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Abstract. We have calibrated the linewidth/K vs. mass ratithounced-off” from the period minimum and now are evolv-
relation for SU UMa stars using the “superhump” mass rating to longer periods but with degenerate (brown dwarf-like)
derived from the tidal resonance model. We find that the relatisacondaries having masses between 0.02 anMH@nd radii
by Jurcevicetal. (1994)is valid for dwarf novae above the periogar 0.1R. (Howell et al. 1997). These low-luminosity sys-
gap but not for SU UMa stars. Under the hypothesis of Kepleritems are interesting because they can be used to set a lower
disks, our results are compatible with the removal of the innkmit on the age of the Galaxy (Howell et al. 1997). In addition,
disk in SU UMa stars with extreme cycle lengths. The larghey provide a unique laboratory to test models of late evolution
long-term FW H M variability observed in WZ Sge suggeststages of red dwarfs in close binary systems. Four stars were
that the fraction of mass removed from the disk is variable amdentified as candidate “period bouncers” by Patterson (1998),
possibly a function of the supercycle phase. whereas Howell et al. (1997) speculate that at least some of

We show a new empirical formula between mass ratio attte large amplitude dwarf novae are post-period-minimum cat-
FWHM/K. It fits the mass ratio of dwarf novae above andclysmic variables. In general, these “period bouncers” should
below the period gap with a mean relative dispersion of 16b& hard to detect due to the faintness of their secondaries and
and 26%, respectively, except for the post-period minimum cahe low brightness and long-recurrence time of their accretion
didates EG Cnc and WZ Sge. disks associated with extreme low mass accretion rats I

this paper we deal with an empirical relation potentially useful

Key words: accretion, accretion disks — methods: statisticalte separate the aforementioned populations of ultra-short period
stars: binaries: general — stars: evolution — stars: novae, c&t¥s, identifying the “period-bouncers” as the lowestystems.
clysmic variables Surprisingly, we found indirect evidence for distinct disk prop-
erties in dwarf novae above and below the period gap. A review
of CVs including dwarf novae and SU UMa stars is given by

1. Introduction Warner (1995).

The secular evolution of cataclysmic variable stars (CV_S) 5 The theoretical linewidth/K vs mass ratio relation

driven by mass transfer from the secondary star onto the primary

star due to angular momentum loss from the binary system. THee linewidth/K vs mass ratio relation is based on the assump-
period gap is a region of the orbital period distribution, roughljon that the emission lines are broadened by Doppler broad-
between 2-3 hr, practically void of CVs. The main cause of tlesing in a Keplerian disk. Since the linewidth and the radial
angular momentum loss above the orbital gap seems to be mejocity semiamplitudel of the accreting primary have the
netic breaking of a stellar wind escaping from the seconda#gme dependence on the inclination angle, the ratietween
star. Below the period gap, gravitational radiation seems to these quantities is independent;off the accretion disk radius
the dominant cause (e.g. Howell et al. 1997, Kolb 1993). Ats a constant fraction of the Roche lobe radius of the primary
cordingly, the mass ratio changes when the binary evolves fréien R should scale with the mass ratio.

long periods to ultra-short periods. For example, only low mass The deduction by Warner (1973) assumes binary synchronus
ratios ¢ = M>/M; < 0.3) are found below the period gap andotation, circular orbits and that particles ejected from the in-
the ultra-short period systems apparently host two different paper Lagrangian poinL; at thermal velocities, conserve their
ulations of CVs (Howell et al. 1997). One of these populatio@gular momentum about the primary and eventually take up a
consists of systems approaching the minimum period from tbigcular orbit about the primary at a raditisUsing the Kepler’s
longer period side and the other consists of systems which hévigd law for circular orbits along with the relation betwe&n

and the orbital period, he found:
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wherewvsini is the projected rotational velocity of the disk afTable 1. Comparison of observedJ) and predictedd, from Eq. 7)

the radiusr;, deduced from the width of the emission linesass ratios. The parameter is from Patterson (1998) and references

at some intensity level ang, is the distance from the centertherein.

of the primary to the inner Lagrangian point in units of the

semi-major axis of the orbit. Expressing this distance in un®$a" € o dsh Ref (q0)

of the binary separation &, Shafter (1983) obtained: OY Car 0.0203(15) 0.102  0.090(7) Wood & Horne (1990)
HT Cas 0.0330(30) 0.15(3) 0.149(14) Horne etal. (1991)
ZCha 0.0364(9) 0.15(3) 0.165(5) Wade & Horne (1988)

(2) WZSge 0.0080(6) 0.075(15) 0.035(3) Spruit & Rutten (1998)

1
qafz

Using the Roche approximation (Kopal 1959), an expression
for f, can be obtained:

Replacing the precession frequency in Eq. 5, defining the
fq = 0.5-0.22Tlogq () observable — (P=Po) and assuming a disk radius equal to the
which is accurate te- 1% for 0.1< ¢ < 10, as deduced from 3:1 tidal resonancé radius, i.e. about (&4Whitehurst 1988a,
the tables of Plavec and Kratchovil (1964). From the abofsaki 1989, Lubow 1991) we roughly obtain:
arguments, we should expect a relationship: )

a @ 1= 0231027 0

af3 Due to the success of the tidal resonance model in repro-
whereq is a calibration parameter depending on the line ilucing the superhumps seen in SU UMa stars (e.g. Osaki 1985,
tensity level where sini is measured. The above relation ha¥/hitehurst 1988a,b, Hirose & Osaki 1990, Hirose et al. 1991,
been used but almost always restricted to dwarf novae abéwhow 1991, Whitehurst & King 1991, Lubow 1992, Hirose
the period gap (Warner 1973, Piotrowski 1975, Robinson 197 Osaki 1993, Murray 1998), Eq.7 seems to be a good tool
Shafter 1983 and Jurcevic et al. 1994). For example, Jurceviéatestimating the mass ratio in non eclipsing SU UMa stars.
al. (1994, hereafter J94) usesini = FW H M (the full width A test for Eq. 7 can be made with the data of the 4 eclipsing
at half maximum of the’ 3 emission line) and found = 2.00 SU UMa stars for which independent mass ratios are available.
+ 0.02 calibrating a sample of 12 dwarf novae, including only Bhe result of this comparison, given in Table 1, indicates that
SU UMastars, viz. HT Cas and WZ Sge. Looking in their Fig. 3he model reproduces well the observed mass ratio, within the
it is evident that their relationship is relatively well establishe@bservational uncertainties.
for above-the-gap dwarf novae, but a large data gap is seen inHowever, Eq. 7 was derived for one orbiting particle assum-
the domain of SU UMa stars (the loyy upper right corner of ing gravity as the main driving force for precession, whereas
their Fig. 5). In fact, J94 extrapolated the relationship to the dée real phenomenon involves the collective motion of many
main of SU UMa stars basically using the data of WZ Sge. Theyrticles probably influenced by pressure forces and viscosity
claim that removing this star from their samplehanges only (Murray 1998). Murray’s main result is thatis not only a
by 5%. We think that this extrapolation deserves an empiridginction of the mass ratio (as previous studies suggested) but
confirmation, moreover considering that the gas dynamicsalso a function of the gas pressure and viscosity. For example,
the disks of dwarf novae above and below the period gap couléncreases by 15% when the gas pressure is incremented by
be substantially different. a factor 5 in one of his simulations. In general, thehanges
found by Murray are of the same order of magnitude as that ob-
served during superoutbursts of SU UMa stars. However, they
can also be explained uniquely as changes in disk radius through
To calibrate the Linewidth/K vs. mass ratio in SU UMa stargq. 5. This was done by Patterson et al. (1993) in order to ex-
we will use results of the tidal resonance model. Osaki (1988ain theP, ~ —6 x 10~° d/d commonly observed in SU UMa
derived an analytical expression for the precession rate of #tars. Therefore, in our current stage of knowledge, we can-
eccentric Keplerian orbit of matter at the disk’s outer edge undwot discriminate between a shrinking disk or viscosity/pressure
the influence of the secondary’s perturbing gravitational forcehanges as causes for thehanges.
Q, 3 q rd s/ As a working hypothesis we will assume that Eq. 7 is gfirst
Qp =1 \/17(—) / (5) order approach to the mass ratio of SU UMa stars. We will call

© tgq a the mass ratio so derived the “superhump” mass ratig (We

whereQ,,., Q, 74 anda are the precession and orbital frequensstimate an intrinsic uncertaingy,, ~ 0.017 %%, obtained by

€

cies, the disk outerradius and the binary separation, respectivgpspagating errors in Eq.7 and assuming a typicariation
If the superhump frequency() reflects the displacementof 1504 through superoutburst.

between the orbital and precession frequency, then:

Qpr = Qo — (6)

3. The “superhump” mass ratio as a calibrator
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Fig. 1. Ha profiles of WZ Sge taken with 15-minute integration time

and 3Aspectral resolution. The spectraare labeled with the heliocentﬁl‘g' 2. The dashed line represents the Jurcevic et al. (1994) calibra-

julian day. The upper spectrum has been displaced by 2 continuum ufit8 ©f Ed. 4. Data for dwarf novae above the period gap (filled boxes,
mostly from J94, see text) and SU UMa staxs from Table 2) are

for clarity. ! : .
also shown.“Period bouncer” candidates are labeled. WZ Sge data is
enclosed inside the solid line rectangle. These points are slightly dis-

) ) ) ) placed in the horizontal axis for clarity. They are labeled accordingly

4. The observed linewidth/K vs mass ratio relation to their supercycle phases (T = 32.5 years). The J94 relations fails in

in dwarf novae the domain of SU UMa stars.

In this section we investigate the validity of the linewidth/K vs

{P::fore.lgo dzft;%r:fh'&ggggfssog tLrng?'c?;?rrsegslnnsnzgwmso?afpon fits well data for dwarf novae above the period gap but

piC 0 predict et (ﬁéarly deviates for SU UMa stars. The larger deviations are
For comparison, we also include published data of dwarf novag . = +'in ‘the the post-period-minimum candidates EG Cnc
above the period gap.

A King hvoothesi i that th famd WZ Sge. In addition, it is remarkable the large dispersion
of SUS %V,\;grsltr;?s ?/spgctﬁeslllls W?V\gln gsstlrj]rg?suaerhirr:af;zisés%served in theR values of WZ Sge. The supercycle phase
y9 y P P as assigned to each observation of this star (T = 32.5yr, e.g.

ratio g, derived from Eq. 7, an assumption that seems w Iatterson et al. 1981). The path followed Byseems to be

fOUTrC]i g?di? t%rg':/\:?bﬁlt);(gzczsng gélected 17 SU UMa stars Wig?ase—dependent, with @ minimum at phase 0.3 and a maximum
orbital and superhump period known and publistidd’ 7 11 t phase 0.5 (Fig. 2). However, the supercycle is not completely

. ; resolved in our limited dataset, so is not clear if the variation is
and K values. We also included EG Cnc measuring their
. : . : smooth or random through the whole cycle. However, the ob-
linewidth from published spectra. For WZ Sge, 6 very discrepan . . .

served behaviour contrasts with the monotonic increase of the

FW H M values spanning a time interval of four decades were

included. Two of these measures were made by the authoron %?ak separation during the supercycle (Neuostroev 1998). In ad-
I

(s} L
: ion, the FW H M variability (up to 60% of the mean value)
Ha spectra obtained atthe 2.5 mtelescope of Las Campanas arger than the variability shown by the peak separation (less

servatory in August 5, 1991 (Fig. 1). Multiplely’ 77 M records than 15% of the mean value, Neuostroev 1998). This probably

were just found for WZ Sge, due to the far more abundant Iite|F1'dicates important changes in the disk structure during the su-
ature existing for this star. The data are shown in Table 2. P g g

In the following analysis we also include the 10 above-th eroutburst cycle. A long-term monitoring of this star — likely
gap dwarf novae used by J94 along with cAbori btaining just a few snapshot spectra through quiescence — is

From Fig. 2 it is evident that the linear relation found bneeded to fully clarify any dependence of the line parameters
J94 (the dashed line) is not valid for SU UMa stars. The re-n the supercycle phase.
' The fact that the post-period-minimum candidates show the

1 We found only CZ Ori after searching for new above-the-gap dwalﬁrger refSIF(]juaIS _gf Elq' 4 ShUQQGStS the p(.)SSIbIIIty of ahdeierr:-
novae with mass ratios published after 1993. No discrepant new erﬂ ce of the residuals on the mass accretion rate. To check that

for the stars listed by J94 were found. In general we used the sourB@$Sibility, we choose the minimum time between outbursts as
listed by J94 for the parametef ¢, K and their errors, except for & comparison parameter. Current outburst models indicate that
CZ Ori (Spogli & Claudi 1994) and WW Cet( K and errors from this parameter is inversely related/t6 (e.g. Osaki 1996). As a

Tappert et al. 1997). result, Fig. 3 suggests that the larger deviations are found in the
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Table 2. Orbital and superhump periods (in days), and spectroscopic paramfidiéfs M and K and their errors (in km's') for a sample of

SU UMa stars. The recurrence time.{. in days, sometimes corresponding to the mean value) is from Nogami et al. (1997) and references
therein, except for BR Lup (Mennickent & Sterken 1998). These recurrence times are for normal outbursts except for WX Cet, EG Cnc and WZ
Sge where are for superoutbursts. N/A means not available.

Star FWHM error K error P, Ps Tree Note

TU Men 1513 9 87 2 0.1172 0.1256 37 1
TY PsA 1706 26 68 9 0.08414 0.08765 40 2
BR Lup 1370 N/A 54 16 0.0795 0.0822 38 3
CU Vel 1780 3 49 6 0.0785 0.07999 390 4
HS Vir 1485 145 96 9 0.07696  0.0808 8 5
SU UMa 1051 N/A 58 4 0.07635 0.07877 13 6
Z Cha 3700 N/A 157 27 0.07481 0.0774 82 7
HT Cas 2460 N/A 105 N/A  0.07365 0.0761 450 8
CY UMa 1310 20 55 6 0.06957 0.0721 80 9
SX LMi 1500 N/A 57 10 0.06717 0.0695 35 10
AK Cnc 924 137 50 3 0.0651 0.06749 47 11
UV Per 640 N/A 29 4 0.06489 0.06641 390 12
VY Aqr 1550 N/A 49 4 0.06309 0.06437 350 12
EK TrA 1417 46 61 7 0.06288 0.0649 231 13
AQ Eri 1545 9 53 5 0.06094 0.06267 N/A 14
EG Cnc 1830 180 71 16 0.05997 0.06037 7000 15
WX Cet 1595 59 59 5 0.05829 0.05936 1000 16
WZ Sge 1830 152 49 5 0.05669 0.05714 12000 17
WZ Sge 1508 57 49 5 0.05669 0.05714 12000 18
WZ Sge 2064 56 49 5 0.05669 0.05714 12000 19
WZ Sge 1982 56 49 5 0.05669 0.05714 12000 19
WZ Sge 2807 281 49 5 0.05669 0.05714 12000 20
WZ Sge 2224 185 49 5 0.05669 0.05714 12000 21

Notes: FW HM are for Hx, P, and P, from Patterson (1998) and references therein, except when indidatétl/ M and K are from (1)
Mennickent 1995a (2) O’Donoghue & Soltynski 1992W H M from Mennickent 1995b (3) Mennickent & Sterken 1998, al3pand P,

FW HM measured from Munari & Zwitter 1998 (4) Mennickent & Diaz 1996, af30 Ps is from Vogt (1981) (5) Mennickent et al. 1999,
alsoP,, P; is from Kato et al. 1998. (6) Thorstensen et al. 1986 (7) Rayne & Whelan 198%aldes (8) Horne et al. 199H ;3 values (9)
Martin-Paris & Casares 1995 (10) Warner et al. 1998 (11) Arenas & Mennickent 1998°al¢% is from Kato (1994) (12) Thorstensen &
Taylor 1997 (13) Mennickent & Arenas 1998, alBp, P; is from Vogt & Semeniuk (1980) (14) Mennickent 1995b (15) Patterson et al. 1998
(16) Mennickent 1994 (17F'W H M from Honeycutt et al. 1987, as given by J943 Kalues (18)FW H M measured from Greenstein 1957,
Hg values (19) This paper (2@W H M measured from Neuostroev 1998 (Z1)V H M measured from Gilliland et al. 1986.

disks with the highest and lowest accretion rates. This impré&s-Discussion
sion remains valid inclusive after removing the objects showir|1 the above section we have showed how the theoretical
only superoutbursts (WX Cet, EG Chc and WZ Sge). More stuﬁig— v lon Wi v W W '

ies of extreme SU UMa stars are needed to confirm this poin&r?eWic.jth/K vs. mass ratio relation fail; to r'eproduc.e t.he ob-
In Fig. 4 we compare and R showing the best (non_“nearservatlons of SU UMa stars. To explain this new finding we

i " . critically examine the basic assumptions yielding Eq. 4.
Levenberg-Marquard) fitting function The disk radius was assumed a constant fraction of the pri-

R+1.86 mary’s Roche lobe and the linewidth a good tracer of the disk
q=0.09+6.78(28)e " q =2 0.09 (8) velocity at a fixed radius. The first assumption conflicts with
the observations but not in a critical way. In fact, a smooth
This equation basically reproduces the J94 relation above thonential-type decay of the disk radius after outburst has
period gap but improves the fit fonostSU UMa stars. As been observed in U Gem (Smak 1984), Z Cha (O’Donoghue
shown in Fig.4, the mean relative dispersion is 22% for albge), IP Peg (Wolf et al. 1993) and WZ Sge (Neustroev 1998).
dwarf novae, above and below the period gap, except for tBgnulations by Ichikawa & Osaki (1992) also show this phe-
“period-bouncers” EG Cnc and WZ Sge. These stars do notrfdmenon. However, in all the above cases the disk radius varies
the general tendency shown by other dwarf novae. Accordindly; just 10% during most the outburst cycle; the larger changes
we regard Eg. (8) as a new mass estimator for dwarf novae wiigcur only near outburst. As most data of Table 2 was obtained
the exception of post-period minimum systems. in quiescence, the cyclic variability of disc radius should be a
second-order effect. The second assumption, that the linewidth
is a good tracer of the disk velocity at a fixed radius, fails if
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a significant non rotational contribution broadens the line. FEW' 4.The mass ratio versus t&V [ M/ K ratio. The bestfit, given

- - . Eq. 8 (solid line) is also shown. Symbols are as in Fig. 2. Relative
example, the Stark effect could be efficient in some Optlcalrgsiduals are plotted in the enclosed graph. The dotted lines enclose the

thick regions _Of the d's_k (L_|n (_et a_l. 1988)' This effe_ct COUI(ijegion with relative errors less than 50%. The mean relative dispersion
be especially important in high inclination systems with proms 169, above the period gap and 26% for SU UMa stars, excluding the
nent (eventually optically thick) hot spots. However, residuajst-period minimum candidates EG Cnc and WZ Sge which deviate
of Eq. 4 are notinclination dependent, e.g. the eclipsing binarfasm the general tendency. The meBrvalue of WZ Sge has been
WZ Sge, HT Cas and Z Cha do not show any especial trerdnsidered.

Therefore, we do not think that the above effects explain the SU

UMa star deviations.

However, these could be explained if a large fraction of the The above picture is not valid if the assumption of a Ke-
inner disk is removed by some agent. In this casegtieH M  plerian disk is violated. In this cas& doesn't represent the
indicates the disk velocity at a larger (fractional) radius than ihite dwarf binary motion and Eq. 4 fails by two reasons: a bad
a non truncated disk. To estimate the effect of a central holeiaterpretation ofK” and the wrong use of the Kepler third law
the FW H M we generated synthetic profiles for several valudsr the disk. In this case Fig. 3 should indicate departures of
of p (= rin/7out). The range op was chosen accordingly toKeplerian motions in the disks of SU UMa stars, specially in
recent spectroscopic studies suggesting the existence of cetti@ée of the post-period-minimum candidates EG Cnc and WZ
holes in the disk of long supercycle SU UMa stars (Menniclsge. In contrast, nearly Keplerian disks are observed in dwarf
ent & Arenas 1998). The extreme valye= 0.3) corresponds novae above the period gap. As the natur&af unknown in
to WZ Sge during 1991 whereas= 0.03 is representative of non-Keplerian disks, we cannot decide between sub-Keplerian
non truncated disks. Our results, shown in Fig. 5, indicate that super-Keplerian motions from the sign of the residuals of
the larger the central hole, the larger th&/’ H M. The largest Eg. 4. Instead, Fig. 3 suggests a transition from a Keplerian to
effect, forp = 0.3, implies a decrease &f by a factor 0.7. In non-Keplerian stage when the mass accretion rate in the disk
order to compare with Fig. 2 we assume a constant outer dggkes to an extremely low or high value. This view could be sup-
radius. This is basically consistent with the lower cyclic varported by the non-consistent system parameters occasionally
ability shown by the peak separation when compared to tfeind in the dynamical solutions of some SU UMa stars, e.g.
FW HM (above section). We find that this effect is enough #dS Vir (Mennickent et al. 1999).
explain the large deviations observed in some SU UMa stars. In the above paragraphs we have outlied two distinct scenar-
Moreover, the deviations associated to EG Cnc and WZ Sge & compatible with the observations: removed inner disks and
so large, that a truncation radits 60% of the outer radius is non-Keplerian disks. We favor the inner disk depletion hypoth-
required to explain the observations at certain epochs. esis based on theoretical and observational evidence: it provides
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4. Theinner disk depletion seems to be larger for systems with
extreme cycle lengths (Fig. 3).

5. We cannotdiscard non-Keplerian disks as an alternative sce-

020 nario, but we present arguments favoring the inner disk de-
pletion hypothesis.

6. The long-termF'W H M variability observed in WZ Sge
suggests that the fraction of mass removed from the inner
disk is variable and possibly a function of the supercycle

0.10 | phase.

7. A new mass ratio estimator is given by Eq. 8. It is valid for
dwarf novae above and below the period gap but not for
post-period minimum candidates.
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