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1. ON THE NATURE AND ORIGIN OF
THE T TAURI STARS

GEORGE H. HERBIG
Lick Observatory, Mount Hamilton, California, U.S.A.

It is fitting that, in opening this Symposium with a consideration of the
T Tauri stars, we note that this month marks the tenth anniversary of the
September 1945 issue of the Astrophysical Journal, in which appeared the
remarkable pioneering paper by Alfred H. Joy that initiated the study of
emission-line stars associated with nebulosity. This contribution opened a
new approach to the study of the relationship of stars to their environment.
Today, ten years later, the T Tauri stars and their interaction with
nebular material form a topic whose significance we may not fully appre-
ciate and whose opportunities have been as yet only superficially exploited.

In the decade that has passed since the appearance of Joy’s 1945 paper,
a great deal of work has been done in this field (most of it, I should remark,
by astronomers who are to participate in this Symposium). Rather than
attempting to summarize these ten years of progress, I wish to do only two
things: first, to present an assessment of the problem of the nature of the
T Tauri stars as it stands today, and second, to discuss some evidence that
may bear on the question of the origin of these objects. If a satisfactory
solution to even one of these problems can be found, it will then be pos-
sible to look for a deeper significance in the instability of the T Tauri stars.

For those who are not familiar with the subject, it should be said that the
T Tauri stars are low luminosity objects having a rather characteristic
emission-line spectrum, are irregularly variable in light and spectrum, and
have been found only in association with nebular material, both bright and
dark. The observational data are now so extensive that the reality of the
association with nebulae is quite beyond dispute. The central question is:
are the T Tauri variables new stars, recently formed or still forming within
the nebulae, or are they ordinary field stars that have encountered the gas
and dust clouds accidentally, and are in process of being modified—
perhaps rather superficially—by their environment?

Three years ago (1], in an examination of the information then available,
I concluded that it was ‘not possible to make a clear-cut and entirely
acceptable decision between [these] two opposing alternatives on the basis
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of observational evidence alone’. Today, in my opinion, we are able to
take a more positive stand. I believe that the evidence now available
favours the hypothesis that the T Tauri stars as a class are new objects,
genetically associated with the clouds in which they are found. Presum-
ably their instability is a consequence of their relative youth. Some of the
evidence to this effect is still ambiguous, but I believe that if one were to
maintain the opposite position, and try to explain away all the observa-
tional facts by ad koc processes involving normal stars, he would find him-
self in an unrealistic position.

First consider three observational facts that must be mentioned here
because of their undoubted significance, but which in my opinion do not
by themselves enable us to reach a firm decision.

(1) It has been found (1] that the T Tauri stars have somewhat diffuse
absorption lines, a characteristic which is known to be quite abnormal for
ordinary single stars of the same spectral typesi2l. Although only the
brightest T Tauri stars are accessible to observations of this kind, there is
indication that other stars of the group also may possess this peculiarity.

(2) The T Tauri stars of later type are found to be systematically brighter
than main sequence stars of the same spectral types[1]. Some of the M-type
objects in the Taurus clouds, for example, lie 2 to 3 magnitudes above the
main sequence even before any allowance is made for absorption. Similar
departures from the main sequence have been found in NGC 2264(3).

(3) If the T Tauri stars are field stars in a stage of active accretion, one
might expect that their spectra would give some evidence of the infall of
material. However, there is no clear spectroscopic evidence that matter is
actually being collected by the T Tauri stars. In fact, the conclusion which
emerges from both low-(4] and high-dispersion (51 spectroscopic observa-
tions is that the emission-line regions of their atmospheres, as well as certain
higher layers that produce a shell-type spectrum, are rising with respect to
the source of the underlying absorption spectra. Since the absorption
spectra presumably indicate the radial motion of the stars, one would
expect to observe just such an effect if the T Tauri stars were ejecting
material, rather than collecting it.

These three characteristics—line width due to rapid rotation or large-
scale turbulence, abnormal luminosity, and lack of evidence for the infall
of matter—neither demonstrate nor disprove that the T Tauri stars are
newly-formed objects. It is true that newly-formed stars might exhibit
abnormally high rotation as a result of the conservation of angular
momentum during formation, and that the ejection of material would be
a way of disposing of excess momentum. It is also true that the abnormally
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bright T Tauri stars inhabit a portion of the spectrum-luminosity diagram
where lie the evolutionary tracks of gravitationally contracting stars having
a mass somewhat less than the sun’s(6,7]. But as interesting as it would
be to identify the phenomena observed in the T Tauri stars with these
theoretical concepts, one cannot use such correspondences to prove the
correctness of the basic assumption. It might be that the collection of a
great deal of material by a normal star could somehow give rise to these
same effects. Fortunately, there are three other points which bear on this
problem that cannot be evaded so readily.

(4) The data that are now available on the occurrence of emission-line
stars in the Taurus dark clouds(4,8,9] make it possible to compute, under
reasonable assumptions, the average number of such stars per cubic parsec
of these nebulae. In the central region of the Taurus clouds, it is found
that there are, depending upon the initial assumptions, from 5 to 15 times
as many T Tauri stars per unit volume, down to about apparent visual
magnitude 175, as there are stars in the same absolute magnitude interval
in the region of the sun. Allowance for undetected T Tauri-like variable
stars which (temporarily or permanently) show no emission lines might
increase these figures from 50 to 1009%,. In other words, there are far
more T Tauri stars in these clouds—by one order of magnitude—than can
be accounted for by the random encounter of field stars with the clouds.

(5) In some ncoulae, there have been found curious concentrations of
emission-line objects in the vicinity of a much brighter early-type star
imbedded in the cloud. In this small region, the star density may become
rather large. The most obvious explanation of such a concentration is that,
for some reason, stars are actually being formed there, since field stars would
be scattered at random through the nebula. Whether the presence of the
early-type star is the cause, or is a consequence of the favourable condi-
tions for star formation prevailing in that area is an open question.

If, then, the T Tauri stars are newly-formed objects, it might be asked if
there is any observational indication as to how they begin their careers.
This is a dangerous question to attempt to answer at the present time
because of the considerable variety of objects that are found in association
with nebulae. Our lack of any general understanding of the processes
which are taking place may well cause one to attach undue importance to
phenomena which are, in reality, not of major significance. Furthermore,
one must refrain from generalizing too far on the basis of limited informa-
tion, because it is entirely possible that the T Tauri stars can originate in
more than one way. With these reservations, let us consider some observa-
tional results which appear to bear upon this question.
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Fig. 1. Slit spectrograms and direct photographs of three Herbig-Haro Objects in Orion. The
dispersion of the original spectrograms is 430 A/mm. at Hy; they were obtained with the nebular
spectrograph of the Crossley reflector of the Lick Observatory. The direct photographs, which do
not match the spectrograms either in scale or in orientation, were obtained with the same tele-
scope and with blue-sensitive plates. In all the direct photographs, north is at the top and east to
the right. The spectrogram of Haro 124 refers to the knot of stars and nebulosity at the lower
(southern) edge of the Object.
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In a dense dark cloud not far from the Orion Nebula lie the brightest
known examples of a very peculiar class of nebulous stars that have been
called the ‘Objects of Group D’ by Herbig(1], and the ‘Herbig-Haro
Objects’ by V. Ambartsumian(10]. (I hope that I shall be forgiven if
I employ here the latter designation, which seems less clumsy than the
other.) They have been studied by Herbig (111, Haro(12), and, very recently,
by K.-H. B6hm (13). Very briefly, the simplest of these Objects consist of a
stellar or semi-stellar nucleus together with a very small emission nebula,
whose strongest lines beside the Balmer series are those of [O 1], [O m],
and (S u], which occur with rather unusual relative intensities (see Fig. 1).

Fig. 2. The nebulosity immediately surrounding T Tauri. Both photographs were obtained with
the 100-inch Mount Wilson reflector by Dr W. Baade, to whom I am indebted for the privilege of
reproducing them here. North is below and east to the left. The left-hand photograph is a short
exposure obtained on 19 December 1944, and the right-hand is a longer exposure taken on
1 October 1940. The latter photograph shows, on the extreme right, the brighter portion of
NGC 1555, Hind’s Variable Nebula. The elongation of the image of T Tauri by bright nebulosity
in position angles 151° and about 331°, discovered visually by Burnham, is evident, as is a nebu-
lous flare in about 190°. The sharp bright rays in p.a. 60°, 150°, etc.. . .are due to the supports
of the Newtonian flat mirror of the telescope.

Accompanying this nebular spectrum, at least in the brightest Objects, is a
weak, low-temperature continuum and a set of bright lines due to easily
produced ions, such as Ca i1 and [Fe ]. This second spectrum, although
heavily masked by the nebular emission lines, is reminiscent of the spectra
of some T Tauri stars. ‘
Consequently, it is a fact of extraordinary interest that T Tauri itself is
surrounded by a very small nebula(14] (see Fig. 2) whose bright-line spec-
trum is very similar to those of the Herbig-Haro nebulae. If the source
of the T Tauri-like spectrum in the brightest Herbig-Haro Objects—
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presumably a star—should simply brighten up by 4 or 5 magnitudes,
then the result might be a rather good match for T Tauri and its
nebulosity.

These results suggest the possibility that at least some of the stars like
T Tauri may have begun their histories as Herbig-Haro Objects10).
Speculations that these Objects are somehow connected with star forma-
tion have been encouraged by the recent discovery that two objects which
seem to be stellar have appeared in one of the brighter Herbig-Haro
Objects sometime between January 1947 and December 1954 (see Fig. 3).

- .
k 2

1947 1954

Fig. 3. Direct photographs of the Object Haro 12a=Herbig 2, in Orion. The plates were ob-
tained on 20 January 1947 and 20 December 1954 with the Crossley reflector and blue-sensitive
emulsions. North is at the top and east at the right. The scale can be obtained from the fact that
the two brightest stars on the 1947 photograph are 8” apart. .

The 19467 Lick photographs show this particular Object to have a com-
plex structure: it is composed of a pair of stars 8” apart of about photo-
graphic magnitude 17, probably g3 much fainter stars, and several small
masses of nebulosity, all in an area about 20” across. On the 1954-5
plates, two additional ‘stars are present, each lying g to 4” from a com-
ponent of the original pair of 8" separation. Photographically, these
newly-appeared objects have brightened up through ranges of at least
3 magnitudes. Their photographic magnitudes are now about 17, but
much of this energy is concentrated in the emission lines. Direct photo-
graphs in the wave-length region AA 5200-5800, which is essentially free of
bright lines, show that in this spectral region the stars as well as the
‘nebulosity are at least one magnitude fainter than in the photographic
region. The ‘visual’ absolute magnitudes, with the contribution of
emission lines excluded but without allowance for selective absorption,
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must therefore be about + g at the present time. No large changes have
been observed in the brightness of these newly-appeared objects during
two months of the 1954—5 observing season, but one would be rash to
attempt a prediction of their behaviour in the years to come.*

Our understanding of what may be taking place in this Object could
hardly be more incomplete, but perhaps we have witnessed the opening
phase of an episode in stellar evolution. It may be in this way that a
T Tauri star begins its history, and I have emphasized that possibility
here. But the structure of the particular Herbig-Haro Object in which
these two ‘new’ stars have been found suggests an alternative evolutionary
interpretation, as follows: We know that the T Tauri stars often occur in
pairs, and occasionally in loose groups, but this Object now contains
seven star-like objects within a very small area. The space density is about
10° stars per cubic parsec. Such a concentration is highly reminiscent of
the complex multiple star systems often found in O-associations(15], of
which a well-known example, the Trapezium of the Orion Nebula, lies
1°5 away. Therefore, perhaps this particular Herbig-Haro Object is near
the beginning of the evolutionary road that leads upward toward the high-
luminosity O- or B-type multiple systems. The question of whether the
T Tauri stars are to be identified with an intermediate stage along this
road, or whether they define an entirely separate path, forms a subject for
future investigation. ‘

One way in which one might learn more of the relationship of the
T Tauri stars to the Herbig-Haro Objects is to find stars in an intermediate
state of development, under the assumption that they would be recogniz-
able as such. A search for objects of this type has been underway at the
Lick Observatory for some time, and one promising prospect has been
found.

(6) Itis now possible to make an additional point regarding the nature
of the T Tauri stars, which it was necessary to postpone until now. The Lick
direct photographs show that the newly-appeared objects in Orion certainly
did not develop out of any stars that had been visible at those positions
before. If these ‘new’ stars are to be identified with the beginning of the
development of a T Tauri star, then this evidence (within its limitations
as to absolute magnitude) also supports the hypothesis that the T Tauri
stars are not rejuvenated interlopers from the surrounding field, but are, in
fact, newly-formed objects. The same conclusion is to be drawn, of course,
if the newly-appeared objects are the beginnings of O- or B-type stars.

* Plates taken in September and December 1955 showed that no further change had taken
place in the appearance of this Object since the observations of December 1954-February 1955.
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