVs), the presence of a
disk significantly complicates our ability to infer phys-
ical properties of the systems from RVs. They would
be contaminated by the uncertain dynamics of the ac-
cretion disk and bright spot, and it is unclear which
emission components contribute most strongly to the ob-
served Doppler shifts. Then, too, it is uncertain which
radii within the disk dominate the contribution to the
Keplerian line profile; directly translating measured RVs
to system parameters of interest is thus unfeasibly com-
plicated (though some limits could be obtained using
Doppler tomography, which would require significantly
higher-quality spectra than present). Not all hope is
lost, as we can still significantly constrain the physical
properties of systems by arguments related to their ul-
tracompact orbits (Sec. 4.2), and even further in the two
systems with direct measurements of P (Sec. 4.3).

3.2. Ultraviolet spectroscopy

For ZTF J0546+3843 we also obtained an HST STIS
UV spectrum, which is shown in Fig. 3 in comparison
to the spectrum of ES Cet. The UV spectra of both
objects show emission lines of Hell and Nv. In ZTF
J0546-+3843, we also detect Sitv and C1v, the latter
of which is particularly interesting as a direct measure
of the degree of CNO processing the donor has under-
gone (Sec. 4.1). We note that our spectrum loses sig-
nal around 1250, so we are insensitive to the detection
of Ly «, which was detected in the inspiraling system
HM Cnc (Munday et al. 2023). From the UV lines of
N and C, we infer a Nv/C1v line ratio of 2.3 in ZTF
J0546-+3843, compared to a lower limit of Nv/C1v> 5.6
in ES Cet (we can only quote a lower limit, as C1v was
not detected in ES Cet). It is surprising that the optical
spectrum of ZTF J0546-+3843 appears identical to that
of ES Cet (Bakowska et al. 2021), yet lines uniquely ac-
cessible in the UV reveal differing chemical abundances.
This emphasizes the importance of far-UV spectroscopy
in distinguishing AM CVn evolutionary stages and chan-
nels, and the need for future UV spectroscopy missions
such as UVEX (Kulkarni et al. 2021) and CASTOR
(Cote et al. 2019).

3.3. Long-term timing results

In Fig. 4 we show the O — C' diagrams correspond-
ing to our best-fit timing solutions for the 7.9- and 8.7-
minute systems. We infer t; = 59816.4773(1) MJD,
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Figure 1. LRIS optical spectra (blue and red arms separated) of new ultracompact binaries, plus archival spectra of ES Cet
(Bakowska et al. 2021) scaled by an arbitrary normalization constant for ease of comparison. All systems are dominated by
double-peaked emission lines of ionized helium, nitrogen, and neon from the accretion disk. The offsets in normalization across

the red and blue arms are due to flux-calibration systematic error.
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Figure 2. Top and bottom panels: Trailed spectra (continuum-subtracted) of the He 11 4686 and 5411 A emission lines that
might show S-wave variability at the orbital period. The orbital cycle is plotted twice. All spectra were taken with the LRIS
instrument on Keck. Middle panels: phase-folded light curves in different filters. The pictured light curves of ZTF J0546-+3843
and ZTF J1858-2024 were taken with HIPERCAM (us/gs/rs/is/zs filters from top to bottom), while ZTF J0425+3858 was
observed with CHIMERA (g/r). Different bands are offset for visual clarity.

Py = 7.94691(5) min, and P = (—4.3071)) x 10712 s
s~! for ZTF J0546+3843; and tg = 59420.0012(1) MJD,
Py = 8.67990(3) min, and P = (4+7.807179) x 10~12
s s7! for ZTF J1858-2024. It is noteworthy that the
period derivatives have opposite signs, despite similar
optical spectra and orbital periods. The inspiral seen in
ZTF J0546-+3843 is driven by the familiar effects of GR:
gravitational waves remove angular momentum from the
system, shrinking the binary orbit. The physical driver

of the expanding orbit of ZTF J1858-2024 is less obvi-
ous. This is an effect seen directly in only one other ul-
tracompact binary so far (de Miguel et al. 2018), though
it is expected to happen eventually in every AM CVn as
a consequence of angular momentum conservation dur-
ing mass transfer from a low-mass donor to a high-mass
accretor (see Sec. 4.3 for details). Thus, in the stan-
dard evolutionary picture, initially the outermost high-
entropy layers are stripped, tending to produce contrac-
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Figure 3. A comparison of the UV spectra of ZTF

J0546+3843 (HST STIS) and ES Cet (IUE). Both objects
exhibit detectable nitrogen and helium features (though the
strength of the nitrogen emission lines relative to helium is
much larger in ES Cet). The carbon emission line visible in
the spectrum of ZTF J0546+3843 is notably absent in the
spectrum of ES Cet.

Far-ultraviolet emission line fluxes

Line ZTF J0546 (7.9 min) | ES Cet (10.3 min)
107 % ergs™ cm™2 | 107 erg s7! cm ™2
Nv 1242.84 25.7 4+ 0.6 27.6+1.8
Sirv 1393.8A 4.184+0.9 <18
Si1v 1402.8A 6.04+1.3 <43
C1v 1550.8A 11.4+0.7 < 5.0
He1r 1640.5A 475+ 0.7 22.3+2.7

Table 2. Integrated far-UV emission line fluxes for ZTF
J0546+3843 (HST STIS) and ES Cet (IUE) derived from
the spectra displayed in Fig. 3.

tion and negative P. This is gradually dominated by the
expansion of the underlying layers, causing the donor to
expand and the system to outspiral (Deloye et al. 2007).

In Fig. 4, we see that the coherent timing models
(blue) are not always a perfect match to the epoch-
by-epoch phase files (black datapoints and red models).
This is likely due to the optical emission being dom-
inated by the accretion disk: as a result, short-term
changes in the accretion flow (flicker noise) can result
in the center of light shifting by ~ 5 — 10% of the or-
bital period (de Miguel et al. 2018; Munday et al. 2023).
However, the magnitude of this flickering effect is ex-
tremely unlikely to explain the long-term trend of 40-80
s drift in the eclipse timings caused by period evolution
(Fig. 4).

4. DISCUSSION

4.1. Spectroscopic properties and evolutionary channels
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As reviewed in Sec. 1, the chemical abundances of AM
CVns carry imprints of their formation channels, in par-
ticular the differences in C/O, N/O, and N/C ratios due
to donors which have undergone varying levels of He and
CNO fusion (Nelemans et al. 2010). To this end, far-
ultraviolet (FUV) spectroscopy is particularly reward-
ing, as the highest density of diagnostic metal-line tran-
sitions resides in the FUV. Following the approach of
Marsh et al. (1995) and Génsicke et al. (2003), we use
the ratio of Nv/C1v as a diagnostic of CNO processing
rather than directly fitting for the N/C or N/He ratios,
which would require full LTE modeling which is beyond
the scope of this work.

We measured a line ratio Nv/C1v=2.3 in ZTF
J0546+3843 and Nv/C1v> 5.6 in ES Cet (Fig. 3, Ta-
ble 2). For comparison, typical long-period CVs show
Nv/C1v=0.3. FUV spectroscopy of ultracompact bi-
naries is sparse, but as an example the 46-minute sys-
tem GP Com shows a significantly higher Nv/C1v=10
(Marsh et al. 1995). The donor in ZTF J0546+3843 has
thus undergone significantly more CNO processing than
typical CVs with P 2 80 min, but slightly less than the
longer-period GP Com and ES Cet.

Modest variations in the equilibrium CNO abundances
from fusion are expected for different main sequence
progenitors of the WD donors in these systems. More-
over, gravitational settling will tend to stratify the CNO-
burning products within the WD core itself, meaning
donors that have been transferring mass for longer (and
are therefore more stripped) can show changes in N/C
ratio over their lifetimes. The lower N/C measurement
in ZTF J0546+3843 therefore does not necessarily mean
it descended from the He star channel. Most problemat-
ically, such systems are expected to reach period minima
around 9-11 min (Yungelson 2008), slightly longer than
the 7.95 min orbital period observed in the system. We
speculate the ZTF J0546+3843 descends from a He WD
donor whose main sequence progenitor was less massive
than that of ES Cet or GP Com, and is also less stripped
as it is earlier in its mass-transferring lifetime (inspiral
rather than outspiral phase).

Our ability to make similar inferences for ZTF J1858—
2024 and ZTF J0425+3858 is limited by our lack of UV
spectra of those sources. Our results tentatively sup-
port the idea that AM CVns showing positive P pref-
erentially exhibit greater N/C abundances than those
with negative P, in part due to gradual stripping of the
donor via mass transfer. This speculation can be con-
firmed by obtaining high-resolution UV spectroscopy of
ZTF J1858-2024 which is known to be outspiraling, thus
must be more evolved than ZTF J0546+4-3843.
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The extreme similarity between the optical spectra
of the inspiraling system ZTF J0546+3843, and the
outspiraling systems ZTF J1858-2024 and ES Cet, is
surprising, especially given the non-detection of H in
ZTF J0546+3843. Evolutionary models of double white
dwarfs typically assume the initial inspiral phase after
mass-transfer contact consists primarily of stripping the
thin, thermally inflated H/He envelope remaining on the
He WD surface from the progenitor main-sequence star
(D’Antona et al. 2006; Deloye et al. 2007; Kaplan et al.
2012; Wong & Bildsten 2021; Chen et al. 2022). This
layer is non-degenerate, and it contracts upon mass loss,
which allows the donor radius to shrink rapidly as the
system undergoes orbital decay. Eventually the H/He
shell is depleted, leaving only the degenerate core which
expands upon mass-loss resulting in a net positive P.

ZTF J0546+4-3843 complicates this picture, showing
both a negative P and no H. One clue towards an ex-
planation comes from considering the double WD evo-
lutionary models of Kaplan et al. (2012): their Eq.
10 finds that P, for inspiraling systems prior to pe-
riod minimum and turnaround should be approximately
—1.7 x 107 s s7! (for P =7.95 min, and assuming
typical donor/accretor masses of 0.15/0.8 My). This
is > 350 larger in magnitude than our measured P =
430175 x 10712 s 57!, leading us to speculate that
ZTF J0546+3843 is well past its loss of a H envelope and
nearly turning around to a positive P. In this scenario,
most of the H shell must have already been stripped,
resulting in an extremely low surface H abundance re-
sulting in the nondetection.

4.2. Mass constraints based on period

As discussed in Section 4.1, it is difficult to make in-
formed conclusions about the donor or accretor masses
because the optical emission is entirely dominated by
the accretion disks in all of these systems. However, we
can still make some inferences to place strict lower lim-
its, and make some estimates, on the possible accretor
and donor masses.

Accretor mass bound: Observing the presence of
an accretion disk in a system (via double-peaked line
profiles) means that a system is not undergoing direct-
impact accretion. In other words, the radius of the ac-
cretor must be small enough that the ballistic trajec-
tory of the accretion stream through the first Lagrange
point (L1) does not intersect the accretor outer radius.
This upper bound on the radius translates to a lower
bound on the mass, which is given by assuming a zero-
temperature electron-degenerate equation of state (an
arbitrarily more massive white dwarf could attain the
same radius by having a nonzero temperature.) We use
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Eq. 6 of Nelemans et al. (2001) to estimate this maxi-
mum accretor radius in units of the orbital separation:

R
71 < 0.04948 — 0.03815 log(q)
+0.04752 log®(g) — 0.006973 log®(q) ,  (5)

where ¢ = Ms/M; is the mass ratio for donor and ac-
cretor masses of My and M respectively. We then cite
the zero-temperature white dwarf mass-radius relation
quoted by Verbunt & Rappaport (1988):

R _00114|:< M )—2/3 ( M )2/3:|1/2
R@ - MCh MCh

x {1 + 3.5(1\]‘£)>_2/3 + <1\]ZJ> _1} - , (6)

where M is the accretor mass, Mcy denotes the Chan-
drasekhar limit for the mass of a white dwarf, which
is 1.44 My, and M, is a constant with a value of
0.00057 Mg, to convert this to an accretor mass con-
straint (see Sec. 4 of Verbunt & Rappaport 1988). We
emphasize that although white dwarfs realized in nature
deviate significantly from the zero-temperature relation
(e.g. Fig. 11 of Green et al. 2018b, Fig. 12 of van Roes-
tel et al. 2022), our purpose in quoting it here is for an
absolute physically allowed lower bound. Attempting to
fit a lower-mass object into this orbit is guaranteed to
result in direct-impact, rather than disk, accretion.
Donor mass bound: For the donor mass, we can use
the relation of Eggleton (1983), in a simplified form valid
for the relevant mass-ratio range of CVs (0.01 < ¢ < 1):

. )1/2 G

104 g cm—3

PRLO ~~ 6.192 min X (

where Pgrro is the orbital period at which an object of
mean density p overflows its Roche lobe. Again assum-
ing the zero-temperature equation of state quoted above
gives the minimum possible mass to attain this density.

We applied these constraints to the orbital periods of
our systems. The results are illustrated in Fig. 5. These
yield, for the orbital periods of 7.95, 8.68, and 13.15
min, firm lower limits on the minimum donor/accretor
masses of 0.084/0.54, 0.076/0.51, and 0.048/0.35 Mg,
respectively.

4.3. Further constraints based on P

The direct measurement of the orbital period first
derivative, P (Fig. 4), is a valuable tool. As an instruc-
tive example of how it can significantly constrain the
properties of an accreting binary system where angular
momentum loss is driven by the well-understood prop-
erties of gravitational radiation, we outline the following
arguments for ZTF J0546+3843 and ZTF J1858-2024.
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Figure 5. Minimum mass bounds for disk-accreting sys-
tems as a function of orbital period, computed by the
argument outlined in Section 4.2. For the relevant or-
bital periods of 7.95, 8.68, and 13.15 min, we obtain min-
imum donor/accretor masses of 0.084/0.54, 0.076/0.51, and
0.048/0.35 Mg, respectively.

Expressing the orbital period of the system in terms
of its angular momentum (J) and component masses:

P=J3M, + MQ)(MlMg)—?’(Z;) , (8)

Taking the logarithmic derivative, and assuming approx-
imately steady-state conservative mass transfer (Ml =
—M, = M, where M is strictly positive) yields:

M

p=3l3+ 309 )

The rate of change in orbital angular momentum is
driven by three effects: gravitational radiation, angu-
lar momentum loss in the mass-transfer stream, and
tidal coupling of the accretor/disk/donor, which scales
with the difference between accretor spin angular mo-
mentum and binary orbital angular momentum (Marsh
et al. 2004). In the presence of a radially extended ac-
cretion disk (as opposed to a direct-impact stream), it
is generally assumed that tidal coupling is efficient, so
that the accretor spin is kept close to the orbital fre-
quency and the angular momentum lost in the accretion
stream is quickly returned to the orbit (Verbunt & Rap-
paport 1988; Frank et al. 2002). In this case, the an-
gular momentum evolution of the system is set entirely
by gravitational wave emission (J = Jggr). We quote

the standard expression for Jgg in an inspiraling binary
system (Peters 1964):

z B g G5/3M1M2 2i 8/3 (10)
J GR_ 5 C5(M1 +M2)1/3 P
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Figure 6. Orbital period vs M for AM CVns. Ramsay
et al. (2018) obtained their values by fitting UV-optical-IR
spectral energy distributions. The lower bounds for ZTF
J1858-2024 and ZTF J0546+3843 were obtained by using
the lowest allowable masses (via the argument in Sec. 4.2)
and Eq. 12.

Thus, the inferred mass transfer rate for a disk-accreting

system is:
: My, [ P J
M| = — — | = . 12
1M 1—(1{313 <J>GR] ()

This is already a useful result: using the strict lower
bounds on M;, M, (Fig. 5) and the measured values
of P/P (Fig. 4) yields approximate lower bounds of
M >4.3%x1079 Mg yr='/2.5 x 1078 My, yr~! for ZTF
J0546-+3843/ZTF J1858-2024 respectively. These are
reasonable values compared to extrapolation from sys-
tems at similar orbital periods, which we illustrate in
Fig. 6.

We can further eliminate the M-dependence of Eq. 9
by considering the response of the donor star to mass
loss. We begin by assuming steady-state contact of the
donor with its Roche lobe, meaning Ry = Ry at all
times (where Ry denotes the Roche lobe radius). For
simplicity, we use the Paczynski (1971) result for Ry,

R, M, 1/3
ZL— 046 —2— 1
o 0 6(M1 +M2> , (13)

where a is the binary semimajor axis. We take the log-
arithmic derivative of Eq. 13, replace Ry = Rs, express
a in terms of P, and assume conservative mass transfer

(M, 4+ My = 0) to obtain:

2P |M R R R
M (B _ (B2 (B2) g
3P 3M2 RQ R2 ad R2 evol

On the right hand, we split (Ry/Rs) into a portion de-
scribing the adiabatic (short-term) response of the donor




to mass loss, and a portion describing the long-term ra-
dius evolution of the donor star driven by thermal con-
traction and/or nuclear burning. We define the adia-
batic response in terms of the index &,q:

(i) (%)
ad M2 R2 ad
(15)
which for low-mass white dwarfs is very near —1/3. We

also cast the longer-term evolution in terms of a dimen-
sionless parameter:

_ d(In Ry)

bad = d(In M>)

_ My dR,
wq B2 dMs

_ (RQ/RQ)evol 7 (16)

(J/J)ar
which compares the donor thermal /nuclear contraction
rate to the gravitational wave-driven orbital evolution
rate. Xevol < 1 corresponds to systems in which the GR
decay is much faster than the donor evolution due to
thermal contraction/nuclear burning (e.g., LIGO merg-
ers), and Xevol > 1 corresponds to systems where
the donor contraction quickly brings the system out of
Roche lobe contact.

Plugging Egs. 15 and 16 into Eq. 14, subtracting from
Eq. 9 to eliminate the M /Ms-dependence, and writing
the final result in terms of &,q and Yevol gives:

<P> 3(J> |:§ad+Xevol(1Q)1/3
P eq J GW gad+5/3_2q
This result expresses the observable quantity P /P
purely in terms of the system parameters .4, Xevol, M1,
and M. For mass ratios 0 < ¢ < 2/3 relevant for most
AM CVns, the term in brackets typically spans the range
of -1 to 1, with a heavy skew towards positive values (or-
bital decay).

Further progressing beyond this point would involve
assuming values for ,q and/or yevor. This is a difficult
problem to solve exactly, given our uncertainty on the
nature of the donors in these systems (white dwarf vs.
He star), as well as general uncertainty in the thermal
structure and adiabatic response of degenerate/semi-
degenerate matter to rapid mass loss. However, we can
loosely constrain the systems by exploring a large range
of feasible parameters via a Monte Carlo search. We
drew from a random grid of 107 combinations from:

TGR

Xevol =
Tevol

. (17)

My~ UMy min, Men) 5 Mz ~ UM min, M) ;
Ead ~U(—1,3) 5 Xevol ~U(0,2) ;

where M min, M2 min are taken from Fig. 5 and U is
the uniform distribution. We retained acceptable pa-
rameter combinations if they produced a P within 1o of
the measured values. We also required solutions to fill
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Figure 7. Likelihood contours of M; and M> for our Monte
Carlo runs based on the argument outlined in Section 4.3.
Solid black lines correspond to 1/2/3c contours. These im-
ply chirp masses close to 0.3 My in both systems. As ex-
pected from the inward vs. outward P, the donor of ZTF
J0546+3843 is significantly less degenerate (£aq larger) than
that of ZTF J1858-2024.

their Roche lobe, i.e. Ry = Ry. Here, rather than us-
ing the zero-temperature mass-radius relation (Eq. 6),
we allowed thermal bloating of the donor star by up
to 50% (following the finite-entropy evolutionary mod-
els of Wong & Bildsten 2021, which found that He WD
donors in AM CVn can have this degree of bloating com-
pared to the cold WD equation-of-state close to period
minimum). After retaining the acceptable solutions, we
used a gaussian kernel density estimator to determine
the most probable parameter combinations reproducing
the observed system properties; the resulting contours
for My and Ms are shown in Fig. 7.

We obtain mass estimates of M; = 0.6179:18 M, and
My = 0.097052 Mg, for ZTF J054643843, and M; =
097703 My, My = 0.09708% Mg, for ZTF J1858-
2042 (see Fig. 5 for more detailed system parameters).
As expected qualitatively, the donor in ZTF J0546-+3843
must be semi-degenerate ({aq > 0), likely a white dwarf
with a small inflated envelope, for the orbit to decay
(Wong & Bildsten 2021). On the other hand, the donor
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Figure 8. Evolutionary tracks (from MESA binary model-
ing) of double WDs with different binary parameters. The
observed P and P in ZTF J0546-+3843 are compatible with
a donor of Mz < 0.13Mg close to period minimum. The
large observed P in ZTF J1858+2024 is more difficult to
reconcile. In all cases, the donors initially have a hydrogen
envelope mass of 7 x 107% M.

in ZTF J1858-2024 is consistent with the equilibrium
€aa = —1/3 for a cold WD.

To further verify our estimates, we ran a small grid of
five binary stellar evolution models using MESA (ver-
sion 12115, Paxton et al. 2011, 2013, 2015, 2018, 2019),
and also compared to literature results (Kaplan et al.
2012; Chen et al. 2022). In our calculations, the accre-
tor is considered as a point mass. The initial He WD
models and assumptions about the mass retention effi-
ciency are adopted from Chen et al. (2022) (see their
Sec. 2). For our models, we assumed initial binary pa-
rameters of M;,; = 1.3/1.0/1.0/1.0/0.50 Mg, My,; =
0.17/0.21/0.17/0.13/0.17 Mg, Py = 0.05 days, and
an initial H envelope mass of 7 x 1073 Mg, (where the
subscript 7 indicates the initial value of a parameter; see
Fig. 8 for details). The relatively large initial envelope
mass was motivated by the recent direct detection of H
in HM Cnc (Munday et al. 2023), suggesting that a sig-
nificant residual envelope may survive all the way down
to < 10 min periods. We have not explicitly verified
that the entire envelope is lost by the periods measured
for our systems, as we did not place upper bounds on
the H fraction from our optical spectra. The purpose of
our model grid is to illustrate the magnitude and direc-
tion of changing these parameters: increasing the initial
donor mass results in a shorter minimum period, while
increasing the initial accretor mass results in a larger
overall |P| (Fig. 8). We note that the discontinuities
around 6 and 9 min in these tracks are due to the on-
set of mass transfer and stripping of the H envelopes.

The angular momentum sink of direct-impact accretion
is not included in these models, as they are intended to
serve as a qualitative illustration of the effects of varying
My /M5 on the overall trajectories.

The small P in ZTF J0546+3843 is constraining: we
infer the system is likely close to its period minimum,
as it should otherwise have P < —1.7x 107" s s~! (our
Fig. 8; Kaplan et al. 2012 Fig. 6). Double WD systems
which reach period minima at P ~ 7.9 minutes require
the lowest initial donor masses of around 0.12 — 0.13M,
(M; cannot be much lower than this, as it is set by the
He core mass at the end of the common envelope phase).
Our binary evolution models find that the donor mass
remains relatively constant for the entire ingoing track,
and only begins to change significantly around period
minimum (due to the sharp M increase); so indeed, our
inferred My = 0.0970-07 M, seems compatible with such
a low initial mass followed by mass-loss.

On the other hand, our results, and those of Kaplan
et al. (2012), have difficulty reproducing the large ob-
served P in ZTF J1858-2024 (except for the smallest val-
ues of My and the largest values of M7). Our Eq. 17 ac-
commodates this by pushing towards unphysically small
values of £,q < —1/3, but in reality, we are uncertain ex-
actly how the system is evolving so rapidly. It is possi-
ble that finite-entropy donors can accelerate the orbital
evolution (e.g. Wong & Bildsten 2021), though whether
this is a sufficiently large effect to account for the ob-
served discrepancy is unclear. Reproducing such a large
P via binary evolutionary models is an interesting direc-
tion for future study, though observations of P may only
be expected to agree with models over longer timescales
due to the finite time required for the Roche lobe and
donor star radius to reach equilibrium.

4.4. Accreting Ultracompact Binaries as
Multi-Messenger GW sources

With estimates in hand for Mj, My (Sec. 4.3), and
distance (Table 1), we can readily assess the strength of
the GW emission from these systems and ask: will these
sources be detectable by space-based gravitational wave
interformeters such as LISA, TianQin, and Taiji, open-
ing up the possibility of multi-messenger study? We
show in Fig. 9 that the answer to this question is a
resounding yes. Using our M;, My distributions from
Fig. 7, and drawing from a uniform distance distribution
enclosing the 1-sigma posteriors (Table 1), we computed
characteristic GW strains assuming four-year missions.
ZTF J0546-+3843 and ZTF J1858-2024 are comfortably
detected, with signal-to-noise ratios > 10 even in pes-
simistic scenarios.
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Figure 9. Violin plots of characteristic strains (over 4 yr)
of ZTF J0546+3843 and ZTF J1858-2024 using the con-
straints from Section 4.3. We also plot the strains of sev-
eral ZTF-discovered ultracompact binaries (Burdge et al.
2020a,b, 2023) and LISA verification binaries (Kupfer et al.
2024) for comparison.

This prompts a discussion of what additional insights
are to be gained by supplementing electromagnetic (EM)
observations of ultracompact binaries, such as those pre-
sented in this paper, with a GW signal. Significant pre-
vious work has been done examining the population-
level inferences made possible from a multi-messenger
signal (e.g. Nelemans et al. 2004; Shah et al. 2012;
Kupfer et al. 2018); here, we instead focus on how joint
EM/GW observations can aid in the detailed character-
ization of individual systems. We first review the basic
observables of a GW signal, then outline how they can
allow deeper constraints on these systems via the three
key observables of (i) orbital phase, (ii) inclination, and
(iil) chirp mass.

For our simplified case of a mnon-eccentric, slowly-
evolving binary, the polarization amplitude of a GW
signal is characterized by six parameters: distance (d),
chirp mass (M.), two angles related to the sky position
(RA «a, Dec ), and two angles related to the orbital
plane orientation (inclination ¢, polarization angle ).
The instantaneous GW strain in the source frame is a
combination of three of the above parameters, and can
be decomposed into two different polarizations:

14 cos?. 4t wPt?
h+(t) = AT COS (P — ? + ¢0> (18)

_(Amt  wPt?
hy(t) = Acostsin (; — 7rp2 + ¢o> (19)

where d and M, are combined into the amplitude A:

A(GM,)5/3 <2w)2/3

ctd P

A= P

(20)

13

(Shah et al. 2012). The amplitude of the measured GW
signal thus encodes a combination of the chirp mass, dis-
tance, and inclination. The remaining parameters enter
when converting from the source frame to the radiation
frame (1) and calculating the response of the detector
for a given sky position («, §), but they are not intrin-
sically related to the system.

Orbital phase: As the typical P in these systems
is of O(10~!), their periods will change by only mil-
liseconds over the course of the LISA mission. For
this reason they are often referred to as monochro-
matic GW sources, characterized by sinusoids of near-
constant frequency. The relative simplicity of this sig-
nal is actually a blessing when taken alongside the far
more complicated and uncertain EM signal. To illus-
trate this, in Fig. 10 we showcase the remarkable diver-
sity of UV /optical/infrared light curves of four ultra-
compact binaries. Some systems show multiple eclipses
interspersed with flicker noise from the accretion disk,
while others show a quasi-sinusoidal waveform. Some
show clear color-dependence in their variation indicat-
ing components of differing temperature, while others
show almost an almost unchanged modulation across
different wavelengths. Some are dominated by accre-
tion luminosity, while others show a complicated blend
of the donor/accretor stars alongside the signal from the
accreting material. It is often impossible to assign a
unique physical interpretation to each of these features
with only EM data due to the many degrees of freedom,
and the emergent huge variety of light curves, associ-
ated with accreting systems. As discussed in Sec. 3.1,
this limits our ability to directly infer donor/accretor
masses from radial velocity measurements, which can
otherwise be done readily for detached systems.

However, a GW signal will uniquely determine the bi-
nary orbital phase via the right-most terms in Egs. (18),
(19). This is the single most constraining tool in inter-
preting the EM data: with complete phase information,
one can uniquely determine which eclipses are of the
donor, accretor, or accretion stream. This unlocks the
potential of RV measurements to constrain masses, and
in-eclipse color variations to constrain temperatures.
With additional knowledge of the inclination one could
also use the eclipses to measure donor/accretor radii;
however, inclinations are difficult to constrain from EM
data alone. Conveniently, a GW signal can also con-
strain this parameter.

Inclination: a GW detector is does not indepen-
dently measure the polarizations hy and hy directly.
Rather, the detector response is set by a weighted sum
of the two, with coefficients of the antenna beam pat-
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Figure 10. Multi-band phase-folded light curves of four il-
lustrative ultracompact binaries (us/gs/7s/is/2s filters from
top to bottom). Light curves of HM Cnc/V407 Vul are drawn
from Munday et al. (2023)/Munday (in prep.) respectively.

terns F*, F* (Cornish & Larson 2003):

h2(t) oc [he P (8, 6, 9)) + [ F* (¢, 0, 6,9)]7 (21)
F7* and F* are time-dependent functions with a period
of one year (for detectors co-orbiting with the Earth).
The variation in h(t) over a year of continuous observa-
tions can thus distinguish between systems of differing
inclination.

For edge-on systems, a GW signal can constrain in-
clinations to within <10°, which can then be com-
bined with the photometric variation to measure
donor/accretor radii via the eclipse depth. For all sys-
tems, inclinations together with complete phase infor-
mation will unlock the power of RV measurements to
constrain the component masses. The caveat is that not
all systems will have visible donors/accretors, such as
the ones in this work. But even for these systems, mea-
surement of a chirp mass combined with our arguments
in Section 4.3 can yield finer M;/Ms constraints, as we
now discuss.

Chirp mass: a GW signal does not yield separate
component masses, but their combination via the chirp
mass, then too degenerate with the distance (Eq. 20).
For sources with well-constrained EM distances, the lat-
ter degeneracy is lifted. Then, combining with our mass
transfer arguments outlined in Section 4.3 significantly
constrains M; and Ms: only a small range of solutions
lying within the density contours of Fig. 7 will agree with
a measured M, . Coupled with radius constrains as dis-
cussed above, joint EM/GW measurements will directly
constrain the amount of entropy in the donor WDs via
their mass-radius relations, which is a key uncertainty
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Figure 11. The orbital period and its derivative (P) for all
ultracompact binaries in which both are measured (Table 3).
Our new systems are highlighted in red. Pure gravitational-
wave decay, in the absence of mass transfer and tides, corre-
sponds to P o P~%/3, which we illustrate for two different
chirp masses. All detached systems lie nearly on the same
curve of constant chirp mass (M. = 0.32 Mg), while some
accreting systems diverge significantly due to the effects of
mass transfer.

in current binary evolution models (Wong & Bildsten
2021).

With the precise mass constraints unlocked by multi-
messenger study of accreting binaries, one can compare
an observed Type Ia SNe rate to the incidence of ul-
tracompact binaries with sufficient mass to induce a
double-degenerate supernova (Shen 2015). Adding the
radius constraints further probes the white dwarf/He
star mass-radius relation (Sec. 4.3) which is set by the
amount of residual thermal energy remaining from the
common envelope phase. Finally, population studies of
accreting systems across a range of inclinations will be
a direct probe into the vertical structure of accretion
disks, whose scale heights as a function of accretion rate
and radial extent are highly uncertain.

4.5. Orbital Evolution of the Ultracompact Binary
Population

Having significantly expanded the sample of accret-
ing ultracompacts with measured P (Table 3), we now
discuss population-level implications for the trends ob-
served so far in the orbital evolution of the shortest-
period accreting binaries.

It is of great relevance whether initially detached sys-
tems, shortly after they come into mass-transfer contact,
can stabilize via efficient angular momentum transfer
back to the orbit. The generally assumed mechanism for
this angular momentum transfer is synchronization of
the accretor spin with the binary orbit via tidal torques
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Name ‘ P (min) ‘ P (ss™) ‘ M. (Mg) ‘ System type References
HM Cnc 5.35 (—3.66 4 0.001) x 107! — Direct-impact accretor 1,2,3
eRASSU J060839.5-704014 6.23 — — Likely direct-impact accretor 4
ZTF J1539+5027 6.91 | (—2.3740.005) x 107** | 0.30 £ 0.01 Detached binary 5
ZTF J0546-+3843 7.95 (—4.30715) x 10712 — Disk accretor This work
ZTF J1858-2024 8.68 (+7.807179) x 10712 — Disk accretor This work
ZTF J2243+5242 8.80 (—1.6 £0.18) x 10™'* | 0.3140.06 Detached binary 6
V407 Vul 9.48 (—2.27 4 0.25) x 1072 — Direct-impact accretor 7,8,9
ES Cet 10.33 (+3.24£0.1) x 1072 — Disk accretor 10,11
SDSS J0651+2844 12.75 (—9.8+2.8)x 107" | 0.30+0.01 Detached binary 12
ZTF J0425+43858 13.15 — — Disk accretor This work
ZTF J0127+5258 13.71 | (—6.53+£0.19) x 107'2 | 0.3140.03 Disk accretor 13

Table 3. Orbital period (P), period derivative (P), and chirp mass (M.) for the shortest-period binaries systems known. Chirp
masses are only shown for systems where M, and M are directly measured. References: (1) Roelofs et al. 2010 (2) Strohmayer
2021 (3) Munday et al. 2023 (4) Maitra et al. 2024 (5) Burdge et al. 2019 (6) Burdge et al. 2020b (7) Motch et al. 1996 (8)
Marsh & Steeghs 2002 (9) Strohmayer 2004b (10) Kondo et al. 1984 (11) de Miguel et al. 2018 (12) Hermes et al. 2012 (13)

Burdge et al. 2023

(Marsh et al. 2004; Gokhale et al. 2007). The fraction
of systems which stabilize vs. merge is an extremely
sensitive function of the timescale over which this angu-
lar momentum redistribution occurs (the tidal synchro-
nization timescale; Kremer et al. 2015; Biscoveanu et al.
2023; Toubiana et al. 2024). Numerical simulations in
Marsh et al. (2004) note that this timescale needs to be
extremely rapid, @(1000) yr, for a significant fraction of
systems to stabilize.

Strohmayer (2021) and Munday et al. (2023) reported
that HM Cnc, despite having a negative P as expected
from GR-dominated decay, has a positive second deriva-
tive (P)7 the inferred period minimum will occur within
~ 1200 —2000 yr, after which HM Cnc will begin to out-
spiral. The fact that HM Cnc was caught a mere < 2000
years prior to period minimum suggests that there is a
selection bias at play, namely that M and L peaks enor-
mously during the short-lived passage through period
minimum, making the systems much easier to discover.
This is broadly in agreement with evolutionary models
and simulations, which find M spikes of 2-3 orders of
magnitude near turnaround (Marsh et al. 2004; Motl
et al. 2007). The lower observed rate of direct-impact
accretors compared to detached and disk-accreting sys-
tems (Table 3) is further evidence towards this specu-
lation, which will be tested by discovery of further sys-
tems at the shortest periods. Sufficiently long-baseline
timing observations of ZTF J0546-+3843 will also allow
direct detection of a P (which for the derived mass con-
straints in Section 4.3 is likely negative). Comparison of
a measured P with that of HM Cnc would constitute an
observational test of the efficiency of tidal torques with
and without an accretion disk, with implications for the

total number of direct- vs. disk-accreting systems in the
Galaxy at a given time.

The remarkable accuracy with which several inspiral-
ing systems follow a single P~°/3 curve (Fig. 11), across
both accreting and detached systems, suggests compa-
rable chirp masses (M.) in all systems, suggesting a
common binary evolution process is responsible for the
majority of stable systems at these orbital separations.
Indeed, in the systems with direct mass measurements
(mostly detached binaries), all have M, ~ 0.3 Mg (Ta-
ble 3). The notable exceptions from this curve are V407
Vul and ZTF J0546+3843, with | P| several times smaller
than naively anticipated from the empirical trend in
Fig. 11. The two possibilities are that (1) the chirp mass
in these systems is smaller, either via the effect of sus-
tained mass transfer or an alternate formation channel,
or (2) these systems are on course for a period mini-
mum (P = 0) within the next few thousand of years.
Case (2) would be additional evidence for efficient tidal
synchronization in ZTF J0546-+3843, as this implies a
large P (hence a large spread in P) Measurements of P
in more accreting systems, or directly constraining Pin
V407 Vul/ZTF J0546+ 3843, would test this hypothesis.

We also consider the relative likelihood of detecting
systems near P, in their inspiral vs. outspiral phase.
The CO + ELM WD evolutionary models of Kaplan
et al. (2012) found that, as the time spent at a partic-
ular period scales as o |1/P]|, the model population of
ingoing vs. outgoing systems should be:

F)il'l P M27/
— 4 ’
Nout/ll’l ‘Pout (10 min) (0.15M@>

Considering only the systems with donor/accretor
masses near 0.8/0.15 M, (so that the evolutionary mod-
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els of Kaplan et al. 2012 are relevant), the observed
ratio ingoing vs. outgoing systems N /in = 2/4 (Ta-
ble 3) appears in tension with the results of these evolu-
tionary models, albeit still with small-number statistics.
There are a handful of possible unmodelled effects con-
tributing to this disagreement. For one, most systems
may never stabilize to produce a long-lived outspiral-
ing AM CVn due to inefficient tidal synchronization or
nova eruptions resulting in rapid orbital destablization
and merger (Shen 2015). Another alternative is that
our understanding of the outspiraling phase is incom-
plete, and Py is significantly larger than expected for
unknown reasons. The larger-than-expected P of ZTF
J1858-2024 provides compelling evidence towards this
possibility.

As a large enough sample of P measurements for pop-
ulation studies is just beginning to emerge, we cannot
favor either scenario with confidence, but time will tell
whether our theoretical picture of double WDs near pe-
riod minimum requires significant rethinking. This work
represents an important step towards building up the
statistics to rigorously test these evolution models.

5. CONCLUSIONS

In this work, we present the discovery of three new
ultracompact accreting binaries, with orbital periods of
7.95, 8.68, and 13.15 minutes. We draw the following
conclusions:

e We infer that all three systems accrete via a disk
from the presence of double-peaked emission lines
in their spectra (Figs. 1 & 2). Previously only
direct-impact accreting systems were known below
10 minutes (Table 3), but our new systems show
that the accretors in ultracompact binaries can get
compact enough to host accretion disks even at
these periods.

e All three systems show remarkably similar optical
spectra dominated by ionized helium and nitrogen
(Fig. 1). The similarity of the outspiraling systems
ZTF J1858-2024 and ES Cet with the inspiral-
ing binary ZTF J0546+3843—especially the lack
of hydrogen in the latter—is particularly surpris-
ing from an evolutionary standpoint. We obtained
an FUV spectrum indicating lower N/C in ZTF
J0546+3843 compared to ES Cet (Fig. 3), which is
qualitatively consistent with a less-stripped donor
and/or a less-massive main sequence progenitor.

e We measured ZTF J054613843 to have P =
—4.30110 x 10712 s 57!, and ZTF J1858-2024
to have P = +7.807179 x 10712 s s~! (Fig. 4).

We have shown how the measured P/P can be
combined with mass-transfer arguments, as well
as some loose assumptions about the adiabatic
and thermal /nuclear evolution properties of the
donor, to place tighter bounds on the system pa-
rameters (Fig. 7). With these constraints, we
infer the donor in ZTF J1858-2024 to have an
adiabatic index comparable to that expected for
a zero-temperature degenerate star, while the
donor in ZTF J0546+3843 must have £,q signif-
icantly larger. The small magnitude of P in ZTF
J0546+-3843 heavily implies a system close to pe-
riod minimum, whereas the large Pin ZTF J1858-
2024 is difficult to explain with current binary evo-
lution models (Fig. 8).

Based on the range of allowed donor/accretor
masses and distance posteriors, we infer that ZTF
J0546+3843 and ZTF J1858-2024 are loud GW
sources detectable by future space-based milli-
hertz GW detectors, e.g. TianQin, Taiji, and
LISA (Fig. 9). A GW signal, when combined
with our EM analysis and mass-transfer argu-
ments, can significantly constrain the compo-
nent masses/radii, system inclinations, and donor
structure (Sec. 4.4), demonstrating a compelling
multi-messenger science case.

At a population level, the observed scarcity
of direct-impact accretors, compared to disk-
accretors and detached systems at short orbital
periods (Table 3) seems to suggest there is an ob-
servational bias against detecting them, e.g. if
their high—M phase is very short-lived. Such an
effect could be achieved if the tidal synchroniza-
tion efficiency scales sharply with M, so that pe-
riod turnaround occurs rapidly after M spikes. A
future measurement of P in the inspiraling system
ZTF J0546+3843, compared to the recent posi-
tive P measured for HM Cnc (Strohmayer 2021;
Munday et al. 2023), will allow directly compar-
ing the efficiency of tidal synchronization with and
without an accretion disk. It is also curious that
only two outspiraling systems are known, while the
population of inspiraling systems seemingly con-
tinues to grow. It is possible there is an observa-
tional selection effect at play, or that most inter-
acting double WDs are unstable to mergers, low-
ering the rate of long-lived AM CVn (Shen 2015).
The implications of these effects will extend to
Type Ia SNa rates (Ruiter et al. 2009), galaxy-
scale binary population synthesis models (Breivik



et al. 2020), and the all-sky mHz GW signal (Lit-
tenberg et al. 2020).
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