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ABSTRACT 

We present photometric and spectroscopic observations extending from the ultraviolet through the infrared 
of the novalike variable TT Ari, which were obtained during its recent (1982) low state (V & 16.5). Our obser- 
vations indicate that mass transfer did not cease completely, but appeared to be occurring sporadically during 
the low state. Our spectroscopic observations reveal strong, narrow (~150 km s-1 FWHM) Balmer and He i 
emission superposed on a blue continuum when mass transfer is diminished. In addition to the narrow emis- 
sion lines, we have detected broad Balmer absorptions at Hß, Hy, H<S, and He n 24686 which are most likely 
produced in the photosphere of the white dwarf with Teff > 50,000 K, as also indicated from the /L£ spec- 
trum. Limits on Balmer line shifts constrain any surface magnetic field to £ < 4 x 106 G. The radial velocity 
variations of the low-state emission lines are 180° out of phase with the high-state ephemeris recently estab- 
lished by Thorstensen, Smak, and Hessman. The most plausible interpretation of this phasing is that the low- 
state emission arises in the chromosphere of the secondary star. We also consider the possibility that the 
emission lines arise from a residual accretion disk in the system. 
Subject headings: stars: binaries — stars: dwarf novae — stars: individual — ultraviolet: spectra 

I. INTRODUCTION 

TT Ari (= BD -f 14°341) is one of the brightest cataclysmic 
variables at maximum light (V ä 10.2); yet, considering the 
numerous interpretations of its long-term photometric behav- 
ior, this system appears to be one of the least well understood. 
After the discovery of its cataclysmic nature (Smak and Stepien 
1969), it was classified as a novalike variable by Cowley et al. 
(1975). This interpretation seemed satisfactory, and despite the 
relative brightness of the system and the fact that its orbital 
period was not firmly established, TT Ari slipped into relative 
obscurity until the summer of 1980. At that time TT Ari made 
an unprecedented descent (based on the photometric records of 
this system) to a faint (V æ 14) state where it remained for 
several months (several previous minima of about 12th magni- 
tude have recently been discovered on archival plates by 
Hudec, Huth, and Fuhrmann 1984). This event stirred a 
renewed interest in TT Ari and sparked a series of papers 
beginning with one by Krautter et al. (1981h). These authors 
argued, based on the spectral character during the faint state, 
that TT Ari was in fact a Z Cam-type dwarf nova and that 
prior to 1980 it had been in an extended standstill. More 
recently, Jameson et al. (1982) have argued that TT Ari is a 

1 Guest Observer, International Ultraviolet Explorer satellite. 
2 Visiting Astronomer, KPNO, NOAO, operated by AURA, Inc., under 

contract with the NSF. 
3 Research performed, in part, with the MMT, operated jointly by the 

Harvard-Smithsonian Center for Astrophysics and the University of Arizona. 

nonsynchronous magnetic rotator, similar to the DQ Her 
systems (Warner 1982). These authors were led to their model 
by the apparent discrepancy between the photometric and 
spectroscopic periodicities exhibited by the object. Smak and 
Stepien’s original photometry revealed a modulation with a 
period of 0d1329. Later spectroscopic studies by Cowley et al. 
(1975) indicated a period of approximately 0d13755. Accepting 
the differences between these two periods as real, Jameson et al. 
proposed that the shorter period, i.e., the photometric one, 
actually reflects the rotation of the white dwarf and that the 
radial velocity variations observed by Cowley et al. reflect the 
orbital period of the system. The viability of this model obvi- 
ously rests on the assumption that the photometric and spec- 
troscopic periods are indeed different. Recently, Thorstensen, 
Smak, and Hessman (1984) have presented observations which 
have enabled them to refine the spectroscopic period. Their 
period, which is essentially identical to the Cowley et al. period, 
definitely excludes the published photometric period (Smak 
and Stepien 1969, 1975). 

In 1982 July, TT Ari was again discovered to be in a low 
state, this time reaching V = 16.5. In this paper we report 
photometric and spectroscopic observations during this recent 
deep minimum (see also Shafter et al. 1982, 1984). These obser- 
vations indicate that the mass transfer in TT Ari has 
become very erratic and may cease completely for brief inter- 
vals. The spectrum at times is reminiscent of the low state of 
MV Lyr, displaying extremely narrow emission lines and a 
relatively steep Balmer decrement. In general we conclude that 
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TT Ari and MV Lyr are remarkably similar systems, although 
we do not necessarily ascribe the narrow emission to the 
chromosphere of the red dwarf, as did Robinson et al. (1981) 
and Schneider, Young and Shectman (1981) in the case of MV 
Lyr. 

II. OBSERVATIONS 

a) Photometry 
High-speed photometric observations of TT Ari were 

obtained during 1979, 1980, and 1982 using a variety of tele- 
scopes and photometers. The 1979 and 1980 observations were 
obtained with the Louisiana State University (LSU) 0.9 m 
reflector equipped with the two-star photometer described by 
Grauer and Bond (1981). In each case, a comparison star 35" 
west and 5'44" north of TT Ari was monitored simultaneously 
with the variable, and division by these measurements was 
used to remove effects of variations in atmospheric extinction 
and transparency. A single UBV measurement of the compari- 
son star at KPNO yielded V = 10.99, B- V = 0.69, U-B = 
0.23. The 1979 and 1980 high-speed photometry of TT Ari was 
obtained with an unfiltered EMI 9840 photomultiplier, giving 
a broad-band blue response (from the atmospheric cutoff up to 
6000 Â). The measurements were converted to blue magnitudes 
by assuming the comparison star to have mb = 11.68. 

TT Ari was at its “normal” brightness, about 10th magni- 
tude, on 1979 November 16. The 1980 November 29 observa- 
tions were obtained during the first deep minimum when TT 
Ari faded to a visual magnitude of ~ 14. During the latest and 
deepest minimum, several observations were obtained at 
KPNO using both the 0.9 m and the 1.3 m reflectors. The 
observations made with the 0.9 m were obtained on 1982 Sep- 
tember 21 and 25 by using the two-star photometer and the 
observing procedure previously described. The 1.3 m observa- 
tions were obtained on October 11 by using the Mk II photo- 
meter, and consisted of 5 s integrations in the U, J3, and V 
bandpasses cycled for ~2.5 hr. The mean of the resulting 471 
points yielded the following magnitudes for TT Ari in the 
low state: U = 15.12 ± 0.04, B = 16.32 ± 0.04, and 
V = 16.45 ± 0.04 (the error bars designate the standard devi- 

ation from the mean of all points). In addition to the optical 
observations made with the 1.3 m, we have obtained infrared 
magnitudes of TT Ari using the InSb system Otto. We found 
that J = 14.1 ± 0.1, H = 13.5 ± 0.1, and K = 13.3 ± 0.1. 

b) Spectroscopy 
Spectroscopic observations of TT Ari were made during the 

low state by using a Wampler scanner (Robinson and 
Wampler 1972) at the Cassegrain focus of the Mount Lemmon 
1.5 m reflector, an intensified photon-counting Reticon system 
at the Cassegrain focus of the Steward Observatory 2.3 m, and 
the Multiple Mirror Telescope (MMT) echelle spectrograph. 

The Mount Lemmon observations consist of both high- and 
low-dispersion spectra. The high-dispersion data were 
obtained with a 1200 lines mm-1 grating in first order which 
resulted in about 1000 Â of useful data at a resolution of ~4 Â 
FWHM. These observations were centered on Ha and were 
primarily obtained for use in a radial velocity study. We have 
restricted our radial velocity observations to Ha primarily 
because the high-dispersion grating is blazed at 6800 Â. For a 
complete description of the observing technique used in 
acquiring the radial velocity data, see Shafter (1983a). The low- 
dispersion data were obtained with a 600 lines mm-1 grating 
in first order. Two grating settings were employed, each yield- 
ing ~2500 Â of spectral coverage. The resulting spectrum 
covers 3800-8600 Â at a resolution of -11 Â FWHM. 

The Steward observations were obtained by using a 600 lines 
mm 1 grating in first order. This configuration yields a useful 
spectral coverage of 3600-6000 Â at a resolution of ~7 Â 
FWHM. 

Our MMT echelle data were obtained on two nights, 1984 
January 17 and 19 (UT). We obtained a total of 18 spectra 
(eight on the first night and ten on the second). The observa- 
tions on the first night covered roughly half of the spectro- 
scopic period. The observations on the second night were 
timed to cover the remainder of the orbit. Our integrations 
were 10 minutes in length, with a comparison lamp observa- 
tion taken after each. The spectra covered a range of about 66 
Â centered on Ha. The MMT spectrograph image stacking 

TABLE 1 
Summary of Observations 

Integration Spectral 
, Mean Time Duration Coverage Resolution (2,440,000 + ) Observer Telescope V Mag (minutes) (hr) (A) (Â) 

Spectroscopy 
5286(1982 Nov 13)  A. W. S. Mount Lemmon 16.5 8 3.3 3800-6800 11 
5288(1982Nov 15)   A. W. S. Mount Lemmon 16.5 32 ... 3800-6800 11 
5288(1982Nov 15)  A. W. S. Mount Lemmon 16.5 72 ... 6300-8600 11 
5288 (1982 Nov 15)   J. L. Steward 16.5 48 ... 3600-6100 7 
5325 (1982 Dec 22)   P. S. /t/£ (SWP) 16.5 240 1150-1950 6 
5325 (1982 Dec 22)   P. S. IUE (LWR) 16.5 148 1950-3150 6 
5717 (1984 Jan 17)  J. L./W. R. P. MMT 16.5 10 1.5 6530-6600 01 
5719 (1984 Jan 19)  J. L./W. R. P. MMT 16.5 10 2.0 6530-660 01 

High Speed Photometry 

4193 (1979 Nov 16).  H. E. B. LSU 0.9 -11,2 3 blue 
4572 (1980 Nov 29)  H. E. B. LSU 0.9 m -14 3 blue 
5233 (1982 Sep21)  H. E. B./A. D. G. KPNO 0.9 m -15.5 ... 2 blue 
5237 (1982 Sep 25)  H. E. B./A. D. G. KPNO 0.9 m -15.5 ... 2.5 blue 
5239(1982Sep27)  P. S. KPNO 1.3 m —16 ... 0 5 J H K 
5253 (1982 Oct 11)    P. S. KPNO 1.3 m 16.5 ... 2.5 UBV 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
85

A
pJ

. 
. .

29
0.

 .
70

73
 

TT ARIETIS 709 No. 2, 1985 

TT ARI 1979 NOV 16 8-SEC BINS 
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Fig. 1 

TT ARI 1980 NOV 29 16-SEC BINS 

Fig. 2 
Fig. 1.—Broad-band “blue” light curve of TT Ari obtained in 1979 when system was in the high state. Note modulation at the orbital period. Intervals between 

tick marks are 0d01 = 14.4 minutes. Blue magnitudes plotted against heliocentric Julian date, and original integrations summed into 8 s bins. 
Fig. 2.—Broad-band “blue” light curve of TT Ari obtained in 1980 when system was in an intermediate state. Note low amplitude of flickering and 

disappearance of orbital modulation. Integrations summed into 16 s bins. 

system, which corrects for the different beam angles from the 
various primary mirrors, improved the resolution of our obser- 
vations to 0.1 Â. 

The UV spectra were obtained with the IUE satellite on 
1982 December 22 by using the large aperture in the low- 
resolution mode. One SWP (1150-1950 Â) exposure of 240 
minutes, and an LWR (1950-3200 Â) exposure of 148 minutes 
were obtained. The FES magnitude limit was 16.5, indicating 
that TT Ari was still in the low state. 

A summary, giving the details of the photometric and spec- 
troscopic observations, is presented in Table 1. 

III. HIGH-SPEED PHOTOMETRY 

The broad-band “ blue ” light curves obtained with the two- 
star photometer are shown in Figures 1, 2, 3, and 4. The light 
curves for the 1979 and 1980 runs cover approximately one 
orbital period. The 1979 “high-state” light curve shows an 
overall modulation at (or near) the orbital period of the system. 
This is the modulation that was initially observed by Smak and 
Stepien (1969). The usual small-amplitude, rapid flickering can 
be seen superposed on the sinusoidal “orbital” variation. In 
the canonical model for cataclysmic systems, the orbital modu- 
lation is believed to be the consequence of the changing aspect 
of the hot spot with orbital phase. The rapid flickering in some 
systems (e.g., U Gem) is also ascribed to the hot spot (Warner 
and Nather 1971). Additional photometric observations of the 
high state may be found in Mardirossian ei al (1980). 

Jameson et al (1982) have argued that the hot spot cannot 
be the source of the orbital modulation seen in TT Ari. These 
authors have observed that the flux distribution of the modula- 
tion is flat (in frequency units) in the range 1265-5500 Â. 

Because of the large amplitude of the variation (1.53 mag) in 
the UV, Jameson et al. conclude that a relatively cool hot spot 
at the edge of the disk cannot be responsible for the observed 
modulation. As an alternative, they have proposed thatJT Ari 
is an oblique magnetic rotator similar to the DQ Her stars. 
Within the framework of this model, Jameson et al ascribe the 
observed photometric orbital modulation to the changing 
aspect of the accretion spot on the surface of the magnetic 
white dwarf component. This model provides a natural expla- 
nation for the apparent discrepancy between the orbital period 
(as determined spectroscopically) and the photometric period. 
If reprocessing of hard radiation from the accretion spot by 
material at rest in the corotating frame of the binary is 
occurring as in H2252 —035 (Patterson and Price 1981; 
Hassall et al. 1981), then, as pointed out by Jameson et al, a 
detection of this reprocessed radiation would be a crucial test 
for the magnetic rotator hypothesis. A modulation of any 
reprocessed radiation would occur at the best period between 
the spectroscopic and photometric periods. The beat period 
should be quite long ( ~ 4 days), based on the current values for 
the photometric and spectroscopic periods. Detection of such a 
long period modulation would obviously be difficult. It is our 
feeling, therefore, that accurate determinations of both the 
photometric and spectroscopic periods be made before a 
search for the best period is undertaken. 

The light curve which was obtained in the intermediate state 
(V ä 14.5) does not display any modulation near the orbital 
period (see Fig. 2). In addition, the amplitude of flickering 
seems to be somewhat diminished. Spectroscopic observations 
by Williams (1982) during the intermediate state reveal moder- 
ately strong (EW % 23 A) and moderately broad ( ~ 600 km 

TT ARI 1982 SEP 21 10-SEC BINS TT ARI 1982 SEP 25 8-SEC BINS 

Fig. 3.—Broad-band “blue” light curve of TT Ari obtained in 1982 September when system was slightly above minimum light. Note very conspicuous flickering 
(although in absolute units the flickering in the high state is considerably more energetic). Integrations summed into 10 s bins. 

Fig. 4.—Broad-band “ blue ” light curve for 1982 September 25. See caption for Fig. 3, except that the integrations have been summed into 8 s bins. 
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s -1 FWHM) Balmer emission, characteristic of dwarf novae at 
quiescence. It appears that the ~3 mag drop from the high 
state to the intermediate state can be explained simply in terms 
of a decrease in the mass transfer rate by a factor of 20 or so, 
assuming steady state disk theory where L oc M. The resulting 
decrease in the hot spot (or accretion spot) luminosity may 
provide an explanation for the lack of any obvious modulation 
at or near the orbital period in the intermediate-state light 
curve. 

Finally we come to the light curves which were obtained 
near and during the recent low state of TT Ari. The data shown 
in Figures 3 and 4 were obtained on 1982 September 21 and 25 
when TT Ari had a visual magnitude between 15 and 16. This 
is slightly brighter than the lowest state which was observed on 
1982 October 11. Our October photometry, shown in Figure 5, 
indicates that TT Ari was near V æ 16.5. Although the data 
shown in Figure 5 are quite noisy, it is apparent that TT Ari 
was still flickering even at minimum light. In sharp contrast to 

the high- and intermediate-state light curves, the flickering 
during the low state is much more conspicuous (although in 
absolute units the flickering in the high state is considerably 
more energetic). Unfortunately, our individual light curves 
from the low state do not quite cover a full orbit. 

It is tempting to compare the long-term photometric behav- 
ior of TT Ari with that of the novalike variable MV Lyr. The 
latter system was discovered to be in an unusually faint state in 
1979 August (Romano and Rosino 1980; Wenzel 1980). Sub- 
sequent photometric and spectroscopic studies of MV Lyr by 
Robinson et al (1981) at minimum light established that the 
mass transfer had apparently ceased completely at times. In 
particular, Robinson et al presented high-speed photometry 
which revealed a quiescent light curve (i.e., an absence of 
flickering) during one night in 1980 July. These authors also 
noted that on one night (1980 July 10) while at minimum light, 
MV Lyr displayed strong flickering (cf. their Fig. 2). The 
flickering observed by Robinson et al at minimum light is 

UT (min) 
Fig. 5.—High-speed UBV photometry of TT Ari obtained in 1982 October when system was in the low state. Note flickering present even at V » 16.5. 
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WAVELENGTH 
Fig. 6.—IUE spectrum of TT Ari obtained on 1982 December 22 while system was at minimum light (FES magnitude ~ 16.5). Note rapid rise in flux shortward 

of ~ 2000 Â indicating presence of a hot white dwarf. 

similar to the flickering we have observed during the low state 
of TT Ari, as a comparison of Figure 2 of Robinson et al with 
our Figures 3, 4, and 5 illustrates. It appears that either the 
mass transfer never completely ceased during the low state of 
TT Ari, or we unfortunately missed observing the system at the 
appropriate time. Nevertheless, whether TT Ari completely 
ceased mass transfer or not, it is clear that the long-term photo- 
metric behavior of the system is quite similar to that of MV 
Lyr and that a drastic reduction in the mass transfer rate 
occurred in both systems. Spectroscopically, TT Ari and MV 
Lyr also appear similar at the low state, with both objects 
displaying extremely narrow Balmer and He i emission 
(Schneider, Young, and Shectman 1981 ; Robinson et al. 1981). 

Before turning to a detailed discussion of our optical spec- 
troscopic data on TT Ari, we first present UV and IR data 
obtained during the low state which clearly indicate that, 
although a residual accretion disk may still exist in the TT Ari 
system, it is no longer the dominant source of light. 

IV. UV AND IR OBSERVATIONS AND THE OVERALL 
ENERGY DISTRIBUTION 

Figure 6 shows our IUE Spectrum taken on 1982 December 
22. The FES magnitude limit was 16.5, indicating that TT Ari 
was still in the low state. In Table 2 we compare our IUE 
observations of TT Ari in the low state with previous IUE 
observations obtained during the intermediate and high states. 
The most interesting difference between the low and the inter- 
mediate or high states is the drastic change in the shape of the 
spectrum. 

Unlike previous IUE data, the continuum of TT Ari at 
V ä 16.5 has a slope FA oc 2-4, consistent with a hot (T > 
50,000 K) white dwarf. In Figure 7, the IUE points in 50 Â bins 
that are uncontaminated by emission lines are plotted along 
with optical UBV and infrared JHL fluxes obtained at the low 
state. The dashed line through the UV is a 50,000 K Wesemael 
et al (1980) model. This temperature is also consistent with the 
Lya absorption width ( ~ 19 Â from the line center), although 
this is somewhat difficult to determine due to the presence of 
N v in emisson. Temperatures up to 70,000 K are also permit- 
ted with this line width, while the continuum fit cannot dis- 
tinguish between higher temperature models since there is little 
change in the slope plus the possibility of slight reddening. This 
high temperature could also represent the accretion spot on the 
white dwarf in the model of Jameson et al (1982). The optical 
absorption features discussed in the next section are consistent 
with a temperature in this range. 

As seen in Figure 7, the observed optical fluxes fall slightly 
above those for a hot white dwarf or hot blackbody, while the 
IR fluxes imply the presence of a cool secondary. The IR colors 
alone (V — J = 2.4, V — K = 3.2) imply a K7 star, but the V 
magnitude has some contribution from the hot component and 
possibly from a third component as well. If we make the 
assumption that the secondary is a Roche lobe filling main- 
sequence star, then for an orbital period of 3.2 hr, we estimate 
that M2 » 0.35 M0, consistent with an M3 star (a K7 star 
would overfill its Roche lobe by a factor of 2). Under the 
assumption that all of the 2.2 /mi light is contributed by the 
secondary (an M2-M3 star), we can estimate the distance and 

TABLE 2 
IUE Spectroscopy of TT Ari 

FES Fa(1500 Â) Peak Civ Flux 
Date Magnitude aa (ergs cm-2 s-1 Â-1) (ergs cm-2 s~1 Â~x) Lines Reference 

1979 Jul 12   11.7 2.29 1.2 x 10“12 ... absorption 1 
1980 Sep 14   12.5 2.3 0.6 x 10“12 1.0 x 10"12 C iv emission 2 

others absorption 
1980Nov 17,23 .... 14.5 2.22 0.07 x 10“12 0.1 x 10“12 emission 3 
1982 Jan9    11.9-12.4 2 comp 0.9 x 10“12 1.0 x 10“12 C iv, Mg n emission 4 

others absorption 
1982 Dec 22   16.5 4 0.06 x 10“12 0.1 x 10“12 emission 5 

a Parameter a is defined as oc /I V 
References.—(1) Krautter et al. 1981a. (2) Jameson, King, and Sherington 1982. (3) Krautter et al. 1981b. (4) Jameson et al. 1982. (5) This work. 
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l_og F* 
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-I 1.2 

-11.6 

Fig. 7.—Overall energy distribution of TT Ari in the low state. UV points 
derived from IUE spectrum using 50 Â wide bandpasses uncontaminated by 
emission. Remaining points are based on UBV optical and JHK infrared 
fluxes. Dashed line through UV is a 50,000 K Wesemael et al (1980) model. 
Dashed line in the red represents estimate of red dwarf contribution. Open 
circles represent sum of white dwarf and secondary. 

contribution of this component. Jameson, King, and Sherring- 
ton (1982) estimated K = 11.75 for the secondary, leading to a 
distance of 100 pc for the system. This is clearly an underesti- 
mate. Using our value of K = 13.3 and the same method 
(Bailey 1981) gives a distance of 214 pc. The distance will be 
somewhat larger if there is another component contribution at 
2 fim. 

A further distance estimate (consistency check) is available 
by comparing the inferred primary star V magnitude (~ 17.0) 
with the absolute magnitude expected for a normal-radius 
white dwarf with Teff > 50,000 K. Because the V band is well 
down the Rayleigh-Jeans tail of the flux distribution, Mv % 
+ 9.0 + 0.3 for 50,000 < Teff < 80,000 K stars. We thus esti- 
mate V — Mv « + 8, D « 400 (±100) pc. This is a factor of 2 
larger than that estimated from the assumed secondary K mag- 
nitude, at the 2 a level. 

Since the photosphere may have a very nonuniform tem- 
perature, and the radiation may essentially be emitted from a 
region smaller than the full white dwarf surface, this method 
may overestimate the distance. It certainly suggests that any 
magnetic “spot” responsible for this radiation should have 
> 10_1Rwd. It might seem logical to use the IUE fluxes rather 
than the inferred V magnitude for this exercise, since the 
primary component clearly dominates the energy distribution 
at the ultraviolet wavelengths. However, the expected ultra- 
violet fluxes are very sensitive to the assumed surface Teff, 
which may be uncertain by a factor approaching 2. 

The rough energy distribution of the secondary is sketched 
in Figure 7, using the colors of an M2-M3 main-sequence star 
(i.e. V — J æ 3.5, V — K&4A). With these two components 
(white dwarf + secondary), the secondary contributes 32% of 
the V light and 7% of the B. The white dwarf contributes 56% 
at V and 65% at B. The open circles in Figure 7 are the sum of 
the white dwarf and secondary. This leaves 
~12% and ~28% of the V and B fluxes for a third com- 

ponent, possibly a residual disk which may cause the activity 
which we have observed in the optical light curves at the low 
state. 

From Table 2, it is apparent that an FxccX 2-3 component 
(an optically thick disk?) remains until at least V æ 14.5 
(Krautter et al. 1981h), although Jameson et al. (1982) break 
this down into a two-component model. Between the 14.5 and 
16.5 states there is little change at 1500 Â and in the emission 
lines, but the flux at 3000 Â is a factor of 5 less at the lower 
state. This is all consistent with the “third component” 
decreasing in importance at the low state, so that the hot com- 
ponent (white dwarf or spot) and secondary are revealed. 
However, this component does not disappear completely, 
resulting in some observed activity even at the low state. This is 
very similar to the behavior of MV Lyr (Robinson et al. 1981 ; 
Szkody and Downes 1982) and AM Her (Szkody, Raymond, 
and Capps 1982), where the disk and accretion column, respec- 
tively, remain detectable at the low state. 

V. THE WHITE DWARF REVEALED 

Our low-dispersion, low-state spectra of TT Ari are present- 
ed in Figures 8 and 9. The equivalent widths and line fluxes for 
the major emission features are given in Table 3. The broad 
Balmer absorption and narrow emission is similar to that 
observed in MV Lyr (Schneider, Young, and Shectman 1981; 
Robinson et al. 1981). The observed Balmer emission (see Fig. 
8) appears to be produced by two separate regions—one with a 
relatively flat decrement and another with a much steeper one. 
The flat decrement can be ascribed to the cool (~6000 K) 
outer regions of an accretion disk in LTE (Williams 1980). On 
the other hand, the steeper decrement could be produced by 
emission from a lower density region such as a corona sur- 
rounding the secondary star or the entire binary or both. 

The broad absorptions seen predominantely at H/? and Hy 
are particularly conspicuous in the Steward data (see Fig. 9b). 
As we discussed in the previous section, the IUE data suggest 
that the mass-transfer rate has decreased sufficiently in the low 
state so that the white dwarf is revealed. The IUE observa- 
tions, in conjunction with the difficulty in imagining how such 
a low mass-accretion rate could sustain an optically thick disk, 
led us to conclude that the Balmer absorptions arise in the 
photosphere of the white dwarf itself and not in the accretion 
disk. Proceeding under this assumption, we have attempted to 
estimate crudely the temperature of the white dwarf by fitting 

TABLE 3 
Line Fluxes and Equivalent Widths 

of Principal Optical Lines 

Flux Equivalent Width 
Emission Line (10“14 ergs cm“2 s“1 Â”1) (Â) 

He 1/17065   0.31 6 
He i A6678   0.43 9 
Ha  7.1 119 
He 1/15876 ........ 0.85 13 
He 1/15016   0.25 3 
He 124922   0.32 4 
Hß  3.2 39 
He 124471   0.43 4 
Hy    2.1 19 
H<5    1.7 11 
He 124026   0.95 6 
He + Ca h H  2.6 15 
CanK   1.6 9 
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Fig. 8.—Low-state (V » 16.5) spectrum of TT Ari obtained with Mount Lemmon IDS. Emission lines unresolved at spectral resolution of ~11 Â FWHM. 
Spectrum is a combination of two individual spectra spliced together. Red segment, covering ~ 6300 Â to 8600 Â, divided by spectrum of an O subdwarf (BD 
+ 28°4211) to remove any atmospheric absorption bands. Broad absorption near 7600 Â could be evidence for TiO but is probably result of incomplete removal of 
atmospheric A band. 

3600 4100 4600 5100 5600 6100 
WAVELENGTH (A) 

Fig. 9.—{a) Low-state spectrum of TT Ari obtained with intensified 
Reticon spectrometer on Steward 90 in. Higher spectral resolution than dis- 
played in Fig. 8. Broad Balmer absorption troughs at Hß, Hy, and H<5. (b) 
Steward spectrum expanded to better illustrate broad Balmer absorptions, (c) 
Spectrum in (a) divided by spectrum of hot white dwarf G191-B2B. Note 
complete removal of Balmer absorption lines, indicating close resemblance 
between Balmer line strengths and widths of TT Ari and G191-B2B. 

the Balmer absorption profiles with various white dwarf 
spectra. Figure 9c shows the Steward spectrum of TT Ari 
divided by the spectrum of the 6 x 104 K white dwarf G191- 
B2B (Shipman 1979). Notice that the Balmer absorption wings 
cancel nicely in the divided spectrum. The temperature 
(implied by comparison to G191-B28) of this hot white dwarf is 
also in good agreement with the IUE data which indicate the 
presence of a hot component with T > 5 x 104 K in the TT 
Ari system. 

It is interesting to note that the Steward spectrum (Fig. 9b) 
also displays weak He n 24686 absorption. This is very unusual 
since, in most isolated DA white dwarfs, the helium sinks out of 
the atmosphere due to the high gravity. However, if the white 
dwarf is the accreting component in a close-binary system such 
as a cataclysmic variable, then a fresh supply of helium is 
continually added to the equatorial regions of the white dwarfs 
photosphere. The absence of strong He n absorption and the 
observed strength of the Balmer absorption suggest an upper 
limit of ~ 8 x 104 K for the white dwarf. 

The spectrum attributed to the white dwarf primary shows 
He), Hy, and Hß absorptions unshifted from the emission lines 
to the accuracy (± 15 A) allowed by the resolution and signal- 
to-noise ratio. We can thus constrain the magnetic field of the 
primary to <4 x 106 G; this is nearly an order of magnitude 
less than those known for the AM Her systems. Such a lower 
value would hardly be unexpected for a rapidly rotating DQ 
Her model (cf. Lamb and Patterson 1983), however, the 
assumption of slow asynchronous rotation leads to the expec- 
tation of an AM Her-like field > 107 G for TT Ari 
(Chanmugam and Ray 1984). 

The nearly vertical Hy absorption wings suggest that the 
primary star has not been spun up to a very large (> 1000 km 
s"x) rotational velocity. Due to the modest spectral resolution, 
we do not attempt detailed fits to Balmer line profiles. An 
attempt to restudy the star again at higher resolution in 1983 
November was unsuccessful, since the system had brightened 
to F ä 15 and the absorptions were no longer present 
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(presumably due to a much brighter disk component which 
exhibited broad emission lines). 

This is one of several clear instances of the exposure of a 
white dwarf primary star during a low state of a cataclysmic 
variable. In other similar cases, for example MV Lyr (Szkody 
and Downes 1982), U Gem (Panek and Holm 1984), and AM 
Her (Szkody et al 1980), IUE Spectra have also indicated that 
these primary stars are quite hot. It is now generally thought 
that the mass transfer must be rapid enough to substantially 
inhibit or stop the cooling of the white dwarfs in cataclysmic 
binaries. The normal cooling “age” of a 50,000 K white dwarf 
is only ~ 106-107 yr, while cataclysmics are believed to have 
lifetimes of order 109 yr or greater; thus less than 1% would 
have primaries at Teff > 50,000 K if the latter were allowed to 
cool normally. 

Our distance estimate for TT Ari permits us to test the above 
argument by deriving a minimum accretion rate necessary to 
maintain the white dwarf at 50,000 K. For a normal radius (and 
the assumption that most of the photosphere is near 50,000 K), 
the white dwarf radiates about 1 L0. If about half of the total 
accretion (gravitational) energy is radiated away at the white 
dwarf surface, then 

^wd ~ 0.5GMM/R ~ 4 x 1033 ergs s_1 . 
Using M ~ 1 M0, R ~ 10~2 R0, we require M ä 10-9 M0 

yr “ ^ This happens to be the order of magnitude most compat- 
ible with disk models showing optically thick disks (cf. Wil- 
liams 1980; Patterson 1984, Fig. 7); note that the normal 
high-state spectrum of TT Ari is quite consistent with this 
interpretation. At a distance of -200 pc, the high-state absol- 
ute visual magnitude of TT Ari is (using V ä lO^M^ ^ +4, 
again a value in line with various estimates for dwarf novae in 
outburst. Of course if the primary Teff ^ 80,000 K, the values of 
M and L must be scaled upward by a factor of — 6. 

An obvious and hardly unexpected implication is that the 
temperature of the primary star in a cataclysmic binary may 
decrease with M in the system. This may imply that the white 
dwarfs slowly cool as the systems evolve toward shorter 
periods and generally smaller mean accretion rates (cf. Pat- 
terson 1984). Of course the occurrence of thermonuclear (nova) 
explosions during the secular evolution of the cataclysmic may 
inject still more energy into the white dwarfs reservoir. 

VI. EVIDENCE FOR A COOL COMPONENT 
Referring to Figure 9c, we notice that there is a “red 

excess ” when we divide the spectrum of TT Ari by the spec- 

trum of G191-B2B. If this excess were due to a substantially 
lower photospheric temperature for the TT Ari primary (say, 
40,000 K) relative to G191-B28, the hydrogen absorption 
wings would not divide out cleanly in Figure 9c, He n could 
not appear strongly, and the IUE slope would be too steep. 
Consequently, the energy distribution of TT Ari is inconsistent 
with the hypothesis that the continuum is all coming from a 
hot white dwarf over the wavelength range covered. We 
propose that the excess flux is either due to radiation from the 
heated face of the red dwarf star or from a residual accretion 
ring in the system. 

We have extended the wavelength coverage of the Mount 
Lemmon data into the near-infrared with the hope of detecting 
spectral features (such as TiO bands) from the secondary, 
which must be an M dwarf in order to fit within its critical 
Roche surface. 

There is a serious problem with detecting TiO bands, 
however. Two of the stronger TiO bands are located near 
strong atmospheric water vapor and 02 bands at 7150 Â and 
7700 Â (the atmospheric A band). The spectrum shown in 
Figure 8 is actually a composite consisting of a “blue” (3800- 
6800 Â) and a “ red ” (6300-8600 Â) spectrum. The red segment 
has been divided by the spectrum of an O subdwarf (BD 
-h28°4211) prior to flux calibration in an attempt to remove 
the atmospheric bands. Referring to figure 8, we see that there 
appears to be broad absorption at 7700 Â and at 8400 Â (the 
latter feature may be the Paschen jump in emission). Unfor- 
tunately, both of these features are very weak and could easily 
be a consequence of our inability to completely remove the 
atmospheric bands. Thus we cannot confidently claim a detec- 
tion of any spectral features from the secondary in TT Ari. We 
do not expect the white dwarf to dominate the spectrum 
redward of 7000 Â, but it is hard to estimate the contribution 
of a residual disk component. 

It is interesting to note that the photometry at F = 16.5 (Fig. 
5) shows a hint of a sinusoidal modulation in the V filter. The 
best-fit solution is a double sinusoid at half the orbital period 
with an amplitude of 0.12 mag from a mean of F = 16.46. The 
phasing (see § YII and Table 4) of maxima of the sine waves (at 
606 and 705 UT = phase 0.7 and 0.2) implies an origin consis- 
tent with an ellipsoidal variation from the secondary, although 
the amplitude is large for a low-inclination system with 30% 
contribution from the secondary. Further red photometry over 
the whole orbit during the low state is needed to confirm this 
effect. 

TABLE 4 
Orbital Elements3 

Broad-Base Narrow-Base 
Parameter Peak Value ' Value Value 

MMT Observations 

Time of conjunction, T0
b_  5717.653(3) 5717.659(1) 5717.659(3) 

Semiamplitude, X (km s-1)   21 ± 3 93 ± 6 210 ± 28 
Systemic velocity, y (km s_1)   17 + 2 11 + 4 39 + 23 

Mount Lemmon Observations 

Time of conjunction, T0
b   5286.709(2) 5286.712(1) 

Semiamplitude, K (km s- x)     40 + 3 80 + 3 
Systemic velocity, y (km s-1)   —3±3 —5 + 2 

a Eccentricity e and longitude of periastron co assumed as 0; P = 0d 1375512 (Thorstensen, 
Smak, and Hessman 1984). 

b Inferior conjunction of low-state emission line source; HJD 2,440,000 +. 
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VII. THE LOW-STATE RADIAL VELOCITIES 

We have already commented briefly on the similarity of the 
strong and narrow Balmer and He i emission lines observed in 
TT Ari to those observed by Schneider, Young, and Shectman 
(1981) and Robinson et al. (1981) in MY Lyr. In the case of the 
latter system, both groups of authors concluded that the emis- 
sion lines were produced in the chromosphere of the red dwarf 
when MV Lyr was at minimum light. In particular, Robinson 
et al. argued that the lines were too narrow and the Balmer 
decrement too steep to have been produced in a residual accre- 
tion disk. However, they were similar to the lines observed in 
the spectrum of Feige 24, a close (but detached binary system 
consisting of a white dwarf and a late-type main-sequence star. 

In view of the similarities between the spectra of MV Lyr 
and TT Ari in their low states, it seems worthwhile to attempt 
to explain the origin of the narrow emission observed in TT 
Ari. In the case of TT Ari, we have one very crucial observa- 
tional advantage which was unavailable to observers of MV 
Lyr. Namely, a reasonably well established spectroscopic 
ephemeris for TT Ari has recently become available 
(Thorstensen, Smak, and Hessman 1984). These authors have 
determined the orbital period very accurately by compiling 
high-state radial velocity observations of TT Ari which span 

Fig. 10—Ha line profiles from MMT data obtained 1984 January 19 
plotted in chronological order. Top spectrum, HJD 2,445,719.683; bottom 
spectrum, HJD 2,445,719.762. Note two distinct components. Stronger 
“peak” component is relatively stationary, but weaker “base” component 
exhibits significant radial velocity variations. 

6530 6550 6570 6590 
WAVELENGTH (A) 

Fig. 11.—Ha line profiles from Mount Lemmon data plotted as function of 
orbital phase. Because of lower resolution, the two emission components not 
resolved as in the MMT data (see Fig. 10). Nevertheless, orbital phase- 
dependent line profile indicates presence of at least two components. 

~ 10 yr. If a 180° phase shift were found between the high and 
low states, it would provide strong (although, as we will see 
later, not conclusive) evidence that the low-state emission lines 
are produced in the chromosphere of the secondary star. With 
this goal in mind, we have obtained several high-dispersion 
spectra of TT Ari using the Mount Lemmon IDS and the 
MMT echelle spectrograph. The integration times of each 
spectrum (8 min for the IDS and 10 min for the MMT 
observations) were chosen to be ~5% of the orbital period in 
order to avoid serious phase smearing. These high-resolution 
observations, particularly the MMT data, suggest that the Ha 
line is actually composed of at least two distinct components. 
These two components can easily be identified in Figure 10, 
where we have plotted our MMT data from 1984 January 19 in 
a time sequence. The time interval between successive spectra 
is approximately 13 minutes. In Figure 11 we have folded the 
Mount Lemmon data with the orbital period of Thorstensen, 
Smak, and Hessman (1984) and plotted the Ha line profile as a 
function of orbital phase. The components are not resolved in 
these data; nevertheless it is obvious that two components are 
present. Henceforth we will refer to the stronger component as 
the “ peak ” component and the weaker component as the 
“ base ” component. 

The peak component seems to be relatively stationary com- 
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Fig. 12.—Schematic diagram showing how superposition of a narrow peak 
and a broad base component can reproduce observed low-state line profile 
observed at quadrature. Solid curve sums the dashed curves. The advantage of 
such a configuration is that overall line profile would appear relatively broad 
at conjunction, while allowing the base component to appear narrow at quad- 
rature. 

pared with the velocity variations of the base component. At 
first glance it appears that the base component is quite narrow, 
becoming almost completely separated from the stronger peak 
component near quadrature (see Fig. 10). There is, however, 
another possibility. If the base component is produced in an 
accretion ring surrounding the white dwarf, then it may 
actually be double-humped. Such a component could appear 
narrow and single-humped, as observed, if one of the two 
humps (the choice would depend on the orbital phase) is 
always blended with the relatively stationary peak component. 
This effect is demonstrated schematically in Figure 12. 

In order to measure the true velocity variations of the base 
component, it is obviously important to know whether it is 

single- or double-humped. For example, the velocity semi- 
amplitude of a single-humped component would be signifi- 
cantly larger than it would be for the broader, double-humped 
case. Because of the present uncertainty concerning the struc- 
ture of the base component, we have decided to measure its 
velocity by using two different methods. The first method 
assumes that the base component is narrow and single- 
humped. This method consists of simply measuring the cen- 
troid of the “observed” base component when it is possible 
(i.e., near quadrature). We will refer to this measurement as the 
“ narrow-base ” measurement. The second method consists of 
measuring the center of the entire emission line (peak + base 
components) just above the continuum level. We will refer to 
this as the “ broad-base ” measurement because it should reflect 
the velocity semiamplitude of a broad (and presumably 
double-humped) base component. We note that because of 
blending with the peak component, the second method may 
yield an underestimate of the actual semiamplitude of a broad- 
base component unless the base component is sufficiently 
broad to render lending with the peak component unimpor- 
tant. Because of the lower resolution of the Mount Lemmon 
data we have not been able to resolve the base component, 
even at quadrature. Consequently, we have only made a broad- 
base measurement for these observations. In order to measure 
the velocity of the stronger peak component, we have simply 
measured the centroid of the upper -20% of the emission line 
for both the Mount Lemmon and MMT observations. 

After measuring the velocities of the emission line com- 
ponents as described above, we made nonlinear least squares 
fits of the resulting values to circular orbits of the form : 

V(t) = y + X sin [2n(t - T0)/PJ. 

The best-fit values for the parameters y, K, and T0 for both the 
narrow- and broad-base component measurements and the 
peak component measurement are presented in Table 4. The 
radial velocity curves for the MMT and Mount Lemmon data 
are shown in Figures 13 and 14, respectively. 

0.0 0.2 0. 4 0.6 0.8 1.0 1. 2 1.4 1.6 1.8 2.0 
ORBITAL PHASE 

Fig. 13. Radial velocities of MMT data folded with orbital period and plotted as function of orbital phase. Radial velocity curves are shown for “peak” 
component {dots), “broad base” component (crosses), and “narrow base” component measurements (triangles). Semiamplitudes for best-fitting sinusoids are 20 km 
s , 92 km s , and 210 km s respectively. Peak component leads base components by ~0.04 in phase. Note particularly rapid transition through conjunction for 
narrow base component. 
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TT fi ri et i s 

ORBITAL PHASE 

Fig. 14.—Radial velocities of Mount Lemmon data folded with orbital period and plotted as function of orbital phase. Radial velocity curves are shown for 
“peak” (dots) and “broad” (crosses) component measurements. Narrow-base measurements not possible for these data because of insufficient spectral resolution. 
Semiamplitudes of best-fitting sinusoids are 40 km s-1 and 80 km s_1 respectively. As in MMT data, peak component slightly leads the base component, by ~0.02 
in phase. Note semiamplitude of broad-base component agrees well with that derived from the higher resolution MMT data. Semiamplitude of peak component is a 
factor of 2 larger than for the MMT data because of blending with base component. 

VIII. THE ORIGIN AND PHASING OF THE HIGH- AND 
LOW-STATE EMISSION LINES 

One significant result of the radial-velocity study just pre- 
sented is that the peak and base components are essentially in 
phase (the base component lags the peak component by ~ 0.04 
in phase). It is interesting that for the MMT data, the velocity 
semiamplitude of the peak component is a factor of ~ 5 smaller 
than that for a broad-base component. The difference is only a 
factor of 2 for the Mount Lemmon data, which have a much 
lower resolution. It appears that the velocity measurements of 
the peak component are being contaminated by the relatively 
large amplitude velocity variations of the base component. 
This is certainly the case for the Mount Lemmon data, and it 
appears likely to be the case for the MMT observations as well. 

We have conducted line profile simulations which suggest 
that velocity variations of order 20 km s "1 can be introduced 
to a stationary emission component (FWHM ä 150 km s-1) 
by the addition of a weaker (relative intensity = 0.3) com- 
ponent of approximately the same width but having a semi- 
amplitude of order 150 km s-1 (a broad, double-humped base 
component could produce a similar modulation in the peak 
component with a somewhat smaller amplitude). We wish to 
stress that our simulations do not enable us to use the observed 
modulation of the peak component to reliably estimate the 
amplitude of the base component. This is primarily a result of 
our ignorance concerning the true profiles of the individual 
components. 

Of course, this artificially induced velocity modulation 
would be in phase with the variation of the perturbing com- 
ponent. Consequently, we feel that the simplest explanation of 
the peak component is that it is due to emission from material 
which is essentially at rest in the system, the small velocity 
amplitude which we have measured being a result of blending 
with the base component. The peak component could arise 
near the center of mass of the binary (near the inner Lagrang- 
ian point if the mass ratio is near unity), or, more likely, it may 
arise in a circumbinary shell which could be the result of mass 
loss from the system during the high state. Consistent with this, 
WE observations of TT Ari in the high state show strong 
evidence for mass outflow (Krautter et al. 1981a). 

Another intriguing explanation for the origin of the peak 
component is that it arises in a circumbinary ring. Such a ring 
might be the result of mass loss through the outer Lagrangian 
point. This model was suggested by Gilliland and Kemper 
(1980) to explain the narrow, and relatively stationary, emis- 
sion observed during the 1978 outburst of WZ Sge. If we 
assume that emission from the external ring is powered by 
photoionizing radiation from the hot white dwarf, then a 
segment of this ring will always be shadowed by the secondary. 
As the binary resolves, this shadowed segment will migrate 
around the ring. One attractive feature of this idea is that the 
orbital phase-dependent shadowing could potentially explain 
the small velocity modulation of the peak component without 
requiring the blending effect described earlier. 

a) The Chromospheric-Emission Model for the Origin of the 
Base Component 

A comparison of the ephemeris of Thorstensen, Smak, and 
Hessman (1984) with the results presented in Table 4 imme- 
diately reveals that the low-state radial velocities are 180° out of 
phase with the high-state radial velocities. The most plausible 
interpretation of this phase shift is that the base component 
observed in the low state arises in the chromosphere of the 
secondary and that the lines seen in the high state arise in the 
accretion disk. There are several strong arguments in favor of 
this interpretation. (1) The traditional explanation of the origin 
of the high-state emission lines is that they are produced in the 
accretion disk. Cowley et al. (1975) argued that the high 
Balmer lines (which yielded the highest K velocity) were most 
likely produced in the accretion disk because of their relatively 
constant intensity (flat decrement). (2) The small width (full 
width at the continuum æ 400 km s-1) of the low-state emis- 
sion components makes it difficult (although not impossible, as 
we will see later) to imagine how these lines could be produced 
in the vicinity of the white dwarf. If we invoke a low value for 
the orbital inclination in order to explain the narrow lines, then 
we have trouble explaining the relatively high velocity semi- 
amplitude of the base component, unless we constrain the 
mass of the white dwarf to be quite small. (3) Finally, we note 
that the observed semiamplitude of the base component is easy 
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to explain in a model where this line originates in the chromo- 
sphere of the secondary star. In particular, the orbital par- 
ameters favored by Cowley et al (1975) (q = 0.4, i = 30o-40°, 
K1 = 60 km s-1) predict that the secondary should have a 
velocity semiamplitude near 150 km s-1. This value is in good 
agreement with our estimate of the semiamplitude of the base 
component. 

Although the case presented above appears to be quite 
strong, there are a few potential (though not serious) problems 
with this interpretation which should be discussed. For 
example, our photometric observations (see Fig. 5) reveal 
flickering taking place in the low state. If this flickering is taken 
as evidence of mass transfer, then it would be reasonable to 
expect the formation of an accretion ring surrounding the 
white dwarf. As indicated earlier, we have detected a com- 
ponent in the overall energy distribution which implies the 
presence of such a ring. Assuming the ring exists, it would be 
exposed to a strong UV flux from the hot white dwarf. It 
therefore seems reasonable to expect it to be a line as well as a 
continuum source. Yet there is no evidence for any emission 
180° out of phase with the base component (which we have 
argued has an origin in the chromosphere of the secondary 
star). 

Robinson et al. (1981), in their study of the low state of a 
similar system, MV Lyr, also observed strong flickering when 
the system was slightly above minimum light. In addition, 
these authors noticed a slight increase in the emission line 
width when MV Lyr was flickering. A plausible interpretation 
of this behavior is that the flickering signaled mass transfer 
which then led to the formation of an accretion ring surround- 
ing the white dwarf. Emission from this ring would then natu- 
rally explain the slight broadening of the emission lines seen by 
Robinson et al. 

There are a few other minor problems with the chromo- 
spheric emission model which concern the behavior of the 
emission lines during spectroscopic conjunction. To begin 
with, although our high-resolution observations are not spec- 
trophotometric, the Ha line appears to become weaker at 
superior conjunction of the emission line source. This behavior 
does not appear consistent with an origin in the heated face of 
the secondary which would be facing the Earth at superior 
conjunction. Furthermore, the total emission line profile does 
not appear to become narrower at conjunction, as we would 
expect if the base component were as narrow as it appears near 
quadrature. As described earlier, one interpretation of this 
behavior is that the base component is double-humped and is 
actually broader than the peak component. 

The radial velocity curves for the base component seem to 
imply that it may be double-humped as well. The observed 
hump of the base component seems to pass through conjunc- 
tion very rapidly, going from maximum blueshift to maximum 
redshift in only 15% of the orbital period (see Fig. 13). If the 
base component is double-humped, such a rapid transition 
could be explained as the result of measuring the velocity of the 
red hump of the base component near phase 0.25, and that of 
the blue hump near phase 0.75. 

b) The Accretion Ring Model for the Origin of the 
Base Component 

The arguments presented above, which seem to indicate that 
the base component may be double-humped, along with the 
difficulty in understanding the apparent lack of line emission 
from the vicinity of the white dwarf, have led us to reconsider 

the possibility that the base component may actually be pro- 
duced in an accretion ring. As we have already indicated, in 
this case the observed width and velocity semiamplitude of the 
base component put strong constraints on the mass of the 
white dwarf (Mx) and the orbital inclination (/) of the system. 
However, one can imagine values for M1 and i which are con- 
sistent with the observed emission-line characteristics and 
which are not terribly implausible. For example, if we adopt 
i = 30°, M1 = 0.25 Mq, and K = 90 km s-1 (broad-base 
measurement), and assume that the secondary is a Roche lobe- 
filling main-sequence star, we find that the observed emission 
line width (~200 km s_1) is consistent with emission from an 
accretion ring with an inner radius Rin & 2.0 x 1010 cm. This is 
approximately 20 times the radius of a 0.25 M0 white dwarf 
(Hamada and Salpeter 1961). Consequently, the orbiting 
material can best be described as an accretion “ring” rather 
than a disk. Such a ring would fit comfortably inside the Roche 
lobe of the 0.25 M0 white dwarf of our example, which has a 
mean radius of 2.3 x 1010 cm. Incidentally, it is worth pointing 
out that the specific angular momentum in the accretion ring, 

7r ^ 4 x 1017 cm2 s_1, is in good agreement with the specific 
angular momentum of the material spilling over from the inner 
Lagrangian point, jL1 æ 5 x 1017 cm2 s_1. Thus a ring of 
radius R & 2.0 x 1010 cm would naturally be expected to form 
in the system described above, assuming conservation of 
angular momentum. 

A serious drawback of this interpretation is that it implies a 
very low mass for the white dwarf. The only way to accommo- 
date a more massive white dwarf in this picture would be to 
allow the accretion ring to rotate more slowly than the 
Keplerian velocity appropriate for its radius. It is unclear 
whether this is physically possible. 

An obvious consequence for the accretion ring interpreta- 
tion is that the weak emission lines seen in the high state of TT 
Ari (which were used in the determination of the spectroscopic 
ephemeris of Thorstensen, Smak, and Hessman 1984) must 
arise in the chromosphere of the secondary star or at some 
other location which has an orbital motion 180° out of phase 
with the white dwarf (possibly near the inner Lagrangian 
point). While at first this suggestion appears to be implausible, 
it may have precedent. The spectrum of the dwarf nova SS Cyg 
in eruption strongly resembles that of TT Ari in the high state. 
Both systems show broad, shallow Balmer absorption with 
central emission cores. In a recent study of SS Cyg, Hessman 
(1984) has found an ~180° phase shift between the radial 
velocity solution derived from the broad Balmer emission 
observed at quiescence, and that derived from a component of 
the emission-line core seen in outburst. Since the broad Balmer 
emission in SS Cyg during quiescence is known to originate in 
the accretion disk, it appears that a component of the emission- 
line cores observed during outburst arises in the heated face of 
the secondary star. This is consistent with the expectation that 
the secondary star is exposed to a larger amount of hard radi- 
ation during an outburst than it is during quiescence. The effect 
may even be stronger during the high state of TT Ari because 
in this system the orbital period is shorter and hence the stellar 
separation is smaller than in SS Cyg. Furthermore, TT Ari is 
known to be a hard X-ray source while in the high state (Jensen 
et al. 1983), as well as being particularly luminous in the ultra- 
violet (Wargau et al. 1982). 

Although it appears plausible, even likely, that a component 
of the high-state emission lines in TT Ari is produced in the 
chromosphere of the secondary star, it is still unclear whether 
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this component would dominate the phasing of the emission 
lines during the high state. However, we feel that the real stum- 
bling block for the low-state accretion ring model is not only 
the fact that it requires the high-state phasing to be dominated 
by the secondary star, but also the strict constraint that it 
places on the mass of the white dwarf. On the other hand, 
despite a few unanswered questions, there appear to be no 
comparable drawbacks with the interpretation that the low- 
state emission arises in the chromosphere of the secondary star. 
We therefore consider this to be the most likely interpretation 
of the 180° phase shift between the high and low states of TT 
Ari. 

IX. RELATIONSHIP OF TT ARI TO THE VY SCL SYSTEMS 

The VY Scl objects are a subclass of the novalike variables 
which was originally pointed out by Bond (1980). These 
cataclysmics have a long-term photometric behavior which is 
somewhat similar to those of R CrB stars or, alternatively, 
opposite to that of normal dwarf novae. They remain in what 
could be described as an outburst state for a long period of 
time (typically several years) and then occasionally fade by 3-5 
mag or more for relatively short periods of time before 
returning to their normal bright state. Spectroscopically, the 
high and low states are similar to the corresponding states for 
typical dwarf novae. A more detailed description of the VY Scl 
phenomenon, along with minor variations on its exact defini- 
tion, can be found in Robinson et al (1981), Webbink (1982), 
and Shafter (1983¿>). 

There are now a number of systems known to display the 
photometric behavior described above: KR Aur, V425 Cas, 
AM Her, MV Lyr, VV Pup, LX Ser, VY Scl itself, VZ Scl, AN 
UMa, and, as a result of its recent deep minimum, TT Ari. 
With the exception of the ultra-short period AM Her systems 
VV Pup and AN UMa, all the systems listed above have 
orbital periods between 3-4 hr (although the orbital period of 
VY Scl is still uncertain, recent observations by Hutchings and 
Cowley (1984) indicate that the period is most likely near 4 hr). 
It is difficult to evaluate the significance of this apparent period 
grouping because the overall orbital period distribution of 
cataclysmics is subject to various selection effects (see, e.g., 
Robinson 1983; Patterson 1984). Nevertheless, it is hard to 
imagine how removal of possible selection effects could 
increase the total number of cataclysmics in the 3-4 hr range so 
dramatically that it would make the VY Scl grouping insignifi- 
cant. We wish to point out, however, that it is unclear whether 
in evaluating the significance of the grouping we should 
compare the distribution of VY Scl periods with the period 
distribution of cataclysmic variables as a whole or just with the 
distribution of novalike variables. Shafter (1983fr) has shown 
that if we compare the VY Scl period distribution with that of 
all cataclysmics with P < 10 hr, then the probability that the 
VY Scl grouping would occur by chance is ~2 x 10~4. If, on 
the other hand, we were to compare the distribution of VY Scl 
systems with the distribution of novalike variables alone, then 
the observed grouping would not be surprising. 

Robinson et al. (1981), in a paper on the low state of MV 
Lyr, were the first to note the tendency of objects which show 
deep minima to have orbital periods near the 2-3 hr period 
gap. These authors speculated that as a result of structural 
change within the core of the secondary star (conversion from a 
radiative to a convective core), stars evolving through the 2-3 
hr period gap may become detached systems, thereby becom- 
ing virtually unobservable. This scenario assumes, quite obvi- 

ously, that systems do indeed evolve through the gap. As 
pointed out by Paczynski and Sienkiewicz (1983) and Pat- 
terson (1984), this may not be the case. Nevertheless, assuming 
systems evolve through the gap, the Robinson ei a/, hypothesis 
qualitatively explains not only the existence of the period gap 
but also the VY Scl stars as systems which are attempting to 
cease (or reinitiate) mass transfer as they prepare to evolve into 
(or out of) the period gap. 

It is interesting that eight of the 10 VY Scl systems have 
orbital periods on the long-period side of the gap, while only 
two, the AM Her systems VV Pup and AN UMa, are found on 
the short-period side. One possible explanation for this imbal- 
ance is that the process of shutting down mass transfer may be 
a much slower one than reinitiating it. In any case, if Robinson 
et al. are right, then this process must be quite prolonged, or we 
would hardly expect to witness so many systems in the actual 
process of shutting down their mass transfer. 

X. CONCLUSIONS 

We have made a comprehensive photometric and spectro- 
scopic study of the low state (V ^ 16.5) of the novalike variable 
TT Ari, with observations spanning the UV to IR spectral 
regions. Our principal conclusions are summarized below : 

1. The ~5 mag drop in the system’s luminosity from the 
high state indicates that the mass-transfer rate decreased by 
more than two orders of magnitude. Nevertheless, our rather 
limited high-speed photometry indicates that some mass trans- 
fer was still occurring even during the low state. 

2. The drastic reduction in the luminosity of the accretion 
disk between the high and low states has enabled us, for the 
first time, to observe directly the white dwarf component in this 
system. The broad absorption profiles at H/?, Hy, Hfr, He n 
24686, and Lya and the ultraviolet energy distribution are best 
fitted by a hot (>50,000 K) white dwarf. The relatively high 
temperature is probably a result of accretion heating caused by 
a high M in the recent past. 

3. Using the method described by Bailey (1981), we have 
derived a lower limit of 200 pc for the distance to TT Ari. This 
distance is based on the observed K magnitude (13.3) and the 
assumption that the secondary is a main-sequence dwarf. 
There is some evidence for detection of the ellipsoidal varia- 
tions of the secondary in the V filter, which is in need of confir- 
mation. 

4. We have compared the behavior of TT Ari with another 
novalike variable, MV Lyr. In their low states, the two systems 
appear to be quite similar spectroscopically. Upon closer 
inspection the emission lines in TT Ari appear to be composed 
of two distinct components. We attribute the stronger “ peak ” 
component to emission from material essentially at rest in the 
system. This material is most likely located either near the 
center of mass of the binary or in a circumbinary shell or ring. 
The “ base ” component, which has a velocity semiamplitude of 
~150 km s-1 and is 180° out of phase with the high-state 
ephemeris of Thorstensen, Smak, and Hessman (1984), is most 
likely produced in the chromosphere of the secondary star. As 
an alternative, we have suggested that the base component 
could actually be produced in a residual accretion ring if the 
white dwarf mass is quite low (~0.25 M0). Although this 
model is quite speculative, it cannot be ruled out by existing 
observations. 

In addition, MV Lyr and TT Ari are remarkably similar 
photometrically. Both systems have recently experienced a 
drastic reduction in mass transfer rate. MV Lyr faded ~ 5 mag 
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from its normal brightness at F æ 12.5 to F æ 17.5 in 1979, 
while TT Ari faded by roughly the same amount from \\ 
to Mv ä 16.5 in 1982. Since the orbital periods of the two 
systems are very similar [P(MV Lyr) = 3.1 hr; P(TT Ari) = 3.2 
hr], the luminosities of the secondary stars in the two systems 
should be similar. If we assume that the white dwarfs in the two 
systems have roughly the same luminosities, then the intrinsic 
brightnesses of the two systems should be similar. Consequent- 
ly, the distance to the MV Lyr system should be a factor of 
~ 1.6 greater than that to TT Ari. The distance of 320 pc for 
MV Lyr derived by Schneider, Young, and Shectman (1981) is 
in reasonable agreement with this expectation. 

5. The long-term photometric behavior of TT Ari makes it a 
typical member of the VY Scl subclass of the novalike vari- 
ables. The VY Scl stars are systems which are normally in a 
“ high ” state but have a tendency to fade occasionally by 3-5 
mag or more to a deep minimum for a relatively brief period of 
time. The objects which exhibit this behavior (ten in all) have 
orbital periods near the 2-3 hr gap. It is unclear whether the 
VY Scl behavior is a common property of all cataclysmics with 
orbital periods near the gap and hence a possible evolutionary 
effect, or whether it is simply a property of the class of novalike 
variables which are strongly clumped in the 3-4 hr period 
region. 

As a final note, we encourage observers, especially high- 
speed photometrists, to monitor TT Ari in order to determine 

if the mass transfer stops completely. Such a situation would 
provide a rare opportunity to use spectroscopic observations 
to establish conclusively whether the base component orig- 
inates in the chromosphere of the secondary or whether it is 
formed in a residual accretion ring. Likewise, more extensive 
high-resolution spectroscopic observations of the primary’s 
absorption features could determine unambiguously the 
phasing of this component. 
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