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Abstract 

Most close binary T Tauri stars are surrounded by circumbinary disks 
similar to the protoplanetary disks seen around young single stars. In the 
case of binaries, however, theory predicts that the time-varying gravita
tional perturbations of the disk from an eccentric binary should cause the 
accretion to vary in time with the binary orbit. Such pulsed accretion 
may be visible as periodic photometric variations. We report the photo
metric monitoring of the young spectroscopic binary UZ Tau E conducted 
during 2004-05 and 2005-06 seasons using the 0.6-m Perkin Telescope at 
Wesleyan University. The brightness of the system was found to vary pe
riodically with an amplitude of 0.6 magnitudes and at the orbital period 
of ('..J 19 days. This periodicity is especially pronounced in the first sea
son. The light curve of UZ Tau E shows a broad peak at orbital phase of 
0.6- 0.8, consistent with predictions by Artymowicz and Lubow (1996) for 
a binary system with a low orbital eccentricity. Our observations for the 
first season match accretion rate onto the secondary star (as calculated by 
Artymowicz and Lubow (1996) more closely leading us to think that the 
primary might have been hidden to us. Similar variations have been seen 
in DQ Tau for the high-eccentricity case (Mathieu et aZ. 1997) but not for 
another high-eccentricity system, AK Sco (Alencar et aZ. 2003). We think 
the higher luminosity and age of AK Sco along with its larger stochastic 
variability might be a reason for the apparent absence of periodicity. Our 
findings support the theoretical prediction that material can stream across 
the gap between circumbinary and circumstellar disks in a binary system, 
potentially lengthening the planet-forming timescale in such systems. 
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ARCHER YI AND THE TEN WILD SUNS 

A Chinese legend transcribed by Denise Kaisler (kaisler@astro .ucla.edu) 

Since the universe began, there has existed on the edge of the Eastern Sea, a 
place known as Tanggu. In that place, there is a tree. Fusang is its name. 

Fusang is a mighty tree ten thousand rods tall . At its very tip, a jade cock 
perches. This celestial bird crows when it is time for each new day to begin and its 
voice is echoed by other cocks all around the world. 

In the ancient times, the ten sons of the Heavenly King Di-J un and his Queen 
Vi-He also lived in this tree. Each morning, the celestial queen would harness six 
jade dragons to a beautiful chariot. Then she would drive the chariot across the sky 
with one of her sons seated behind her. In this way, they provided the world with 
heat and light. 

Each day a different brother would ride in the chariot. Yet after ten thousand 
years of service, they became weary of their duty. Each son began to grumble when
ever it was his turn to light up the vault of the heavens. 

"Our lives are boring," they lamented, as children will. "We never have any fun!" 

One day, the brothers decided that enough was enough. Early in the morning, 
just as their mother was hitching up the jade dragons, they sprang from the tree all 
at once and rushed out into the sky. Queen Vi-He called and waved her arms. She 
cajoled and scolded. But none of the suns heard her. They were too busy laughing 
and chasing each other across the sky. 

Years passed and the earth was racked by terrible suffering. Rivers dried up and 
crops withered in the fields. Those people who did not succumb to the heat or die 
of starvation watched helplessly as fires raged and thirsty monsters crept out of their 
lairs to prowl the land and drink their fill of human blood. 

King Di-Jun was greatly dismayed by the suns' disobedience and the suffering 
they caused. He sent for a celestial being named Vi, a member of Di-Jun's court and 
a mighty warrior. The heavenly ruler bade Yi to pursue the suns and bring them 
back to Fusang. Yet Di-Jun was an indulgent father who loved his children, so he 
asked the warrior to avoid using force against the brothers. 

The king gave Yi a red bow and a quiver of magical arrows. "If you threaten 
them with these, my sons will surely see reason," he said. 
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So Yi bade farewell to the court and descended to earth with his wife Chang-E. 
When Yi saw how parched and desolate the earth had become, he was moved to tears. 
Especially terrible was the people's bitter hatred of the ten suns. 

Yi wasted no time in fitting an arrow to his magic bow and drawing it. He called 
out to the suns and warned them that he was about to shoot. But the brothers were 
so spoiled, so full of their own power that they merely stared at Yi as if daring him 
to take action. 

As Yi stood there with the bowstring taut, his patience drained away. It was 
replaced by such a terrible anger that he forgot Di-Jun's orders and released the 
arrow. It whistled through the air and struck one of the brothers in a shower of 
sparks. The ill-fated brother weaved through the sky as if drunk before plummeting 
to earth. 

Yet the nine remaining brothers were not cowed by this. Instead, they became 
vengeful, spitting tongues of flame at the place where Yi stood and zooming toward 
him as if to reduce the warrior to ashes. 

So Yi locked another arrow and shot down another of the suns. With two of 
them gone, the air was noticeably cooler. The people gathered around Vi, cheering 
him on and praising his skill with the bow. 

When the third sun fell to earth, the remaining brothers at last became fright
ened. "Run," they shouted to each other. "He means to end our lives!" 

But the people pleaded with Vi. "Don't spare them! If you do, they will return 
to wreak havoc once again." 

So Yi fired until his quiver was empty and only one sun remained in the sky. 
The last brother fled to Fusang and hid there for a few days. During that time the 
rains came to fill the rivers and bring life to the parched earth. 

After that time, the sun rode quietly in the back of his mother's chariot. He 
served the people 365 days a year and never again made mischief in the sky. 

When the people saw that the sun was sincere about his duties, they at last put 
away their hatred. 
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1. Introduction 

1.1. Motivation 

Ever since they were first identified by Joy (1942, 1945, 1949) and their youth 

proved by Ambartsumian (1957) , T Tauri stars (TTS) have attracted a lot of attention 

among astronomers. At an age of ('..J 105 - 106 years and a mass of ('..J 1/2 - 2 M 8 , 

these have been identified as possible sites for the study of early stellar evolution 

and planetary formation. Stellar formation starts when a gravitational collapse is 

triggered in dense regions of slowly rotating gaseous clouds. As the gravitational 

force depends on the inverse-square of the distance, the inner parts collapse faster 

than the outer parts and form a central core. This process takes a long time, and 

the outer regions will takes millions of years to collapse, or accrete, into the core and 

will appear as a rotating disk. As the collapsing mass must also conserve angular 

momentum, this disk provides a very convenient place for the system to store its 

angular momentum. Another favorite place to store the angular momentum would 

be a companion star, observed to be present in about two-thirds of all stellar systems 

(Melo 2003; Mathieu 1994; Duquennoy and Mayor 1991). Because of its large mass 

at a considerable distance, the companion star would be able to store a large amount 

of angular momentum that was initially present in the system. The circumstellar 

disks provide the ideal place for the formation of planets, which may harbor life at a 

later stage. The study of the T Tauri stars has revealed much about the early life of 

the solar-type stars, but there is still much to be learned about the process of disk 

formation, especially around binary stars. 

To know the viability of planets around binary star systems, it is necessary to 

know how the circumbinary disks evolve. Because of the two massive bodies that are 

involved, the systems are very complex. As a result, the process of disk formation 
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and evolution around binary stars has continued to puzzle astronomers. 

To study such disk evolution, here we look for evidences of pulsed accretion by 

searching for a photometric variability in a young binary star system, UZ Tau E. 

In the introduction, we will look at T Tauri stars (TTS) and the different types of 

photometric variability observed in TTS, circumstellar disks in binary stellar systems, 

circumbinary disks, and finally UZ Tau E, the object of our study. 

1.2. T Tauri Stars 

The prototype T Tauri was discovered in 1852 by John R. Hind (Barnard 1895) 

and is now known to be a part of a hierarchial triple (Dyck et at. 1982; Koresko 2000; 

Kohler et at. 2000). It is also known to be an irregular variable, fluctuating between 

9 and 14 magnitudes in the V-band, and by as much as a tenth of a magnitude on a 

daily basis. 

T Tauri stars are known to have strong emission lines, broad absorption lines, 

and large accretion disks, typical signatures of the pre-main sequence (PMS) stage 

of stellar evolution. They have spectral types of G through M and high lithium 

abundances, signifying their extreme youth, as lithium is rapidly destroyed in stellar 

interiors. Based on their spectral type and H a lines, T Tauri stars can be classified 

into three different types: weak-line T Tauri stars (WTTS; spectral class later than 

KO and WHa < 10 A), classical T Tauri stars (CTTS; spectral class later than KO 

and WHa > 10 A) , and early type T Tauri Stars (ETTS) , with spectral type of KO 

or earlier (Herbst et at. 1994). 

CTTS have a high surface magnetic activity at the center of the disk, from which 

they are actively accreting material. The excess infrared emission in these stars is 
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due to the circumstellar / circumbinary disk, and the blue and ultraviolet excesses 

and the stellar winds are due to accretion (Herbst et al. 1994). Herbig (1962) defined 

the optical characteristics of CTTS as: (i) Hydrogen Balmer lines and Ca II, H, and 

K lines in emission; (ii) anomalous emission of Fe '\4063, .\4132 is often observed 

(fluorescent emission in these lines is probably excited by Ca II, H, or He); (iii) 

forbidden emission of 0, I, and S II is observed in many CTTS; (iv) Li I .\6707 

absorption is very strong. Accretion lines and optical veiling are strong in CTTS 

spectra. The typical age of CTTS is about 3 x 106 years (Strom et al. 1989). 

After Joy's discovery, most of the T Tauri stars discovered until the 1970s were 

CTTS, found mainly by H a surveys of nearby molecular clouds. However, infrared 

surveys in the 1980s and 1990s revealed a large population of young stars deeply 

embedded in molecular clouds, many of which are protostars that precede the visible 

T Tauri phases (Shu et al. 1987). WTTS are also termed 'naked' T Tauri stars as 

they do not have as much circumstellar material allowing us to study the conditions 

on the stellar surface. WTTS are moderately rapid rotators with cool spots covering 

5- 40 % of their total surface. Optical and ultraviolet spectroscopy indicate that 

their chromospheres are enhanced about 50 times over solar levels. X-ray and radio 

magnitudes are also 7- 12 times more than the typical solar levels and vary on the 

timescale of days (hours or minutes in some cases) due to enhanced magnetic activity 

(Feigelson et al. 1991). Hence, soft X-rays have been able to find a lot of weak-line T 

Tauri stars in nearby star-forming regions. Other WTTS properties include presence 

of Li I .\6707 absorption and radial velocities similar to other members of the stellar 

cloud. The typical age of WTTS or 'naked' TTS is about 107 years (Strom et al. 

1989). 

Recent observational studies have shown that the WTTS outnumber the CTTS 

by several fold and have also raised the possibility that the classical T Tauri stars 
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evolve into weak-line T Tauri stars. The 1990s brought about the revelation that 

most of the T Tauri stars are visual or spectroscopic binaries with more than 60% of 

the T Tauri stars found to be in binary systems (Mathieu 1994). 

1.2.1. Photometric Variations in T Tauri Stars 

Herbst et al. (1994) classify the photometric variations in T Tauri stars into three 

types: 

Type I variations are periodic in VRI bands and are caused by rotational modula

tion of the star with an asymmetric distribution of cold spots (due to strong magnetic 

fields) on the stellar surface. These are thought to be analogous to sunspots, although 

they can cover up to 40% of the stellar surface and cause photometric variations as 

the star rotates. We can observe photometric variations if the spots and their pat

tern last for a few rotational periods. Type I variations are the most prominent in 

WTTS but are clearly present on CTTS as well; they are just harder to observe. The 

maximum variation due to the cool spots has been found to be ",0.8 magnitudes in 

V and "'0.5 magnitudes in I for V410 Tau (Herbst et al. 1994). The amplitude of 

variation declines as one moves to redder colors because there is less contrast between 

the temperature of the cool spot and the hotter photosphere at longer wavelengths. 

Periods for Type I variability range from 0.5- 18 days and have a bimodal distribution 

with peaks near 2 and 8 days (Herbst et al. 1994). 

Type II variations are caused by hot spots or zones, resulting from the change 

in the 'excess' or veiling continuum at the accreting boundary. These spots are small 

(:::; 0.3% of the surface area) and hot ('" 10, 000 K). Seen only in CTTS, this type of 

variation has a larger amplitude (up to 2.6 magnitudes in V) and occurs in smaller 

timescales (even on the order of a few hours) suggesting that both unsteady accretion 
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and the rotation of the star might contribute to this variation. Hence, periodicity can 

sometimes be found but does not persist as in the case of Type I variations. They 

exhibit a uniform tendency to redden in V-R and R-I as the star fades and show a 

large U-B excess. 

Type III (also called UXors) variations are exemplified by UX Ori and can vary by 

more than 2.8 magnitudes in V without showing evidence of either veiled continuum 

or a substantial change in photospheric spectra. These stars become bluer and have 

increasing W (H a) as they fade. The variations are not periodic and happen on 

timescales of days to weeks. The spectra of these objects hardly change as they vary 

by more than a magnitude. The best explanation for this type of variation has been 

variable obscuration by circumstellar dust , which is not confined to a disk. This 

variation is associated mostly with ETTS. 

1.3. Stellar Disks 

1.3.1. Binary Systems and Circumstellar Disks 

A binary system can have up to three distinct disks: circumstellar disks around 

one or both of the stars in the binary within their Roche lobes and a circumbinary 

disk lying entirely outside the binary orbit. In a system with a disk, there is always 

material accreting unto the central star from the disk. In a system with multiple 

disks, how does the accretion happen? To study accretion in such systems, we will 

need to understand how such disks evolve. 

Although most T Tauri stars retain both the circumprimary and circumsecondary 

disks, there are several systems with only the circumbinary disk while systems with 

only the circumsecondary disk are rare (White and Ghez 2001). The same study 
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also found that about 10% of all TTS are very red in the near- and mid-infrared 

(K - L > 1.4) and have unusually high mass accretion rates. Theoretical simulations 

from Artymowicz and Lubow (1994) suggested that the circumstellar disks would 

have outer radii of 0.2-0.5 times the binary semi-major axis and that the circumbinary 

disk would have an inner radius of 1.8-2.6 times the binary semi-major axis, with the 

specific values dependent on the binary mass ratio, the eccentricity, and the disk 

viscosity. 

Clarke (1992) numerically found that the presence of a binary companion would 

cause the accretion in circumstellar disks to increase and, hence, exhaust their mate

rial more quickly than in single stars. Furthermore, Ostriker et al. (1992) analytically 

found that the presence of a stellar companion orbiting at a distance of 100 AU or 

closer can drive density waves of sufficient amplitude to cause enhanced accretion 

onto the central star, resulting in initially massive disks being reduced to relatively 

low fractional levels over the course of 10 Myr or less. Accretion would also be en

hanced by a smaller binary separation and a smaller orbital period (Ostriker et al. 

1992). But recently, White and Ghez (2001) found that the mass accretion rates for 

primary stars are similar to single stars, which suggests that companions as close as 

10 AU would have no effect on the mass accretion rate. 

The presence of excess emission at near-infrared through millimeter wavelengths 

indicates the presence of extended material having a wide range of temperatures and 

distances from the star (Mathieu 1994). Observations at high angular resolution have 

resolved extended emission from a few hundred AU to several thousand AU for a few 

binaries. Strom et al. (1993), Beckwith and Sargent (1993), and Basri and Bertout 

(1993) review the evidence for disks around PMS stars. The size of the binary system 

has a direct affect on the presence and extent of circumstellar disks in the system: 

Beckwith et al. (1990), Jensen et al. (1994, 1996b) , Osterloh and Beckwith (1995), 
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and Nuernberger et aZ. (1998) found that the millimeter and sub-millimeter fluxes of 

binaries between 1 and 50- 100 AU were much lower compared to disks around single 

stars while larger binaries (a > 100 AU) had flux distributions similar to those of 

single stars. 

Excess infrared emission is used to study the material within roughly 1 AU of the 

star. Strom et aZ. (1989) studied the PMS binaries at 2.2f-lm (K-band) and found that 

30/ 36 CTTS and 13/ 47 WTTS show significant excess, indicating the presence of an 

optically thick circumstellar disk. They also found that nearly 60% of young (t < 3 

Myrs) PMS stars show excess emission (L~K 2 0.10 dex ) while only 10% of the stars 

with t > 10 Myrs show the excess. Skrutskie et aZ. (1990) looked at the mid-infrared 

emission (10 f-lm , N-band) , which they argue is a better indicator of the extended 

material since it is less sensitive to photospheric contributions than the 2.2 f-lm, and 

find similar results: 33/ 83 stars had optically thick disks (I::1N 2 1. 2 dex ). They also 

found that 3 of the stars had inner holes, signified by small near-infrared (A :::; 12f-lm) 

excesses arising at optically thin regions located at r < 1 AU and large far-infrared 

excesses produced in regions r » 1 AU, and interpreted them to be transition cases. 

They found that the estimated time for massive, optically thick disks to evolve into 

optically thin structures is t rv 0.3 M yr. From these observations, Skrutskie et aZ. 

(1990) concluded that if all solar type, PMS stars are initially surrounded by optically 

thick disks, then half of them will have been accreted, disrupted, or have begun to 

form larger bodies by the time they are rv3 Myr old; by the time they are rv 10 Myr 

old, fewer than 10% show any evidence of dust emission of an optically thick disk. 

More recently, McCabe et aZ. (2005) found that in their sample of 65 T Tauri binary 

systems, 10% of the stars with a mid-infrared excess do not seem to be accreting. 

All of these are low-mass, M-type stars, leading them to suggest a model with a 

photo-evaporative disk wind caused by an ionizing flux from the central star. 
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1.3.2. Circumbinary Disks and Pulsed Accretion 

Stellar and circumstellar properties can be used to deduce the evolution of the 

circumbinary material. The disk dissipation time, calculated by dividing the mass 

of the disk by the mass accretion rate, in binary star systems is ('..J 10 times less 

than the age of the stars in contrast to single T Tauri stars, where the two times 

are comparable(White and Ghez 2001). For the circumstellar disks to last longer 

than expected, the circumstellar material has to be replenished, possibly from the 

circumbinary reservoir. Since the circumprimary disks have a longer lifetime than 

circumsecondary disks, White and Ghez (2001) suggest that that the circumprimary 

disks are preferentially replenished despite their larger depletion rates for binaries 

with separations less than ('..J 200 AU while there is no such correlation among wider 

binaries. But at separations less than ('..J 100 AU, there is a larger fraction of binaries 

with higher mass ratio pairs than in wider binaries (White and Ghez 2001). So the 

components of the closer pairs are more equally replenished, driving their mass ratios 

toward unity. The process of replenishment is not well understood and was thought 

not be happening at all. It was assumed that the binary that is embedded in the 

disk would dynamically clear away material in the region around the binary orbit due 

to tidal interactions and angular momentum transfer, and create a gap between the 

circumstellar disks and the circumbinary disk (Lin and Papaloizou 1993; Artymowicz 

and Lubow 1994). Once the gap has been created, these two types of disks were 

assumed to evolve independently of each other. The circumstellar disks would be 

constantly depleted due to accretion onto the individual stars while the circumbinary 

disk would not suffer any accretion because of the impermeability of the disk gap. 

Artymowicz and Lubow (1996) (hereafter AL96) proposed that under certain 

circumstances a gas flow develops and penetrates the gap as multidimensional, mul

tiple (generally two) gas streams. This "pulsating accretion" would transfer the mass 
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from the circumbinary disk to the central system through the gap, without closing it. 

AL96 suggest that this accretion can be detected as shock emission phased with the 

binary orbit, as a result of impact of the accreting material with the circumstellar 

disks and/ or the stellar surface. With smoothed particle hydrodynamics, AL96 find 

that for a high-eccentricity binary system with equal component masses (eccentricity 

(e) = 0.5, mass ratio (m2/ml) = 0.79) the accretion rate reaches a maximum at 

orbital phase 1,when the stars are at periastron. For a low-eccentricity binary system 

with unequal component masses (e = 0.1 , m2/ml = 0.43) , the maximum mass trans

fer from the circumbinary disk occurs at a broad region between orbital phases 0.5 

and 0.8. (See Figure 1). The disk material is strongly perturbed near the apocenter of 

the binary and requires some time to fall into the stellar system. AL96 propose that 

pulsed accretion could be observed in supermassive binary black holes, binary PMS 

stars, Fe-deficient stars in the post-asymptotic giant branch,and planetary systems. 

In pre-main sequence stars, the accretion can be observed in short-period, close 

binaries with a known circumbinary disk. Variations in wider binaries would be 

harder to see because of the long orbital period of the binary system. For example, 

two solar-mass stars orbiting each other at 10 AU would have an orbital period of 

nearly 32 years, and they would have to be at 0.42 AU to have an orbital period of 

100 days. This places a big constraint on the number of systems we can hope to see 

pulsed accretion in. The present sample of close, accreting binaries includes DQ Tau, 

AK Sco, UZ Tau E, V4046 Sgr, GW Ori, and KH 15D. 

The mass transfer can range from insignificant to ('..J 10- 6 Mev per year in efficient 

streams (Artymowicz and Lubow 1996). The mass transfer is preferentially onto 

the lower mass star, acting toward mass equalization of the binary and making the 

companion star seem more prominent than it really is. In addition to the mass and 

mass-ratio evolution, pulsed accretion can also cause the binary semi-major axis and 
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the eccentricity to change due the addition of energy and angular momentum to the 

circumstellar system. 
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Fig. 1.- Time variability of accretion onto two binary systems as predicted by 
smoothed particle hydro dynamical simulations by AL96. The eccentricity and mass 
ratios of the binary system are quoted within the figures. The mass accretion rates on 
the vertical axes are in units of 0.0008 md p - 1, where md is the mass of the circumbi
nary disk out to 5 times the semi-major axis of the binary and P is the binary orbital 
period. Heavy-line histograms (left) show accretion onto the less massive component 
of the system while the graphs on the right show the total accretion on to the system. 
The parameters for the two simulations are similar to those of UZ Tau E (top) and 
DQ Tau / AK Sco (bottom). 

1.3.3. Previous Observations of CTTS Spectroscopic Binaries 

Binary pairs that cannot be resolved visually but only from the periodic Doppler 

shifts of the wavelengths of the lines seen in the spectrum are called spectroscopic 

binaries. A spectroscopic binary is called double-lined when two sets of absorption 

lines are visible and single-lined when only one set of absorption lines are visible (the 
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second set are too faint to be seen). There are only six CTTS spectroscopic binaries 

that have been identified: AK Sco (Andersen et al. 1989), GW Ori (Mathieu et al. 

1991), UZ Tau E (Mathieu et al. 1996), DQ Tau (Mathieu et al. 1997), V 4046 Sgr 

(Quast et al. 2000) , and KH 15 D (Johnson et al. 2004). Their orbital parameters are 

listed in Table 1. Pulsed accretion has been seen in DQ Tau (Mathieu et al. 1997) 

but was not seen in AK Sco (Alencar et al. 2003). 

DQ Tau is a double-lined spectroscopic binary with a large orbital eccentricity 

e = 0.556, orbital period of 15.804 days, and a mass ratio of 0.97. From two seasons of 

photometric observations and existing literature, Mathieu et al. (1997) found that DQ 

Tau was photometrically periodic at the binary period 15.80 days. The brightenings 

occurred shortly before or at periastron and at about 65% of periastron passages. 

The amplitude of the variation was about 0.5 magnitudes in V. This study supported 

the theoretical findings of Artymowicz and Lubow (1996), discussed in the previous 

section (see Figure 1). 

AK Sco is very similar to DQ Tau: it is a double-lined spectroscopic binary with 

e = 0.471 , orbital period of 13.609 days, and a mass ratio of 0.987. AK Sco has a 

lot of photometric variation but is not periodic at the binary orbital period (Alencar 

et al. 2003). Their Ha equivalent width did show smooth variations at the binary 

orbital period but around phases 0.6- 0.7 rather than at the periastron as predicted 

by AL96. 

1.4. UZ Tauri East 

UZ Tau was discovered by K. Bohlin on photographs taken in 1921 as variable 

star and was classified as a M2 star with an estimated magnitude of 13. Joy and van 

Biesbroeck (1944) identified it as a binary, one of the five that they found in their 



Table 1: Orbital parameters for known CTTS, spectroscopic binaries. KH 15D is not included. 

Element UZ Tau Ea DQ Taub AK Scoc V4046 Sgrd GW Orie 

Period (days) 18.979 15.804 13.609 2.421 241.9 
e 0.14 0.556 0.471 :S 0.01 0.04 

q = M2/M1 0.267 0.97 0.987 0.944 

Ml sin3 i(M8 ) 0.60 0.039 1.064 0.1568 
M2 sin3 i(M8 ) 0.16 0.037 1.050 0.1480 
al sin i(AU) 0.0268 0.026 0.143 2.48 15.6 
a2 sin i(AU) 0.101 0.027 2.63 
'l 59.8° 23° 65° - 70° 35° 
M1 (M8 ) 0.93 0.65 1.50 0.86 2.5 
M2(M8 ) 0.25 1.48 0.69 0.5-1 

Tperiastron(JD) (2400000) 51 314.09 49 582.54 46 654.36 46 998.33 45 001 
D (pc) 140 140 145 400 """' 83 -J 

Luminosity (L8 ) 0.94 0.95 7.94 
I 

Temperature (K) 3573 4000 6500 
Spectral Type M1 K7-M2 F5 K5 GO 
Disk mass (M 8 )19 0.063 0.02 0.005 8.5 300 

aMartin et at. (2005) 

bMathieu et at. (1997) 

C Alencar et at. (2003) 

dQuast et at. (2000) 

eMathieu et at. (1991) 

IJensen and Mathieu (1997) 

9 Jensen et at. (1996a) 
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study. UZ Tau W was identified as a binary by lunar-occultation observations (Simon 

et at. 1992) and speckle imaging (Ghez et at. 1993). Mathieu et at. (1996) identified 

UZ Tau E as a single-lined spectroscopic binary with a 19.1 day period, making UZ 

Tau a hierarchial quadruple, located in the Taurus star-forming region, about 140 pc 

away. UZ Tau E, a 0.1 AU spectroscopic binary, and UZ Tau W, a all.34 (47.6 AU) 

binary, are about 3//.78 (530 AU) apart (Simon et at. 1995). 

UZ Tau E is a M1 Classical T Tauri star (CTTS) with a strong H a emission and 

strong excess and continuum emission in the infrared and sub-millimeter wavelengths. 

The mid-IR wavelengths are used to look at relatively hot material near the star within 

inner 0.1 AU of the disk. At A = 8.7 - 12.5 11m, Ghez et at. (1994) found that UZ 

Tau E emitted more than UZ Tau W by a factor of 5- 6. Jensen et at. (1996a) report 

a flux of 137 ± 28 mJy at 1300 11m compared to 32 ± 9 mJy for UZ Tau W. They fit 

a model for the disk with md = 0.063 M8 and T = 147 K. Simon et at. (2000) report 

that the circumbinary disk and the binary star orbits are not coplanar. 

Herbig (1977) reported UZ Tau E as a possible candidate of being a FU Ori

type star as he observed a maximum photometric variation of 3.9 magnitudes. They 

looked at Bohlin's plates, which had unresolved images of UZ Tau, and found that 

the eastern component had been active in 1921. Joy (1942, 1943, 1945) also observed 

that the eastern star was the active one. 

If there is indeed pulsed accretion in eccentric binaries, it would significantly 

change our understanding of evolution of circumstellar and circumbinary disks. With 

the material supplied by the circumbinary disk, the circumstellar disks would exist for 

a longer time and, thus, provide more time for planets to form around close binaries. 

Because of its high eccentricity, short period, and known accretion, UZ Tau E is 

another system where pulsed accretion, as predicted by AL96, could be taking place. 
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Although UZ Tau has been long-established as a variable star, photometry of the 

individual components had not been done. Because of its proximity to UZ Tau W, 

doing photometry on UZ Tau E holds significant complications. If UZ Tau E is indeed 

variable, we want to explore if its photometric variation is correlated to the orbital 

period of the binary. 
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2. Observation and Data Reduction 

Photometric observations of UZ Tau were done using the 1024x1024 CCD camera 

on the 0.6 m Perkin Telescope at the Van Vleck Observatory (VVO) at Wesleyan 

University between November and March in 2004-05 and 2005-06. On each clear night 

a one-minute exposure was taken through the Cousins I filter along with the twilight 

fiats , bias fiats , and dark frames. The field covers about 614".4x614".4 (1024x1024 

pixels) of the sky centered approximately at 4:32:25.0 + 35:50:45.0 J2000. The seeing 

is usually about 2- 3 arcseconds. A total of 16 images, spanning 125.922 days were 

taken in the first season of observation and 20 images, spanning 127.921 days, were 

taken in the second season (Table 2). 

IRAF tasks 1M HEAD and IMEXAM were used to find if any images were over

exposed, had not been fiat-fielded , or had not been corrected for the zero and dark 

counts. Such images were thrown out. The full-width-half-maximums (FWHM) 

for each image was found, giving us a measure of the viewing conditions when the 

image was taken. The brightest image (see Figure 2) was chosen to be the reference 

image and was used to produce a list of stars in the field, along with their x- and y

coordinates, using the DAOFIND / TVMARK tasks in IRAF. Then all the remaining 

images were shifted to align with the reference image so that they could be processed 

simultaneously. 

Photometery of single stars is a standard process, and photometric studies treat

ing UZ Tau as a single star have been done in the past. Given our seeing and the 

separation of UZ Tau E and UZ Tau W ("-' 5 pixels in our images) , photometry of UZ 

Tau E was complicated. We tried doing crowded-field aperture photometry using the 

IRAF / DAOPHOT package but were unable to fit a good point-spread function to 

UZ Tau. DAOPHOT simultaneously fits a Gaussian, point spread function (PSF) to 



- 21 -

all stars in the field. About 10% of the original flux was left after the subtraction in 

UZ Tau while the subtraction in the comparison stars was very good. Since none of 

the comparison stars were near UZ Tau or as bright as UZ Tau (Figure 2), we think 

the problem was due to variable PSF over the field. 

Table 2: 
Julian Dates of Observation (2 453 000. 000) 

2004-05 313.635 325.671 326.641 342.564 343.648 
345.617 348.593 354.610 355.564 370.668 
372.719 381.614 399.727 425.546 435.599 
439.557 

2005-06 648.711 674.799 675.717 677.758 678.695 
683.662 685.742 686.839 687.677 694.711 
695.764 705.639 708.695 711.707 722.628 
748.632 762.647 763.740 764.619 776.632 

So we decided on doing simple aperture photometry with a radius of 3 pixels 

(1.8/1) using PHOT (in DAOPHOT). A radius of 3 pixels is less than what is normally 

used, but due to the close proximity of UZ Tau E and UZ Tau W, a larger aperture 

would collect light from the other star as well. Using a 3-pixel-radius aperture also 

reduces the amount of possible contamination. 

An IDL routine comp.pro was used to find five comparison stars, which are fairly 

bright, do not vary over the course of the observing season, and are not very close to 

another star. Since the observing conditions are different every night, we need to find 

a way to compare the observed flux across the all nights of observation. For this, the 

comparative magnitude for each image was determined by averaging the magnitudes of 

all stars observed on that particular night. Subtracting the observed magnitude from 

the comparative magnitude gives us the differential magnitude, giving us a platform 

to compare the flux of stars across different images. Then by eliminating the stars 
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with the most variability in differential magnitude (standard deviation) , we got a 

subset of stars which were less variable. We repeated this process until the average 

standard deviation of the differential magnitudes of the comparison stars was less 

than 0.007 magnitudes. Reduction of data in subsequent years may find a similar 

standard deviation for this set of stars. At the end of this differential photometry, we 

had differential magnitudes for all the stars in the field for each observation. 

To check how good the 3-pixel aperture photometry was, we did a deconvolu

tion on the images using the IDL routine idac_ deconvolution.pro. Then a 3-pixel, 

aperture photometry and the fitting of two Gaussians using the IDL routine mp

jit_ doublepeak.pro was done on both the original and the deconvolved images. The 

contribution of UZ Tau E to the flux of the whole UZ Tau system was calculated for 

all four processes. The maximum spread for this value among the various techniques 

was 5.6% of the total flux (for an image with a very high FWHM), with the rest 

lying between 0.32% and 1.3% of the total flux , depending on the FWHM of the 

image. Since the results from both processes were essentially the same and aperture 

photometry is much more straightforward, we decided to use 3-pixel-radius aperture 

photometry on the original images to reduce our data. 
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Fig. 2.- The observed field: UZ Tau is encircled in green while the ones in yellow 
are the comparison stars for the field. The circles are of a radius of 20 pixels. The 
field covers 614/1.4x614/1.4 of the sky centered approximately at 4:32:25.0 + 35:50:45.0 
J2000. North is up and east to the left for the field. 
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Fig. 3.- The top left panel shows a cartoon of the hierarchial quadruple, UZ Tau 
(Figure 4 in Mathieu et al. 2000). The eastern and western components are separated 
by 3/1.8 (rv 530 AU); the western binary is 0/1.34 (rv 47.6 AU) apart while the eastern 
binary has not been resolved. UZ Tau E has a circumbinary disk of about 0.06 M 8 . 

The top right panel shows a 60x60 pixel image of UZ Tau, as we see it in our images. 
The bottom panels show a contour plot and a surface plot of the 20x20 pixel area 
around UZ Tau. The images are from our reference image, taken on 2005-04-12, 
20:01:22. 
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3. Results 

IRAF photometry gives the differential magnitude of each star and the Julian 

date of observation. Figure 4 shows the plot of differential magnitude versus the 

Julian date for UZ Tau E and UZ Tau W. UZ Tau E varies with an amplitude of 

about 0.6 magnitudes while UZ Tau W remains fairly stable over the two seasons of 

observations although it shows some variability in the second season. This was found 

to be contamination from the eastern component. Thus, the variability that had been 

observed in UZ Tau for past eight and half decades can be attributed primarily to 

its eastern component. The different behavior of the two lightcurves also indicates 

that our 3-pixel-radius aperture photometry of each of the two components was not 

contaminated by the other. 
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Fig. 4.- The light curve of UZ Tau: Differential magnitude vs. Julian Date. UZ Tau 
E (left) varies over a range of rv 0.6 magnitudes over both seasons while UZ Tau W 
(right) is fairly constant. This shows that the variability that had been observed in 
UZ Tau over the years was largely due to its eastern component. 
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We now want to see if the data we processed has any periodic signal at a period 

of 18.979 days. According to Scargle (1982) when a physical variable X is measured at 

a set of times ti , the resulting time series data, {X (ti ), i = 1,2, ... , No}, are assumed 

to be the sum of a signal and random observational errors (noise). While we assume 

that the noise is randomly distributed with a mean of zero and a constant variance 

of (J2, our problem is to establish the presence of a signal. This can be best done 

by using the periodic nature of the expected signal: by folding at various different 

periods and examining the resultant curves. 

Since our aim is to check if the photometric variation of the eastern component 

is correlated to the orbital period of the binary, and not to find simply any periodicity 

in photometric variation of the system, we can restrict our search and look only at the 

binary orbital period. The orbital period of the binary is 18.979 days, calculated from 

radial velocity curves by Martin et at. (2005). Figure 5 shows the lightcurve of UZ 

Tau E folded at 18.979 days and phased so that periastron (Tperiastron = 2 451 314.09 

JD; Martin et at. 2005) corresponds with zero. Over the first season, the lightcurve 

is tight and sinusoidal, showing that brightness of UZ Tau E is related to where the 

binary stars are on their orbit , and peaking around a phase of 0.6, a little while after 

passing apastron. In the second season, it is not as periodic. At periastron (orbital 

phase 1), we see the system as very bright which the exact opposite of what we would 

expect. 
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Fig. 5.- Folded light curve for UZ Tau: Differential Magnitude vs. Orbital Phase. 
The stars are at periastron when the phase is zero. This indicates that binary system 
UZ Tau E has a probable photometric variation periodic at 18.979 days, its orbital 
period (Martin et ai. 2005) . 

Although the second season's data does not look periodic, it is not as bad as it 

seems. Figure 6 shows the aggregate of the two years of our observation of UZ Tau 

E. The folded lightcurve looks periodic, apart from a set of points at orbital phase 1 

although it is to be noted that some of these observations were on consecutive nights. 
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Fig. 6.- Lightcurve for UZ Tau E for 2004- 05 (red) and 2005-06 (blue). The system 
is not as periodic in the second season as in the first , especially the data points at 
orbital phase 1 (periastron) , which should have been at a minimum according to 
AL96. 

A more objective method of testing the presence of a periodic signal is peri-

odogram analysis. In practice, periodogram analysis is essential since it would be 
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very taxing to look at the light curves at all possible periods. The basic idea behind 

periodogram analysis is the Fourier Transforms defined for an arbitrarily sampled 

data set, {X(tj ) , j = 1, 2, ... No} as: 

No 

Fx(w) = L X(tj)e -iwtj . 
j =O 

where w is the frequency. The periodogram is then defined as 

(3.1) 

If X contains a sinusoidal component of frequency Wo , then Xj and e-iwt will be 

in phase when w ~ Wo and out of phase at other values. Hence, Px(wo) will be large 

while Px (w) for w i- Wo will give smaller sums. So the periodogram of a periodic 

signal is characterized by a narrow, distinct peak at Wo with smaller peaks at other 

values. 

Scargle (1982) redefined the periodogram as 

1 
Px(w) = 2 

[~:=X(tj) cos w(tj - T) r 
--~---------------+ L cos2 w(tj - T) 

j 

where T is defined by the equation 

[~X(tj) sinw(tj - T) r 
L sin2 w(tj - T) 

j 

(3.3) 
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(3.4) 

This has two advantages over the classical periodogram: (i) it is time invariant due 

to the insertion of T and (ii) it is equivalent to the reduction of the sum of squares in 

least-square-fitting of sine curves to the data (Scargle 1982). Time invariance implies 

that ifthere is a shift in the time origin, e.g. tj -----+ tj + To for every j, the periodogram 

will not change (Scargle 1982). 

Figure 7 shows the Scargle periodogram for UZ Tau E that was calculated using 

the algorithm written by Horne and Baliunas (1986). 
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Fig. 7.- Periodogram for UZ Tau E: The periodogram for 2004-05 shows a distinct 
peak at rv 19.176 days, very close to the orbital period of 18.979 days while the 
periodogram for 2005-06 shows a much smaller peak at the same value. 

Instead of using the false alarm probability (chances that the detected periodicity 

was a false alarm and due to random noise; FAP) as outlined by Scargle (1982), we use 

Monte Carlo simulations since we are not searching for any frequency but are trying 

to see if the photometric period of the binary system is the same as the orbital period 

of the system. Thus, we can significantly reduce the FAP if we search in the period 

range around 18.979 days instead of searching in a much larger range. We created 109 

fake light curves by scrambling the magnitudes and calculating the power spectrum 

for each in the same way as was done for the real light curve. This gives us the same 
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statistical distribution as the original sample as we use the same dates of observation, 

but randomly assigns one of the observed magnitudes to each date. This means each 

of our fake light curves has the same range and time-interval between observations as 

the observed lightcurves. Recording the height of the peaks in the periodogram will 

give us the probability distribution of different peak heights occurring by chance at 

the period of interest. 

The FAP for a period of 18.979 days was found to be 0.000 563 for the first 

season. This means that only 563 of 106 lightcurves would produce a peak equal to 

or larger than the peak produced by the real lightcurve. The periodogram shows the 

peak to be at 19.176 days, slightly greater than the orbital period found by Martin 

et aZ. (2005). The folded light curve at this period looks very similar to the one folded 

at P = 18.979 days; and the FAP = 0.000 427 for the same number of iterations. 

As is to be expected from the smaller peak in the periodogram, the FAP for the 

second season is bigger 0.006 44 by a factor of ten. 
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4. Discussion 

4.1. Basic physics calculations 

Before jumping onto the discussion of the UZ Tau E light curves , it is useful to 

use basic physical laws to calculate two values: the free-fall time for the accreting 

material and the expected luminosity change in AK Sco. These calculations are not 

rigorous and are only meant to give us an approximation of the true values. 

4.1.1. Free-fall time 

We do not know how the material that is accreting onto the circumstellar system 

actually gets there. Smoothed particle hydrodynamic simulations by AL96 suggest a 

spiral path. If we assume that the particles are in freefall, we can get the minimum 

time it would take for a particle of mass, m, to accrete. 

Our particle of mass, m, is falling into the binary star system of mass m* due 

the influence of gravity. The total energy of the system at any point is given by: 

1 Gm*m E(r) = K(r) + U(r) = -f-Lr2 - --
2 r 

(4.1) 

where f-L is the reduced mass of the system. By the conservation of energy for 

material that starts from rest, 

where r 0 is the inner radius of the circumstellar disk. This gives us an expression 

f · dr 
o r = dt' 



dr 

dt 
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We can integrate this to get t(r): 

dt ~(1 1) - 1/2 
- - - dr 

2Gm*m r ro 

or t(r) J2G~.mJ: A 
Let r = 1. Then dr = --4dx and x x 

t(ro) 

Fortunately, tan- 1 can be evaluated at 00 and 0, 

But f-L = m*m 
m* +m' 

t(r) = 

(4.2) 

(4.3) 

which satisfies Kepler's Law. This gives us the time of free-fall for the accreting 

material as a function of the distance it has to travel. 
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For a stellar system, the mass of the falling material is very small compared to 

the mass of the star at the center, allowing us to say m* + m = m* with a reasonable 

accuracy. Also m sin3 i and r sin i are directly measurable variables, so we can rewrite 

the equation as: 

t(r) = 
1f2(ro sin i)3 

8Gm* sin3 i 
( 4.4) 

As discussed earlier, Artymowicz and Lubow (1994) have found from their sim

ulations that the outer edge of a circumstellar disk ends at about 0.2- 0.5a (where 

a is the semi-major axis) and the inner edge of the circumbinary disk lies at about 

1.8- 2.6a with binary eccentricity increasing from 0- 0.25. That allows for the gap to 

extend from 1.3- 2.4a. Figure 8 shows that even if the material dislodged from the 

circumbinary disk is in freefall, it will take more than 0.2P to reach the circumstellar 

environment. So the material that is accreting was probably dislodged in a previous 

passage through periastron and spirals in, reaching the circumstellar environment at 

orbital phase around 06, slightly after apastron. We think that the material probably 

spirals in and take a couple orbital periods before reaching the circumstellar system. 

4.1.2. Change in Accretion Luminosity 

AK Sco has a much smaller disk (0.0017 M 8 ; Jensen and Mathieu 1997) compared 

to either UZ Tau E (O.063M8 ; Jensen et al. 1996a) or DQ Tau (O.02M8 ; Mathieu 

et al. 1997). On the other hand, AK Sco is eight times more luminous than the other 

two systems. So, on a very rough scale, we can assume that the pulsed accretion 

rates in the three systems are similar. This will allow us to calculate the expected 

brightness variation due to pulsed accretion in AK Sco. 
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Fig. 8.- Time of freefall onto the circumstellar environment as a function of the 

radius of the gap between the circumstellar and circumbinary disks (Equation 4.4) 
for UZ Tau E, which has a gap that is 1.3- 2.4 times the semi-major axis. 
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For UZ Tau E, we see tl1 ~ 0.6. We will use this as a typical brightness variation 

due to pulsed accretion in a system similar to UZ Tau E and can use 

(4.5) 

to calculate the ratio of the luminosities at periastron and apastron. The subscripts 

p and a refer to periastron and apastron respectively. This gives us, 

La/ Lp = 0.575 

tlL = Lp - La = 0.425 Lp 

Here, we have to make another assumption that the luminosity of UZ Tau E is 

its luminosity at periastron. Then, 

tlL = 0.425 x (0.94L 8 ) = 1.53 x 1026 J/8 (4.6) 

Let us assume that the accreting material of mass m is falling from the inner 

edge of circumbinary disk at ro = 2a to the outer edge of the circumstellar disk at 

r = 0.3a, where a is the semi-major axis of the binary system. Then, the change in 

gravitational potential energy is given by, 

tlPE = -GMm (~-~) = 2.83 x (GMm/a) 
ro r 

For simplicity all units are in SI unless mentioned. The rate of change of tlP E 

depends on how much mass is accreting onto the system, so 

tlPE' = 2.86GM x m' 
a 

(4.7) 
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where' represents a derivative with respect to time. For UZ Tau E, a ~ 0.117 AU 

and M = 1.18 M0 (see Table 1 for the orbital parameters of binaries). Plugging in 

these numbers, 

!}'P E' = 2.55 X 1010 m/ 

The energy for the increased luminosity when the material accretes onto the 

circumstellar system is from the gravitational potential energy that the accreting 

material loses when it falls nearer to the center of mass. So we can use Eq. 4.6 to 

calculate mi. 

(4.8) 

This accretion rate for UZ Tau E compares well with the known accretion rates 

for other CTTS (Bertout 1989). Now, we can work backwards and calculate !}'I for 

AK Sco. We can also use Eq. 4.7 and say 

!}'P E' A 

!}'P E' u 

The subscripts A and U stand for AK Sco and UZ Tau E respectively. Here we 

can assume that the two accretion rates are the same and plug in the known values 

for M and a (MA = 2.98 M0 , aA = 0.158 AU; Mu = 1.18 M0 , au = 0.117 AU): 

!}'PE~ = 1.873 x !}'PE~ = 0.748L0 

AK Sco gains more energy from the same amount of accretion compared to UZ 

Tau E, as expected because of AK Sco's higher mass stars. This is equivalent to 

!}'L = 0.094Lp assuming that Lp = LA = 7.94 L0 . This relates to 

!}'I = 0.107. (4.9) 
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Assuming the same accretion rate as seen in UZ Tau E, AK Sco would vary by 

a tenth of a magnitude. This is very small compared to UZ Tau E (61 = 0.6) and 

DQ Tau (6 V = 0.5). 

4.2. Pulsed Accretion in UZ Tau E 

UZ Tau has been observed to have a lot of photometric variation over the past 

eight and half decades. We think part of it is probably due to pulsed accretion in its 

eastern spectroscopic binary (Figure 4). UZ Tau W is relatively stable in brightness 

while UZ Tau E varies by about 0.6 magnitudes in the I band. Both the eastern and 

western components are of about the same brightness. The eastern binary, UZ Tau 

E, was found to be periodic near 18.979 days, the orbital period of the binary. The 

periodicity is confirmed by the periodogram analysis, which shows a distinct period 

at around 19 days and a FAP of 5.63 x 10- 4 for the peak at that period in the first 

season and 6.44 x 10- 3 in the second season. Although there is more scatter in the 

data in the second season, UZ Tau E is a young T Tauri star, which are known to 

have a lot of random variations. 

Kato et al. (2001) monitored UZ Tau between November 14, 1996 and December 

25, 1997 as part of their search for possible EXORs (extreme CTTS that have been 

observed to have major UV-optical outbursts, believed to be driven by accretion onto 

the circumstellar disk , of up to 5 magnitudes in V). Although they could not resolve 

the eastern and western components, their V-band data shows that UZ Tau exhibits 

a variation behavior similar to what we see in UZ Tau E in our observations. The 

variability is similar to what we see in UZ Tau E eight years later. Their lightcurve is 

periodic, especially over the first season, and peaks at a little after 0.6 when plotted 

against the phase (Figure 9). If we accept that UZ Tau W is fairly stable, the 
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variability in the system would be a result of variability in UZ Tau E. Given that 

their data matches what we see about 8 yrs later, it would be far-fetched to assume 

otherwise. 

T Tauri stars in general have a photometric variation due to hot or cold spots 

on their surfaces as discussed earlier. So why is this photometric variation of UZ Tau 

E not because of rotation of one of the stars in the binary? The concrete evidence 

that it is not would be if we see the peak of the light curve for UZ Tau E at the 

same phase (""' 0.6) again because variation due to rotation of the star would have 

a similar lightcurve over different seasons but would peak at different phases as the 

spots, which are responsible for the variability, will have evolved over the course of 

the year. Since the light curves from the second season of our data are not exactly 

periodic, we cannot rule out rotation of one of the stars in the binary. For that 

the rotation would have to be synchronized with the binary orbital period, which is 

observed in some systems. However, if we are to accept the variation seen in Kato 

et al. (2001) as variation due to UZ Tau E, we can say that it is not due to rotation 

of one of the stars in the system unless spots are stable over eight years. 
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Fig. 9.- Photometric observations by Kato et al. (2001) in 1996-97 for the whole UZ 
Tau system. UZ Tau was more periodic in the first season (red) than in the second 

season (blue). 
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4.3. Comparison with Other CTTS Spectroscopic Binaries 

Table 3 shows the relevant data for the six CTTS spectroscopic binaries that are 

known. Since V 4046 Sgr and GW Ori have almost circular orbits, the accretion in 

those systems would not be pulsed according to the predictions of AL96. KH 15D 

is an eclipsing binary system, so it would be hard to detect the pulsed accretion, 

even if present , because of the larger brightness variation (61 ~ 3.5). So our sample 

size to study pulsed accretion in binary stars is very small, comprising only of UZ 

Tau E, DQ Tau, and AK Sco. We think the periodic variation we see in UZ Tau 

E is due to pulsed accretion as suggested by AL96 and observed in another short

period, young binary DQ Tau by Mathieu et at. (1997). Figure 10 shows that the 

accretion rate for smoothed particle hydrodynamic simulations for mdml = 0.3 and 

e = 0.1 (similar to UZ Tau E) and the folded , phased light curve for UZ Tau E peak 

at about the same phase. The similarity is striking. The maximum gravitational 

perturbation of the circumbinary disk happens at a phase of 0.5 (apastron), and 

material starts flowing in. But as discussed in Section 4.1.1, the infalling material 

probably stays in the circumbinary gap for one or more periods before finally falling 

in to the circumstellar environment. More eccentric and wider systems would mean 

that the accreting material would require more time to fall in, as evidenced in DQ 

Tau (Figure 11). The observation for the high-eccentricity case, for DQ Tau, are also 

consistent with the theoretical simulations by AL96. 

The theoretical simulations show pulsed accretion occurs in two streams, one 

each to the two stars. The secondary star, by the virtue of being less massive, will 

wander nearer to the circumbinary disk and will dislodge more material. So the 

accretion onto the secondary will be larger than onto the primary in systems with 

unequal mass stars. This was seen by AL96, who also find that the accretion onto the 

secondary happens before the accretion onto the primary, which can also be explained 



Table 3: The six known CTTS spectroscopic binaries. 

System Period 

(days) 

UZ Tau E 18.979 

DQ Tau 15.804 

AK Sco 13.609 

V4046 Sgr 2.421 

GW Ori 241.9 

KH 15D 48.38 

aMartin et al. (2005) 

b Jensen et al. (1996a) 

CMathieu et al. (1997) 

e 

0.14 

0.556 

0.471 

::; 0.01 

0.04 

0.74 

d Alencar et al. (2003) 

eManset et al. (2005) 

fJensen and Mathieu (1997) 

gAndersen et al. (1989) 

hNot Expected 

iQuast et al. (2000) 

jMathieu et al. (1991) 

kJohnson et al. (2004) 

m2 / m l Spectral 

Type 

0.267 M1 

0.97 K7-M1 

0.987 F5 

0.944 K5 

single-lined GO 

single-lined 

L* Disk Mass Pulsed References 

(L0 ) (M0 ) Accretion? 

0.94 0.063 Yes (6I~0.6) ab 

0.95 0.020 Yes (6 V~0.5) C 

7.94 0.005 No (6 V~0.5) defg 

0.82 0.0085 NEh (6B~0.1) if 

0.3 NEh (6 V~0.7) j 

Eclipse (6I~3.5) k 

~ 
0 

I 
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by the secondary wandering nearer to the circumbinary disk. For the system with 

unequal-mass stars, AL96 find that the accretion for the secondary peaks around a 

phase of 0.6 and the accretion onto the primary peaks around a phase of 0.9, although 

the total accretion rate has a very broad peak (Figure 1). We note the lightcurve 

from the first season matches the accretion rate onto the secondary stars well while 

the lightcurve from the second season seems to follow the total accretion rate(Figure 

10). At present , there is no reason to assume that the primary star was hidden from 

us in the first season, but it seems to be a distinct possibility. Since both stars in DQ 

Tau are of similar masses, the two accretion rates would be similar and both rates 

would match up well with the observationallightcurve (Figure 11). 

'" "0 
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Fig. 10.- Comparison of our data (plus) with the smoothed particle hydrodynamic 
simulations by AL96 (histogram). Both systems have similar mass ratios and eccen
tricities. The left panel shows the total accretion onto the system while the right panel 
shows only the accretion onto the secondary star for the theoretical simulations. The 
vertical axis for the theoretical accretion rates has been changed to a magnitude-like 
scale (y = -0.5log (m) -1.04) to allow comparisons with the observational data. 

As in the case of UZ Tau E, the two curves are remarkably similar providing 

observational evidence of active pulsed accretion. Mathieu et at. (1997) find that 

brightening events occur only in 65% of the periastron passages, which is consistent 

with our data for UZ Tau E over two seasons. Both of these binaries are T Tauri 

stars, which have a lot of random variation because of their youth. Because of this 

we might not be seeing the brightening every orbital period. 
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Fig. 11.- Comparison of the DQ Tau light curve data (triangles) with the smoothed 
particle hydrodynamic simulations by AL96 (histogram) Both systems have similar 
mass ratio and eccentricities. The theoretical model shows a sharp peak at about a 
phase of 1.0, consistent with the observational data (Figure 7 in Mathieu et aZ. 1997.) 

AK Sco, on the other hand, does not show a periodic photometric variation at the 

binary orbital period despite being very similar to DQ Tau in its orbital parameters 

(Alencar et aZ. 2003). In observations from various bands, it was seen that AK 

Sco exhibits brightness variations of more than a magnitude over a single season. 

Over multiple seasons, the variation is more than 1.5 magnitudes. However, the H a 

equivalent width was found to vary at the orbital period and to peak around phase 

0.6- 0.7. This is far away from what would be expected according to the simulations 

of AL96, but the H a equivalent widths might not behave the same as in VRI. 
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Do we expect to see pulsed accretion in AK Sco as easily as in UZ Tau E and DQ 

Tau? AK Sco is an older F5 star (rv 6 X 106 yrs; Andersen et at. 1989) compared to 

UZ Tau E (rv 5 X 104 yrs; Jensen et at. 1996a) and has a luminosity of rv 8.35 L 8 , more 

than eight times the luminosity of the other two systems. The AK Sco stars are more 

massive but the circumbinary disk around AK Sco (rv 0.005M8 ; Jensen and Mathieu 

1997) is much smaller compared to UZ Tau E (rv 0.063M8 ; Jensen et at. 1996a) and 

comparable to DQ Tau (rv 0.002 - 0.02M8 ; Jensen and Mathieu 1997) meaning the 

accretion rate would be smaller in AK Sco, or at least , similar in all three systems. 

Thus, if the change in accretion luminosity is the same but the total luminosity is 

much higher, the change in magnitude due to accretion will be much less. In fact , 

our calculations in Section 4.1.2 show that 61 ~ 0.107 for AK Sco. Along with its 

larger stochastic variability (61 = 3.5; Alencar et at. 2003) , pulsed accretion would 

be very hard to detect in this system. We think this might be a reason why pulsed 

accretion was seen in UZ Tau E and DQ Tau but not in AK Sco. 
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5. Conclusion 

Our observational data for two years (2004-05) shows that UZ Tau E, a CTTS 

spectroscopic binary, exhibits pulsed accretion as predicted by AL96. The folded 

light curve for UZ Tau E peaks at orbital phase rv 0.6, slightly after the stars pass 

apastron. There seems to be a possibility that the primary star was hidden from view 

in the first year of observation. Along with observational evidence in DQ Tau (Jensen 

and Mathieu 1997), this strongly suggests that mass transfer from the circumbinary 

disk to the circumstellar system through the gap takes place. AK Sco, a binary 

with its orbital parameters similar to DQ Tau, did not show a photometric variation; 

we think it is because of the bigger luminosity of AK Sco and its other stochastic 

variabilities. 

We are monitoring UZ Tau E in the VRI filters using the l.Om SMARTS telescope 

and in H a and I filters using Palomar telescope. Further observations of other short 

period CTTS binaries will be needed to confirm pulsed accretion, but the there are 

no other candidates at present. 
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working with him over the past year, and it has been a lot of fun! I would also like 
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