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A B S T R A C T 

We report on the masses ( M WD 

), ef fecti ve temperatures ( T eff ), and secular mean accretion rates ( 〈 Ṁ 〉 ) of 43 cataclysmic variable 
(CV) white dwarfs, 42 of which were obtained from the combined analysis of their Hubble Space Telescope ultraviolet data with 

the parallaxes provided by the Early Third Data Release of the Gaia space mission, and one from the white dwarf gravitational 
redshift. Our results double the number of CV white dwarfs with an accurate mass measurement, bringing the total census to 

89 systems. From the study of the mass distribution, we derive 〈 M WD 

〉 = 0 . 81 

+ 0 . 16 
−0 . 20 M �, in perfect agreement with previous 

results, and find no evidence of any evolution of the mass with orbital period. Moreo v er, we identify five systems with M WD 

< 

0.5 M �, which are most likely representative of helium-core white dwarfs, showing that these CVs are present in the o v erall 
population. We reveal the presence of an anticorrelation between the average accretion rates and the white dwarf masses for the 
systems below the 2 –3 h period gap. Since 〈 Ṁ 〉 reflects the rate of system angular momentum loss, this correlation suggests the 
presence of an additional mechanism of angular momentum loss that is more efficient at low white dwarf masses. This is the 
fundamental concept of the recently proposed empirical prescription of consequential angular momentum loss (eCAML) and 

our results provide observational support for it, although we also highlight how its current recipe needs to be refined to better 
reproduce the observed scatter in T eff and 〈 Ṁ 〉 , and the presence of helium-core white dwarfs. 

Key words: stars: white dwarfs – cataclysmic variables – evolution – fundamental parameters. 
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 I N T RO D U C T I O N  

ataclysmic variables (CVs) are compact interacting binaries in
hich a white dwarf is accreting mass from a low-mass star via Roche

obe o v erflow (e.g. Warner 1995 ). CVs descend from main-sequence
inaries in which the more massive star (the primary) evolves first
nd leaves the main sequence. Following its expansion, the primary
tar fills its Roche lobe and starts unstable mass transfer on its less
assive companion (the secondary), leading to the formation of a

ommon envelope, i.e. a shared photosphere engulfing both stars
e.g. P aczynski 1976 ; Ivano va et al. 2013 ). The two stars transfer
rbital energy to the envelope, which is rapidly expelled, leaving
ehind a post-common envelope binary composed of the core of
he giant primary, which evolves into a white dwarf, and a low-

ass secondary star. Owing to subsequent orbital angular momentum
osses, mainly via magnetic braking (which arises from a stellar wind
ssociated with the magnetic activity of the secondary, e.g. Mestel
968 ; Verbunt & Zwaan 1981 ) and gravitational wave radiation (e.g.
aczy ́nski 1967 ), the post-common envelope binary evolves into a
emi-detached configuration, becoming a CV. 
 E-mail: annafpala@gmail.com 
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During the CV phase, the white dwarf response to the mass
ccretion process is the subject of a long-standing debate. Many
inary population studies predict an average mass of CV white dwarfs
f 〈 M WD 〉 � 0 . 5 M � (e.g. de Kool 1992 ; Politano 1996 ), which is
ower than that of single white dwarfs ( 〈 M WD 〉 � 0 . 6 M �, Koester,
chulz & Weidemann 1979 ; Liebert et al. 2005 ; Kepler et al. 2007 ).
his is because it is expected that the core growth of the primary is
alted by the onset of the common envelope phase. Moreover, once
 CV is formed, the material piled up at the white dwarf surface
s compressed by the strong gravitational field of the star, leading
eriodically (typically on time-scale of ten/hundred thousands of
ears) to the occurrence of classical nova eruptions. These are
he result of the thermonuclear ignition of the accreted material
n the white dw arf surf ace and, during these explosions, different
heoretical models predict that the accreted material (e.g. Yaron et al.
005 ) and part of the underlying core of the white dwarf (Gehrz et al.
998 ; Epelstain et al. 2007 ) should be ejected in the surrounding
pace, thus preventing the white dwarf from growing in mass.
o we ver, white dwarfs in CVs have been found to be significantly
ore massive than binary population models predicted (e.g. de
ool 1992 ; Politano 1996 ), with early work showing the average
ass of CV white dwarfs to lie in the range 〈 M WD 〉 � 0 . 8 –1 . 2 M �

Warner 1973 ; Ritter 1987 ). This result was originally interpreted as
© 2021 The Author(s) 
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1 It is worth mentioning that also the Far Ultraviolet Spectroscopic Explorer 
(FUSE) and the International Ultraviolet Explorer (IUE) provided a plethora 
of CV ultraviolet spectra. Ho we v er, the wav elength range ( � 920 –1180 Å) 
of the FUSE observations is too limited for an accurate spectral fit with 
atmosphere models for white dwarfs with T eff � 20 000 K. This is because 
their spectra are characterized by a low-flux level due to the broad absorption 
lines from the higher orders of the Lyman series and, possibly, are complicated 
by heavy contamination from interstellar H 2 . In IUE , the 45-cm diameter 
mirror only allowed good signal-to-noise ratio observations of the brightest 
CVs. 
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n observational bias because (i) the higher the mass of the white
warf, the larger the accretion energy released per accreted unit mass,
nd (ii) for a fixed donor mass, more massive white dwarfs have
arger Roche lobes that can accommodate larger, and hence brighter 
especially at optically wavelengths) accretion discs. Therefore, CVs 
osting massive white dwarfs were expected to be more easily 
isco v ered in magnitude limited samples (Ritter & Burkert 1986 ).
ater on, Zorotovic, Schreiber & G ̈ansicke ( 2011 ) re vie wed the
asses of CV white dwarfs available in the literature, showing that 

he average mass of CV white dwarfs is 〈 M WD 〉 = 0 . 83 ± 0 . 23 M �.
sing the large and homogeneous sample of systems (Szkody et al. 
011 , and references therein) disco v ered by the Sloan Digital Sky
urv e y (SDSS; York et al. 2000 ), the authors also demonstrated that

here is a clear trend in disfa v ouring the detection of massive white
warfs (which are smaller and less luminous than low-mass white 
warfs for the same T eff ) and therefore the high average mass of CV
hite dwarfs cannot be ascribed to an observational bias. 
Following this result, several authors investigated the possibility 

hat CV white dwarfs could efficiently retain the accreted material 
nd grow in mass, either by ejecting less material than they accrete,
ia quasi-steady helium burning after several nova cycles (Hillman 
t al. 2016 ), or through a phase of thermal time-scale mass transfer
uring the pre-CV phase (Schenker et al. 2002 ). Wijnen, Zorotovic &
chreiber ( 2015 ) argued that mass growth during nova cycles cannot
eproduce the observed distribution. In addition, these authors found 
hat, even though the white dwarf mass could increase during thermal 
ime-scale mass transfer, the resulting CV population would harbour 
 much higher fraction of nuclear evolved donor stars than observed, 
nd thus they concluded that mass growth does not seem to be
he reason behind the high masses of CV white dwarfs. A general
onsensus on the ability of the white dwarf to retain the accreted
ass has not been reached yet (Hillman et al. 2020 ; Starrfield et al.

020 ). Moreo v er, neither mechanism is able to explain the observed
V white dwarf mass distribution without creating conflicts with 
ther observational constraints. 
A promising alternative solution proposed throughout the last 

ouple of years assumes that the standard CV evolution model 
s incomplete. Schreiber, Zorotovic & Wijnen ( 2016 ) suggested 
hat consequential angular momentum loss (CAML) is the key 

issing ingredient. This sort of angular momentum loss arises from 

he mass transfer process itself and acts in addition to magnetic 
raking and gravitational wave radiation. Schreiber et al. ( 2016 ) 
eveloped an empirical model (eCAML) in which the strength of 
AML is inversely proportional to the white dwarf mass, leading to 
ynamically unstable mass transfer in most CVs hosting low-mass 
hite dwarfs ( M WD � 0 . 6 M �). The majority of these systems would
ot survive as semi-detached binaries but the two stellar components 
ould instead merge into a single object (see also Nelemans et al.
016 ). The main strength of the eCAML model is that it can also
olve other disagreements between theory and observations, such 
s the observed CV space density and orbital period distribution 
Zorotovic & Schreiber 2017 ; Belloni et al. 2018 , 2020 ; Pala et al.
020 ), without the requirement of additional fine tuning. Ho we ver,
he exact physical mechanism behind this additional source of 
ngular momentum loss and the reason for its dependence on the 
hite dwarf mass are still unclear. 
Finally, it has to be considered that, while observational biases can 

e ruled out, it is more difficult to assess the presence of systematics
ffecting Zorotovic et al. ( 2011 )’s results, which were based on
 sample of only 32 systems with accurate mass measurements, 
2 of which were derived from the analysis of their eclipse light
urv es. Giv en that the previous results were mainly based on one
ethodology, it is necessary to increase the number of systems with
n accurate mass measurement and diversify the methods employed 
n order to confirm the inferred high masses of CV white dwarfs,
hich remains one of the biggest and unresolved issues for the

heoretical modelling of CV evolution. 
An alternative method to measure CV white dwarf masses consists 

f the analysis of their ultra violet spectra. The ultra violet wa veband
s optimal for studying the underlying white dwarfs as they are
elatively hot ( T eff � 10 000 K, Sion 1999 ; Pala et al. 2017 ) and
ominate the emission at these wavelengths, while the optical 
aveband is contaminated by the emission from the accretion flow 

nd the companion star. From the knowledge of the distance to
he system, the white dwarf radius ( R WD ) can be derived from the
caling factor between the best-fitting model and the ultraviolet 
pectrum. Under the assumption of a mass–radius relationship, it is 
hen possible to measure the white dwarf mass. Another possibility 
s to perform a dynamical study. The radial velocities of the white
warf and the donor allow to infer the white dwarf gravitational
edshift that, combined with a mass-radius relationship, provides the 
ass of the white dwarf. 
Over the last 30 years, the Hubble Space Telescope ( HST ) has

ro v en to be essential for the study of CVs, delivering ultraviolet
bservations 1 for 193 systems. Nonetheless, in the past, only a 
andful of objects had mass measurements derived from the analysis 
f their ultraviolet data because of the lack of accurate CV distances.
n this respect, the Gaia space mission represents a milestone for
V research, deliv ering accurate parallax es for a large number of

hese interacting binaries, finally enabling a quantitative analysis of 
he ultraviolet data obtained o v er the past decades. 

We here analyse the HST observations of 43 CVs for which the
hite dwarf is the dominant source of emission in the ultraviolet
avelength range, and for which Gaia parallaxes from the Third 
arly Data release (EDR3) are available. To provide an additional 

ndependent determination to test our results and assess the presence 
f systematics, we complement this data set with optical phase- 
esolved observations obtained with X-shooter mounted on the Very 
arge Telescope (VLT), which provides independent dynamical mass 
easurements. We present this large CV sample, which doubles the 

umber of objects with accurate M WD measurements, providing new 

onstraints on the response of the white dwarf to the mass accretion
rocess, and for the further development of models for CV evolution.

 SAMPLE  SELECTI ON  A N D  OBSERVATIO NS  

.1 Ultraviolet obser v ations 

mong the 193 systems in the HST ultra violet archive, 191 ha ve a
aia EDR3 parallax (Table 45 of the online material) and have been
bserved with either the Goddard High Resolution Spectrograph 
GHRS), the Faint Object Spectrograph (FOS), the Space Telescope 
maging Spectrograph (STIS), or the Cosmic Origin Spectrograph 
MNRAS 510, 6110–6132 (2022) 
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Figure 1. Sample HST spectra showing, from top to bottom, four typical qui- 
escent CVs (SDSS J075507.70 + 143547.6, CY UMa, U Gem, and RX And) 
observed with different HST instruments, and one eclipsing system (IY UMa) 
whose spectrum is characterized by the presence of the iron-curtain. The 
geocoronal emission lines of Ly α (1216 Å) and O I (1302 Å, not al w ays 
detected) are plotted in grey. 
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Figure 2. Sample HST spectra of a dwarf nova observed four days after a 
disc outburst (PU CMa, top panel) and a nova-like star observed in its normal 
high state (OR And, bottom panel). The spectra are dominated by the disc 
emission rather than the white dwarf. The geocoronal emission lines of Ly α
(1216 Å) and O I (1302 Å) are plotted in grey. 
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COS) with a setup suitable for our analysis, i.e. (at least) the
ull co v erage of the Ly α (1100 –1600 Å) from the white dwarf
hotosphere with a resolution of R � 1000–3000. Together with a
ignal-to-noise ratio (SNR) of at least � 10 and the knowledge of the
istance to the systems, this setup allows an accurate determination
f the white dwarf ef fecti ve temperatures, chemical abundances, and
asses (G ̈ansicke et al. 2005 ). 
CVs are characterized by an intrinsic variable behaviour that can

ffect the analysis of their ultraviolet data. A large fraction of CVs
pend most of their time in a quiescent state, in which the accretion
ate on to the white dwarf is very low, though the mass buffered in the
ccretion disc is slowly built up. During this phase, the white dwarf
ominates the spectral appearance of the system and, at ultraviolet
avelengths, is recognisable from broad Ly α absorption centred
n 1216 Å. The profile of Ly α changes with T eff , becoming more
efined and narrower in the hotter white dwarfs, while the continuum
lope of the spectrum becomes steeper (Fig. 1 ). Periods of quiescence
NRAS 510, 6110–6132 (2022) 
re interrupted by sudden brightenings with amplitudes of 2–5 mag
nd, occasionally up to 9 mag (Maza & Gonzalez 1983 ; Warner 1995 ;
empleton 2007 ), called dwarf nova outbursts, when a fraction of the
isc mass is rapidly drained on to the white dwarf. These outbursts
rise from thermal-viscous instabilities in their accretion discs,
ausing a variation in the mass transfer rate through them (Osaki
974 ; Me yer & Me yer-Hofmeister 1984 ; Hameury et al. 1998 ).
mmediately after the occurrence of an outburst, the disc is hot and
hile it cools down it can partially or totally outshine the emission
f the white dwarf even in the ultraviolet (top panel of Fig. 2 ). 
Following an outburst, the white dwarf is heated as a consequence

f the increased infall of material, and this can possibly give rise to
 non-homogeneous distribution of the temperature across its visible
urface. Heated accretion belts or hot spots can dominate the o v erall
ltraviolet emission of the system and the resulting temperature
radient results in the white dwarf radius being underestimated (e.g
oloza et al. 2016 ; Pala et al. 2019 ). The presence of a hot spot
an be easily unveiled thanks to the modulation it introduces in the
ight curve of the system. In contrast, an equatorial accretion belt
Kippenhahn & Thomas 1978 ) can be difficult to detect since, being
ymmetric with respect to the rotation axis of the white dwarf, it does
ot cause variability on the white dwarf spin period (e.g GW Lib;
oloza et al. 2016 ). Therefore, the analysis of the ultraviolet data
btained after a disc outburst provides only an upper limit on the
hite dwarf ef fecti ve temperature and radius and, in turn, only a

ower limit on its mass. 
Additionally, members of a sub-class of CVs, known as nova-like

ystems, are characterized by high mean mass-transfer rates which
sually keep the discs in a stable hot state, equi v alent to a dwarf
ova in permanent outburst. In this high state, the disc dominates the
pectral appearance even in the far -ultra violet, preventing a direct
etection of the white dwarf (bottom panel of Fig. 2 ). Ho we ver, oc-
asionally, it is thought that as a consequence of starspots appearing
n, or migrating into the tip of the donor star at the first Lagrangian
oint (Livio & Pringle 1994 ), the mass transfer rate drops (low state)
nd unveils the white dwarf (e.g. G ̈ansicke & Koester 1999 ; Knigge
t al. 2000 ; Hoard et al. 2004 ). These low states typically last for days
p to years (e.g Rodr ́ıguez-Gil et al. 2007 ) and provide a window in

art/stab3449_f1.eps
art/stab3449_f2.eps
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3 https:// gitlab.com/icc-ub/ public/gaiadr3 zeropoint
4 The distance to the targets in our sample have also been computed from their 
Gaia EDR3 parallaxes by Bailer-Jones et al. ( 2021 ), with a method which 
also employs an exponentially decreasing volume density prior and a scale 
height calibrated against the stellar distribution at different Galactic latitudes. 
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hich the white dwarf parameters can be measured (e.g. G ̈ansicke 
t al. 1999 ; Knigge et al. 2000 ; Hoard et al. 2004 ). 

While some nova-likes can be magnetic, similar behaviour is 
bserved in highly magnetic CVs. A significant number (28 per cent, 
ala et al. 2020 ) of CVs contain strongly ( B � 10 MG ) magnetic
hite dwarfs, whose magnetism suppresses the formation of an 

ccretion disc and forces the accretion flow to follow the field lines.
he strong field of the white dwarf may have a deep impact on the
volution of the system (Schreiber et al. 2021 ). Similar to nova-likes,
agnetic CVs are also characterized by alternating between high 

nd low states, on time-scales of months to years. During high states,
ass accretion is stable and the ultraviolet emission is dominated by 
 hot polar cap close to one (or both) the magnetic pole(s) of the white
warf. During low states, the hot-caps emission is greatly weakened 
nd the white dwarf dominates the spectral appearance of the system.
ossibly, low states in magnetic CVs are also triggered by a donor
tellar spot passing around the first Lagrangian point region (Hess- 
an, G ̈ansicke & Mattei 2000 ). In low states, time-resolved obser-

ations are required in order to account for the possible contribution 
rom the accretion cap and to obtain accurate white dwarf parameters. 

Finally, CVs experience (at least once in their life) powerful 
lassical nova eruptions due to thermonuclear runaways at their 
urface. CVs that have been observed to undergo these eruptions 
re known as novae and their ultraviolet spectra are dominated by 
he emission from a hot highly variable component (e.g. Cassatella, 
ltamore & Gonz ́alez-Riestra 2005 ), whose origin is still not clear,

hat prevents the direct detection of the white dwarf. 
To account for the high variable nature of CVs, we inspected the

rchi v al ultraviolet HST data and discarded (i) dwarf no vae observ ed
uring or immediately after a disc outburst; (ii) nova-likes in high 
tate and novae and (iii) polars lacking time-resolved observations 
ith sufficient orbital phase co v erage, necessary to determine a spec-

rum of the underlying white dwarf (see e.g. G ̈ansicke et al. 2006 ). In
ddition, we also discarded systems hosting a nuclear evolved donor. 
hese CVs descend from binaries that underwent a thermal-time- 
cale mass transfer phase (Schenker et al. 2002 ) and can be easily
dentified from their enhanced N V /C IV line flux ratios (G ̈ansicke
t al. 2003 ). In these systems, the white dwarf accretes helium rich
aterial from its companion and this anomalously large helium abun- 

ance can cause an asymmetrical broadening of the blue wing of the
y α (G ̈ansicke et al. 2018 ), thus affecting the estimates of the white
w arf surf ace gravity and temperature (Toloza et al., in preparation).
The final sample consists of 43 systems 2 and a log of their

pectroscopic observations is presented in Table 1 , while the different 
bservational setups are listed in Table 2 . Finally, the full list of CVs
bserved with HST is provided in Section 5 of the online material. 

.1.1 Quality of the Gaia data 

aia astrometric solutions, and thereby parallaxes, are known to be 
ffected by systematics arising from imperfections in the instrument 
nd data processing methods (Lindegren et al. 2020 ). The mean value
f the systematic error, the so-called parallax zero-point � zp , can be
odelled according to the ecliptic latitude, magnitude, and colour of 

ach Gaia EDR3 source. We employed the python code provided by 
 Pala et al. ( 2017 ) reported that AX For went into outburst five days before the 
ST observations. The analysis of the ultraviolet data provides only a lower 

imit on the white dwarf mass. Nonetheless, we included this system in our 
ample since we measured its mass from additional optical phase-resolved 
bservations. 

N
t
a
i
5

w
i

he Gaia consortium 

3 to compute � zp for our targets, and corrected
heir parallaxes by subtracting the estimated zero-point to the quoted 
aia EDR3 parallaxes. This correction ranges from 0.5 μas, in the

ase of V1108 Her, to −43 μas for U Gem. 
Together with the main kinematic parameters (positions, proper 
otions, and magnitudes), which are used to derive the astrometric 

olution for each source, Gaia EDR3 also provides a series of
ncillary parameters that can be used to e v aluate the accuracy of
his solution. Among the most rele v ant ones is the astromet-
ic excess noise , which represents the error associated with 

he astrometric modelling (see Lindegren et al. 2012 ) and that,
deally, should be zero. Following Pala et al. ( 2020 ), we verified
hat the sources in our sample have reliable parallaxes by satisfying
he condition astrometric excess noise < 2 . 

Conv erting parallax es into distances is not al w ays trivial as the
ere inversion of the parallax can introduce some biases in the

istance estimate, especially when the fractional error on the parallax 
s larger than 20 per cent (see e.g. Bailer-Jones 2015 ; Luri et al.
018 ), which is the case for two systems in our sample, AL Com
nd LL And. Their large uncertainties are most likely related to their
ntrinsic faintness ( G = 19.7, G = 20.1, respectively) since the other
aia parameters that flag possible issues with the astronometric 

olution ( astrometric excess noise and RUWE , described 
elow) are within the range expected for well-behaved sources. 
e therefore computed the distance to each CV using a statistical

pproach, in which we assumed an exponentially decreasing volume 
ensity prior and a scale height h following the method 4 described
n Pala et al. ( 2020 ). Typically, the distances computed with the two
ethods differ by less than one per cent, the only exception being
L And with a difference of five per cent (Fig. 3 ). 
Another important parameter to assess the reliability of the par- 

llaxes is the normalized unit weight error ( RUWE ). This represents
he square root of the normalized chi-square of the astrometric fit,
caled according to the source magnitude G , its ef fecti v e wav enum-
er νeff and its pseudocolour ˆ νeff (see Lindegren et al. 2020 for 
ore details). Ideally, for well-behaved sources, 5 RUWE < 1.4 . 
o we ver, we noticed that for the system in our sample with the

argest RUWE , AM Her ( RUWE = 2.8 ), the distance derived from
ts Gaia parallax (88 . 1 ± 0 . 4 pc) is consistent with the distance
stimated by Thorstensen ( 2003 ), 79 + 9 

−6 pc. Similarly, in the case of
 Gem, another system with high weight error ( RUWE = 2.4 ), its
aia parallax ( � = 10.75 ± 0.03 mas) and corresponding distance

93 . 4 ± 0 . 5 pc) are in good agreement, respectively, with the parallax
easurements obtained using the HST Fine Guidance Sensors by 
arrison et al. ( 2000 ) ( � = 10.30 ± 0.50 mas) and Harrison et al.

 2004 ) ( � = 9.96 ± 0.37 mas), and with the distance estimated by
euermann ( 2006 ), 97 ± 7pc. These large values of RUWE are most

ikely related to colour variations of the systems during different 
aia observations, caused either by the occurrence of low and 
onetheless, we preferred to recompute the distances to our targets following 
he method described in Pala et al. ( 2020 ), since it employs a scale height that 
ccounts for the age of the systems (as described in Pretorius et al. 2007 ) and 
s therefore more representative of the properties of the CV population. 
 See the document ‘Re-normalizing the astrometric chi-square in Gaia DR2’, 
hich can be downloaded from: ht tps://www.cosmos.esa.int /web/gaia/publ 

c- dpac- documents 

MNRAS 510, 6110–6132 (2022) 
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ovem

ber 2022

https://gitlab.com/icc-ub/public/gaiadr3_zeropoint
https://www.cosmos.esa.int/web/gaia/public-dpac-documents
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Table 2. Characteristics of the gratings and setup of the HST observations 
used in this work. 

Instrument Aperture Grating Central Wavelength Resolution 
wavelength e co v erage 

COS PSA 

a G140L 1105 Å 1105 –1730 Å � 3000 
FOS 1 ′′ G130H 1600 Å 1150 –1610 Å � 1200 
GHRS LSA 

b G140L 1425 Å 1149 –1435 Å � 2000 

STIS 
0 . 2 ′′ × 0 . 2 ′′ E140M 

c 1425 Å 1125 –1710 Å � 90 000 

52 ′′ × 0 . 2 ′′ G140L 1425 Å 1150 –1700 Å � 1000 
G230L 

d 2375 Å 1650 –3150 Å � 800 

a Primary Science Aperture (2 . 5 ′′ ). 
b Large Science Aperture (2 . 0 ′′ ). 
c We re-bin the data obtained with the E140M grating to match the resolution 
of the G140L observations in order to increase the signal-to-noise ratio. 
d Only used in the cases of SDSS J150722.30 + 523039.8 and GD 552 to 
complement the G140L data, which provide the full coverage of Ly α from 

the white dwarf photosphere. 
e The central wavelength is defined as the shortest wavelength recorded on 
the Segment A of the detector. 

Figure 3. Comparison between the distances to our targets computed as 
the inverse of the parallax ( � 

−1 ) and using a statistical approach via the 
assumption of an exponentially decreasing volume density prior. The data 
are colour coded according to the parallax fractional error. The fractional 
difference, defined as ( D − � 

−1 )/ � 

−1 , between the two methods is typically 
less than one per cent (red dashed lines in the bottom panel). 
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6 A report on the wavelength shift can be found at https:// www.eso.org/ sci/ fa 
cilities/par anal/instr uments/xshooter/ doc/ XS wlc shift 150615.pdf
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igh states in AM Her (G ̈ansicke et al. 2006 ), and disc outbursts
n U Gem. Nonetheless, since their Gaia astrometry still provides
eliable distances, we decided to not apply any cut on this parameter
or the remaining systems, which all have lower RUWE values. 

.2 Optical spectroscopy 

e obtained complementary phase-resolved spectroscopy with X-
hooter (Vernet et al. 2011 ) of the 22 targets from the HST sample
hat are visible from the Southern hemisphere and in which (i) the
hite dwarf dominates the of emission in the ultraviolet and (ii) for
hich no dynamical study has been carried out before. 
X-shooter is an échelle spectrograph located at the Cassegrain

ocus of UT2 of the VLT at the European Southern Observatory
NRAS 510, 6110–6132 (2022) 
ESO) in Cerro Paranal (Chile). It is equipped with three arms:
lue (UVB, λ � 3000 –5595 Å), visual (VIS, λ � 5595 –10 240 Å),
nd near-infrared (NIR, λ � 10 240 –24 800 Å), with a medium
pectral resolution ( R � 5000 –10 000). For each arm, the slit width
as chosen to best match the seeing and the exposure times were

et with the aim to optimize the SNR and, at the same time, to
inimize the orbital smearing. At the time of the observations the

tmospheric dispersion correctors of X-shooter were broken and
ence the slit angle was reset to the parallactic angle position
fter one hour of exposures. The data were reduced using the
eflex pipeline (Freudling et al. 2013 ). To account for the well-
ocumented wavelength shift between the three arms, 6 we used
heoretical templates of sky emission lines to calculate the shift of
ach spectrum with respect to the expected position. We then applied
his shift together with the barycentric radial velocity correction to the
ata. Finally, a telluric correction was performed using molecfit
Kausch et al. 2015 ; Smette et al. 2015 ). 

In the spectra of three (AX For, IR Com, and V1108 Her) of the 22
Vs observed with X-shooter, we identified the Mg II absorption line
t 4481 Å that originates in the white dwarf photosphere, and several
bsorption features arising from the secondary photosphere, includ-
ng Na I (11 381 / 11 403 Å), K I (11 690 / 11 769 and 12 432 / 12 522
). The K I and Mg II lines, were used to track the motion of the two

tellar components and to reconstruct their radial velocity curves
rom which the mass of the white dwarf can be determined. A log of
he spectroscopic observations is presented in Table 3 . 

In the remaining 19 systems, we identified only signatures of either
he white dwarf or the secondary, and in some cases of neither of
hem, and the analysis of these objects will be presented elsewhere. 

 M E T H O D S  

.1 Light cur v e analysis 

hroughout the duration of the individual HST observations (typ-
cally a few hours), CVs can sho w dif ferent types of variability,
uch as eclipses, modulations due to the white dwarf rotation, white
warf pulsations, double humps, and brightenings (e.g. Szkody et al.
002b ; Araujo-Betancor et al. 2003 ; Toloza et al. 2016 ; Szkody
t al. 2017 ; Pala et al. 2019 ). Eclipses are particularly important
ince they allow a white dwarf mass measurement based only on
eometrical assumptions to be obtained. In contrast, pulsations and
rightenings reflect the presence of hot spots and, more generally,
f a gradient in temperature o v er the visible white dwarf surface.
hen in view, the emission of the hot spots can dominate the o v erall

ltraviolet emission of the system making the white dwarf look hotter
nd affecting both the temperature and mass estimates (Toloza et al.
016 ; Pala et al. 2019 ). Therefore, it is important to remove the
ontribution of these spurious sources in order to obtain an accurate
ass measurement. 
The HST TIME–TAG data allow us to reconstruct a 2D image of the

etector, where the dispersion direction runs along one axis and the
patial direction along the other, which can be used to reconstruct
he light curve of the observed system. For each CV, we masked
he geocoronal emission lines from Ly α (centred at 1216 Å) and
 I (centred at 1300 Å) as well as all the most prominent emission

eatures from the accretion disc, which are not representative of
he white dwarf. Using five-second bins and following the method

art/stab3449_f3.eps
https://www.eso.org/sci/facilities/paranal/instruments/xshooter/doc/XS_wlc_shift_150615.pdf
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Table 3. Log of the optical observations of the three CVs observed with X-shooter in which the signatures of both the white dwarf and the 
secondary star were identified in their spectra. We obtained time-series of N spectra with T exposure time each. 

UVB VIS NIR 

Observation Exposure Slit Resolution Exposure Slit Resolution Exposure Slit Resolution 
date time width time width time width 

System (YYYY-MM-DD) N × T (s) (arcsec) ( Å) N × T (s) (arcsec) ( Å) N × T (s) (arcsec) ( Å) 

AX For 2013-10-25 7 × 606 1.0 0.99 13 × 294 0.9 0.90 22 × 200 0.9 2.11 
2015-09-24 12 × 610 1.3 1.10 12 × 592 1.2 0.90 12 × 642 1.2 2.06 

IR Com 2014-03-05 29 × 270 1.0 1.01 21 × 412 0.9 0.89 31 × 300 0.9 2.02 
V1108 Her 2015-05-12 12 × 480 1.0 1.04 10 × 587 0.9 0.92 12 × 520 0.9 2.07 
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escribed in Pala et al. ( 2019 ), we then extracted the light curve of
ach target in counts per second. 

For the objects that did not e xhibit an y significant variability during 
heir HST observations, the data from all the orbits were summed to
roduce an a verage ultra violet spectrum. We discuss, in what follows, 
he eclipsing systems while the remaining six CVs that showed some 
e vel of v ariability within the time-scale of the HST observations are
iscussed in Section 1 of the online material. 

.1.1 Eclipsing systems 

n eclipsing CVs, where the white dwarf is periodically obscured by 
ts stellar companion, the duration of the ingress of the white dwarf,
s well as the duration of the whole eclipse, can be used to derive
he radius of both stars ( R WD and R donor for the white dwarf and the
onor, respectively) scaled by the orbital separation a : 

R WD 

a 
= 

1 

2 

(√ 

cos 2 i + sin 2 i cos 2 � 1 + 

√ 

cos 2 i + sin 2 i cos 2 � 2 

)
(1) 

R donor 

a 
= 

1 

2 

(√ 

cos 2 i + sin 2 i cos 2 � 1 −
√ 

cos 2 i + sin 2 i cos 2 � 2 

)
. 

(2) 

n the abo v e equations, � 1 and � 2 are the phases of the first and sec-
nd contacts and are directly measured from the light curve, while i is
he inclination of the system and is an additional unknown. Since the
ame eclipse profile can be reproduced by different inclinations and 
ssuming different radii for the two stellar components, additional 
onstraints are required to lift the de generac y between these three
arameters ( R WD , R donor , and i ). 
To this end, one of the most direct method consists in measuring the

adial velocity amplitudes ( K WD and K donor ) of the two stellar compo-
ents from phase-resolved spectroscopic observations. These quan- 
ities provide the system mass ratio q = K WD / K donor = M donor / M WD ,
hich allows constraining the size of the Roche lobe of the com-
anion star (Eggleton 1983 ). Under the assumption that the donor is
oche lobe filling, the de generac y in the three quantities can be lifted.

n this case, a fit to the eclipse light curve provides R WD / a which, com-
ined with a mass radius relationship and Kepler’s third la w, pro vides
 measurement of the white dwarf mass (see e.g. Feline et al. 2005 ;
ittlefair et al. 2006 ; Sa v oury et al. 2011 ; McAllister et al. 2019 ). 
We detected the white dwarf eclipse in the COS light curves 

f four CVs, IR Com, IY UMa, SDSS J103533.02 + 055158.4, and
DSS J150722.30 + 523039.8. Ho we ver, the data quality and orbital
o v erage allowed us to perform a fit to the eclipse light curve
nly in the cases of IR Com and SDSS J150722.30 + 523039.8. The
emaining eclipsing systems are discussed in Section 1.0.1 of the 
nline material. 
We used the lcurve tool 7 (see Copperwheat et al. 2010 , for a
etailed description of the code) to perform the light curve modelling
nd define the binary star model that best reproduces the observed
clipse. For IR Com we assumed the mass ratios derived from the
adial velocity amplitudes from Section 3.3, q = 0.016 ± 0.001. For
DSS J150722.30 + 523039.8 we used the mass ratio from Sa v oury
t al. ( 2011 ), q = 0.0647 ± 0.0018, which has been derived from
he analysis of the optical light curve of the system. For both
Vs, we assumed the white dwarf ef fecti ve temperatures deri ved

n Section 3.2, which are used by lcurve to estimate the flux
ontribution from the white dwarf. We kept the inclination i , R WD / a
nd the time of middle eclipse T 0 as free parameters. The best-fitting
odels are shown in the insets in Fig. 4 and returned i = 80.5 ± 0.3

nd R WD / a = 0.00956 ± 0.0002 for IR Com and i = 83.5 ± 0.3
nd R WD / a = 0.0185 ± 0.0006 for SDSS J150722.30 + 523039.8,
espectively. The R WD / a ratios, combined with the white dwarf
ass–radius relationship 8 (Holberg & Bergeron 2006 ; Tremblay, 
ergeron & Gianninas 2011 ) and Kepler’s third la w, pro vide
 WD = 0 . 989 ± 0 . 003 M � for IR Com and M WD = 0 . 83 + 0 . 19 

−0 . 15 M �
or SDSS J150722.30 + 523039.8 (Table 6 ). 

It is worth mentioning at this point that the eclipse of the white
warf in DW UMa was detected in the STIS TIME–TAG data. This light
urve has already been analysed by Araujo-Betancor et al. ( 2003 ),
hich derived a white dwarf mass of M WD = 0 . 77 ± 0 . 07 M �.
inally, DV UMa is also eclipsing but, since the data were acquired
s snapshot, the light curve of the eclipse is not available. 

.2 Ultraviolet spectral fitting 

o perform the spectral fit to the ultraviolet data, we generated a
rid of white dwarf synthetic atmosphere models using TLUSTY 

nd SYNSPEC (Hubeny 1988 ; Hubeny & Lanz 1995 ), covering the
f fecti ve temperature range T eff = 9000 –70 000 K in steps of 100 
, and the surface gravity range log ( g ) = 6.4–9.5 in steps of 0.1

where g is expressed in cgs units). As discussed by Pala et al. ( 2017 ),
sing a single metallicity is sufficient to account for the presence of
he metal lines and possible deviations of single element abundances 
rom the o v erall scaling with respect to the solar values do not affect
he results of the fitting procedure. We therefore fixed the metal
bundances to the values derived from the analysis of the same HST
ata by previous works (see Table 5 and references therein). 
The white dwarf ef fecti ve temperature correlates with its surface

ra vity: strong gra vitational fields translate into pressure broadening 
f the lines; this effect can be balanced by higher temperatures
hat increase the fraction of ionized hydrogen, resulting in narrower 
MNRAS 510, 6110–6132 (2022) 
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Figure 4. HST /COS light curves of IR Com (left) and SDSS J150722.30 + 523039.8 (right). The absence of any contamination from the bright spot allows us 
to fit the eclipse light curve and measure the mass of the white dwarf in these systems. The insets show a close-up of the eclipse of IR Com and of the average 
phase-folded eclipse light curve of SDSS J150722.30 + 523039.8, along with the best-fitting models (red). 
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bsorption lines. It is not possible to break this de generac y from
he sole analysis of the HST data since they only provide the Ly α
bsorption profile which, in the case of cool CV white dwarfs, is
imited to only the red wing of the line. Therefore, in the past,
he analysis of CV ultraviolet HST data has been limited mainly to
ccurate measurements of the white dwarf ef fecti ve temperatures,
btained for a fixed log ( g ) for the white dw arfs. Now adays, thanks
o the parallaxes provided by Gaia EDR3, the knowledge of the
istance d to the system finally allows us to constrain the radius of
he white dwarf. Under the assumption of a mass–radius relationship,
he white dwarf mass can be derived from the scaling factor
etween the HST data and the best-fitting model, according to the
quation: 

 = 

(
R WD 

d 

)2 

. (3) 

y breaking this de generac y, we can simultaneously measure both
he white dwarf ef fecti ve temperature and mass. 

The HST ultraviolet spectra are contaminated by geocoronal
mission of Ly α and O I (1302 Å). The first is al w ays detected and
e masked the corresponding wavelength range for our spectral

nalysis. In the case of O I , the related wavelength range was masked
nly when the emission was detected in the spectrum. Moreo v er,
V ultraviolet spectra show the presence of an additional continuum
omponent, which contributes � 10 –30 per cent of the observed
ux. The origin of this additional emission source is unclear and

t has been suggested that it could arise from either (i) the disc,
r (ii) the hot spot where the ballistic stream intersects with the
isc or (iii) the interface region between the disc and the white
w arf surf ace (e.g. Long et al. 1993 ; Godon et al. 2004 ; G ̈ansicke
t al. 2005 ). In the literature, different approximations have been
sed to model the emission of this additional component, such as
 blackbody, a power law or a constant flux (in F λ). As discussed
y Pala et al. ( 2017 ), these assumptions represent a very simplified
odel of the additional continuum contribution and it is likely that

one of them provides a realistic physical description of this emission
omponent. These authors also showed that, when only a limited
av elength co v erage (1105 –1800 Å) is available, it is not possible to

tatistically discriminate among the three of them, and they all result
n fits of similar quality for the white dwarf. We therefore decided
o use a blackbody, which is described by two free parameters (a
NRAS 510, 6110–6132 (2022) 
emperature and a scaling factor), because, in the limited wavelength
ere considered, its tail approximates both the power law and the
onstant flux cases. 

The only exceptions are the eclipsing systems (discussed below)
nd GD 552. For the latter, additional data obtained with the G230L
rating, co v ering the wav elength range 1650 –3150 Å, are available.
s already noticed by Unda-Sanzana et al. ( 2008 ), the additional

econd component in the near -ultra violet flux of GD 552 shows a
lear dependence on wavelength (orange line in Fig. 5 ). The observed
lope could arise from either an optically thin emission region, or an
ptically thick accretion disc, or a bright spot. All cases are expected
o display a power-law distribution (which, for the optically thick
isc and the bight spot, results from the approximation with a sum of
lackbodies) and, given the wide wavelength coverage available for
his object, a single blackbody would represent a poor approximation
or the additional emission component. Therefore, in the case of
D 552, we assumed a power-law, which is described by two free
arameters (a power-law index and a scaling factor). 
The analysis of the eclipsing systems is complicated by the pres-

nce of the so-called ‘iron curtain’, i.e. a layer of absorbing material
 xtending abo v e the disc which giv es rise to strong absorption
eatures (see e.g. the spectrum of IY UMa in Fig. 1 ), mainly a forest of
lended Fe II absorption lines (Horne et al. 1994 ). These veil the white
warf emission, making it difficult to establish the actual flux level
necessary to constrain the white dwarf radius). In addition, these
ines modify the o v erall slope of the spectrum as well as the shape
f the core of the Ly α line, which are the tracers for the white dwarf
 eff . Out of the six eclipsing systems in our sample, two are strongly
ffected by the veiling gas: IY UMa and DV UMa. Following the
onsideration by Pala et al. ( 2017 ), in the spectral fitting of these CVs,
e included two homogeneous slabs, one cold ( T curtain � 10 000 
) and one hot ( T curtain � 80 000 K). We generated two grids of
onochromatic opacity of the slabs using SYNSPEC , one co v ering the

f fecti ve temperature range T eff = 5000 –25 000 K and the other the
ange T eff = 25 000 –120 000 K, both in steps of 5000 K. Both grids
o v ered the electron density range n e = 10 9 –10 21 cm 

−3 in steps of 10 3 

m 

−3 and the turbulence velocity range V t = 0 –500 km s −1 in steps of
00 km s −1 . These models, combined with the column densities ( N H ,
or which we assumed a flat prior in the range 10 17 –10 23 cm 

−2 ), return
he absorption due to the curtain. Given the large number of free
arameters involved in the spectral fitting of the eclipsing systems,

art/stab3449_f4.eps
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Figure 5. HST spectrum of GD 552 obtained from the combination of the 
STIS/G140L far -ultra violet (blue) and STIS/G230L (black) data (the grey 
bands mask the geocoronal emission lines of Ly α at 1216 Å and of O I at 
1302 Å, while the gaps at � 1950 Å and � 2600 Å correspond to data with 
bad quality flags). The best-fitting model (red) is composed of the sum of the 
white dwarf emission (grey), the emission lines approximated as Gaussian 
profiles (green), and an additional second component (orange) which shows a 
clear dependence on wavelength. This suggests that this additional emission 
component in the system is either an optically thin emission region, or an 
optically thick accretion disc, or a bright spot. These cases are expected to 
display a power -law distrib ution and, in our fitting procedure, we assumed a 
power law to model the emission of this additional component in GD 552. 
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Table 4. Summary of the fit parameters employed in the analysis of the 
ultraviolet spectra described in Section 3.2. 

System component Parameter Free? Range of variation 

Distance � –
E ( B − V ) � –

White dwarf 
T eff (K) � 9000–70 000 
log ( g ) � 6.4–9.5 

f em 

� > 0 
Emission lines λem 

� > 0 
σ em 

� > 0 

BB 

T eff (K) � > 0 

Second components 
scaling factor � > 0 

PL 

Exponent � R 

scaling factor � > 0 

constant � > 0 

T curtain (K) � 5000–25 000 

Cold 
log ( n e · cm 

3 ) � 9–21 
log ( N H · cm 

2 ) � 17–23 

Slabs 
V t ( km s −1 ) � 0–500 

T curtain (K) � 25 000–120 000 

Hot 
log ( n e · cm 

3 ) � 9–21 
log ( N H · cm 

2 ) � 17–23 
V t ( km s −1 ) � 0–500 
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e chose to use a constant flux (in F λ) to approximate the additional
ontinuum component, as this is the simplest approximation and 
ntroduces only one more additional free parameter in the fitting 
rocedure. 
Finally, for all systems, whenever detected, we included the 

mission lines arising from the accretion disc as Gaussian profiles, 
llowing three free parameters: amplitude ( f em 

), wavelength ( λem 

),
nd width ( σ em 

). As shown by Pala et al. ( 2017 ), by including
r masking the disc lines has no influence on the result but their
nclusion allowed us to use as much of the data as possible. 

We performed the spectral fit using the Markov chain Monte Carlo
MCMC) implementation for PYTHON , EMCEE (F oreman-Macke y 
t al. 2013 ). 

We scaled the models according to the distance to the system,
omputed as described in Section 2.1.1, and reddened them according 
o the extinction values reported in Table 1 . We used the STructuring
y Inversion the Local Interstellar Medium (Stilism) reddening map 
Lallement et al. 2018 ) to derive the E ( B − V ). For those objects not
ncluded in the Stilism reddening maps, we used instead the 3D map
f interstellar dust reddening based on Pan-STARRS 1 and 2MASS 

hotometry (Green et al. 2019 ). 
The free parameters of the fit and their allowed range of variations

re listed in Table 4 , and we assumed a flat prior in the ranges
o v ered by the corresponding grid of models. We assumed the
ass–radius relation of Holberg & Bergeron ( 2006 ), Tremblay et al.

 2011 ) and constrained the parameters describing the blackbody (BB) 
nd constant additional second components to be positive. In the 
ase of the power-law (PL) additional second component, we only 
onstrained its scaling factor to be positive. 

The accuracy derived from the statistical uncertainties are typ- 
cally two and four per cent for T eff and R WD , respectively. These
ncertainties together provide an accuracy on the white dwarf 
asses of typically 0 . 03 M �. Ho we ver, the real uncertainties are

ominated by systematic effects, which are discussed in the following 
ection. 
.2.1 Uncertainty estimate 

s discussed by Pala et al. ( 2017 ), we can rule out the presence of
ystematics arising from instrument flux calibration issues as well as 
ny noticeable contamination from additional Ly α absorption from 

he second emission component and/or interstellar gas along the line 
f sight. Moreo v er, the uncertainties related to the unknown nature of
he second component are smaller than the statistical errors from the
tting procedure (Pala et al. 2017 ), therefore their effect is already
ccounted for in the error balance from the previous Section. 

The remaining sources of uncertainties are hence those related 
o the precision on the Gaia parallaxes and the reddening measure-

ents. The reddening due to interstellar dust along the line of sight
ffects the o v erall slope and flux level of the observed spectrum,
hus influencing both the radius and T eff measurements. Similarly, 
he precision on the Gaia parallax directly reflects that in the radius
nd hence in the white dwarf mass. 

Allowing a 3 σ variation for both the parallax and the reddening,
he observed flux level of a system could be reproduced by a
ombination of high reddening (i.e. more absorption along the line 
f sight) and a large parallax (i.e. moving the object closer to the
bserver) and vice versa. This degeneracy cannot be broken from 

he sole analysis of the HST data since they do not extend to the
avelength range where the signature of interstellar dust absorption 

ould be detected as a bump at � 2175 Å, from which the colour
xcess can be estimated. 

Ideally, the spectroscopic fitting procedure described in the pre- 
ious section could account for this correlation by allowing both 
he distance and the reddening to vary according to suitable priors.
n practice, this approach would require including in our fitting 
rocedure the probability density function we used to compute 
he distance to each system in Section 2.1.1. Since this is not
traightforward, we preferred to use an alternative method and 
stimate the systematic uncertainty on our mass measurements 
mploying a Monte Carlo approach. We used a χ2 minimization 
outine to fit each spectrum 5000 times. During each e x ecution, the
MNRAS 510, 6110–6132 (2022) 
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Figure 6. For each system, the trailed spectra for the Mg II line (4481 Å, left-hand panel) and the K I line (12 522 Å, right-hand panel) are shown. Overplotted 
are the best-fitting models (red) along with their uncertainties (light blue). 
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odels were scaled assuming a distance drawn randomly from the
robability density function used to compute the distance to each
ystem in Section 2.1.1. Similarly, the models were also corrected
or the reddening, assuming a colour excess drawn randomly from
 normal distribution, centred on the E ( B − V ) reported in Table 1
nd weighted according to its uncertainty. Keeping the distance and
he reddening fixed to the values drawn from these distributions,
e allowed as free parameters the white dwarf T eff and log ( g )

nd the second continuum component (as defined in the previous
ection). To speed up the calculation, we masked the emission

ines. 
From the best-fitting parameters obtained from each of the 5000

 x ecutions, we deriv ed the posterior distribution of T eff and log ( g ),
hich provided the estimates of the systematic uncertainties related

o the accuracy on the distance and the reddening. We compared these
ystematics with the statistical uncertainties derived in the previous
ection and assumed as final value the maximum of the two. 
In the next few years, the upcoming Gaia data releases will

mpro v e the accuracy on the parallaxes, and thereby that on the
istances to CVs, and will allow reconstruction of more detailed 3D
eddening maps. Eventually, these will make it possible to reduce
he uncertainties on the white dwarf parameters to the level of the
tatistical ones. 

.3 Radial velocity measurements from optical spectra 

mong the different lines arising from the secondary photosphere
isted in Section 2.2, the K I (12 432 / 12 522 Å) lines are the strongest
nd the only ones visible in the spectra of all three systems. The Na I
oublet is only visible in the spectra of IR Com but it is contaminated
y the residual of the telluric line removal. Therefore, we decided not
o include it in the following analysis. We used the Mg II absorption
eature and the K I lines to track the reflex motion of the white
warf and the donor, respectively. Our data were characterized by a
elati vely lo w SNR ( � 10–20 in the UVB and � 5 in the NIR) and,
oreo v er, the NIR spectra showed strong contamination from the

esiduals from the sky lines subtraction. Therefore, to achieve more
obust radial velocity measurements, we fit all the spectra of each
bject simultaneously (as done e.g. by Parsons et al. 2012 and Pala
t al. 2019 ). 

We first fitted the K I absorption lines using a combination of a
onstant and a double Gaussian of fixed separation. We allowed the
NRAS 510, 6110–6132 (2022) 
avelength of the Gaussians to change according to the following
quation: 

 = γ + K sin [2 π ( φ − φ0 )] , (4) 

here V is the radial velocity, γ is the systemic velocity, K is
he velocity amplitude, φ is the orbital phase and φ0 is the zero-
oint of the ephemeris. We fitted the Mg II absorption lines using a
ombination of a constant and a single Gaussian. From these fitting
rocedures, we derived the systemic velocities of the white dwarf
nd the donor ( γ WD and γ donor , Fig. 6 ). Their difference provides a
irect measurement of the gravitational redshift of the white dwarf
nd thereby of its surface gravity(Greenstein & Trimble 1967 ): 

 grav ( WD ) = γWD − γdonor = 0 . 635 
M WD 

M �

R �
R WD 

km s −1 . (5) 

t the surface of both the white dwarf and the secondary, a
ontribution from the gravitational field of the other star is present.
or P orb < 5 h, CV secondary stars have typically M donor � 0 . 6 M �
nd log ( g ) donor � 5 (e.g. Knigge, Baraffe & Patterson 2011 ),
herefore their contribution only introduces a small correction near
he white dwarf surface, � 0 . 1 kms −1 . Similarly, the influence of
he gravitational potential of the white dwarf introduces a correction
f � 1 kms −1 near the donor star surface. Both these effects are
egligible compared to the typical uncertainties ( � 5 –10 kms −1 ) on
 grav (WD) and can be safely ignored. 

By assuming the same mass–radius relationship as in Section 3.1.1
nd using equation (5), we measured the masses of the three CV white
warfs, which result in 0 . 76 + 0 . 06 

−0 . 07 , 0 . 95 ± 0 . 04, and 0 . 91 + 0 . 14 
−0 . 20 M �,

or AX For, IR Com, and V1108 Her, respectively (Table 6 ). In
ection 4.1.3, we discuss these results in comparison with the masses
btained from the analysis of the ultraviolet spectra. 
The accuracy we achieved on these measurements is directly

elated to the quality of the data. An optimal sampling of the orbital
eriod is crucial to precisely measure radial velocities. This can be
een by comparing the results for IR Com with those for AX For
nd V1108 Her. The data of the former are almost evenly distributed
long the orbital period and allow us to obtain accuracy of the order
 7 per cent. Ho we ver, the observ ations of AX For were af fected

y clouds while those of V1108 Her were contaminated by the
resence of a close background star. In both cases, we were forced
o reject some spectra, resulting in poor orbital sampling and larger
ncertainties. 
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.4 Summary on the mass measurements 

he results of our fitting procedures are summarized in Table 5 .
n the case of the white dwarf in AX For, from the analysis of the
ltraviolet data, we derived a smaller radius ( � 0 . 0142 R �) than
he one estimated from the gravitational redshift ( � 0 . 0190 R �). We
an thus roughly estimate that at the time of the HST observations
 77 per cent of the white dwarf surface was still heated by the

ecent outburst and, therefore, we assumed as final measurements 
or its mass and radius those obtained from the gravitational redshift
n Section 3.3. 

We show in Fig. 7 some examples of best-fitting models for three
on-eclipsing systems in different temperature regimes, and for an 
clipsing CV. All spectra, along with their best-fitting models, are 
vailable in Section 2 of the online material. 

 DISCUSSION  

.1 Comparison with previous mass measurements and 

ifferent techniques 

.1.1 Eclipsing systems 

revious mass measurements from the analysis of the eclipse 
ight curve of the white dwarf were obtained from optical obser-
ations for DV UMa, IY UMa, SDSS J103533.02 + 055158.4, and 
DSS J150722.30 + 523039.8 (Sa v oury et al. 2011 ; McAllister et al.
019 ), and from ultraviolet observations for DW UMa (Araujo- 
etancor et al. 2003 ). Moreo v er, we here deriv ed a mass mea-

urement for IR Com and SDSS J150722.30 + 523039.8 from the 
nalysis of their ultraviolet light curves (Section 3.1.1). We find a 
ood agreement (within 3 σ , Table 6 and Fig. 8 ) between the masses
erived employing the two different methods (ultraviolet spectral fit 
ersus analysis of the white dwarf eclipse). 

.1.2 Systems with previous mass measurements from ultraviolet 
nalysis 

 or sev eral systems in our sample (AM Her, BC UMa, BW Scl,
F Peg, EG Cnc, HV Vir, LL And, and SW UMa), a mass estimate
erived from the analysis of their ultraviolet HST data is available 
n the literature. Ho we ver, these studies lacked the knowledge of the
istance to the systems and therefore did not provide a single mass
stimate but a range of possible values, computed assuming different 
istances. The method employed is described in detail by G ̈ansicke 
t al. ( 2005 ) and consists of fitting the ultraviolet data by stepping
hrough a grid of atmosphere models with fixed values for log ( g ),
eaving the temperature and scaling factor free. In this way, it is
ossible to investigate the correlation between the assumed log ( g )
i.e. the white dwarf mass under the assumption of a mass–radius
elationship) and the best-fitting value for T eff (see e.g. fig. 3 from
 ̈ansicke et al. 2005 ) for different distances. 
We retrieved the log ( g )-distance correlations for AM Her, 

C UMa, BW Scl, EF Peg, EG Cnc, HV Vir, LL And, and SW UMa
rom the works by Howell et al. ( 2002 ), Szkody et al. ( 2002a ), and
 ̈ansicke et al. ( 2005 , 2006 ). We applied a correction to account for

he dependency of the mass–radius relationship on the white dwarf 
 eff and for the reddening (see Section 3 of the online material for the
etails), which were not accounted for by these studies, and estimated 
he mass of the white dwarf assuming their distances from Gaia 
DR3 (as described in Section 2.1.1). We computed the associated 
rror bars by assuming a typical statistical uncertainty on the white 
warf temperature (for a fixed log ( g )) of � 200 K (G ̈ansicke,
ri v ate communications). For each object, we compared them with
he systematic uncertainties derived in Section 3.2.1 (which are 
epresentative of the typical uncertainties related to the accuracy 
f the reddening and distance) and assumed as final uncertainties the
arger between the two values. The final results are listed in Table 6
nd shown in Fig. 8 . 

With the exception of EG Cnc, the results from the literature are
n good agreement with ours within the uncertainties. The origin of
he disagreement in the case of EG Cnc is not easy to unveil and
ould possibly be related to the different atmosphere models used by
zkody et al. ( 2002a ), which were generated with an older version of
LUSTY (# 195) than the one that we used (# 204n). The most rele v ant
ifferences between the two versions are an improved treatment of 
 

+ 

2 quasi-molecular absorption lines (dominant in this cool CV) and 
f the Stark-broadening profiles using the calculation by Tremblay & 

ergeron ( 2009 ). Therefore, we consider our results more reliable
nd representative of the observed flux emission of EG Cnc. 

.1.3 Systems with radial velocity measurements 

or three systems in our sample, AX For, IR Com, and V1108 Her,
e derived an independent mass measurement from the white 
warf gravitational redshift (Section 3.3). Moreo v er, additional mass 
easurements, which have been determined from the gravitational 

edshift of the white dwarfs in GW Lib (van Spaandonk et al. 2010 )
nd WZ Sge (Steeghs et al. 2007 ), and from the radial velocities of
he two stellar components in U Gem (Eche v arr ́ıa et al. 2007 ), are
vailable in the literature (see also table 44 of the online material
nd references therein). These masses are all in good agreement with
hose we derived from the spectral fit to the ultraviolet data (Table 6
nd Fig. 8 ). 

.2 Comparison with Zorotovic et al. ( 2011 ) 

ig. 9 shows the comparison between the 43 mass measurement 
rom this work and the compilation from Zorotovic et al. ( 2011 ),
hich includes 22 masses derived from the analysis of the white
warf eclipses and 10 measurements from spectroscopic studies. 
he two samples have eight systems in common (AM Her, 
V UMa, DW UMa, IY UMa, SDSS J103533.02 + 055158.4, 
DSS J150722.30 + 523039.8, U Gem, and WZ Sge, see Table 6 )
nd this partial o v erlap highlights possible differences associated 
ith the different methods employed to measure the masses of the
hite dwarfs. 
The mass distribution we derived presents a tail extending 

o wards lo w masses, consisting of three systems (BC UMa, CU Vel,
nd SDSS J100515.38 + 191107.9) with M WD < 0 . 5 M �. Such low
asses are consistent with either He core or, possibly, hybrid CO/He

ore white dwarfs. In contrast, the sample studied by Zorotovic 
t al. ( 2011 ) does not contain any white dwarf with M WD < 0 . 5 M �
lthough, from evolutionary considerations, they estimated that CV 

elium-core white dwarfs should represent � 10 per cent of the
ystems. 

For both distributions, we determined the average white dwarf 
ass 〈 M WD 〉 and the corresponding uncertainties as the 16th and the

4th percentiles, obtaining 〈 M WD 〉 = 0 . 82 ± 0 . 12 M � for the values
rom Zorotovic et al. ( 2011 ) and 〈 M WD 〉 = 0 . 84 + 0 . 18 

−0 . 23 for the masses
ere derived. The agreement between these v alues allo ws us to rule
ut the presence of any systematics affecting the masses derived from
he analysis of eclipse light curves. 
MNRAS 510, 6110–6132 (2022) 
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6124 A. F. Pala et al. 

Figure 7. Ultraviolet spectra (black) of sample CV white dwarfs along with the best-fitting model (red), representative of cool (top left panel), warm (top 
right panel), hot (bottom left panel), and eclipsing (bottom right panel) systems. The best-fitting models are composed of the sum of a white dwarf synthetic 
atmosphere model, a second continuum emission component in the form of a blackbody, and the emission lines from the disc modelled with a Gaussian profile. 
In addition, the model for the eclipsing system DV UMa (bottom right) includes an ‘absorption curtain’ component (see Section 3.2). The grey bands mask the 
geocoronal emission lines of Ly α (1216 Å) and, whenever present, of O I (1302 Å). 
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.3 The mass distribution of CV white dwarfs 

ince the work by Zorotovic et al. ( 2011 ), more mass measurements
f CV white dwarfs have been made available in the literature,
ainly thanks to the systematic observations of eclipsing systems

e.g. Feline et al. 2005 ; Littlefair et al. 2006 ; Sa v oury et al.
011 ; McAllister et al. 2019 ) with the fast triple-beam camera
LTRACAM (Dhillon et al. 2007 ). A more comprehensive and up-

o-date census of masses in the literature consists of 54 measurements
see table 44 of the online material and reference therein), eight of
hich (AM Her , D V UMa, DW UMa, SDSS J103533.02 + 055158.4,
DSS J150722.30 + 523039.8, U Gem WZ Sge, and IY UMa, see
able 6 ) are in common with our sample. For these systems, we
ere assume the white dwarf parameters obtained in this work. Of
he remaining 46 CV white dwarf masses from the literature, 34 have
NRAS 510, 6110–6132 (2022) 
een derived from the analysis of the eclipse light curves of the white
warf and 12 from spectroscopic studies. 
Combining these 46 measurements with our results, we obtained

 sample of 89 CV white dwarfs with an accurate mass, and
he corresponding average mass results 〈 M WD 〉 = 0 . 81 + 0 . 16 

−0 . 20 M �
Fig. 10 ). As demonstrated by Zorotovic et al. ( 2011 ), this high
verage mass of CV white dwarfs cannot be ascribed to an
bservational bias since the detection of massive white dwarfs
s disfa v oured by the fact that they ha ve smaller radii and are
ess luminous than low mass white dwarfs for the same T eff . This
onfirms the earlier results that CV white dwarfs are genuinely more
assive than predicted by most models of CV evolution, which only

ccount for orbital angular momentum losses arising from magnetic
raking and gravitational wave radiation. 

art/stab3449_f7.eps
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Table 6. Summary of the CV white dwarf masses derived in this work from the analysis of the ultraviolet data and those obtained employing other methods. 
The systems are sorted by increasing masses. 

M WD (M �) 
System Ultraviolet Ultraviolet Ultraviolet Optical Gravitational Radial References 

spectral fit spectral fit light curve light curve redshift velocities 
(this work) (literature a ) 

BC UMa 0 . 48 + 0 . 08 
−0 . 09 0 . 53 + 0 . 07 

−0 . 09 – – – – G ̈ansicke et al. ( 2005 ) 

AX For 0.56 ↑ – – – 0 . 76 + 0 . 06 
−0 . 07 – This work 

SW UMa 0 . 61 + 0 . 06 
−0 . 04 0.61 ± 0.6 – – – – G ̈ansicke et al. ( 2005 ) 

AM Her 0 . 63 + 0 . 10 
−0 . 08 0 . 53 + 0 . 10 

−0 . 08 – – – – G ̈ansicke et al. ( 2006 ) 

LL And 0 . 7 + 0 . 4 −0 . 3 0 . 7 + 0 . 4 −0 . 3 – – – – Howell et al. ( 2002 ) 

EF Peg 0 . 80 + 0 . 16 
−0 . 17 0 . 88 + 0 . 16 

−0 . 17 – – – – Howell et al. ( 2002 ) 

WZ Sge 0.80 ± 0.02 – – – 0.85 ± 0.04 – Steeghs et al. ( 2007 ) 

DW UMa 0 . 82 + 0 . 03 
−0 . 04 – 0.77 ± 0.07 – – – Araujo-Betancor et al. ( 2003 ) 

GW Lib 0 . 83 + 0 . 08 
−0 . 12 – – – 0.84 ± 0.02 – van Spaandonk et al. ( 2010 ) 

SDSS J150722.30 + 523039.8 0 . 90 + 0 . 10 
−0 . 14 – 0 . 83 + 0 . 19 

−0 . 15 0.89 ± 0.01 – – Ultraviolet light curve, this work; 

optical light curve (Sa v oury et al. 2011 ) 

V1108 Her 0 . 88 + 0 . 09 
−0 . 11 – – – 0 . 91 + 0 . 14 

−0 . 20 – This work 

DV UMa 0 . 96 + 0 . 07 
−0 . 10 – – 1.09 ± 0.03 – – McAllister et al. ( 2019 ) 

IY UMa 0 . 99 + 0 . 04 
−0 . 03 – – 0 . 955 + 0 . 013 

−0 . 028 – – McAllister et al. ( 2019 ) 

SDSS J103533.02 + 055158.4 1 . 00 + 0 . 08 
−0 . 10 – – 0.835 ± 0.009 – – Sa v oury et al. ( 2011 ) 

BW Scl 1 . 007 + 0 . 01 
−0 . 012 1 . 10 + 0 . 03 

−0 . 06 – – – – G ̈ansicke et al. ( 2005 ) 

IR Com 1 . 03 + 0 . 07 
−0 . 09 – 0.989 ± 0.003 – 0.95 ± 0.04 – This work 

U Gem 1.16 ± 0.013 – – – – 1.2 ± 0.05 Eche v arr ́ıa, de la Fuente & Costero ( 2007 ) 

HV Vir 0 . 87 + 0 . 13 
−0 . 17 1 . 27 + 0 . 13 

−0 . 17 – – – – Szkody et al. ( 2002a ) 

EG Cnc 1 . 03 + 0 . 04 
−0 . 05 1 . 28 + 0 . 04 

−0 . 05 – – – – Szkody et al. ( 2002a ) 
a The reported values have been corrected accounting for the temperature dependency of the mass-radius relationship and the reddening, as discussed in Section 4.1.2. 

Figure 8. Comparison between the CV white dwarf masses derived in this 
work from the analysis of the ultraviolet HST spectra and those obtained 
employing other methods and from the analysis of the same ultraviolet data 
in the literature. The error bars show the corresponding 1 σ uncertainties. 
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Among the systems from the literature, two (HY Eri and KIC
608384) have M WD < 0 . 5 M �. These, combined with the three low-
ass primaries likely representative of He-core white dwarfs we 

ave identified, bring the total census to five systems. On the one
and, compared to the standard models for CV evolution, the number 
f observed He-core white dwarfs is still far lower than predicted 
e.g. � 53 per cent, Politano 1996 and � 30 per cent, Goliasch &
elson 2015 of the present-day CV population). On the other hand,
ore modern scenarios that take into account a mass dependent 

onsequential angular momentum loss and that can reproduce the 
 v erall white dwarf mass distribution in CVs do not predict any
e-core white dwarfs (e.g. Schreiber et al. 2016 ), which is also in

ontrast with the observations. Our result shows that CVs hosting 
ow-mass white dwarfs contribute to the o v erall CV population and
hat their non-zero fraction should be properly taken into account in
he modelling of CV evolution. 

.4 Orbital period dependecy 

hile losing orbital angular momentum, CVs evolve from long to 
hort orbital periods and, by comparing the average mass of the white
warfs in long ( P orb > 3 h) and short ( P orb < 3 h) period CVs, we
an investigate possible overall variations (due to either mass growth 
r mass erosion) with time. We do not find any difference between
he average white dwarfs mass of long ( 〈 M WD 〉 = 0 . 80 + 0 . 17 

−0 . 19 M �) and
hort ( 〈 M WD 〉 = 0 . 81 + 0 . 17 

−0 . 16 M �) period CVs. Moreo v er, by perform-
ng an F-test on the best linear fit to the masses as a function of the
rbital period, we derive an F-statistic F 0 = 2.22 with p-value = 0.23
nd therefore we do not find any evidence for a clear dependency on
he white dwarf mass with the orbital period (Fig. 11 ). Nonetheless,
nly 21 long period CVs have mass determinations (in contrast to the
8 systems at short orbital periods) and additional measurements at 
ong orbital periods are required to further constrain any correlation. 

.5 Mass accretion rates and CV evolution 

he evolution of CVs is dictated by orbital angular momentum 

osses, which continuously shrink the orbit and keep the secondary in
ouch with its Roche lobe, ensuring the stability of the mass transfer
rocess. For systems with P orb � 3 h, the main mechanisms of
ngular momentum loss are magnetic wind braking and gravitational 
MNRAS 510, 6110–6132 (2022) 
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Figure 9. Comparison between the mass distributions (left) and the cumulative distributions (right) of the 43 white dwarfs from this work (pink) and the 32 
measurements compiled by Zorotovic et al. ( 2011 , blue). The dashed vertical lines correspond to the average masses. Our results show the presence of a tail 
extending to low masses corresponding to helium-core white dwarfs, which is not detected in the sample studied by Zorotovic et al. ( 2011 ). 

Figure 10. Mass distribution for the sample of 89 CV white dwarfs obtained 
combining the 43 mass measurements from this work (shown in pink) with 
the 46 from the literature. The black vertical line corresponds to the average 
mass of the total sample of 89 systems, 〈 M WD 〉 = 0 . 81 + 0 . 16 

−0 . 20 M �. 

Figure 11. White dwarf masses from this work (circles) and from the 
literature (diamonds), as a function of their orbital periods. Long period 
( P orb > 3 h) and short ( P orb < 3 h) period CVs are shown in blue and pink, 
respectively. The right-hand panel shows the corresponding distributions and 
the corresponding average masses (dashed lines), colour coded as in the 
left-hand panel. Note that long period CVs have, on average, secular mass 
accretion rates about one order of magnitude higher compared to those of 
short period CVs, as reported in the figure. 
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NRAS 510, 6110–6132 (2022) 
ave radiation. As the system loses orbital angular momentum, the
wo stellar components spiral inwards and the system evolves towards
hort orbital periods, while the donor star is constantly stripped of
ore and more mass. At P orb � 3 h, the donor star has become fully

onv ectiv e and, in the frequently referenced interrupted magnetic
raking scenario (Paczynski & Sienkiewicz 1983 ; Rappaport,
erbunt & Joss 1983 ; Spruit & Ritter 1983 ), a re-configuration
f the magnetic fields takes place on the donor, leading to a great
eduction in the efficiency of magnetic braking. As a consequence,
he secondary star detaches from its Roche lobe and, in the period
ange 2 h � P orb � 3 h (the so-called period gap) the system evolves
s a detached binary whilst still losing angular momentum through
ra vitational wa ve radiation. Accretion then resumes at P orb � 2 
, when the orbital separation brings again the donor in contact
ith its Roche lobe, and the system keep e volving to wards shorter
rbital periods. When the system reaches the ‘period minimum’ at
 orb � 80 min , the time-scale on which the secondary star loses mass
ecomes much shorter than its thermal time-scale and the secondary
tops shrinking in response to the mass-loss. Consequently, systems
hat have passed the period minimum evolve back towards longer
rbital periods and, for this reason, are called ‘period bouncers’. 
The different efficiencies of magnetic braking and gravitational

ave radiation in removing angular momentum from the binary orbit
ause long period CVs to have 〈 Ṁ 〉 about one order of magnitude
igher compared to those of short period CVs. Determining the rate
f angular momentum loss is therefore important in order to test
he models of CV e volution. Ho we ver, a direct measurement via
etection of orbital period changes is impossible on human time-
cales. A very good proxy for the angular momentum loss rate is the
hite dwarf ef fecti ve temperature (Townsley & Bildsten 2003 ), as it

s determined by the compressional heating of the accreted material
Sion 1995 ; Townsley & Bildsten 2004 ). Therefore, T eff provides a
onstraint on the mean mass-accretion rate 〈 Ṁ 〉 , averaged over the
hermal time-scale of the white dwarf envelope (10 3 –10 5 yr), which
s a direct measurement of the angular momentum loss rate in the
ystem (Townsley & G ̈ansicke 2009 ). 

An accurate determination of the mass accretion rate requires the
nowledge of both T eff and M WD : 

 WD = 4 πR 

2 
WD σT eff 

4 = 6 × 10 −3 L �
( 〈 Ṁ 〉 

10 −10 M �yr −1 

)(
M WD 

0 . 9 M �

)0 . 4 

, 

(6) 
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Figure 12. Ef fecti ve temperatures (top) and mass accretion rates (bottom) 
as a function of the orbital period, for the systems in our HST sample (circles 
for pre-bounce and stars for period bounce CVs) and those from the literature 
(diamonds for pre-bounce and pentagons for period bounce CVs). The inset 
shows a closeup of the period bounce systems. 
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here L is the luminosity and σ is the Stefan–Boltzmann constant 
equation 1 from Townsley & G ̈ansicke 2009 ). Thanks to the accurate
arallax es pro vided by Gaia , we hav e been able to measure both
arameters and the mass accretion rates reported in tables 5 and 44
online material) can then be used to test and constrain the current
odels of CV evolution. 
Fig. 12 shows the effective temperatures (top) and the mass 

ccretion rates (bottom) as a function of the orbital period for 65
ystems, 41 from our HST sample 9 (circles and stars) and 34 from
he literature (diamonds and pentagons), for which both T eff and 
 WD are available. We find that systems abo v e the gap are hotter

nd accrete at higher rates than systems below the gap, reflecting the
ifferent rates of angular momentum loss driving the evolution of 
hese binaries in different orbital period regimes. 

Two outliers clearly stand out: SDSS J153817.35 + 512338.0 
 P orb = 93 . 11 min) and DW UMa ( P orb = 196 . 71 min), which
re both much hotter than the other CV white dwarfs at simi-
ar orbital periods. As already suggested by Pala et al. ( 2017 ),
DSS J153817.35 + 512338.0 could be a young CV which just
ormed at this orbital period and is undergoing a phase of high
ass accretion rate that is expected to occur at the onset of the
 The evolution of CVs hosting magnetic white dwarfs is different compared 
o that of non-magnetic CVs, as there are evidence of the reduction of 

agnetic braking efficiency due to the coupling of the secondary and the 
hite dwarf magnetic fields (Belloni et al. 2020 ). Our HST sample contains 
ne strongly magnetised CV white dwarf (AM Her) which we do not include 
n the discussion. 

1

t
e
2
w
a
t

ass transfer (D’Antona, Mazzitelli & Ritter 1989 ). An alternative 
ossibility is a CV that recently experienced a nova eruption and the
hite dwarf has not cooled down yet. DW UMa is a member of the
ova-like CV subclass, 10 which dominates the population of CVs 
n the 3 −4 h period range. Possibly, also the high temperature and

ass accretion rate of DW UMa, and those of nova-likes in general,
ould be related to their young ages if CVs are preferentially formed
n the 3 −4 h P orb range (Townsley & G ̈ansicke 2009 ). This could
e the case if the initial mass ratio distribution of main sequence
inaries peaks towards equal masses (de Kool 1992 ). Alternatively, 
ova-likes could arise naturally from systems close to the regime of
nstable mass transfer (Goliasch & Nelson 2015 ), where the mass of
he donor star is similar to the white dwarf mass. These two outliers
re not considered in the following discussion since their ef fecti ve
emperatures possibly reflect peculiar stages of their evolution. 

Below the period gap, two branches are visible. One is composed
f systems with T eff ≥ 12 500 K, whose temperatures and mass 
ccretion accretion rates decrease as the systems e volve to wards the
eriod minimum. The second branch consists of the period bounce 
Vs, which are evolving towards longer orbital periods and can be
asily recognized as such thanks to their ef fecti ve temperatures being
 3000 –4000 K lower than those of the pre-bounce CVs at similar

rbital periods (see the inset in the top panel of Fig. 12 ). We identify
e ven pre viously kno wn period bouncers (EG Cnc, Patterson 2011 ;
D 552, Unda-Sanzana et al. 2008 ; SDSS J103533.02 + 055158.4, 
ittlefair et al. 2006 ; SDSS J150240.98 + 333423.9, McAllister 
t al. 2017 ; 1RXS J105010.8–140431, Patterson 2011 ; Pala et al.
017 , QZ Lib, Pala et al. 2018 and V455 And Patterson 2011 )
nd two new period bounce CVs, SDSS J143544.02 + 233638.7 
nd CTCV J1300–3052. The fraction of period bouncers is thus 
13 ± 4) per cent, consistent with that derived by Pala et al. ( 2020 )
rom the analysis of a volume-limited sample of CVs (7 –14 per cent).

We also noticed three additional weaker candidates (WZ Sge, 
DSS J080434.20 + 510349.2 and SDSS J123813.73–033932.9), 
hich are all known to host brown-dwarf companions (Howell, 
arrison & Szkody 2004 ; Zharikov et al. 2013 ; Pala et al. 2019 ).
o we ver, these white dwarfs are slightly hotter ( T eff � 13 000 K)

han other confirmed period bouncers and, since they are located 
ight at the period minimum, it is difficult to asses whether they have
lready bounced back or not. 

For the short period systems, we found that the white dwarf
f fecti ve temperatures show a very weak dependence on the masses,
.e. systems hosting white dwarfs spanning a wide range in masses
0 . 4 –1 . 2 M �) all have very similar temperatures (left-hand panel in
ig. 13 ). From the statistical point of view, this is confirmed by the
earson coefficient ρ = 0.07 and p -value = 0.62 of the distribution.
n contrast, the mass accretion rates appear to be anticorrelated with
he white dwarf mass. Note that, for a given 〈 Ṁ 〉 , T eff increases as
he layer of accreted material builds up to the next classical nova
ruption (Townsley & Bildsten 2004 ). Below the period gap, the
xpected range of variation of T eff is of the order of ±1000 K and
mplies that the combination of T eff and M WD via equation (6) does
ot provide a single value for 〈 Ṁ 〉 , but rather a range of possible
ass accretion rates with a flat probability distribution. Nonetheless, 
0 Ef fecti ve temperatures obtained during a low state are available for other 
w o nova-lik e CVs, TT Ari ( P orb = 198 . 07 min, T eff = 39 000 K, G ̈ansicke 
t al. 1999 ) and MV Lyr ( P orb = 191 . 38 min, T eff = 47 000 K, Hoard et al. 
004 ). Similarly to DW UMa, both systems are much hotter than other CV 

hite dwarfs at similar orbital periods. Ho we ver, TT Ari and MV Lyr lack of 
n accurate mass measurement and therefore they have not been included in 
his analysis. 

MNRAS 510, 6110–6132 (2022) 
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Figure 13. For systems at short orbital periods ( P orb < 3 h), the white dwarf ef fecti ve temperatures sho w no clear dependency on the white dwarf mass (left). 
Consequently, the relation between the mass accretion rates and the mass of the white dwarf (right) is dominated by the mass–radius relationship ( 〈 Ṁ 〉 ∝ R 

2 
WD , 

solid black line, arbitrarily normalized so that 〈 Ṁ 〉 = 7 × 10 −11 M �yr −1 for M WD = 0 . 8 M �). The data are colour coded according to the orbital periods and 
the symbol convention is the same as in Fig. 12 . 
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his effect is not large enough (see e.g. fig. 10 from Townsley &
ildsten 2004 ) to explain the scatter observed in the left-hand panel
f Fig. 13 . In contrast, the 〈 Ṁ 〉 − M WD dependency directly descends
rom the white dwarf mass–radius relationship. Given that the
uiescence luminosity is very weakly dependent on the white dwarf
ass (equation 6), it follows that L ∝ 〈 Ṁ 〉 ∝ R 

2 
WD T eff 

4 . Therefore
 Ṁ 〉 ∝ R 

2 
WD , since T eff is observed to have no clear dependence on

he mass. For comparison, this dependency is plotted as the solid
lack line in the left-hand panel in Fig. 13 , which has been computed
sing the mass–radius relationship of Holberg & Bergeron ( 2006 ),
remblay et al. ( 2011 ), and has been arbitrarily normalized so that
 Ṁ 〉 = 7 × 10 −11 M �yr −1 for M WD = 0 . 8 M �. 

This behaviour differs significantly from the predictions of the
lassical models of CV evolution, which assume that, in this period
ange, angular momentum is mainly remo v ed by gravitational wave
adiation. This mechanism implies higher accretion rates (and hence
igher ef fecti ve temperatures) for larger white dwarf masses because
he (i) the rate of gravitational wave radiation is directly proportional
o the masses of the two stellar components in the system, and (ii) R WD 

s smaller for more massive white dwarf while the surface luminosity
s not strongly dependent on M WD and thus T eff ∝ R 

−2 
WD (Townsley &

ildsten 2004 ). For comparison with this model, in the left-hand
anels of Fig. 14 , we show our results against various evolutionary
racks computed with MESABINARY (revision 15140) assuming

agnetic wind braking and gravitational wave radiation above the
eriod gap, and gravitational wave radiation only below the period
ap, for different initial white dwarf masses. For completeness, these
odels also account for the loss of angular momentum associated
ith mass ejection following a classical nova eruption (assuming

hat all the accreted material is ejected), which is, ho we v er, ne gligible
ompared to magnetic wind braking and gravitational wave radiation.
he models co v er a much wider range in temperatures than the
bservations and predict a strong correlation between the white
warf ef fecti ve temperature and mass, with more massive CV white
warfs being hotter than their less massiv e counterparts. The y also
mply lower accretion rates than observed and a direct correlation
etween the accretion rates and the white dwarf mass, i.e. CVs
osting more massive white dwarfs have higher accretion rates.
oreo v er, the evolutionary tracks underestimate the location of

he period minimum and are not able to reproduce the observed
NRAS 510, 6110–6132 (2022) 
emperatures of period bounce CVs. This is also the case for similar
volutionary models available in the literature (see e.g. fig. 3 from
owell, Nelson & Rappaport 2001 or fig. 2 from Goliasch & Nelson
015 ), which in general predict that all systems, soon after the onset
f mass transfer, will converge into a narrow track in the 〈 Ṁ 〉 –P orb 

lane, with a very weak dependence on their masses. 
These theoretical results are in contrast with our findings, which

uggest that the classical recipe of CV evolution needs to be revised
n order to explain the absence of a clear dependency of the ef fecti ve
emperature on the white dwarf mass. The ef fecti ve temperature is
et by the secular mass accretion rate on to the white dwarf which,
n turn, reflects the rate of angular momentum loss in the system.
herefore, our results suggest that the missing ingredient of the

heoretical modelling causing low-mass CV white dwarfs to be hotter
han predicted by the classical recipes (and to have similar ef fecti ve
emperature to their more massive counterparts, left-hand panel of
ig. 13 ) is an additional source of angular momentum loss which

s more efficient the lower the mass of the white dwarf (right-hand
anel of Fig. 13 ). 

Such a dependency of the angular momentum loss rate on the white
warf mass is the fundamental concept of the eCAML prescription
eveloped by Schreiber et al. ( 2016 ) and Belloni et al. ( 2018 ,
020 ) and already discussed in Section 1. This model includes an
mpirically mass-dependent additional source of angular momentum
oss that better accounts for the observed dependency of the accretion
ates on the white dwarf mass and better reproduces the observed tem-
eratures and mass accretion rates (right-hand panels in Fig. 14 ) than
he classical models. The enhanced angular momentum loss leads to
 faster erosion of the donor star, causing the systems to bounce at
onger orbital periods. Consequently, the period minimum predicted
y eCAML is anticipated compared to the standard prediction and
grees better with the observations. Moreo v er, without requiring any
dditional fine-tuning, eCAML is also able to solve other disagree-
ents that, for long time, have been found between the standard
odel of CV evolution and the observed properties of the CV pop-

lation (such as their space density, and orbital period and mass dis-
ributions Schreiber et al. 2016 ; Belloni et al. 2020 ; Pala et al. 2020 ).

Despite the significant progress that is provided by the eCAML
rescription, our observations provide reasons for improving this
odel in order to account for (i) the observed scatter in the

art/stab3449_f13.eps
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Figure 14. Ef fecti ve temperatures (top) and mass accretion rates (bottom) as a function of the orbital period, for the systems in our HST sample (circles for 
pre-bounce and stars for period bounce CVs) and those from the literature (diamonds for pre-bounce and pentagons for period bounce CVs). For a comparison 
with the models, we show the theoretically predicted values for the classical recipe for CV evolution (left-hand panels, see the text for more details) and 
for eCAML (right-hand panels, small dots), as computed by Belloni et al. ( 2020 ). Observations and theoretical values are colour coded according to the 
white dwarf mass. The MESA tracks have been computed assuming the following combination for the masses of the white dwarf and the donor (top to 
bottom): M WD = 1 . 2 M � and M 2 = 0 . 8 M �; M WD = 1 . 0 M � and M 2 = 0 . 8 M �; M WD = 0 . 8 M � and M 2 = 0 . 6 M �; M WD = 0 . 6 M � and M 2 = 0 . 5 M �; 
M WD = 0 . 4 M � and M 2 = 0 . 3 M �. 
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arameters, (ii) the period bounce systems, for which the models 
redict a steep decrease in their ef fecti ve temperatures that is not
bserved in data (which, instead, suggest the presence of enhanced 
ngular momentum loss also in the post-bounce regime, as previously 
iscussed also by Pala et al. 2017 , 2020 ), and (iii) the presence of
elium-core white dwarfs. The difference between the null fraction 
f helium white dwarfs predicted by eCAML and the observations is
ot as dramatic as in the case of the former estimates from more
lassical evolutionary models (see also Section 4.3). Our results 
uggest that some low mass systems can survive (at least for some
ime) in a semi-detached configuration, thus providing valuable 
bservational constraints to further refine this model and thereby help 
o understand the physical mechanism that is driving the additional 
ngular momentum loss. 

Different authors have suggested that an additional source of an- 
ular momentum loss that is more efficient the lower the mass of the
hite dwarf could arise from friction between the binary and the shell
f ejected material following a nova eruptions (Nelemans et al. 2016 ;
chreiber et al. 2016 ; Sparks & Sion 2021 ). To further investigate

his possibility, our observational and theoretical understanding of 
lassical novae and their impact on the secular evolution of CVs
eed to be impro v ed. 

Finally, additional issues are observed for systems abo v e the period
ap. The 3–4 h period range is mainly populated by the unexpectedly
ot nova-likes CVs (which have already been discussed in the first
art of this section) while, at P orb � 4 h, CV white dwarfs are found
o be systematically colder than predicted. This is a long-standing 
ssue in our understanding of compact binary evolution (Knigge 
t al. 2011 ; Pala et al. 2017 ) and, as discussed in great detail by
ownsley & G ̈ansicke ( 2009 ) and Belloni et al. ( 2020 ), could be
elated to either inaccurate modelling of magnetic wind braking (the 
ominant angular momentum loss mechanism driving the evolution 
MNRAS 510, 6110–6132 (2022) 
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f the systems in this period range) or incomplete understanding of
he heating of the white dwarf as a consequence of the mass accretion
rocess (for example, owing to the presence of long-term mass-
ransfer rate fluctuations associated with the secondary, to which long
eriod CVs would be more susceptible than short-period systems,
nigge et al. 2011 ). Ho we ver, the limited number of available
easurements (eight) severely limits any conclusions we can draw

n this period range and more observations are needed to increase the
umber of systems with accurate parameters abo v e the period gap. 

 C O N C L U S I O N S  

e analysed high quality HST ultraviolet spectra for 42 CVs. Making
se of the astrometry delivered by the ESA Gaia space mission
n its EDR3, we accurately measured the white dwarf ef fecti ve
emperatures and masses. We complemented this sample with an
dditional mass measurement for the white dwarf in AX For, obtained
rom its gravitational redshift. Our results are in good agreement with
ndependent measurements obtained from analysis of the white dwarf
clipses and from radial velocity studies. 

Combining our results with the ef fecti ve temperatures and masses
or 46 CV white dwarfs from the literature, we assembled the largest
ample of systems with accurate white dwarf parameters. We derived
n average white dwarf mass of 〈 M WD 〉 = 0 . 81 + 0 . 16 

−0 . 20 M �, in perfect
greement with former results, which allows us to definitively rule
ut any systematics affecting the masses derived from the analysis
f eclipse light curves. In our mass distribution, we identify a
ail extending to wards lo w masses, consisting of five systems with
 WD < 0 . 5 M �. Such low masses are consistent with either He core

r, possibly, hybrid CO/He core white dwarfs. 
The white dwarf response to the mass accretion process and its

apability to retain the accreted mass are of key interest in the
ontext of Type Ia Supernova (SNe Ia) progenitors. If the mass
ransfer process can lead to the mass growth of the white dwarf,
Vs could represent a possible channel for SN Ia explosions. By
omparing the average mass of the white dwarfs in long ( P orb > 3 
) and short ( P orb < 3 h) period CVs, we do not find any evidence
or a clear dependency on the white dwarf mass with the orbital
eriod. Ho we ver, additional measurements at long orbital periods
re required to further constrain any correlation. 

Thanks to the accurate parallaxes provided by Gaia , we have been
ble to measure both the white dwarf masses and temperatures. The
ombination of these parameters allows us to derive the secular mean
f the mass accretion rates on to the white dwarf, which can be used
o test and constrain the current models of CV evolution. For CVs
t short orbital periods ( P orb < 3 h), we show an anticorrelation
etween the mass accretion rates and the mass of the white dwarf,
hich implies the presence of an additional mechanism of angular
omentum loss that is more efficient the lower the mass of the white

warf. This finding is in very good agreement with the predictions
f the recently proposed eCAML prescription. Including an empiri-
ally mass-dependent additional source of angular momentum loss,
CAML is able to explain the observed high average mass of CV
hite dwarfs and also to solve other disagreements between theory

nd observations, including the CV space density and orbital period
istribution. The eCAML model provides an improved understand-
ng of the observational properties of CVs and our results provide
bservational support for it. Some disagreement between eCAML
nd the observations still need to be addressed, like the observed
catter in the parameters and the presence of helium-core white
warfs. Nonetheless, we highlight that the difference between the null
raction predicted by eCAML and the observations is not as dramatic
NRAS 510, 6110–6132 (2022) 
s in the case of the former estimates from more classical evolutionary
odels. Our results suggest that some low-mass systems can survive

at least for some time) in a semi-detached configuration, thus pro-
iding valuable observational constraints to understand the physical
echanism that is driving the additional angular momentum loss. 
Finally, an additional discrepancy between theory and observa-

ions is noticeable for the period bounce systems, for which the
odels predict a steep decrease in their T eff and 〈 Ṁ 〉 that is not

bserved in data, which, instead, suggest the presence of enhanced
ngular momentum loss also in the post-bounce regime. 
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