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ABSTRACT
We analyze new photometric data for the Herbig Be eclipsing binary TY CrA, which securely reveal

the secondary eclipse, D0.03 mag deep in y. From the light-curve solution and our previous spectro-
scopic data, absolute dimensions of the primary and secondary stars are derived. The masses are found
to be and the radii are andM1\ 3.16 ^ 0.02 M

_
M2\ 1.64^ 0.01 M

_
, R1\ 1.80^ 0.10 R

_
R2\ 2.08

^ 0.14 the luminosities are and and the e†ective temperaturesR
_

, L 1\ 67 ^ 12 L
_

L 2 \ 2.4 ^ 0.8 L
_

,
are K and K. Here the uncertainties represent high-conÐdence limits,T1\ 12,000^ 500 T2\ 4900 ^ 400
not standard deviations. The secondary star is a preÈmain-sequence star located at the base of the
Hayashi tracks. As such, it is the least evolved star with a dynamically measured mass. Given higher
e†ective temperatures for the primary (e.g., 12,500 K), the solar-composition 1.64 evolutionary tracksM

_of Swenson et al., Claret, and DÏAntona & Mazzitelli are all consistent with the properties of the TY
CrA secondary and suggest an age of order 3 Myr. The radius and projected rotational velocity of the
secondary star are consistent with synchronous rotation. The primary star is located near the zero-age
main sequence, which, for solar compositions, is consistent with an age of 3 Myr. However, the primary
star is not well represented by any of the 3.16 evolutionary models, which predict somewhat higherM

_e†ective temperatures than observed.
Key words : binaries : eclipsing È stars : evolution È stars : individual (TY Coronae Australis)

1. INTRODUCTION

The most fundamental parameter of a star is its mass,
which determines almost everything about its birth, life, and
death. Arguably, the second most important stellar param-
eter is radius, which is a sensitive indicator of the starÏs
current evolutionary status. These stellar properties are
uniquely provided together by the study of double-lined
eclipsing binary stars, which have formed a foundation for
observational tests of postÈmain-sequence stellar evolution-
ary theory (see review by Andersen 1991).

In contrast, preÈmain-sequence (PMS) evolutionary
theory remains largely unconstrained by measures of stellar
masses and radii. To date, EK Cep has provided the youn-
gest solar-mass star for which precise dimensions have been
derived. The 2.0 primary lies on the main sequence, butM

_the 1.12 secondary of EK Cep is PMSM
_

(Popper 1987 ;
Gime� nez, & Mart•� n & ReboloClaret, 1995 ; Mart•� n 1993).

However, with an age of about 20 Myr, the secondary lies
very near the main sequence and places very little constraint
on PMS evolutionary tracks. In another study, et al.Ghez

used speckle observations of T Tauri binaries to(1995)

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 The National Optical Astronomy Observatories are operated by

the Association of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.

derive a mean system mass of 1.7 This measurementM
_

.
represents important dynamical evidence that T Tauri stars
are nearÈsolar-mass stars. However, no individual stellar
masses have yet been derived from this sample.

The double-lined eclipsing binary TY CrA may thus
provide an important datum to constrain PMS evolution-
ary theory. The orbital elements of TY CrA are well deter-
mined. Primary radial velocities and single-lined orbital
solutions have been presented by et al. here-Casey (1993,
after and Corporon, & BouvierPaper I) Lagrange, (1993).
They found the orbit of the primary to be circular, with a
period of 2.88878 days. Both Casey et al. and Lagrange et
al. also noted the unusual narrowness of the primary spec-
tral lines, corresponding to a (subsynchronous) projected
rotational velocity of v sin i \ 10 km s~1. Spectral lines of
the secondary star, including Li I j6708, indicative of youth,
were identiÐed by Lagrange, & BouvierCorporon, (1994)
and et al. (1995, hereafter These lines wereCasey Paper II).
used to derive a double-lined orbital solution, thus provid-
ing the secondary-to-primary mass ratio of M2/M1\ 0.52.
The secondary of TY CrA is still early in the PMS stage

with an age of a few million years. TY CrA also(Paper II),
contains a tertiary star in a wider orbit about the close
primary-secondary pair Lagrange, &(Paper II ; Corporon,

1996), and the whole system is embedded in a brightBeust
reÑection nebula.
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Primary eclipses from the close binary were Ðrst detected
by Sahanionok, & PhilipjevKardopolov, (1981).

& Shevchenko hereafter reported aVitrichenko (1995, VS)
marginal detection (0.029^ 0.011 mag deep in V ) of the
secondary eclipse at a phase of 0.5. From the V light curve,

derived stellar radii of andVS R1 \R2\ 1.8 ^ 0.3 R
_noted long-term variations in the out-of-eclipse brightness

of the TY CrA system. They concluded that both the
primary and secondary are on the zero-age main sequence,
with the secondaryÏs large radius attributed to a dust shell.

Here we extend these previous studies with a detailed
analysis of the photometric light curve, which, when com-
bined with the spectroscopic orbital elements, allows us to
derive precise masses and radii for the primary and second-
ary stars. We then compare these and other stellar param-
eters with the predictions of recent theoretical PMS stellar
models. We Ðrst discuss the photometric data includ-(° 2.1),
ing a description of two sources of light in addition to that
from the eclipsing pair We then derive the primary(° 2.2).
starÏs e†ective temperature presents the(° 3). Section 4.1
light curves and brieÑy discusses brightness variations that
are not due to the eclipses. In we derive the ephemeris° 5,
and discuss the impact of the tertiary star on the observed
times of minima. describes our light-curve model,Section 6
the input parameters, and the resulting absolute dimensions
for the primary and secondary stars. We discuss these
results as they relate to both previous observations and
theoretical PMS evolutionary models in The reader° 7.
who is not interested in the technical details may wish to
skip directly to this section. Finally, summarizes our° 8
results.

2. PHOTOMETRY

2.1. Overview
TY CrA was observed in the uvbyb photometric system

with the Danish Stro� mgren Automatic Telescope (SAT;
& Olsen at the EuropeanNielsen, NÔrregaard, 1987)

Southern Observatory, La Silla, Chile. Observations were
made on 22 nights in 1989 (covering seven orbital cycles), 14
nights in 1992 (four cycles), 19 nights in 1993 (six cycles),
and 32 nights in 1994 (11 cycles). A total of 656, 134, 367,
and 586 uvby observations were made, respectively. Each
observation was made with a 17A diameter diaphragm and
was accompanied by a sky background measurement taken
at a Ðxed position approximately away from the star.1@.5
HD 176423 and HD 176497 were used as comparison stars
and found to be constant within the observational accuracy
throughout the observing periods. The mean errors of a
magnitude di†erence between the comparison stars are
0.009 mag in u, 0.007 mag in v and b, and 0.006 mag in y.

The stars observed and summaries of our photometry are
listed in All indexes are from the 1994 observationsTable 1.
except b, which is from the 1993 observations. The errors
listed are internal rms errors. The indexes for TY CrA are
listed both before and after correction for nebular contami-
nation of the photometry (see Further details of these° 2.2).
photometric observations are presented in et al.Vaz (1998).
The data will be available in electronic form at the CDS.

2.2. Stellar and Nebular L ight Sources
Our photometric measurements contain contributions

from at least four di†erent light sources. The light from the
two stars in the close binary is of principal interest here. The
unresolved tertiary star does not participate in the eclipses,
but contributes to the measured Ñuxes. Finally, TY CrA
and HD 176386 southwest of TY CrA) illuminate the(1@.1
reÑection nebula NGC 6726/6727, whose light is a signiÐ-
cant contributor to the photometric measurements.

To address the nebular contamination, UBV RI CCD
images square) were kindly obtained by A. Layden on(13@.5
the Cerro Tololo Inter-American Observatory 0.91 m tele-
scope in 1994 June. These images show substantial nebular
contamination within our diaphragm at TY CrA. However,
the position of our background measurementsÈ60A north
and 60A east of TY CrAÈ is fully outside the nebulosity.

In order to investigate the amount of nebular contami-
nation, we also took measurements of TY CrA with the
SAT using 13A and 7A diaphragms during Ðve nights of
exceptionally good seeing (better than 1A). These measure-
ments are presented in They are given as magni-Table 2.
tude di†erences with respect to our comparison star HD
176423, which was measured with the 17A diaphragm
throughout the observations and found to be constant.
Because the brightness of the TY CrA system is variable (see

we restricted our analysis of nebular contamination° 4.1),
to only those 17A measurements that were taken at the same
phase and overall light level as the smaller diaphragm mea-
surements. The magnitude di†erences listed for the 17A dia-
phragm in are for this restricted data set of 39Table 2
observations, rather than the full set of observations.

Note that the color indexes (rightmost three columns of
become bluer with larger diaphragms, consistentTable 2)

with continued contamination from scattered light out to at
least radius. Background contributions inside annuli8A.5
limited by the di†erent diaphragms, given as Ñuxes relative
to HD 176423, are listed in as andTable 2 B13h7 B17h13.
Since the areas of these annuli are equal, it is immediately
evident that the contribution of the nebular background is
larger closer to TY CrA.

In order to determine the nebular contribution to our
photometry, we needed to estimate the nebular contribu-

TABLE 1

OBSERVED STARS

Star R.A. (B1950.0) Decl. (B1950.0) V b [ y m1 c1 b

TY CrA:
Uncorrected . . . . . . 18 58 18.55 [36 56 51.9 9.299(7) 0.407(5) [0.004(13) 0.778(11) 2.783(1)
Corrected . . . . . . . . . 9.65 0.45 [0.01 0.79 2.78

HD 176423 . . . . . . . . . 18 58 28.48 [36 44 11.9 9.017(6) 0.210(4) 0.150(7) 0.917(11) 2.849(3)
HD 176497 . . . . . . . . . 18 58 45.38 [36 26 02.2 8.377(8) 0.093(7) 0.161(4) 0.943(2) 2.865(1)

NOTES.ÈHD 176423 and HD 176497 are photometric comparison stars. The errors listed are internal rms errors. The
indexes for TY CrA are listed both before and after correcting for nebular contamination of the photometry (see ° 2.2).
Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
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TABLE 2

NEBULAR CONTAMINATION

Parameter y b v u u [ v v[ b b[ y

Magnitude di†erences :a
7A . . . . . . . . . . . . . . . . 0.524(7) 0.744(8) 0.790(9) 0.678(19) [0.112(21) 0.046(12) 0.220(11)
13A . . . . . . . . . . . . . . . 0.375(9) 0.577(7) 0.607(9) 0.474(18) [0.133(20) 0.030(11) 0.202(11)
17A . . . . . . . . . . . . . . . 0.296(1) 0.490(2) 0.511(2) 0.376(3) [0.135(3) 0.021(2) 0.194(2)

Annular Ñuxes :b
B13h7 . . . . . . . . . . . . 0.091(7) 0.084(5) 0.089(6) 0.111(14)
B17h13 . . . . . . . . . . . 0.054(6) 0.049(4) 0.053(5) 0.061(11)

Estimated nebular Ñux within 17A radius :c
B0 . . . . . . . . . . . . . . . . 0.192(12) 0.176(8) 0.188(10) 0.230(23)
B
l
. . . . . . . . . . . . . . . . 0.214(16) 0.197(12) 0.209(14) 0.260(32)

Nebula/Total . . . . . . 0.28(2) 0.31(2) 0.33(2) 0.36(4)

a Magnitude di†erences between TY CrA (observed with the indicated diaphragm) and the comparison star HD
176423 (observed with the 17A diaphragm). For the 7A and 13A diaphragms, the measurements are the average of Ðve
observations ; for 17A there are 39 observations.

b Fluxes within 7AÈ13A and 13AÈ17A annuli, relative to HD 176423. Note areas of both annuli are the same.
is a minimum nebular Ñux, calculated assuming that the nebular light inside 7A is constant at the level.c B0 B13h7 B

lis an estimation assuming that the nebular light increases linearly from 17A to the center of the diaphragm. andB0 B
lare relative to HD 176423. The ratio Nebula/Total is the fraction of the observed light (within the 17A diaphragm) that

is from the reÑection nebula, based on the estimation. All quoted uncertainties include only internal errors.B
l

tion within the 7A diaphragm (the contributions outside 7A
were directly measured, presuming that the stellar light was
conÐned within the 7A diaphragm). First, a lower limit was
obtained by assuming that the nebular light level within 7A
remained constant at the level measured in the 7AÈ13A
annulus in This lower limit is given as(B13h7 Table 2). B0(again as a Ñux relative to the comparison star HD 176423)
in for each color.Table 2

The nebular contribution is likely greater than this lower
limit, because it is probable that the background continues
to increase in brightness closer to TY CrA. A second esti-
mate of the nebular contamination was calculated by
assuming that the nebular intensity increases linearly from
the edge of the largest diaphragm to the center of the smal-
lest one. This linear model in yields nebular(B

l
Table 2)

contamination results that are 11% (y) to 13% (u) larger
than our lower limits.

These results were conÐrmed using the CCD images. We
used IRAF to perform aperture photometry on the V image
obtained in 1994 June. The resulting relative intensities of
the annuli, and are consistent with thoseB17h13 B13h7,derived from the SAT measurements. We also attempted to
Ðt the stellar point-spread functon in order to subtract TY
CrA and obtain a direct measurement of the underlying
nebulosity. However, the large luminosity ratio between the
stellar and nebular light precluded a measurement with ade-
quate precision.

According to the linear model for the nebular contami-
nation, we Ðnd that the nebulosity contributes from 28% to
36% of the total Ñux in our measurements of TY CrA, with
greater contamination in bluer Ðlters (see TheseTable 2).
measures of the nebular contamination are somewhat
model dependent. As such, we have chosen not to correct
the light curves presented in Figures and below.1 2
However, we include in the corrected photometricTable 1
indexes for TY CrA, and we incorporate corrections for the
nebular light in our light-curve analysis.

Our corrected values of V , b [ y, and are consistentm1with the values V \ 9.73^ 0.08, b [ y \ 0.443^ 0.012,
and given by & Rydgrenm1\ 0.004^ 0.020 Marraco

who also corrected for nebular contamination. Our(1981),
values of and b are somewhat less consistent with theirc1

and b \ 2.807^ 0.010. Our values ofc1\ 0.726 ^ 0.027
both and b imply a slightly lower e†ective temperaturec1than those of & Rydgren as discussed inMarraco (1981),
the next section.

3. PRIMARY TEMPERATURE

The e†ective temperature of the primary star was cali-
brated using the standard Stro� mgren indexes. SpeciÐcally,
we calibrated the primary e†ective temperature based on
[u [ b], where

[u [ b]4 2m1] c1] A(b [ y), (1)

with

A\ 2 [ E(u [ b)
E(b [ y)

. (2)

For A, which varies depending on the region, we adopted a
value of 0.40.

By linear interpolation of [u [ b] in Table 2 of &Davis
Shobbrook we Ðnd a primary e†ective temperature(1977),
of 12,040 K. Using the calibration of Scho� n-Napiwotzki,
berner, & Wenske we Ðnd a temperature of 11,960 K.(1993),

reported A-values of 0.32, 0.40, andShobbrook (1976)
0.48 for the Upper Cen, Sco OB1, and h and s Per regions,
respectively. Variations of 0.08 in A result in temperature
ranges of about 11,800È12,300 K for the Davis & Shob-
brook calibrations and 11,750È12,460 K for Napiwotzki
et al.

For the standard indexes from & RydgrenMarraco
and A\ 0.40, we derived primary temperatures of(1981)

12,350 and 12,270 K using the Davis & Shobbrook and
Napiwotzki et al. calibrations, respectively. For A ranging
from 0.32 to 0.48, the derived primary temperature ranges
between 12,100 and 12,600 K.

These primary temperatures are all based on color
indexes that have been corrected for nebular contami-
nation. Temperatures derived with the uncorrected indexes
are about 200 K higher than those from corrected values.
The corrected indexes still include the contamination of the
secondary and tertiary stars. However, light from the
primary dominates the stellar contribution to our photom-
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etry [e.g., The e†ective tem-l1/(l2] l3) [ 10 ; Paper II].
peratures derived above should closely correspond to that
of the primary. Based on these calibrations, we estimate a
primary temperature of K.T1\ 12,000^ 500

Spectral types reported for TY CrA in the literature range
from B2 (SAO Catalog, 1966) to A5 et al.(Hillenbrand

but see Determinations based on exami-1992 ; Paper I).
nation of the primary star in some detail agree on a spectral
type of B8 with an uncertainty of one subclass (B7,

et al. B8ÈB9, B9, & RaoLagrange 1993 ; Paper I ; Herbig
The� , & Dawanas also Ðnd a spectral type1972 ; Bibo, 1992

of B8 based on broadband colors). Temperatures for
normal stars with spectral types between B9 and B7 range
between 10,350 and 12,800 K, from the calibration of

& Kuriliene lists tem-Straizys (1981). Popper (1980)
peratures of 10,350È12,940 K for spectral types of B9ÈB7.
Thus, the line spectrum of TY CrA is consistent with our
e†ective temperature inferred from its intermediate-band
colors. In addition to providing corroboration, this result
supports a photospheric origin for the peculiarly narrow
lines.

4. PHOTOMETRIC BEHAVIOR

4.1. Eclipse L ight Curve
We used the combined 1992 and 1993 data set as our

standard TY CrA light curve. Our reasons are twofold.

First, TY CrA exhibits photometric variations on both
orbital and longer timescales that are not associated with
eclipses. The 1992 and 1993 data are relatively free of such
variability while, during the 1994 observations, TY CrA was
highly variable. Second, because of photometric conditions
the precision of the 1989 data is substantially poorer, and
their inclusion would degrade the light curve.

The 1992È1993 y light curve of TY CrA is shown in
Note the deep (D0.4 mag) primary eclipse and theFigure 1.

shallow (D0.03 mag) secondary eclipse. Both eclipses are
partial. The light curve also exhibits a strong reÑection
e†ect (the increase in brightness between primary and sec-
ondary eclipse), which is typical of close binary systems.

The color index curves in u [ v, v[ b, and b [ y for TY
CrA are shown in The larger measurement errorsFigure 2.
in u and v are apparent in the scatter of the u [ v index
curve. The expected blueing in the secondary eclipse (a
result of decreasing the contribution of the red secondary
relative to the blue primary) can be seen at phase 0.5 in the
b [ y and v[ b curves. Note that the primary eclipse also
exhibits a blueing in color. During primary eclipse, the sec-
ondary star makes a relatively larger contribution to the
combined light. However, the nebular contamination dis-
cussed in also increases relative to the primary. Since° 2.2
the blue nebula contributes more light than the faint red
secondary and tertiary stars, the light curve becomes bluer
in the primary eclipse.

FIG. 1.ÈLight curve in y for TY CrA during 1992 and 1993. The phase is from the ephemeris given in The magnitude is the o†set from y measured° 5.
near quadrature. The typical error of 0.006 mag is indicated. Note the shallow secondary eclipse at phase 0.5 and the strong reÑection e†ect. The inset Ðgures
expand the regions around the primary and secondary eclipses.
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FIG. 2.ÈLight curves in u [ v, v[ b, and b [ y for TY CrA during 1992 and 1993. Symbols are as in Dotted lines are drawn at phases 0.0 (primaryFig. 1.
eclipse) and 0.5 (secondary eclipse). TY CrA becomes slightly bluer during (secondary) eclipse of the preÈmain-sequence companion. The system also becomes
slightly bluer during primary eclipse, indicative of a Ñux contribution from the reÑection nebula.

4.2. Non-Eclipse Photometric Variations
We Ðnd TY CrA to vary photometrically on timescales

from days to years. These variations are not evidently
related to eclipse phenomena, although in some cases they
are phased with the binary orbit. We characterize these
variations here in order of increasing timescale.

During 1993, we see no evidence for photometric varia-
tions unrelated to the eclipses. For example, a linear least-
squares Ðt to the region between phases 0.1 and 0.4 yields
an rms of 0.007 mag, close to the observed measurement
error of 0.005 mag derived from the comparison-star
observations. Similarly, the scatter of the 1993 data about
our light-curve solution is only 0.007 mag.(° 6)

On the other hand, the observations in 1994 exhibit sub-
stantial photometric variations et al. These(Vaz 1998).
variations can be seen in where we plot the ÐrstFigure 3,
and second quadratures of the y light curves from each year
of observation. Comparison of the 1993 and 1994 data
clearly reveals the increase in photometric variability in
1994. Occasionally, the timescale of the variability is less
than 1 day. A linkage between this variability and orbital
phase is not obvious.

Data from 1992 and 1993 reveal a photometric variation
that is linked to orbital phase. In particular, near phase 0.7
the 1992 observations lie about 0.015 mag fainter than the
1993 observations (see Lower precision data showFig. 1).

this feature to extend to phase 0.55 during one cycle. This
feature was repeated on three nights of observing during
three sequential orbital cycles. Invoking a systemic shift of
0.015 mag at all phases in order to explain the observations
near phase 0.7 is inconsistent with observations at primary
eclipse and at phase 0.4, where the 1992 and 1993 photom-
etry agree well. Indeed, observations of a 1992 primary
eclipse showing no shift in brightness were obtained
between two sets of observations near phase 0.7 that
showed the decreased brightness. This decrease is not
evident in the 1989, 1993, or 1994 data, although none of
these years provided numerous precise, stable photometric
measurements at second quadrature.

Finally, the observations show systemic variability over
timescales of years. For example, the 1989 observations
show TY CrA to be consistently 0.10 mag fainter than in
1993 Similarly, our 1994 observations are on(Fig. 3).
average about 0.03 mag fainter than those of 1993. The
same comparison stars were used in all sets of observations,
and the magnitude di†erence between them remained con-
stant and at the same level throughout.

also reported large (D0.3 mag) variations in theVS
out-of-eclipse brightness of TY CrA over a period of about
5000 days. Measurements in the literature (e.g., et al.Herbst

similarly suggest substantial variation. However,1994)
analyses of long-term changes using literature data are
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FIG. 3.ÈThe y light curves of TY CrA at Ðrst (top) and second (bottom) quadratures in four di†erent years. Magnitudes are plotted with respect to
quadrature in the 1993 data. Note the large brightness variations, both between seasons and within the 1994 season.

complicated by di†ering nebular contamination due to
varying diaphragm size.

The non-eclipse photometric variability is much less
evident in the color index curves. In we plot theFigure 4,
color index b [ y as a function of orbital phase at the Ðrst
and second quadratures for each year of observation. Both
long- and short-term variations, including the feature at
phase 0.7 seen in the 1992 data, are nearly gray.

The cause of these noneclipse variations in the TY CrA
light curve remains to be found. et al. Ðnd in theVaz (1998)
1994 data evidence for reddening with a large value of total
to selective extinction. They thus suggest that the light
variations are due to variable dust obscuration, plausibly
linked to the circumbinary material inferred from mid- and
far-infrared excesses et al. An external(Paper I ; Bibo 1992).
origin of at least some of the variations is also consistent
with our observation that the depth of the primary eclipse
was unchanged from 1989 to 1994.

4.3. Primary Minimum Asymmetry
The primary minimum has a small asymmetry, with its

descending branch being systematically brighter and bluer
than the ascending branch. The feature was Ðrst seen in the
residuals around our light-curve model, which was forced to
produce symmetric eclipses, but is hardly discernable in

It can also be seen in a plot of u [ b color versusFigure 1.

phase folded about phase 0.0 The asymmetry(Casey 1996).
is also present in our 1989 and 1994 data, and so apparently
has been stable for at least 5 years.

5. EPHEMERIS

5.1. Computation of Ephemeris
Using data from all 4 years, we have measured 11 times of

eclipse minima (seven primary and four secondary). Mea-
surements of the times of primary minimum were made by
applying the method of & van Woerden to allKwee (1956)
four colors, conÐrming the results with second-order poly-
nomial Ðts. The mean of the four measures was adopted,
with an uncertainty derived from their rms dispersion. Our
results are given in Table 3.

Because of the shallowness of the secondary eclipse, this
approach succeeded in all four colors only for the 1994
secondary eclipse. For the 1992 secondary eclipse, only the
y curve produced a successful measurement, and for the
second secondary eclipse observed in 1993, only the b and y
light curves could be used. Finally, for the Ðrst secondary
eclipse of 1993 both methods failed in all four colors. For
this eclipse, the time of minimum and its uncertainty were
estimated graphically. Uncertainties were computed from
the interagreement of measurements from di†erent colors
when available, and otherwise from the internal errors.

We use only the primary minima to obtain a measure of
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FIG. 4.ÈThe b [ y light curves of TY CrA at Ðrst (top) and second (bottom) quadrature in four di†erent years. The long-term time variability evident in
each color is not present in the color indexes.(Fig. 3)

the orbital period. The & Kinman period-LaÑer (1965)
search method yields a period of P\ 2.888779^ 0.000013
days. Alternatively, we Ðnd by linear least squares
P\ 2.88878^ 0.00004 days. Both determinations are in
good agreement with the photometric determinations of

et al. who quote P\ 2.888777 daysKardopolov (1981),
(without an error estimate), and who reportVS,
P\ 2.888779^ 0.000001 days. These periods also agree
well with the period determined spectroscopically in Paper

P\ 2.888776^ 0.000006 days.II,

TABLE 3

TIMES OF ECLIPSE MINIMA

HJD Eclipse O[C
Season (2,440,000]) Type (days) Cycle Phase

1989 . . . . . . 7,694.7971(9) Primary 0.0029 [638 0.9989(29)
7,700.5740(5) Primary 0.0036 [636 0.9986(29)
7,710.68(8)a Secondary [0.0087 [632 0.4970(278)

1992 . . . . . . 8,783.8703(13) Primary [0.0006 [261 0.0001(13)
1993 . . . . . . 9,153.6302(4) Primary 0.0032 [133 0.9988(7)

9,160.85(2)b Secondary [0.0057 [130 0.4980(70)
9,163.74(1)c Secondary [0.0045 [129 0.4984(35)

1994 . . . . . . 9,514.7310(3) Primary [0.0002 [8.0 0.9999(3)
9,527.738(5) Secondary [0.0080 [3.5 0.5027(18)
9,537.8412(8) Primary [0.0002 0.0 0.9999(4)
9,543.6193(3) Primary [0.0007 2.0 0.0012(3)

NOTE.ÈO[C values, cycle numbers, and phases are with respect to the ephemeris
for primary minimum HJD 2,449,537.8414] 2.888779E (see ° 5).

a Only the y light curve could be used.
b Both the second-degree polynomial and & van Woerden methodsKwee 1956

failed. The time of minimum was estimated graphically.
c Only the b and y curves could be used.
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We adopt the ephemeris

Min I : HJD 2,449,537.8414(8)] 2.888779(13)E ,

where E is the epoch number. In we use this ephem-Table 3,
eris to calculate the O[C values listed and the phases of the
observed times of secondary minima. All phases for the
secondary eclipse are very close to 0.5, consistent with a
circular orbit (Paper II).

5.2. InÑuence of the Tertiary Star
The O[C values in exhibit deviations signiÐ-Table 3

cantly larger than the expected errors. These deviations are
shown in where we plot O[C versus Julian DateFigure 5,
for the times of minimum. The implication is that the appar-
ent period of the TY CrA binary has varied over the last 5
years. Some variation is expected, given the presence of the
tertiary star. As the tertiary and primary-secondary pair
orbit each other, the light-travel time from the binary
changes, causing shifts in observed times of minimum. We
suggest that the observed deviations in the O[C values are
due to this light-time e†ect.

These phase shifts complicate our combination of the
1992 and 1993 light curves. et al. haveCorporon (1996)
presented Ðve di†erent spectroscopic orbital solutions,
which have periods ranging from 126 to 270 days. However,
given the uncertainty of these solutions, and their inconsis-
tency with our measured times of minima (see below), it
seems premature to use them to correct for the inÑuence of
the tertiary. Instead, we adopt the period determined in the
previous section for each of 1992 and 1993. Orbital phases
are calculated for each seasonÏs data independently relative
to the respective times of minima, after which the two
seasonsÏ data are combined. This procedure e†ectively cor-
rects for the small phase shift (0.0013) between the two
seasons.

While our data are insufficient to calculate orbital ele-
ments for the tertiary star, they do provide several signiÐ-
cant limits. SpeciÐcally, a minimum period for the tertiary

FIG. 5.ÈO[C for times of primary minimum vs. date. Note the varia-
tions in observed times of minimum, likely caused by the orbit of the
primary-secondary pair around the tertiary star.

orbit may be calculated as a function of tertiary mass. We
assume that the orbit of the tertiary-binary pair is coplanar
with the primary-secondary orbit (thereby having an incli-
nation angle of B90¡) and that the major axis of the tertiary
orbit is along the line of sight. We also assume that the
observed peak-to-peak O[C deviation corresponds to the
light-travel time across the major axis of the binaryÏs orbit
around the tertiary. With these assumptions, the minimum
period of the tertiary-binary pair may be calculated as a
function of tertiary mass. Changes in the tertiary orbitÏs
orientation, or a major axis larger than indicated by the
shifts in eclipse times, will produce longer periods for the
tertiary-binary orbit.

The peak-to-peak deviation in times of primary minima
that we observe is 0.004 days. Taking this value, the
minimum period of the tertiary-binary orbit as a function of
tertiary mass is shown by the solid curve in Figure 6.

In addition, the deviations in primary O[C change sign
twice between 1992 and 1994 and Thus,(Table 3 Fig. 5).
tertiary-binary orbits much longer than about 2 yr are
excluded by our data. Combining these two constraints
results in a lower limit on the tertiary mass of about 0.6

Alternatively, in we estimated a tertiary massM
_

. Paper II
of 2.4 ^ 0.5 This estimate, about twice the value foundM

_
.

by et al. is independent of any assumptions onBeust (1997),
the period of the outer orbit or the inclination between the
two orbital planes. Such a tertiary mass corresponds to a
lower limit on the period of the tertiary orbit of about 140
days.

et al. gave Ðve di†erent orbital solutionsCorporon (1996)
for the tertiary star based on radial velocity measurements.
These solutions have periods between 126 and 270 days,
seemingly consistent with the above limits. However, all the
solutions have inclinations of about 20¡Èapproaching per-

FIG. 6.ÈMinimum period of the tertiary-binary orbit as a function of
tertiary mass, presuming a light-travel time across the major axis of 0.004
days. The solid curve represents the minimum period assuming the tertiary
orbit is edge-on. The dashed curve corresponds to a tertiary orbit with an
inclination of 20¡, approaching perpendicular to the orbit of the binary.
Squares represent the orbital solutions from Lagrange, & BeustCorporon,

all of which have inclinations near 20¡.(1996),
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pendicular to the orbital plane of the binary. Such a low
inclination signiÐcantly raises the minimum period as a
function of tertiary mass derived from our observed O[C
deviations, as shown by the dashed curve in AlsoFigure 6.
shown in Figure 6 (squares) are the tertiary masses and
periods derived from the Ðve suggested orbital solutions.
These are not consistent with the lower limits on the orbital
period derived from our O[C deviations assuming i\ 20¡.
Similarly, our light-travel time data provide a direct
measure of the minimum value of a sin i for the orbit of the
center of gravity of the inner binary around that of the
entire system. We Ðnd a sin i º 5.0] 107 km, or
a sin i º 0.34 AU, while the tertiary orbits proposed by

et al. all imply a sin i ¹ 0.17 AU for theCorporon (1996)
inner binary. Indeed, the magnitude and even sign of the
eclipse time variations are incompatible with the positions
of the inner binary as computed from these orbits.

In summary, our observations of the light-travel time
e†ects of the orbit of the eclipsing pair are in disagreement
with the set of candidate orbits proposed by et al.Corporon

We note that this discrepancy is of major importance(1996).
for our understanding of the dynamics of the system, includ-
ing the striking nonsynchronism of the primary star, since a
highly inclined tertiary orbit forms the basis for the dynami-
cal history of TY CrA developed by et al.Beust (1997).
Additional measurements of the radial velocity of the third
star and/or times of minimum of the eclipsing binary will be
needed to determine well the period and dimensions of the
outer orbit in the system.

6. LIGHT-CURVE ANALYSIS

6.1. L ight-Curve Model and Stellar Input Parameters
We have restricted our modeling of the 1992È1993 light

curve to the y-band data because (1) the secondary
minimum is by far the best deÐned here, (2) our spectro-
scopic constraints on the luminosities of the secondary and
tertiary stars are closest to the y band in wavelength, and (3)
contamination by the blue nebular light is minimum. We
have also excluded phases 0.55È0.80 from the 1992 data,
which show nonÈeclipse-related light variations.

We have used a modiÐed version of the Wilson-Devinney
(WD) light-curve synthesis program & Devinney(Wilson

Wilson to model the light curve of TY1971 ; 1993a, 1993b)
CrA. Several physical and practical modiÐcations and
improvements have been made to the 1993 version of the
code ; we refer the reader to the paper by Andersen, &Vaz,
Rabello Soares for a detailed description and only(1995)
mention those particularly relevant to the present analysis
in what follows. In addition, the WD program requires
several physical parameters other than the photometric ele-
ments to be determined in the analysis ; the more important
of these are also brieÑy discussed.

The spectroscopic analysis of provides severalPaper II
physical constraints. The mass ratio is q \ M2/M1\ 0.521
^ 0.005. The projected rotational velocity of the primary
star is km s~1 et al.v1 sin i¹ 10 (Paper I ; Lagrange 1993) ;
in our models, we Ðxed at 10 km s~1. The rotationalv1velocity of the secondary km s~1 ;(v2 sin i \ 32 ^ 3 Paper

is consistent with synchronous rotation, as expectedII)
theoretically, and synchronous rotation was assumed in all
models.

The limb darkening of both stars was described using the
linear square root parameterization given by HammeVan

The limb-darkening coefficients were calculated by(1993).
bilinear interpolations using the current values of log g
and Teff.The gravity-brightening exponent was Ðxed at 1.0 for the
primary star, as appropriate for stars with radiative
envelopes Zeipel Lower values are expected for(von 1924).
stars with convective atmospheres such as the(Lucy 1967),
secondary component of TY CrA, and we have used the
recent formulation & Vaz based on detailed(Alencar 1997)
model atmosphere calculations & Vaz and(Nordlund 1990
references therein). We note that the resultant b-value for
the secondary is D28% larger than LucyÏs value.

The radiated Ñux of both stars is described by atmo-
sphere model tables, updated relative to the original ver-
sions of the WD code. For the primary star we used those
by while tables based on the newer calcu-Kurucz (1979),
lations of & Kurucz were used for the coolerBuser (1992)
secondary.

The bolometric albedo for the primary was Ðxed at 1.0
(100% of the incident Ñux reradiated locally), as appropriate
for radiative envelopes The bolometric(Eddington 1926).
albedo for the convective secondary was left free to be
adjusted in the solutions, starting from the value 0.5. Single
reÑection was considered in all of our solutions.

The light curve of TY CrA is a†ected by appreciable
additional light from the tertiary star and the reÑection
nebula (““ third light ÏÏ). The original WD model param-
eterizes third light as a constant amount added to the total
absolute Ñux from the eclipsing system. However, the total
absolute Ñux from the eclipsing components changes from
solution to solution as a result of changes in their sizes and
relative temperatures, requiring adjustment of the absolute
amount of third light for a Ðxed relative contribution. As
our physical information constrains the amount of extra
light relative to the eclipsing pair at a certain phase, we
introduced the same parameter as deÐned in the WINKL 3model (Wood Vaz which in the1971, 1972 ; 1984, 1986),
present case is equivalent to

L 3\ (l3/L 2)[l2/(l1] l2)]Õ] B
l
100.4Q

1 [ B
l
100.4Q , (3)

where and are the stellar contributions, is thel1, l2, l3 B
llight from the nebula, / is a normalization phase, and Q is

the magnitude at phase /, taken from our photometry. The
ratio is constrained from spectroscopy to bel3/l2 (Paper II)
in the range 0.5È3.9 at 6400 (the region nearest y at whichÓ
lines from both stars were observed) ; as it was also esti-
mated that we adopt a value TheM3[ M2, l3/l2\ 2.0.
nebular contribution in the standard diaphragm used for
the light-curve data is estimated from our photometry to be

and adopting the linear model forB
l
(y) \ 0.2 (Table 2 ° 2.1),

the nebular light. Finally, the primary and secondary lumi-
nosities and were taken from the most recent iteration(l1 l2)of the solution.

6.2. Solution Grid
Our initial solution procedure involved di†erential least-

squares corrections to seven parameters : inclination, sec-
ondary and primary temperatures, primary luminosity,
secondary albedo, and both stellar surface gravitational
pseudopotentials (e†ectively, stellar radii). In addition, the
limb-darkening coefficients, normalization magnitude,
third-light parameter (as a†ected by changing the lumi-
nosity ratio gravities, and primary were alll1/l2), vrot/vsynch
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changed between successive runs of the WD program to
always correspond to the solution of the previous iteration.

We achieved converged solutions for these free param-
eters, but we found that the solutions depended on their
starting values. Investigation showed that the s2 surface
does not have a single, well-deÐned minimum, and conse-
quently we were required to map the surface. To achieve
this, we computed light-curve solutions for a three-
dimensional grid in primary temperature, secondary tem-
perature, and secondary gravitational potential. The last
e†ectively Ðxes the radius and luminosity of the secondary
since, at the high inclination angle of TY CrA, the stellar
masses change little between solutions. Given our derived
primary temperature of 12,000 ^ 500 K we chose(° 3),
initial grid points in primary temperature of 11,500,T112,000, and 12,500 K. Grid points for the secondary were
spaced by 215 K in e†ective temperature and roughly 0.07
in log luminosity. The range of secondary grid points was
extended until the light-curve solutions Ðtted poorly or the
primary-to-secondary luminosity ratio deviated greatly
from the spectroscopic constraint. The locations of the sec-
ondary grid points in log space are shown inL Èlog TeffFigure 7.

For each point in the grid, we considered the solution to
have converged when the corrections for each of the free
parameters in the least-squares solution were both at least 3
times smaller than the corresponding errors and oscillating
in subsequent iterations. The free parameters converged to

values at well-deÐned minima. We examined each solution
and found that rms deviations of greater than 0.0073 mag
corresponded to clearly unacceptable systematic deviations
between the theoretical and observed light curves. We thus
conservatively adopt this criterion to restrict the domain of
parameter space in which the TY CrA stars lie.

In we show contour plots of the rms statistic inFigure 7,
the log plane of the secondary star. Each panelL Èlog Teffcorresponds to one of the adopted primary temperatures.
The contours corresponding to the 0.0073 mag rms value
are shown in bold. The goodness-of-Ðt surface is a valley in
the secondary plane whose bottom runslog L Èlog Teffapproximately along an isoradius : for a given thereT1,exists a family of secondary solutions along a line of
approximately constant secondary radius. The permitted
regions for the secondary are similar for all primary tem-
peratures.

Evidently, the light curve alone permits large ranges in
e†ective temperature, luminosity, and radius for the
primary and secondary stars of TY CrA. However, external
observations further constrain these parameters. The con-
straint on the primary temperature from our Stro� mgren
photometry has already been applied by our choice of
primary temperatures for the grid. The other signiÐcant
constraint is the primary-to-secondary bolometric lumi-
nosity ratio as a function of secondary temperature, which
was determined spectroscopically in As describedPaper II.
there, the derived primary-to-secondary bolometric lumi-

FIG. 7.ÈGoodness-of-Ðt surfaces in the plane of the secondary star. The contours map the rms about light-curve models for three primary e†ectiveL -Tefftemperatures, Contours are drawn at rms values of 0.00730, 0.00745, 0.00760, and 0.00775 mag. The bold contours at 0.00730 mag correspond to theT1.maximum acceptable rms (see Note that acceptable solutions are distributed along a valley in the plane. Dotted lines are drawn for constant° 6.2). L -Teffprimary-to-secondary luminosity ratios between 10 and 50, in increments of 10. The dashed lines correspond to the primary-to-secondary luminosity ratio
limits from The shaded regions delimit solutions that are allowed by both the rms and luminosity ratio constraints. The bottom right panel showsPaper II.
the location of the model grid points used to generate the contours.



No. 4, 1998 TY CrA 1627

FIG. 8.ÈLocation of TY CrA primary and secondary stars in the theoretical H-R diagram. The hatched regions designate high-conÐdence domains for
the primary and secondary stars based on light-curve analyses Dotted lines are drawn at constant radii. Solid and dashed curves correspond to(° 6.2).
preÈmain-sequence tracks of et al. calculated for the masses of the primary and secondary of TY CrA. Tracks for solar (solid curve) andSwenson (1994),
Hyades (dashed curve) compositions are shown. Squares and triangles mark isochrone points at ages of 3 and 10 Myr, respectively.

nosity ratio depends on the tertiary temperature. In each
panel of we show two dashed lines representingFigure 7,
the secondary luminosity as a function of secondary tem-
perature for tertiary spectral types F5 and K5. The second-
ary luminosity is constrained to lie between these lines.

For each primary temperature, we have shaded those
regions in within which fall light-curve solutionsFigure 7
that both Ðt the observed light curve and satisfy the bolo-
metric luminosity ratio The union of theseconstraint.2
shaded regions deÐnes the permitted domain of the second-
ary star in the diagram. This domain islog L Èlog Teffshown as a hatched ellipse in Figure 8.

An essentially identical procedure was followed to deÐne
the domain of the primary star, with contour plots being
created for each of the six adopted secondary temperatures

For most secondary temperatures, the(Casey 1996).
goodness-of-Ðt surface is again a valley along lines of
approximately constant primary radius. The addition of the
bolometric luminosity constraints again delimits more
restricted regions for the primary star, and the union of

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 The fragmented structure of the 0.0073 mag contour along the

goodness-of-Ðt valley in is an artifact of the contouring routine andFig. 7
the limited number of grid points. Thus, we have smoothed over the circu-
lar features in deÐning the valley of acceptable solutions.

these regions results in the trapezoidal region for the
primary star shown in Figure 8.

We stress that with the data in hand we cannot select a
single most probable solution for the primary and second-
ary of TY CrA. Numerous primary-secondary pairs along
the center line of the secondary goodness-of-Ðt valley
provide equally good Ðts to the light curve and satisfy the
external constraints. Thus, the marked regions in Figures 7
and should be taken as high conÐdence level boundaries8
for the primary and secondary stars rather than as normally
distributed uncertainty domains about a particular solu-
tion. Furthermore, the derived physical parameters of the
two stars are strongly correlated. should be used toFigure 7
derive the physical parameters of the secondary star for a
given primary e†ective temperature.

The derived photometric elements are presented in Table
The radii are given relative to the orbital semimajor axis.4.

The luminosity ratio is given only for the y band. Most of
the values listed are the median values for the permitted
ranges of each parameter, with the uncertainties showing
the full range. The exceptions are the period and phase zero
point (Min I), for which the uncertainties are standard devi-
ations and the orbital eccentricity, which is adopted(° 5.1),
to be zero based on the spectroscopic orbital solutions.

Finally, we have checked that these solutions are consis-
tent with the uvb data. The tertiary third-light contributions
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TABLE 4

PHOTOMETRIC ELEMENTS

Parameter Median and Range

Period (days) . . . . . . . . . 2.888779^ 0.000013
Min I (JD) . . . . . . . . . . . . 2,449,537.8414 ^ 0.0008
Eccentricity . . . . . . . . . . . 0a
Inclination (deg) . . . . . . 83 ^ 1
rpri . . . . . . . . . . . . . . . . . . . . . 0.125^ 0.007
rsec . . . . . . . . . . . . . . . . . . . . . 0.145^ 0.010
rpri ] rsec . . . . . . . . . . . . . . 0.272^ 0.004
rpri/rsec . . . . . . . . . . . . . . . . . 0.86^ 0.15
lsec/lpri (y band) . . . . . . . 0.085^ 0.055

a Adopted.

in these bandpasses are not known, and the assumption
that the luminosity ratio is the same as that derived atl3/l26400 becomes increasingly poor toward the blue. Hence,Ó
for each of these bandpasses, the physical parameters (radii,
temperatures, inclination) from the y solution were adopted
and initially held Ðxed. The third-light parameter wasL 3then freed and a light-curve solution derived. The values
found for were 0.59, 0.57, 0.54, and 0.50 for u, v, b, and y,L 3respectively, showing the increasing inÑuence of the nebular
contribution for shorter wavelengths (see TheseTable 2).
third-light parameters were then adopted and held Ðxed
while the stellar parameters were freed and new light-curve
solutions run. The derived stellar parameters were then
compared with those obtained from the y solution. For
each bandpass the derived stellar parameters were consis-
tent with those derived from the y-band data.

6.3. Absolute Dimensions
The physical parameters for the primary and secondary

stars of TY CrA are given in Again, the valuesTable 5.
listed are the median values for the permitted ranges of each
parameter, and the uncertainties deÐning the full range
should be taken as high conÐdence level limits.

With the determination of the inclination angle, the
binary orbit is fully speciÐed. The stellar masses are
3.16^ 0.02 and 1.64^ 0.01 The radii of both stars areM

_
.

similar : andR1\ 1.8^ 0.10 R
_

R2\ 2.08^ 0.14 R
_

.
Both Ðt comfortably within their Roche radii. The second-
ary has a temperature of B4900 K, making it a late G to

TABLE 5

PHYSICAL PARAMETERS

Parameter Primary Secondary

Stars :
Mass (M

_
) . . . . . . . . . . . . 3.16^ 0.02 1.64 ^ 0.01

Radius (R
_
) . . . . . . . . . . . 1.80^ 0.10 2.08 ^ 0.14

log g (cgs) . . . . . . . . . . . . . 4.43^ 0.06 4.02 ^ 0.05
Temperature (K) . . . . . . 12000 ^ 500 4900 ^ 400
Luminosity (L

_
) . . . . . . 67 ^ 12 2.4 ^ 0.8

vsynch (km s~1) . . . . . . . . 30^ 5 36 ^ 7
Binary :

K (km s~1)a . . . . . . . . . . . 85.2^ 0.4 164.6 ^ 1.6
a (AU) . . . . . . . . . . . . . . . . . 0.0665^ 0.0004
a (R

_
) . . . . . . . . . . . . . . . . . . 14.29^ 0.09

d (pc) . . . . . . . . . . . . . . . . . . . 129 ^ 11

NOTES.ÈThe light-curve analysis does not favor a single
set of stellar parameters. The values given here delimit high
conÐdence level ranges on the parameters and the median
value of this range. Some parameters are strongly correlated
within the ranges. (See ° 6.)

a Paper II.

early K spectral type. These physical parameters place
the primary star of TY CrA near the zero-age main
sequence, and the PMS secondary near the base of its
Hayashi track, as can be seen by comparison with the evo-
lutionary tracks from et al. F. J. SwensonSwenson (1994 ;
1995, private communication) shown in A detailedFigure 8.
comparison of the TY CrA stars with theoretical tracks is
taken up in ° 7.

Interestingly, the convective atmosphere predicted for the
secondary is supported by the fact that the bolometric
albedo for the secondary always converged to values close
to the theoretically expected value for stars with convective
atmospheres & Nordlund & Vaz(Vaz 1985 ; Nordlund

The mean bolometric albedo for the accepted solu-1990).
tions was 0.66 ^ 0.08.

Finally, if we adopt an extinction of magA
V

\ 3.1
& Wallerstein then the derived distance is(Cardelli 1989),

129 ^ 11 pc. This is equal to the distance of 129 pc derived
by & Rydgren for the R CrA dark cloudMarraco (1981)
from spectroscopic parallaxes of three stars but is smaller
than the distance of 242 pc they derive for TY CrA speciÐ-
cally, and which they consider to be suspect.

7. DISCUSSION

7.1. Comparison with Previous Observations
et al. and derive bolometric lumi-Bibo (1992) Paper I

nosities for TY CrA via spectroscopic parallaxes. These
results (plotted in Fig. 7 of show TY CrA lyingPaper II)
above the zero-age main sequence (ZAMS) and above the
region shown for the primary in However, theseFigure 8.
studies are based on photometric data that are not cor-
rected for nebular light contributions. For example, the V
observations in et al. used by Bibo et al.Kilkenny (1985)
were obtained within diaphragm diameters of 21AÈ25A (D.
Kilkenny 1995, private communication). As discussed in

we Ðnd that for a 17A diaphragm the nebula contrib-° 2.2,
utes about 30% of the observed light at V . Analysis of our
CCD images indicates that with a 25A diaphragm the
nebula would contribute about 40% of the light at V . If we
decrease the et al. luminosity determinations byBibo (1992)
40%, the (combined light) luminosity (49È59 agreesL

_
)

better with the values derived here. The measurements
plotted in should likewise be lowered by aboutPaper II
40%.

7.2. Comparison with T heoretical Models
We have chosen to compare our results with three sets of

theoretical PMS evolutionary models, speciÐcally, Swenson
et al. and & Mazzitelli(1994), Claret (1995), DÏAntona

The Ðrst two were chosen because we have models(1994).
for several di†erent chemical compositions, as well as tracks
calculated for the speciÐc masses of the primary and sec-
ondary stars. The DÏAntona & Mazzitelli tracks are often
used in studies of T Tauri stars. Here we test them against
the PMS secondary star, exploring the e†ects of di†erent
opacity and convection theories.

Our analysis with the models of Swenson et al. is
organized according to the precision with which we know
the physical properties of the TY CrA stars. The stellar
masses are precisely known (\1%) as a result of the high-
quality radial velocity curves of Papers and and theI II
weak dependence of mass on inclination angle at high incli-
nations. The stellar radii are also reasonably well deter-
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mined (5%), as they are derived primarily from the duration
of the eclipses. The temperatures of the primary and second-
ary are least well determined (5%È10%).

7.2.1. Swenson et al. (1994)

F. J. Swenson has kindly computed PMS evolutionary
models for the speciÐc masses of the TY CrA starsÈ
3.16 and 1.64 As the chemical composition of theM

_
M

_
.

TY CrA system is unknown, models were computed with
both solar (X \ 0.7098, Y \ 0.2729, Z\ 0.0173) and
Hyades (X \ 0.7160, Y \ 0.2590, Z\ 0.0250) composi-
tions. The code used is described in et al.Swenson (1994),
with some subsequent updates.

In we compare observation and theory in theFigure 9,
log g versus log plane. Since the masses are well(M/M

_
)

determined, comparison in log g is essentially a test of
stellar radius. The Ðlled squares and error bars represent the
parameters derived for the primary and secondary of TY
CrA The open squares represent predictions of the(° 6.3).
theoretical models of et al. at various ages ;Swenson (1994)
primary and secondary points of the same age are con-
nected by lines. The solar and Hyades compositions are
shown in the left and right panels, respectively. At an age of
3 Myr, the higher mass primary has reached the ZAMS.
After 30 Myr, the secondary has still not quite reached the
ZAMS, while the primary has already left the ZAMS and is
again increasing in size (decreasing in log g).

The observational parameters for the primary star are
consistent with theoretical ZAMS models of solar composi-
tion. The range in log g permitted for the primary star
includes slightly preÈmain-sequence models, with ages
somewhat younger than 3 Myr, to slightly postÈmain-
sequence models, with ages as large as 30 Myr. For the
higher metallicity Hyades models the ZAMS radius is larger
and, consequently, falls at lower log g than the primary star.

FIG. 9.ÈComparison of theoretical models et al. with(Swenson 1994)
the primary and secondary stars of TY CrA in the log gÈlog M plane.
Filled squares with error bars mark the allowed regions for the primary
and secondary stars. Open squares represent models at the indicated evo-
lutionary times. The left panel is for models calculated with solar composi-
tion. The Hyades composition was used for models in the right panel.

A ZAMS model of Hyades composition is at best margin-
ally consistent with the largest permitted radius for the
primary star. The age of such a ZAMS model is roughly 10
Myr.

The secondary star is consistent with models of both
solar and Hyades composition with ages of 3È10 Myr. For
both compositions, log g of the secondary is far lower than
that of the ZAMS models, clear evidence that the secondary
star is still contracting toward the ZAMS. For solar-
composition models the primary star is also consistent with
the theoretical models throughout this age range.

Having found models that match the observed masses
and radii of coeval primary and secondary stars, we now
compare the observed and theoretical e†ective tem-
peratures. In we plot log g versus log TheFigure 10 Teff.solid and dashed curves are the theoretical evolutionary
tracks for solar and Hyades compositions, respectively,
again calculated for the masses of the TY CrA stars. The
Ðlled squares and error bars show the ranges of acceptable
log g and for the primary and secondary stars (seelog Teffand The open squares and triangles indicate° 6.3 Table 5).
locations at model ages of 3 and 10 Myr, respectively.

While the log g derived for the primary star is consistent
with ZAMS models of solar composition, the observed
e†ective temperature of the primary (12,000 ^ 500 K; is° 3)
cooler than the ZAMS temperature by 1100 K. The e†ective
temperatures of the Hyades-composition tracks near the
ZAMS are marginally consistent with the observed primary
e†ective temperature.

The e†ective temperature of the secondary is consistent
with both tracks. The higher temperatures of the solar-
composition tracks are only consistent with light-curve
solutions that have a high-temperature primary (e.g., 12,500
K; Both the gravity and e†ective temperature of theFig. 7).
secondary are best matched with theoretical models of

FIG. 10.ÈComparison of theoretical models et al. and(Swenson 1994)
the primary and secondary of TY CrA in the plane. Solidlog gÈlog Teffand dashed curves correspond to evolutionary tracks with solar and
Hyades compositions, respectively. Filled squares with error bars mark the
allowed regions for the primary and secondary stars. Open squares and
triangles mark model points at ages of 3 and 10 Myr, respectively.
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either composition having ages of order 3 Myr. Further-
more, the morphology of the tracks requires that the age
not be substantially older than this. While the derived log g
for the secondary is consistent with ages between 3 and 10
Myr (because of the turnaround in radius at the base of the
Hayashi track), models with ages of 10 Myr already have
e†ective temperatures signiÐcantly larger than observed for
the secondary star. Thus, the addition of the temperature
constraint has reduced the ambiguity in the age of the
system that remained after the log g analysis.

However, for the Hyades-composition models the tight
constraint on the secondary age produces a signiÐcant
inconsistency in the primary radius. Assuming that the two
stars are coeval, the theory predicts that a Hyades-
composition primary would still be contracting to the main
sequence with log g about 0.2 lower than on the ZAMS and
even more deviant from the observed value. The solar-
composition models do not have this difficulty ; by an age of
3 Myr the theory predicts that the primary will have
reached the main sequence and have a radius consistent
with the observed primary radius. However, as noted, the
solar-composition models predict a primary temperature
signiÐcantly higher than observed.

Finally, in we show the locations of the primaryFigure 8
and secondary stars of TY CrA and the Swenson evolution-
ary tracks in the theoretical H-R diagram. Again, the solid
and dashed curves are for solar and Hyades compositions,
respectively, and the squares and triangles indicate loca-

tions at model ages of 3 and 10 Myr, respectively. The
dotted lines are drawn at constant values of radius.

The permitted region for the secondary star agrees well
with models of either solar or Hyades compositions at an
age of about 3 Myr. At this age, the secondary is still preÈ
main sequence and at the base of the Hayashi track.
However, the permitted region for the primary star does not
match either of the theoretical tracks. While the primary
radius is consistent with that of a solar-composition ZAMS
star, the e†ective temperature is signiÐcantly cooler than
predicted by that track. The ZAMS position of a track with
Hyades composition better matches the e†ective tem-
perature of the primary star, but has a radius that is margin-
ally too large. More problematic for the Hyades tracks, a
primary that is coeval with the secondary has a radius that
is much larger than that derived for the primary star. Thus,
while the secondary star is consistent with the Swenson
theoretical models, the primary star is not.

7.2.2. Claret (1995)

From A. Claret 1995, private com-Claret (1995 ;
munication) we have theoretical PMS evolutionary
tracks, again calculated for the masses of TY CrA but pro-
viding a larger range in helium and metal abundance. In

we plot log g versus log symbols are asFigure 11, (M/M
_
) ;

in The trend of lower ZAMS log g with decreasingFigure 9.
metallicity is repeated here. However, when compared with
the Claret tracks the primary is not consistent with solar

FIG. 11.ÈSame as but showing theoretical models of for three di†erent compositionsFig. 8, Claret (1995)
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FIG. 12.ÈComparison of theoretical models with the(Claret 1995)
primary and secondary stars of TY CrA in the log gÈlog plane. TheTeffsolid, dashed, and dotted tracks represent compositions with Z\ 0.01,
0.02, and 0.03, respectively. Filled squares with error bars designate the
acceptable regions for the primary and secondary stars. The Ðlled triangles
are drawn at ZAMS positions for the primary star for models with
Z\ 0.01 and Y \ 0.19, 0.26, and 0.36, with higher He abundances corre-
sponding to lower temperatures.

(Z\ 0.02) composition ZAMS models, in the sense that the
observed radius is smaller than the theoretical radius. The
primary star only agrees with lower metallicity (Z\ 0.01)
ZAMS models, and even then the agreement is marginal.

The secondary star is again consistent with all composi-
tions. At the lower metallicity, where theoretical models can
match both the primary and secondary stars, the only
coeval solution is at an age of 3 Myr. At solar and higher
metallicities an age of order 10 Myr is required for the
secondary, although no solutions exist for both the primary
and secondary stars.

To incorporate e†ective temperatures into the analysis,
we plot log g versus in The solid, dashed,log Teff Figure 12.
and dotted curves represent Claret evolutionary tracks
through an age of 30 Myr with Z\ 0.01, 0.02, and 0.03,
respectively. As before, only the Z\ 0.01 track reaches a
gravity as large as observed for the primary star. However,
the Z\ 0.01 ZAMS model predicts a higher e†ective tem-
perature for the primary star than observed, similarly to the
Swenson tracks.

We have used the Claret tracks to explore the impact of
helium abundance on this e†ective temperature discrep-
ancy. The Ðlled triangles in mark the ZAMSFigure 12
locations of the Z\ 0.01 models for helium abundances of
Y \ 0.19, 0.26, and 0.36, with lower He abundances produc-
ing higher e†ective temperatures. Consistency in e†ective
temperature between the theoretical models and the
observed primary star is achieved only for helium abun-
dances exceeding Y \ 0.36.

The primary star is thus again inconsistent in e†ective
temperatures with theoretical tracks of typical composi-
tions. The discrepancy can be resolved by raising the helium
abundance, but the required value, in excess of Y \ 0.36,
seems implausible. The e†ective temperature of the second-

ary star matches both the solar and higher metallicity
models ; it is only marginally consistent with the low-
metallicity (Z\ 0.01) model. In the case of the Claret
models, this further hinders a self-consistent solution for
both the primary and secondary stars.

7.2.3. DÏAntona & Mazzitelli (1994)

The tracks of & Mazzitelli have fre-DÏAntona (1994)
quently been used to assign masses and ages in recent
studies of PMS stars. The available tracks do not extend to
as high mass as the primary of TY CrA, but they do permit
comparison with the PMS secondary star. Hence we restrict
our analysis to the secondary star and explore the e†ects of
di†erent opacities and convection models on the compari-
son.

The permitted domain of the secondary star in the theo-
retical H-R diagram is shown by the hatched regions in

Also shown are the evolutionary tracks (solidFigure 13.
curves) and isochrones (dotted lines) of & Mazzi-DÏAntona
telli computed with solar composition. The four(1994),
panels of the Ðgure represent combinations of two opacities
and two models of convection. The ““ Alexander ÏÏ opacities
are from Augason, & Johnson supple-Alexander, (1989),
mented with values from & Iglesias andRogers (1992)

et al. The ““ Kurucz ÏÏ opacities are those ofHuebner (1997).
supplemented with values from Rogers &Kurucz (1991),

Iglesias. The convection models are the standard mixing-
length theory (MLT; and that ofBo� hm-Vitense 1958)
Canuto & Mazzitelli The dashed evolutionary(1990, 1992).
track corresponds to a 1.64 star, derived by inter-M

_polating between the 1.6 and 1.8 tracks. AlsoM
_

M
_shown are isochrones (dotted lines) at ages of 1, 3, and 10

Myr, from top right to bottom left, respectively.
The permitted domain for the secondary star includes the

1.64 theoretical tracks of all four models. As with theM
_ et al. models, the relatively high mini-Swenson (1994)

mum luminosities of these solar-composition tracks
(log L [ 0.35) are only consistent with solutions for TY
CrA that have higher temperature primary stars (e.g., 12,500
K; The MLT models pass centrally through theFig. 7).
permitted domain for the secondary star and match several
excellent light-curve solutions for the TY CrA system.
However, the higher luminosities and temperatures of the
models employing Canuto-Mazzitelli convection only
match more marginal light-curve solutions (see par-Fig. 7),
ticularly in the case of Alexander opacities. While it would
be premature to rule out Canuto-Mazzitelli convection, our
light-curve solutions for the TY CrA secondary are better
matched by the MLT models.

The intersection of the 1.64 tracks and the observedM
_parameters for the secondary star indicate an age of about 3

Myr for all of the models, as also derived from the Swenson
et al. and tracks.(1994) Claret (1995)

8. SUMMARY AND CONCLUSIONS

We have presented a detailed analysis of new light-curve
observations of the eclipsing triple system TY CrA. The
shallow (3% depth) secondary eclipse is securely detected.
The system also shows noneclipse luminosity variations on
timescales from days to years. Together with our spectro-
scopic limits on the luminosity ratio, analysis of the light
curve provided physical parameters for the primary and
secondary stars. The stellar masses are M1\ 3.16 ^ 0.02

and respectively. The stellarM
_

M2\ 1.64^ 0.01 M
_

,
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FIG. 13.ÈTheoretical H-R diagrams centered on the secondary of TY CrA. The solid curves are preÈmain-sequence evolutionary tracks from DÏAntona
& Mazzitelli The dashed curve corresponds to a 1.64 track, derived by interpolating between the 1.6 and 1.8 tracks. Dotted lines are(1994). M

_
M

_
M

_isochrones drawn at 1, 3, and 10 Myr. The hatched ellipse is the high-conÐdence domain based on light-curve analyses. The four panels show di†erent
combinations of opacities and convection models, as labeled (see ° 6.2).

radii are andR1\ 1.8^ 0.1 R
_

R2\ 2.08^ 0.14 R
_

,
respectively. Adopting a temperature of 12,000^ 500 K for
the primary star from photometric and spectral type infor-
mation, we derive a temperature of 4900 ^ 400 K for the
secondary star. The stellar luminosities are L 1\ 67 ^ 12

and respectively. Here the uncer-L
_

L 2\ 2.4 ^ 0.8 L
_

,
tainties represent high-conÐdence limits, not standard devi-
ations. Finally, we note that the secondary radius of

corresponds to a synchronous rota-R2\ 2.08^ 0.14 R
_tional velocity of 32^ 6 km s~1, consistent with the

observed value of v sin i \ 36 ^ 7 km s~1 (Paper II).
The large radius of the secondary star, along with its

association with the R CrA dark cloud and lithium absorp-
tion identify it as preÈmain sequence. Compari-(Paper II),
son with theoretical models places it consistently at the base
of the Hayashi track, with an age of 3 Myr. As such, the
secondary star of TY CrA is the youngest preÈmain-
sequence star with a well-determined mass and radius, and
the Ðrst opportunity to directly test the mass calibration of
Hayashi tracks. We have compared the secondary star with
three sets of solar-composition theoretical tracksÈSwenson
et al. and & Mazzitelli(1994), Claret (1995), DÏAntona

In all three cases, solar-composition 1.64 tracks(1994). M
_are consistent with the observed physical parameters given

a higher temperature primary star (e.g., 12,500 K). Thus, at

the most basic level these results support the use of preÈ
main-sequence evolutionary tracks for the interpretation of
T Tauri stars and suggest that the mass calibrations of
modern tracks are reasonable. In detail, higher metallicity
compositions are also consistent with the TY CrA second-
ary ; however, lower metallicity models tend to be hotter
than the observed stellar properties. In the case of the
DÏAntona & Mazzitelli models, mixing-length theory
models provide marginally better matches than models
employing Canuto-Mazzitelli convection theory, at least for
solar composition.

On the other hand, comparison of evolutionary tracks for
the near-ZAMS primary star with the observations leads to
puzzling results. First, we note that for given composition
and mass, the Swenson et al. ZAMS models have smaller
radii than the Claret models. As a consequence, the
Swenson et al. model radii are consistent with the observed
radius for the primary for both solar and (marginally)
Hyades compositions, but an acceptable Ðt for the Claret
models is only possible for a metallicity about half that of
the Sun. While such a low metallicity has some precedent,
both in binary and Ðeld stars Clausen, & Gime� n-(Andersen,
ez & Lambert it does aggravate the1993 ; Gies 1992),
secondÈand independentÈdiscrepancy with both sets of
models : the derived e†ective temperature of the primary



No. 4, 1998 TY CrA 1633

star is approximately 1000 K cooler than theoretical ZAMS
temperatures for a solar-composition 3.16 star. ThisM

_discrepancy is not resolvable through variations in com-
position unless an implausibly high helium abundance
(Y \ 0.36) is adopted (see also Casey 1996).

It is interesting to reÑect whether the refusal of the
primary of TY CrA to conform to conventional single-star
models might be linked to its other most outstanding pecu-
liarity, its very sharp-lined spectrum. The latter suggests
that the photosphere rotates far below the synchronous
velocity Ðrmly expected for the short period and circular
orbit of TY CrA et al. An essen-(Paper I ; Lagrange 1993).
tially nonrotating star in such a binary system is obser-
vationally unique, yet the spectrum shows no sign of a
nonphotospheric origin. In searching for a plausible physi-
cal explanation, it may be relevant to note that rapid inter-
nal rotation moves a star downward and nearly parallel to
the nonrotating main sequence in the H-R diagram, similar
to the position of the TY CrA primary with respect to the
theoretical models Perhaps the interior of the(Law 1981).
TY CrA primary is in fact rapidly rotating (as expected for a
late B star), while the surface has been braked by a magnetic
wind. While entirely ad hoc, this conjecture could explain
the TY CrA primary.

The consistency of the TY CrA secondary with preÈmain-
sequence evolutionary tracks is an encouraging result for
preÈmain-sequence theory, being the Ðrst direct test of the
mass calibration of Hayashi tracks. Nonetheless, the sec-
ondary of TY CrA is only one case, and the uncertainties in

the secondary temperature and composition did not permit
adequately critical tests of di†erent theoretical tracks. Fur-
thermore, both stars of TY CrA presumably had substan-
tially larger radii earlier in their evolution. Depending on
the details of the systemÏs previous orbital evolution, it is
possible that the system has not always been detached ; con-
sequent implications for the evolution of the two stars
should be considered. From an observational perspective,
more precise determinations of the stellar parameters of TY
CrA and other similarly young stars are necessary to signiÐ-
cantly constrain the physics of preÈmain-sequence evolu-
tionary theory.
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