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Abstract T h e F U Orionis p h e n o m e n o n has a t tracted increasing a t tent ion in recent 

years , and is n o w accepted as a crucial e lement in the early evo lut ion of low m a s s stars. 

T h e general characterist ics of F U o r s are out l ined and individual m e m b e r s of t h e class 

are discussed. T h e discovery of a new FUor , B B W 76, is presented, together w i t h a 

discuss ion of photometr i c and spectroscopic observat ions of the star. T h e ev idence for 

c ircumstel lar disks around Τ Tauri stars is briefly out l ined , and the F U o r p h e n o m e n o n 

is d iscussed in t h e context of a disk accret ion mode l . A large increase in t h e accret ion 

rate through a circumstel lar disk makes the disk self- luminous w i t h a luminos i ty t w o 

or more orders larger than that of the star. Mass ive cool winds rise from F U o r s , and it 

is conceivable that t h e y are related to the in i t iat ion of Herbig-Haro flows. T h e F U o r 

p h e n o m e n o n appears t o be repet i t ive , and newborn low-mass stars m a y b e cycl ing 

b e t w e e n t h e F U o r s ta te and the Τ Tauri s tate . 

1 The FUor phenomenon 

T h e story of F U Orionis erupt ions began in 1936, w h e n a faint red variable 

star, F U Orionis , located in the dark cloud B 3 5 in the λ Ori region, br ightened by 6 

m a g n i t u d e s in a period poss ib ly as short as four m o n t h s . Early p h o t o m e t r y has been 

discussed by W a c h m a n n (1939 , 1954) and a detai led photometr i c and spectroscopic 

analys i s is presented by Herbig (1966 , 1977). 

T h e r e are now five such objec t s known, d u b b e d FUors b y A m b a r t s u m i a n (1971) , 

which all have in c o m m o n that t h e y were observed to brighten considerably, a l though 

on rather different t i m e scales. In their bright s ta tes , these stars share a number of 

spec troscopic propert ies , notab ly F-G type supergiant spectra w i t h abnormal ly strong 

B a l m e r absorpt ion l ines, strong Li I 6707 l ines , pronounced Ρ Cygni profiles at H a 

and several other l ines , and broad lines suggest ing rapid rotat ion. T h e y are all l oca ted 

in regions of recent star formation, and are assoc iated w i t h reflection nebulae . After 
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reaching m a x i m u m brightness t h e y presumably gradually decay, a l though on ly one 

objec t (V1057 Cyg) has faded substant ia l ly s ince its erupt ion (Fig . 1); s ince w e are 

not see ing numerous objec t s in high s tates it follows that all must eventual ly decay. 
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Fig . 1. T h e B- l ight curve of V1057 C y g showing the erupt ion in 1 9 6 9 / 7 0 and the 

subsequent decay. From Herbig (1977) . 

T h e progenitors of FUors are faint, red, s l ightly variable stars, all presumably 

Τ Tauri stars , a l though for only V1057 C y g is a pre-outburst s p e c t r u m available 

(Herbig 1958); this s p e c t r u m shows the emiss ion l ines characterist ic of Τ Tauri stars. 

B a s e d on event s tat i s t ics and the e s t i m a t e d number of observable T T a u stars , 

Herbig (1977) demons tra ted that F U o r erupt ions a lmost certainly occur repet i t ive ly 

in all T Tau stars in the course of their evolut ion, (see Sect ion 8) . 

Perhaps t h e m o s t out s tanding spectroscopic characterist ic of F U o r s is their 

d is t inct Ρ Cygni profiles, notab ly at H a and at the N a I 5 8 9 0 / 5 8 9 6 l ines ( B a s t i a n 

and M ü n d t 1985) . Fig . 2 shows high-resolut ion spectra of these l ines in F U Ori. 

D e e p blueshif ted absorpt ion troughs testify to the presence of mass ive stel lar w inds 

in these objec t s (for further detai ls see Sec. 6 ) . Another notab le feature of F U o r s is 

their gradual change of spectral type w i t h wavelength: in the red spectral region t h e y 

have a later spectral t y p e than in the blue , and in the near-infrared t h e y show the 

C O bands typical of K-M stars (Cohen 1975, Mould et al. 1978) . 

O n t h e basis of such spectroscopic characterist ics , several stars have been sug-

ges ted as F U o r s , w i thout ev idence for an erupt ion, in particular Ζ C M a and L1551 

1RS 5. T h e s e t w o objec t s are discussed, together w i th the five k n o w n classical F U o r s , 

in the fol lowing. 

• F U Orionis 

T h e photometr i c behaviour of F U Ori from 1936 to 1977 has been compi l ed b y 

Herbig (1977) , and from 1978 to 1985 by Kolot i lov and Petrov (1985) . Dur ing that 
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t i m e t h e star has remained in its e levated s tate , w i th only a slight overall fading. T w o 

years after the erupt ion t h e star suddenly d i m m e d by a m a g n i t u d e , and subsequent ly 

s tarted a s low osci l lat ion which ceased after 20 years. Overall the star has faded b y 

about a m a g n i t u d e in the b lue s ince the erupt ion. 

5880 5885 5890 5895 5900 

Fig . 2. High-resolut ion l ine profiles of the H a and the N a I l ines in F U O n o n i s , 

showing ev idence for mass ive winds . From Reipurth (1990) . 

T h e peculiar c o m p o s i t e spec trum of F U Ori has b e e n described in detai l b y 

Herbig ( 1 9 6 6 ) , w h o also gives references t o t h e early work on this objec t . At low 

resolut ion t h e star appears as an F - G - t y p e supergiant , but w i t h unusual ly prominent 

B a l m e r l ines . At higher resolution one sees two c o m p o n e n t s , t h e above m e n t i o n e d 

supergiant s p e c t r u m as well as a set of blueshifted c o m p o n e n t s part icularly strong 

at t h e B a l m e r l ines and at low-level l ines in b o t h neutral and ionized m e t a l s . T h e 

bes t c o m p r o m i s e classification of the supergiant s p e c t r u m is F2:p I-II (Herbig 1966) . 
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T h e far-red spec trum has b e e n described by Shanin (1979) , and ultraviolet spec tra 

b y E w a l d et al. (1986) and Kenyon et al. (1989) . 

F U Ori is a bright near-infrared source (e.g. Cohen 1973) and is also de tec tab le 

at far-infrared wave lengths w i th a dust - temperature of 15 Κ ( S m i t h et al. 1982) . T h e 

luminos i ty in t h e near-infrared interval 1.2 t o 5 / i m is about 80 L@ and it is about 

20 in t h e I R A S interval from 12 to 100 / z m , assuming a d is tance of 460 pc . 

T h e br ight -r immed cloud Β 3 5 has a cometary appearance . It harbors several 

c loud cores de tec ted in C O (Lada and Black, 1976); F U Ori is l oca ted towards the 

tail of t h e c loud, outs ide the m a i n cores. 

• V 1 0 5 7 C y g 

T h e ex tens ive molecular c louds in the N G C 7000 (North Amer ica N e b u l a ) region 

conta in numerous H a emiss ion stars, cata logued by Herbig (1958) . In 1 9 6 9 - 1 9 7 0 , 

one of these , L k H a 190, suddenly erupted and brightened by about 5 m a g n i t u d e s 

in a t ime-span less than 400 days (Wel in 1971) . A pre-outburst spec trum taken b y 

Herbig (1958) showed an emiss ion l ine s p e c t r u m characterist ic of Τ Tauri stars. Pos t -

erupt ion spectra show a great s imilarity t o F U Ori, w i th supergiant characterist ics 

and a spectral t y p e varying w i th wavelength; Herbig (1977) classified the star in the 

b lue (from t h e metal l ic - l ine spec trum) as changing from A 3 - 5 II to early F , II or 

III, from 1971 to 1973, and in the red from F5II to GOIb during t h e s a m e period. 

Other early pos t -erupt ion spectra are discussed by Haro (1971) , M e n d o z a (1971) , 

Schwartz and Snow (1972) , G a h m and Wel in (1972) , Grasdalen (1973) and Chalonge 

et al. (1983) . T h e Η α l ine shifted considerably in ve loc i ty as measured on m e d i u m -

resolut ion spec tra in t h e years after the erupt ion, lessening from - 5 6 0 k m / s e c in early 

1971 t o about - 2 2 0 k m / s e c in 1975 (Herbig 1977) , w i th subsequent variat ions b e t w e e n 

- 2 0 0 and - 3 0 0 k m / s e c , as measured until 1982 by Kolot i lov (1984) . A Ρ Cygni profile 

was observed in 1974 at the He I 10830 l ine, in which the emiss ion d isappeared and 

t h e absorpt ion weakened and shifted to lower outflow velocit ies in the fol lowing t w o 

years (Shanin 1979) . Obvious ly the erupt ion was accompanied b y a brief per iod of 

enhanced mass loss of except ional ly high velocity. High resolut ion spectra of the H a 

and S o d i u m D lines cont inue to show evidence for high ve loc i ty mass loss ( B a s t i a n 

and M ü n d t 1985, Croswell et al. 1987) , very similar to what is observed in F U Ori 

(see Fig . 2 and Sect ion 6 ) . 

T h e opt ica l l ight curve of V 1 0 5 7 C y g is well observed. Fig . 1 shows the mono-

tonic decl ine after the erupt ion until 1977 (Herbig 1977); further p h o t o m e t r y up to 

1985 has b e e n obta ined by Kopatskaya (1984) and Ibragimov and Shevchenko (1987) . 

T h e star is now almost halfway back t o its average pre-outburst level , but the rate 

of decrease in brightness appears to b e s lowing down. Ibragimov and Shevchenko 

(1987) suggest that there could b e a cyclic variation in their p h o t o m e t r y w i t h a 

period around 12 days . T h e decline in brightness of V1057 Cyg has been accompa-

nied b y a corresponding fading of the extens ive reflection nebulos i ty around t h e star 

( D u n c a n et al. 1981) 

Infrared observat ions of V1057 Cyg obta ined in the seventeen years fol lowing 
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outburs t have been analyzed by S imon and Joyce (1988) , w h o also give reference to 

earlier infrared work. T h e infrared fluxes have decreased at all wave lengths observed 

b e t w e e n 1.2 and 20 / /m , but much more rapidly at the shorter wave lengths . At 10 

and 20 μήι an init ial very rapid fading subsequent ly leveled off. To exp la in t h e rate 

of decrease as a funct ion of wave length is an essential test for any m o d e l of t h e F U o r 

p h e n o m e n o n . 

In 1973 a 1720 M H z OH maser was observed at V 1 0 5 7 Cyg , which gradual ly 

faded b e y o n d detec t ion towards t h e end of 1974 (Lo and Bechis 1973 , 1974; Andersson 

et al. 1979) . A second OH maser outburst was reported by W i n n b e r g et al. (1981) 

t o occur in 1979, also w i th a subsequent fading. 

V 1 0 5 7 Cyg was detec ted at 450 , 800 and 1100 μπι by Weintraub et al. (1989) 

providing direct ev idence for the presence of c ircumstel lar material ; t h e y suggest a 

lower l imit to t h e mass of this material of 1 0 _ 1 M©. 

• V 1 5 1 5 C y g 

T h e third F U o r , V 1 5 1 5 Cyg , was discovered by Herbig (1977) in t h e Lynds 897 

c loud, a c o m p l e x region wi th various signs of recent star formation (Herbig 1960) . 

In contrast t o the rapid rise displayed by F U Ori and V 1 0 5 7 Cyg , V 1 5 1 5 C y g took 

several decades t o rise: from 1944 to 1952 it br ightened by about 3 m a g from 

around 17™5, fol lowed b y a slower rise until the mid-sevent ies w h e n it reached V ~ 1 2 m 

(Herbig 1977, Got t l i eb and Liller 1978) . Since then it appears to have s tarted t o 

fade (Kolot i lov and Petrov 1983). It displays the various characterist ics of F U o r s , 

such as an early G- type high- luminos i ty spectrum, a b o w - s h a p e d reflection nebula 

(see Fig . 4 ) , deep blueshifted absorptions at H a and the S o d i u m lines (Bas t ian and 

M ü n d t 1985) , and a strong infrared excess (Cohen 1980) . 

F ig . 3 . T h e F U o r V 1 5 1 5 Cyg and its environment , as seen on the red P a l o m a r at las . 

T h e characterist ic F U o r reflection nebula is evident . Another young star, Parsamian 

22 , is seen further east in an e x t e n d e d reflection nebula . Nor th is up and east is left. 
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• V 1 7 3 5 C y g ( = E l i a s 1-12) 

T h i s ob jec t was found as a strong infrared source in an infrared survey of t h e IC 

5146 dark c loud c o m p l e x (El ias 1978) . It is a bright near-infrared source rising s teep ly 

towards t h e mid-infrared. It is also a bright I R A S source, w i t h an I R A S luminos i ty 

of 75 L© at t h e a s sumed dis tance of 900 pc . On t h e red Pa lomar atlas p la te from 

1952 , no objec t brighter t h a n 2 0 m was vis ible , but a similar p la te from 1965 showed 

a star of about 1 5 m w i t h a nearby faint reflection nebula . A n opt ical low-resolut ion 

s p e c t r u m shows a red c o n t i n u u m w i t h H a in absorption, d isplaced 4 Â bluewards , 

sugges t ing a Ρ Cygni profile. T h e near-infrared spec trum shows strong H 2 0 and C O 

absorpt ion features , as in other FUors . C O line profiles of the surrounding c loud 

show broad wings , suggest ing outflow from the star (Levreault 1983) . 

• V 3 4 6 N o r ( = H H 57 1RS) 

T h e m o s t recent F U o r to be discovered is V 3 4 6 Nor, which appeared in a molec -

ular c loud in the southern conste l lat ion Norma, nex t to the Herbig-Haro objec t H H 5 7 

( G r a h a m 1983 , G r a h a m and Frogel 1985) . Fig . 4 shows a red broadband C C D i m a g e 

of t h e region, which demonstra tes the close assoc iat ion be tween HH objec t and FUor: 

a reflection nebula stretches out from the star to reach the HH objec t . T h e proper 

m o t i o n vector of t h e H H object po in t s away from the F U o r (Schwartz et al. 1984) . 

F ig . 4. T h e Herbig-Haro object HH57 and the assoc iated F U o r V 3 4 6 Nor. Only t h e 

Herbig-Haro knot is in emiss ion , other features are reflected l ight. T h e spike in the 

H H objec t is from a defect in the C C D detector . From Reipurth (unpubl i shed) . 

Short ly after i ts discovery in 1983 , t h e star showed a very red cont inuum, w i t h 

H a and t h e S o d i u m lines in absorpt ion ( G r a h a m and Frogel 1985, Re ipurth 1985a) . 

Cohen et al. (1986) sugges ted a spectral t y p e of F8III . T h e object has a strong infrared 

excess . In t h e far-infrared there is an e longated structure perpendicular t o t h e l ine 

b e t w e e n H H objec t and star (Cohen et al. 1985) . A molecular outflow from t h e F U o r 

has b e e n d e t e c t e d along the axis to the HH object (Re ipurth et al. 1990) . 
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Li t t le is k n o w n about the rise t ime . E x a m i n a t i o n of Schmidt p lates suggest a 

slower rise than F U Ori and V I 0 5 7 Cyg , more reminiscent of V 1 5 1 5 C y g (Re ipur th 

1985a) . 

T h e luminos i ty is poor ly determined, main ly because t h e d i s tance is very uncer-

ta in . Various d i s tance e s t imates are 300 p c (Re ipurth 1985a) , 700 pc ( G r a h a m and 

Frogel 1985) and 940 pc (Cohen et al. 1986) . T h e last e s t i m a t e is derived as suming 

t h e F U o r has the s a m e luminos i ty as F U Ori at peak brightness . 

• Ζ C a n i s M a j o r i s 

T h i s objec t has long b e e n considered a Herbig A e / B e star, but it possesses a 

n u m b e r of characterist ics which suggest it m a y b e a F U o r ( H a r t m a n n et al. 1989): 

it exh ib i t s s trong blueshifted Ba lmer and S o d i u m absorpt ion troughs (Finkenzel ler 

and Jankovics 1984, Finkenzeller and M ü n d t 1984) , a unique spectral t y p e cannot 

b e ass igned (Herbig 1960) , C O absorpt ion at 2.3 μπι ( H a r t m a n n et al. 1989) , and a 

characterist ic reflection nebula (Herbig 1960, Goodrich 1987) . It also shows double-

peaked absorpt ion l ine profiles (Har tmann et al. 1989) , as seen in other F U o r s and 

predic ted by the accret ion disk mode l (see Sect . 5 ) . 

N o outburst has been observed, neither is Ζ C M a k n o w n t o fade gradually, 

ins tead it shows irregular variabil ity wi th ampl i tudes up t o AV ~ 2 m a g (e .g . Cov ino 

et al. 1984) . 

Near-infrared speckle observat ions have shown Ζ C M a to be h ighly e longated 

w i t h a s ize of about 0 .1" at 2.2 μπι , e i ther due t o scat ter ing in a c ircumstel lar disk 

(Leinert and Haas 1987) or because of a close c o m p a n i o n (Koresko et al. 1989) . It 

has also b e e n resolved at radio cont inuum wave lengths (Cohen and Bieg ing 1986) . 

T h e close visual companion reported by Finkenzeller and M ü n d t (1984) appears t o 

b e spurious . 

It is l ikely that Ζ C M a is a FUor . W i t h a luminos i ty of 3500 LQ it is more 

luminous than any of the other known FUors . 

• L1551 1RS 5 

T h i s objec t is an infrared source e m b e d d e d in the L1551 c loud (S trom et al. 

1976) w i th a luminos i ty of 36 L@ (Cohen and Schwartz 1987) . It is presumably very 

y o u n g , drives a major bipolar molecular outflow (Snell et al. 1980) , and a series of 

Herbig-Haro objec t s are mov ing supersonical ly away from it ( C u d w o r t h and Herbig 

1979, Neckel and Staude 1987). High resolut ion C 1 8 0 observat ions have revealed 

an e longated concentrat ion of gas , w i th a long axis of 1400 A U and a mass of ~ 

0.1 M 0 , or iented perpendicular to the outf low-axis (Sargent et al. 1988) . A smal l 

opt ica l and infrared nebula out l ines a cav i ty reflecting t h e light from t h e source (e .g. 

Monet i et al. 1988, Campbe l l et al. 1988) . T h e opt ical s p e c t r u m of the source has 

b e e n observed by M ü n d t et al. (1985) and Stocke et al. (1988) v ia this reflection 

nebula . T h e y find a Ρ Cygni profile at H a , w i th blueshifted absorpt ion e x t e n d i n g t o 

more t h a n 500 k m / s e c , and only weak H a emiss ion . Th i s is unlike the H a profiles 
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of Τ Tauri stars , but similar t o what is observed in FUors . There is s o m e t en ta t ive 

ev idence for a modes t change in spectral t y p e as one goes from blue to red, from G 

t o K. Carr et al. (1987) observed the 2μτη spec trum of LI 5 5 1 1RS 5 and de tec ted the 

C O bands in absorpt ion at a s trength sugges t ing a spectral t y p e of K2III. T h e y also 

find that H 2 0 absorpt ion is poss ib ly present. T h e s u m of the observat ional e v i d e n c e 

thus po in t s t o L1551 1RS 5 be ing in a post -erupt ion F U o r s tate . 

2 B B W 7 6 - a n e w southern F U o r 

T h e photometr i c behaviour of t h e FUors discussed in the previous sect ion show 

large differences. In order to bet ter discern c o m m o n propert ies from individual char-

acteris t ics , it wou ld be very useful to enlarge the small sample of k n o w n F U o r s . T h i s 

can b e done in t w o ways: e i ther by searching for major stellar erupt ions in molecular 

c loud regions in new or older p late material , or by closer e x a m i n a t i o n of indiv idual 

nebulous stars in star forming clouds. This latter approach presupposes that F U o r s 

have s o m e sufficiently well defined characterist ics , which allow t h e m to b e identified 

w i thout ev idence for an outburst . As discussed in the previous sect ion , th is appears 

in certain cases t o be poss ible . 

B o t h t y p e s of s tudies have b e e n carried out at the European Southern Obser-

vatory at La Silla over the last 10 years, and one objec t has been identified as an 

apparent ly b o n a fide F U o r (Re ipurth 1985b, 1990) . T h e star, B B W 76, is a 12th 

m a g n i t u d e objec t assoc iated w i t h a smal l , a n o n y m o u s cloud in t h e direct ion of the 

conste l la t ion P u p p i s at a pos i t ion α ι 9 5 ο : 7 / l 4 8 m 4 0 s . 4 , S1950: - 32°58 '43" . T h e star 

and c loud are apparent ly assoc iated , because the star displays a d is t inct , curved re-

flection nebula . Also , the ve loc i ty of the c loud as measured in the 1 2 C O transi t ion 

equals t h e ve loc i ty of the star, as well as of the interstellar absorpt ion l ines seen in 

h igh resolut ion N a I spectra. 

Low resolut ion spectra of the star reveal no emiss ion l ines, but a c o m p o s i t e 

of several t y p e s of features, mix ing a host of metal l ic l ines , s trong B a l m e r l ines and 

molecular bands . B a s e d on a b lue spec trum, and exc luding the Ba l m er l ines, t h e bes t 

spectral t y p e is GO-2 I. Fig. 5 shows a low-resolut ion s p e c t r u m of B B W 76 compared 

t o one of F U Ori itself. T h e similarity of the two stars is striking. Further to the 

red the two stars are equal ly similar, and b o t h show strong Li I 6707 absorpt ion. In 

the near-infrared region, B B W 76 shows weak 2.3 μτη CO absorpt ion, sugges t ive of 

a m u c h later spectral t ype . 

A t m u c h higher resolut ion, the similarities be tween B B W 76 and F U Ori con-

t inue. Fig . 6 shows high-resolut ion échelle spectra of H a and the N a I 5 8 9 0 / 5 8 9 6 l ines 

in B B W 76. Comparison wi th similar spectra for F U Ori shown in Fig . 2 i m m e d i a t e l y 

suggests that similar processes operate in b o t h stars. H a displays a Ρ Cygni profile 

w i th weak emiss ion and a deep absorption trough several hundred k m / s e c wide . T h e 

s o d i u m l ines also show mass ive blueshifted absorption features, which are s tructured, 
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sugges t ing s p a t i a l / t e m p o r a l variability. T h e winds responsible for these features are 

further discussed in sect ion 6. 

F ig . 5. Low resolut ion spectra of B B W 76 and F U O n o n i s , showing the remarkable 

s imilarity b e t w e e n t h e t w o objec t s . From Reipurth (1990) . 

If B B W 76 is a F U o r decaying from an earlier erupt ion , it should exhibi t a 

gradual fading at all wave lengths . P h o t o m e t r i c observat ions , at opt ica l as well as 

infrared wave lengths , demons tra te that this is indeed t h e case. F ig . 7 shows t h e 

p h o t o m e t r i c behaviour in t h e V - b a n d of B B W 76 b e t w e e n 1983 and 1988. To wi th in 

t h e p h o t o m e t r i c accuracy the star is fading s teadi ly at a rate of about 0™025 y r - 1 . 

T h i s is a rate a lmost twice as fast as F U Ori, but five t imes slower t h a n V I 0 5 7 Cyg. 

T h e ev idence presented so far strongly suggests that B B W 76 is a FUor . T h e 

p iece of information miss ing is the da te of its init ial erupt ion. A still ongo ing survey 

of o ld p la te archives has revealed no major variability going back as early as 1927. 

In summary , B B W 76 is a young star, w i t h strong l i th ium and assoc ia ted w i t h a 

molecu lar c loud, which spectroscopical ly shares all the features of F U Ori itself, and 

which is gradual ly fading at opt ical and infrared wave lengths . If a major br ighteningof 

t h e star has occurred, it m u s t have taken place more than 60 years ago. 
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F ig . 7. T h e V-l ight curve of t h e new F U o r B B W 76 from 1983 t o 1989. T h e objec t 
is clearly fading; a s imilar behaviour is found at near-infrared wave lengths . From 
Re ipur th (1990) . 

Fig . 6. High resolut ion l ine profiles of the H a and N a I l ines in the n e w F U o r B B W 
76, showing t h e s a m e s ignatures of mass loss as in F U O n o n i s . From R e i p u r t h (1990 ) . 
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3 EXors 

Herbig (1977) po inted out that if F U Ori erupt ions "occur in Τ Tauri stars 

but are absent on t h e m a i n sequence , then in a g iven objec t t h e y probably weaken in 

intensity, durat ion , or frequency as the star evolves toward the m a i n sequence , ins tead 

of ceas ing abruptly. If so, minor act iv i ty reminiscent of the F U Ori p h e n o m e n o n might 

b e present in older T Tau stars or p o s t - T Tau objects ." It is also poss ib le that the 

m e c h a n i s m which drives FUors m a y operate at lower levels , also in very y o u n g stars. 

A number of objec t s are known that fit this description; t h e y are k n o w n as 

E X o r s , and a list of nine members of the class is g iven by Herbig (1989) . 

T h e EXors , n a m e d after the proto type E X Lupi, show outbursts w i t h an am-

p l i tude of up t o 5 m a g n i t u d e s , which last for m o n t h s , in s o m e cases more than a 

year. T h e y do, however, appear to retain their emiss ion l ine characterist ics also dur-

ing outburs t s , a l though spectroscopic data are l imited. A l ight curve of t h e 1955-56 

outburst in E X Lupi is shown in Fig. 8. 

T h e bes t - s tud ied E X o r t o da te is probably D R Tau, a Τ Tauri star w i t h a rich 

emiss ion l ine s p e c t r u m and rapid h igh-ampl i tude photometr i c variabil ity superposed 

on a long t e r m rise in m e a n brightness (Bertout et al. 1977, Chavarria 1979, Götz 

1980, Kolot i lov 1987) . 

T h e t w o m o s t recently found EXors are V I 1 1 8 Ori ( = Chanal ' s o b j e c t ) and 

V I 1 4 3 Ori ( = Sugano's ob jec t ) . T h e y have had several outbursts in t h e 1980's, 

wh ich are discussed by Parsamian and Gasparian (1987) , Gasparian and Ohanian 

( 1 9 8 9 ) , Mirzoyan et al. (1988); see also Parsamian (this v o l u m e ) . P h o t o m e t r i c and 

spectroscopic moni tor ing of these stars is important for a t t e m p t s t o unders tand their 

re lat ionship w i th t h e F U o r phenomenon . 

1955.0 1956.0 1957.0 

8.0 

10.0+ 

£> 12.0+ . 
«o 

t 

14.0+ 

τ 

JD243 4800 5200 5600 6000 

Fig . 8. T h e 1 9 5 5 / 5 6 erupt ion of t h e EXor E X Lup. T h e da ta po ints are v isual 

e s t i m a t e s compi led by Bate son and Jones . From Herbig (1977) . 
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4 Disks around T Tauri stars 

It is n o w general ly accepted that circumstel lar disks not only are present around 

the younger of low-mass pre-main sequence stars, but play an essential part in defining 

a variety of their observable propert ies . Th i s sect ion briefly summarizes propert ies 

of disks around the Τ Tauri stars, in their role as precursors to FUors (see also the 

rev iews of Appenze l ler and of Lada in this vo lume) . 

Τ Tauri disks are div ided into passive and active disks. T h e pass ive disks 

mere ly reprocess light e m i t t e d from the central star, re-emit t ing it in t h e infrared. 

For certain geometr ies and incl inat ions, up to 50% m o r a light than e m i t t e d b y the 

star can actual ly reach the observer v ia scattering. O n the other hand , act ive disks 

have an addit ional c o m p o n e n t to their luminos i ty from viscous d iss ipat ion of energy 

in t h e disk, and their infrared excesses can therefore occas ional ly be very large. A s 

discussed by Lynden-Be l l and Pringle (1974) , energy diss ipat ion must lead t o inflow 

of mater ia l through the disc; act ive disks are therefore accret ion disks. Stars w i t h 

act ive disks are l ikely to have a hot boundary layer be tween star and disk, where 

energy is re leased as disk mater ia l comes to rest on the (slower rotat ing) star. 

T h e spectral s h a p e of infrared energy distr ibut ions is a lmost identical for Τ 

Tauri stars w i t h pass ive and act ive disks. For a deta i led model l ing , opt ica l and 

ultraviolet da ta must therefore b e incorporated, even though t h e effect of ex t inc t ion 

t h e n b e c o m e s m u c h more pronounced . Bertout et al. (1988) and Basri and Ber tout 

(1989) have rather successful ly mode l l ed the energy dis tr ibut ions of a number of 

classical Τ Tauri stars from the ultraviolet t o the infrared in terms of a central star 

surrounded by an act ive disk. Such accretion disk m o d e l s are successful in m a t c h i n g 

observat ions , because the infrared radiat ion can be produced b y dust near t h e star 

w i thout caus ing an excess ive ex t inc t ion , and because accret ion is a convenient source 

of energy t o expla in a poss ible large infrared luminosity. T h e accret ion rates t h e y 

derive range from lO~ 9 M0yr _ 1 t o 1 0 " 7 Μ Θ Ϊ / Γ ~ 1 . 

Certa in ly not all young low mass stars show ev idence that t h e y are surrounded 

b y act ive ly accret ing disks. Es t imate s differ, but it appears that less t h a n 50% of t h e 

classical Τ Tauri stars show signatures of an accret ion disk. 

A g e and mass determinat ions of Τ Tauri stars are general ly m a d e us ing pre-main 

sequence evo lut ionary tracks. This is in itself a very uncerta in procedure (Mazz-

itelli 1989) , but w i t h the growing real ization that disks can contr ibute s o m e t i m e s 

significantly t o the observed luminosi t ies , such determinat ions b e c o m e ques t ionable 

( K e n y o n and H a r t m a n n 1990) . 

Τ Tauri stars are k n o w n t o possess powerful winds . Several recent s tudies have 

sugges ted correlations be tween wind diagnost ics and ev idence for disks. S trom et 

al. (1988) found that mos t of young stellar objec t s w i t h s ignatures of mass loss are 

characterized by large infrared luminos i ty excesses . Cohen et al. (1990) found that 

stars w i t h strong [01] emiss ion have bo lometr ic luminosi t ies much larger than their 

e x p e c t e d stel lar luminos i t ies . Cabrit et al. (1990) found [ΟΙ] and Η α emiss ion corre-

la ted w i t h infrared excess , but no correlation t o photospher ic luminosity , sugges t ing 
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tha t it is t h e disk, and not the star, which primarily determines the stel lar w ind 

s trength . It thus appears that mass loss in y o u n g low-mass stars is powered by the 

energy released as mater ia l in circumstel lar disks accretes o n t o the stars. 

5 Disk accretion in FUors 

A number of authors have suggested over the years that the large flare-ups 

of F U o r s could represent events in which material accretes o n t o the central stars 

(Paczynsk i 1976, Herbig 1977, Larson 1983, Lin and Papalo izou 1985) . Recent ly , 

H a r t m a n n and Kenyon (hereafter H K ) have deve loped the detai ls of an accret ion 

disk mode l for F U o r s , in which a hot , opt ical ly-thick accret ion disk d o m i n a t e s the 

s y s t e m light at m a x i m u m ( H a r t m a n n and K e n y o n 1985, 1987a, b , Kenyon et al. 1988, 

K e n y o n and H a r t m a n n 1989) . 

T h e relat ions b e t w e e n mass accret ion, angular m o m e n t u m transport and energy 

diss ipat ion in a v i scous disk have b e e n discussed by Shakura and Sunyaev (1973) 

and Lynden-Be l l and Pringle (1974) . T h e effect of v iscos i ty is to transport angular 

m o m e n t u m from the inner to the outer part of the disk and thus t o control the 

mass-f low through t h e disk. W h i l e material s lowly drifts inwards in the disk, half 

of the potent ia l energy decrease is used to heat the disk locally. U l t i m a t e l y the 

s p e e d i n g mater ia l accretes o n t o the star, releasing the equivalent of t h e other half of 

t h e potent ia l energy difference in a hot boundary layer. T h e local t emperature and 

luminos i ty in the disk is a sensit ive funct ion of the mass accret ion rate and d i s tance 

t o t h e star. 

B a s e d on these concepts , HK developed a t ime- independent mode l of an opti-

cal ly thick disk, cons is t ing of a set of concentric annuli , each of t h e m radiat ing as 

a star w i t h a certain effective temperature , or for the outer cool regions, as a black 

body . 

T h e interpretat ion of FUors in terms of such a hot , opt ica l ly thick accret ion 

disk has had s o m e notable successes . It natural ly accounts for the o therwise curious 

change of spectral t y p e w i t h wave length , wherein a F U o r has an F-G t y p e s p e c t r u m 

in the b lue range, but a K-M t y p e spec trum in the near-infrared. It further expla ins 

t h e supergiant spectra of FUors , because disks are low-gravity env ironments . It also 

makes two predict ions, which can be te s ted by observat ions . 

T h e first predict ion is that absorption-l ine profiles should be double -peaked if 

t h e objec t observed is a rotat ing flattened disk. High resolut ion opt ica l spectra do 

not show this effect unambiguous ly in individual l ines. B u t cross-correlation be tween 

F U o r spec tra and spectra of t e m p l a t e stars, of similar spectral t y p e in the relevant 

wave length range, indeed shows such double peaked profiles in F U Ori, V 1 0 5 7 C y g 

and Ζ C M a (HK, see previously l is ted references). T h e l inewidths are large ( ~ 100 

k m s _ 1 ) and t h e separat ion of the double peaks can be well m a t c h e d by disk mode l s . 

T h e second predict ion is that l ines from optical spectra , e m i t t e d in hot , inner, 
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Fig . 9. T h e rotat ional ve loc i ty ν sin i determined for a large number of l ines in the 

red spectral region ( 6 0 0 0 - 9 0 0 0 Â ) of V1057 Cyg. There is a clear trend towards lower 

rotat ional veloci t ies at longer wavelengths . From Welty et al. (1990) . 

faster rotat ing regions, should show larger rotat ional broadening than l ines from 

infrared spectra , e m i t t e d in cooler, more dis tant and slower rotat ing regions. U s i n g 

infrared Fourier transform spectra , HK (Kenyon and H a r t m a n n 1989 and previous ly 

l i s ted references) have shown that there is indeed such an effect, and that the observed 

rat io of opt ica l t o infrared rotat ional broadening can be well reproduced b y t h e disk 

m o d e l . In a more recent s tudy, Wel ty et al. (1990) obta ined high resolut ion, h igh 

s ignal - to-noise spec tra of V 1 0 5 7 Cyg covering the spectral range from 5820 Â t o 9370 

Â. Fig . 9 shows ν sin i measured for a number of l ines in this wave length region. T h e 

trend towards lower rotat ional ve loc i ty as one goes to the red is ev ident , and further 

supports t h e disk accret ion hypothes i s . In the s a m e study, Wel ty et al. (1990) also 

found a correlation be tween l ine w i d t h and l ine transit ion lower exc i ta t ion potent ia l , 

such that higher exc i ta t ion potent ia l lines are broader, as one would expec t in a 

Kepler ian disk w i t h a t emperature gradient . 

In order t o achieve a m a t c h be tween models and observat ions , very large m a s s 

accret ion rates , of the order of 1 0 ~ 4 M© y r - 1 , are needed . A s s u m i n g an average 

durat ion of a F U o r erupt ion of 100 years, thus implies that of t h e order of 1 0 ~ 2 M © 

is accreted in an erupt ion. A l t h o u g h these numbers obvious ly are no th ing more than 

s imple e s t i m a t e s , t h e y do suggest that if F U o r erupt ions occur regularly through t h e 

pre-main sequence phase , the accreted materia l m a y add significantly t o t h e init ial 

stel lar m a s s , and thus influence t h e evolut ion of the star. 

D e s p i t e t h e ease w i t h which a number of observations can b e interpreted in this 

framework, t h e accret ion disk mode l is still in its infancy, and it is l ikely t o need 

considerable e laborat ion before it can expla in a number of more subt le observat ional 

facts . Herbig (1989) has drawn at tent ion to s o m e of t h e shortcomings of the m o d e l 

as it s tands at t h e m o m e n t , and suggests that it is stil l t oo early t o discard other 

a l ternat ives . 

A point of considerable interest is the quest ion of s tabi l i ty of a hot act ive ly 

accret ing circumstel lar disk. Clarke et al. (1989) no te that t h e mid-p lane t e m p e r a t u r e 
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in t h e inner disk is at least 40 000 K, and therefore must conta in part ial ly ionized 

regions. B u t such regions are prone t o local thermal instabil i ty, so that a front 

separat ing ionized and neutral regions should sweep radially back and forth in the 

disk, m o d u l a t i n g t h e otherwise s teady accret ion on t imesca les of m o n t h s t o years. 

T h i s is contrary t o t h e observed s t eady decl ine of FUors . Clarke et al. (1989) proceed 

to show that t h e disk m a y actual ly be s tabi l ized against this thermal ionizat ion 

instabi l i ty b y t h e effect of advect ive heat transport . 

A prob lem not yet unders tood is what init ial ly triggers a F U o r outburst . It 

is difficult t o envisage how a disk around a Τ Tauri star, w i t h an accret ion rate of 

less t h a n 1 0 ~ 7 Μ Θ t / r - 1 , can switch into a s tructure w i t h an accret ion rate 3 orders 

of m a g n i t u d e larger wi th in a few years. A n external triggering m e c h a n i s m m a y b e 

n e e d e d , such as t h e close passage of a companion in a h ighly eccentric orbit (Clarke 

et al. 1989) . 

6 The winds of FUors 

High-reso lut ion spectra of H a and the S o d i u m D l ines d e m o n s t r a t e that F U o r s 

possess mass ive , h igh ve loc i ty winds (Bas t ian and M ü n d t 1985, Croswell et al. 1987, 

Re ipur th 1990) . Profiles of these l ines are shown for F U Ori and the new F U o r 

B B W 7 6 in figs. 2 and 6, respectively. In H a the emiss ion c o m p o n e n t e x t e n d s t o 

on ly low pos i t ive veloci t ies , in contrast to the absorpt ion trough which e x t e n d s t o 

b lueshi f ted veloci t ies of several hundred k m / s e c . In the S o d i u m l ines , t h e absorpt ion 

also e x t e n d s to very high negat ive veloci t ies , whereas only weak redshifted absorpt ion 

of low ve loc i ty can s o m e t i m e s be discerned. Apparent ly t h e redshifted mater ia l is 

s o m e h o w occu l ted . T h i s is readily unders tood if an opt ica l ly thick disk surrounds the 

star. 

Pudr i t z and N o r m a n (1983 , 1986) suggested that winds from y o u n g stel lar ob-

jec t s or ig inate in their circumstel lar disks. A disk is an at tract ive wind-source , be -

cause i ts surface-gravity is much lower than that of the central star, and during a 

F U o r erupt ion it is also m a n y t imes more luminous than the star. T h e Pudri tz -

N o r m a n m o d e l assumes that poloidal m a g n e t i c fields pervade the disk; gas is acceler-

a ted because the m a g n e t i c field enforces its corotat ion w i th t h e disk out to relat ively 

large dis tances . Such centrifugally driven, hydromagnet ic winds are very efficient in 

ex trac t ing and removing angular m o m e n t u m and rotat ional energy from t h e disk, 

a l though it is not clear that winds can be formed at the large d is tances from the cen-

tral source as sumed in this scenario. Another disk-wind m o d e l a s sumes that Alfvén 

waves are generated by turbulence in the disk (Har tmann and Kenyon 1985) , and that 

t h e F U o r winds are driven essential ly by the same m e c h a n i s m sugges ted for Τ Tauri 

w inds (Lago 1979, 1984, D e C a m p l i 1981 , Har tmann et al. 1982) . It is indeed possi-

ble that b o t h t h e m a g n e t i c wave model and the rotat ing m a g n e t i c field accelerat ion 

m e c h a n i s m is at play s imultaneously . 
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De ta i l ed analys is of high-resolut ion l ine profiles can provide information on 

t h e g e o m e t r y of t h e wind-forming region, t h e m a s s loss-rate and t h e t empera ture of 

t h e wind . Such a s t u d y was performed by Croswell et al. ( 1987) , w h o did radiat ive 

transfer ca lculat ions t o m a t c h observed H a and N a I profiles; each of their i sothermal 

steady-f low w i n d mode l s were specified by a mass- loss rate, a wind t emperature and 

a wind-ve loc i ty as funct ion of radius, and were jo ined t o a photosphere of T e = 

5000 Κ and log g = 1. A lower l imit t o t h e mass- loss rate of 1 0 ~ 5 M © yr~l was 

found t o b e required in order to m a t c h the ex tens ive blueshifted S o d i u m absorpt ion 

troughs . T h i s was derived assuming a s lowly accelerating ve loc i ty field; a rapidly 

acce lerat ing ve loc i ty law would d e m a n d even higher mass loss rates , approaching the 

about 1 0 ~ 4 M © yr~~l in mass accretion required by H a r t m a n n and Kenyon (1985) to 

account for t h e observed outburst - luminos i ty . B u t rapid wind accelerat ion is only 

needed in a spher ica l ly -symmetr ic geometry, where the star is required to occu l t the 

redshifted materia l . If ins tead one assumes a disk-like geometry, a s low accelerat ion 

g e o m e t r y and thus a lower mass- loss rate can still b e adopted . T h e m o d e l s which 

s imul taneous ly can m a t c h the observed H a and N a I absorptions all indicate cool w i n d 

t emperatures of about 5000 K; at higher temperatures H a goes into strong emiss ion 

for mass- loss rates sufficient t o produce the observed N a I absorpt ion. T h e work of 

Croswell et al. (1987) thus suggests that F U o r winds are cool , very mass ive and arise 

from a disk-geometry. O n e consequence of the low wind temperature is that thermal 

pressure a lmost certainly is not important in driving the outf low, further support ing 

t h e m a g n e t i c field mode l s previously discussed. 

There are t w o observat ions which suggest that the wind rising from the disk has 

radial s tructure . Firstly, moni tor ing of the H a and N a I l ine profiles have revealed 

variat ions of t h e high-veloc i ty wings on t imescales of a day (Croswell et al. 1987, 

Pasquin i and Re ipurth 1990) . For w ind velocit ies u p t o several hundred k m / s e c , this 

is l ikely to i m p l y that this fast component of the wind originates in a region only a few 

stellar radii in s ize, presumably located around the central star . Secondly, K e n y o n 

and H a r t m a n n (1989) observed sl ightly blueshifted C O v ' - v " = 2 - 0 absorpt ion in 

F U Ori and V I 0 5 7 C y g in their Fourier Transform spectra , and conc luded that m a s s 

e ject ion from t h e near-infrared emi t t ing disk regions does not e x c e e d 1 0 ~ 7 M © yr~x. 

Compared w i t h t h e mass loss rates derived for the hot ter , inner, opt ica l ly emi t t ing 

regions (Croswell et al. 1987) , it appears that the mass loss rates decrease by a factor 

of roughly 100 as one goes from about 1-2 R* to about 10 R*. 

There are theoret ical arguments w h y the main mass loss should b e concentrated 

towards t h e inner disk regions. Pringle (1989) shows that if t h e wind is driven ulti-

m a t e l y b y accret ion energy, then the wind must c o m e from regions of sufficient d e p t h 

in t h e gravi tat ional well, so that enough energy per gram b e c o m e s available. He 

suggests that t h e w ind actual ly originates in the boundary layer, where the accret ion 

disk feeds into t h e star, and is driven by powerful toroidal m a g n e t i c fields produced 

b y the strong shear in the boundary layer. 

Li t t le is k n o w n wi th certainty about the propert ies of the boundary layer, but 

it is l ikely t o b e the hot te s t region of the disk. Ultraviolet spectra of several F U o rs 
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o b t a i n e d w i t h t h e I U E sate l l i te have been reported by Ewald et al. (1986) and Kenyon 

et al. ( 1989 ) . Ultravio let absorpt ion features suggest spectral t y p e s for F U Ori of A 5 

I and for Ζ C M a of F5 I. A n u n e x p e c t e d result is that the ultraviolet absorpt ion 

features are not s ignif icantly vei led, imply ing that a hot boundary layer contr ibutes 

less t h a n 20% of t h e radiat ion be tween 2600 Â and 3200. Â . A n unders tanding of 

t h e propert ies of t h e boundary layer is likely t o be one of the pr ime goals of F U o r 

research in t h e coming years. 

7 Do FUors power the Herbig-Haro flows? 

T h e mass ive , supersonic flows of materia l lost from a F U o r during an erupt ion 

are l ikely t o have a profound effect on the ambient m e d i u m . It has been proposed that 

F U o r erupt ions are responsible for the Herbig-Haro flows (e .g. D o p i t a 1978, Re ipurth 

1985a, 1989a) . 

Herbig-Haro energy sources are, w h e n k n o w n , m o s t l y e m b e d d e d o b j e c t s , de-

t e c t a b l e only at infrared wavelengths . In those cases where the source is a v is ible 

star, it is general ly h ighly reddened. This sugges ts that Herbig-Haro energy sources , 

as a c lass , be long a m o n g the youngest stars known. 

T h e Herbig-Haro je t s , the bes t co l l imated subset of the Herbig-Haro flows, 

prov ide an intriguing g l impse into the recent past of their driving sources. A number 

of j e t s show mul t ip le bow shocks (e.g. Re ipurth 1989b) test i fying to intermit tent 

mass- loss episodes in their driving sources. V iewed as a group, t h e energy sources 

also show considerable variety in terms of luminosity, type and visibility. It is here 

of particular interest that 3 out of the 8 FUors discussed in Sect ion 1 are assoc ia ted 

w i t h Herbig-Haro objec t s . T h e close assoc iat ion b e t w e e n HH 57 and an emerg ing 

F U o r has already been discussed in Sect ion 1 (see Fig . 4 ) . T h e e m b e d d e d source 

L1551 1RS 5 produces a je t , seen in Fig . 10 in a red C C D image from C a m p b e l l et 

al. (1988) , which has a large proper m o t i o n away from the e m b e d d e d source (Neckel 

and S taude 1987, C a m p b e l l et al. 1988). Ζ C M a possesses a bipolar Herbig-Haro jet 

w i th a tota l ex tent of 3.6 pc and large radial velocit ies of up t o - 6 0 0 k m / s e c (Poe tze l 

et al. 1989) . It is important to no te that no other class of y o u n g stars can boast a 

s imilar high percentage ( ~ 30%) of assoc iat ion w i t h Herbig-Haro objec t s . 

If FUors init iate Herbig-Haro flows, then three quest ions arise. Firstly, w h y are 

t h e remain ing FUors not assoc iated w i t h HH objects? A poss ib le exp lanat ion is that 

the c lose environment of the star plays a role in focusing t h e outf low sufficiently to 

form shocks; no te that the two deepest e m b e d d e d F U o r s , V 3 4 6 Nor and L1551 1RS 

5, are b o t h assoc ia ted wi th Herbig-Haro objec ts . Secondly, w h y are m o s t Herbig-

Haro energy sources Τ Tauri stars? T h a t is l ikely t o b e due t o differences in the 

t imesca les of t h e p h e n o m e n a involved. D y n a m i c a l t imescales for Herbig-Haro flows 

are typica l ly a few thousand years, whereas t imesca les for the decay of F U o rs are 

l ikely t o b e of t h e order of a few hundred years. At any g iven t i m e , t h e major i ty of 
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Fig . 10. T h e Herbig-Haro jet e m a n a t i n g from the e m b e d d e d F U o r L 1 5 5 1 1 R S 5, w h o s e 

pos i t ion is ind icated by a cross, as seen in a C C D image through a red broadband 

filter. From C a m p b e l l et al. (1988) . 

energy sources have therefore reverted to a s tage in which t h e star again dominate s 

t h e luminosi ty . Thirdly, s ince s o m e Herbig-Haro je t s are seen t o e m a n a t e from Τ 

Tauri stars , which therefore stil l have winds sufficiently powerful and co l l imated t o 

form shocks , w h a t d is t inguishes these stars from the average Τ Tauri star? Essent ia l ly 

all k n o w n Τ Taur i - type Herbig-Haro energy sources be long t o the rich emiss ion l ine 

variety, Herbig's class 4 and 5 (Herbig 1962) , suggest ing that t h e y are in a higher 

s ta t e of act ivity . Perhaps these stars are in EXor-l ike phases towards t h e end of their 

d e c a y from an e levated F U o r phase . 

8 FUors and pre-main sequence evolution 

B a s e d on t h e number of known FUors , together w i th an e s t i m a t e of t h e p o p u -

lat ion of Τ Tauri stars that could give rise t o F U o r s , and t h e t i m e interval in which 

photograph ic surveys have been m a d e , Herbig (1977) conc luded that t h e F U o r phe-

n o m e n o n is repet i t ive and occurs m a n y t imes in each Τ Tauri star. Der iv ing a rough 

m e a n interval of 10 000 years be tween erupt ions , and as suming a Τ Tauri phase of 

1 0 6 years durat ion , Herbig suggested that a Τ Tauri star might exper ience as m a n y 

as 100 erupt ions . E s t i m a t e s m a d e in a different way by H a r t m a n n and Kenyon (1985 , 

1987a) support Herbig's finding that FUors are repet i t ive . 

It is probable that correct e s t i m a t e s of t h e F U o r frequency cannot be der ived 

b y searching for brightenings only in vis ible stars. If F U o r s are caused by disk ac-

cret ion, it s eems l ikely that erupt ions would b e more frequent in the earliest phases 

of evo lut ion , during which t h e stars are still e m b e d d e d in molecular c louds and their 
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disks are less deple ted . Infrared sources could therefore be t h e m o s t l ikely reservoir 

of future F U o r erupt ions . It is indeed intriguing that e m b e d d e d Herbig-Haro energy 

sources have a very large spread in luminosity. 

T h e early evo lut ion of a y o u n g low-mass star m a y be cycl ic , w i t h occas ional 

accret ion events e levat ing the star into a F U o r s tage from which it gradual ly decays 

into a Τ Tauri phase . It has been proposed by a number of authors that even the 

Τ Tauri characterist ics are powered by accret ion. T h e true unper turbed underly ing 

star m a y first b e seen w h e n t h e star reaches the weak-l ine Τ Tauri phase . T h e full 

evo lut ionary cycle would then b e from F U o r t o Τ Tauri star to weak-l ine Τ Tauri star, 

e x c e p t that in the earliest phases the star never reaches the weak-l ine s ta te beca us e of 

accret ion, and in the late phases the mass ive accret ion events seen as F U o rs b e c o m e 

very rare or non-ex i s t ent , and the star t h e n basical ly cycles b e t w e e n the Τ Tauri and 

t h e weak- l ine Τ Tauri phase . This cyclic way of looking also at t h e later phases of 

pre-main sequence evo lut ion can expla in w h y some weak-l ine Τ Tauri stars stil l can 

have considerable circumstel lar material . 

If mass accret ion rates reach 1 0 ~ 4 Μ Θ yr~l during a F U o r event , which m a y 

last on average 1 0 2 years, then as much as 0.01 M 0 could b e accreted in a s ingle 

event . If t h e F U o r p h e n o m e n o n is repet i t ive , a substant ia l part of the stel lar mass 

m i g h t be added from t h e disk during the early evolut ion of the star, as proposed b y 

Mercer-Smith et al. (1984) . Even the smaller accret ion-rates occurring during the 

Τ Tauri phases may, because of the much longer durat ion of these phases , have an 

effect on t h e stel lar mass . Accret ion m a y thus alter the evo lut ion in the H R diagram 

signif icantly (Har tmann and Kenyon 1990) . 

F U Orionis erupt ions m a y also have an impact on our unders tanding of the 

early solar nebula . Herbig (1977) po inted out that dust grains in t h e inner regions 

of the disk could be significantly heated , and specu la ted that the chondrules found 

in chondrit ic meteor i tes might have formed from dust me l ted during F U o r outbursts . 

M o d e l s of t h e early solar nebula (e.g. W o o d and Morfill 1988) m a y need t o take into 

account t h e effects of cycl ic heat ing of disk material by F U o r events . 
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GAHM: Just a comment on your note on the unusual strength of Ba II at 
6496 A. This feature is very strong in red supergiants, so may be this 
is in line with your picture of line formation in a low pressure disk. 
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