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I. INTRODUCTION

Molecular gas with velocity dispersions exceeding 100 km s~' to-
ward dense, interstellar clouds was discovered by microwave observers
about a decade ago. It has now been established that this high velocity
gas is a result of violent mass outflows (winds) originating from T-Tau
stars, compact infrared sources or ultra-compact HII regions at the
cores of the clouds. The mass outflow phenomena occur in regions of
star formation covering five orders of magnitude in luminosity, and are
of long duration (310% y). The observations suggest that violent mass
loss is a new, important phase in the pre-main sequence evolution of
newly-formed stars more massive than a few solar masses. The impact of
the flows on the energy balance and dynamical stability of molecular
clouds may be substantial. This review is mainly a summary of the ob-
servational facts, and gives a description of the physical conditions
in an outflow zone. The impact of the flows on molecular clouds is dis-
cussed. Recent reviews of the outflow phenomena can also be found in
(1, 2, 3,).

II. OBSERVATIONS
1. High Velocity Molecular Gas

High velocity molecular gas was first discovered as "high velocity,
maser emission" in the 22 GHz rotational transition of Hz0 (e.g., 4).
Fig. 1 is an H20 spectrum toward the luminous HII region W49 which shows
many maser lines spread over a total velocity range of about 500 km s~1.
An interpretation of the high velocity H>0 maser features in terms of
mass outflow came as early as 1972 in the perceptive paper by Strelnitskii
and Syunyaev (5). As proposed by those authors,every one of the maser
lines in the W49 spectrum corresponds to a compact cloudlet (d ~1013 to
10'% cm) of dense gas (ng, “10° to 10'* cm™3), moving at space veloci-
ties up to a few hundred km s~'. However, the importance of the high
velocity motions in dense molecular clouds was not widely recognized
until 1976, when high-quality spectra of the J=1-0 CO line at 115 GHz
toward the Orion molecular cloud clearly showed non-Gaussian wings (the
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Fig. 1: Spectrum of the 61e-52a3 transition of Ha0 at 22 GHz toward the
distant molecular cloud W49 (from measurements with the 100-m Effelsberg
telescope by the authors). There are about 400 maser features spread
over 500 km s~ in radial velocity (see top left and right insets).

"plateau"), extending out to *60 km s~' from the line center (Fig. 2)(6,7)
In retrospect, however, these wings were already visible in the discovery
spectrum of this line, as well as in some other microwave molecular lines
(8, 9, 10). High velocity gas near interstellar clouds per se was actu-
ally discovered much earlier (11, 12) in the optical spectra of Herbig-
Haro objects. As will be shown below, the Herbig-Haro phenomenon is only
one of many manifestations of the outflowing matter in regioms of star
formation.

2. Shocked Gas

Line emission from vibrationally excited molecular hydrogen in the
near infrared (Fig. 3, ref. 13) gives a second, independent indication
of violent activity in the Orion molecular cloud. Since the v=1 state
of Hy is about 6000 K above the ground state, and since the detected
emission lines are quite intense (~1 Ly in the v=1-0, S(1) line alone),
a substantial component of very hot, molecular gas must be present to-
ward the center of the Orion molecular cloud. Work by several groups
since the first detection on .a large number of ro-vibrational and rota-
tional lines of Hy at A <12 um has established that the hot hydrogen has
a range of temperatures between 1000 and 3000 K, and that hydrogen den-
sities of at least 105 cm™2 are required (e.g. 14-20). At high spectral
resolution, the lines have a total velocity width (full width zero power,
FWZP) >100 km s—7, comparable with the full range of the €O, Si0 and H,0
emission (21, 18). Further evidence for this hot molecular gas are CO
emission lines in high rotational states (J up to 34) in the submilli-
meter and far-infrared wavelength bands, as well as far-infrared emission
lines of OH and neutral, atomic oxygen (Fig. 4, refs, 22-24).

https://doi.org/10.1017/51539299600005839 Published online by Cambridge University Press


https://doi.org/10.1017/S1539299600005839

MASS OUTFLOW IN MOLECULAR CLOUDS 691

so |- '

ORION KL (0'0')

40

Ta ()

20

co

— KL (0,0 -
-« KL (071)

60—

AAL

Fig. 2: Spectrum of the J=1-0 line of CO at 115 GHz
toward the Orion—KL region (from (6)). There is CO
emission in non-Gaussian wings (the "plateau') over

a total range 2100 km s~' (see bottom profile which
emphasizes the weak emtission). The 13C0 line (top)
does not show a significant plateau suggesting that
the high velocity emission is not very optically thick.

The most likely excitation mechanism for the hot gas are shock
waves due to the supersonic motions (thesound speed in molecular gas
with T <100 K is <1 km s~ '). The measurement of the intensities of the
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Fig. 3: 2 um spectrum of the Orion-KL region (bottom,from 13). The

top spectrum 18 a calibration spectrum of the atmospheric transmission
toward the star nBoo. In addition to the hydrogen recombination lines
By, BS& from the foreground Orion HII region, there are emission lines
from vibrationally excited, molecular hydrogen (5(0) to S(3),Q(1) to
Q(3)). The emission probably comes from hot, shocked molecular gas in

the Orion-KL region.
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infrared lines, together with a theoretical model of the shock excita-
tion is then a powerful tool to quantitatively constrain the physical
characteristics, such as: density and temperature structure, molecular
abundances, near infrared extinction, shock speed(s), total momentum

and energy contained in the motions, etc. A problem for the early models
was that pure gas dynamic shocks at shock speeds suggested by the line
widths ( >20 km s~') implied very high post-shock temperatures (>>10°K)
and hence, dissociation of most of the molecules in the hot post-shock
layers (25, 26). Furthermore, to quantitatively match the line intensi-
ties, unreasonably high, pre-shock densities (>107 cm™3) were required.
More recently, this problem has probably been solved by the suggestion
(27) that the interaction of a magnetic field with ions in the pre-shock
gas could attenuate the shock, and produce a softer compression of the
gas, with larger column densities of medium-temperature gas. The cal-
culations now successfully account for most of the observed lines with
the following set of parameters: Magnetic fields of ~1 mG, pre-shock
density 2+7x105 cm 2 and shock speeds between 20 and 40 km s™'. From

the comparison between Hp and CO lines, a CO/Hz abundance of 1-3x107%

is derived (28, 29).

3., Location and Kinematics of the High Velocity Gas

Fig. 5 shows the spatial distribution of the 2 um Hz quadrupole
emission (dashed), CO "plateau' emission (dotted circle) and H0 maser
features (dots), superposed on the contours of 20 uym continuum emission
from warm dust (14, 30-32). The high velocity/hot gas is distributed
around (d 0.1 pc) and roughly centered on the infrared nebula at the
core of the Orion molecular cloud. It is almost certainly not associated
with the Trapezium OB cluster, or the Orion HII region which are cen-
tered about 1' SE of the BN-KL region.

The positions of the H,0 maser features can be measured to milli~
arcsec accuracy, and proper motions of about 40 maser cloudlets have
been determined (32). The data unambiguously show that the Hy0 features
are expanding away (schematically indicated by arrows in Fig. 5) from a
common centroid located between the compact infrared sources IRc4 (the
"KL" nebula) and IRc2 (cross in Fig. 5). The distributions and kinematics
of the high velocity gas also show that the outflow has been continueus

over the time scale R/v ~v10%yr, and is not due to a single explosion.
4, The Momentum Problem

From the column density of CO high velocity gas (with an adopted
CO/Hz ratio), and from the luminosity of the hot molecular emission in
Orion-KL (100 to 200 Lg, after correction for extinction), the inte-
grated parametersof the flowing and swept-up gas can be estimated (32-
36). The total mass in the high velocity gas is 3 My, the mass loss
rate is 3x1073 Mg yr7" (for a dynamical time scale of 103 y), the
momentum transport, Mv, is 3x103° erg cm~7', and the total mechanical
luminosity, % Mv2, is 102 L. Hence, the mechanical luminosity in the
gas motions is only a small fraction of the total radiation luminosity

https://doi.org/10.1017/51539299600005839 Published online by Cambridge University Press


https://doi.org/10.1017/S1539299600005839

694 R. GENZEL AND D. DOWNES

T T PR, L
40" ORION-KL .
ol
ZAIUOII_
g% 10"

ZUII L

30"—1 /

A\ SN

 TRAPEZIUM

05N32M4gS 485 475 468
R.A.(1950)

Fig. 5: Distribution of the hot and high velocity gas in the
Orion-KL region, superposed on the contours of 20 wm dust
emigstion (from 33). Dashed contours give the integrated in-—
tensity of the v=I1-09(1) line of Ha (14). Dots are the posi-
tions of H20 masers, and arrows schematically indicate their
proper motions (32). The thin cross is the best fit centroid
of the outflowing H20 masers. The dotted circle indicates the
stze (FWHM) of the CO plateau source (6, 7, 30, 31, 75).

of the infrared cluster (105 LO)’ However, the momentum in the flow is
much larger than that provided by the radiation field:

) g ow/Lrap = 20
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Although the estimate of (MV)Flow is uncertain by more than a factor of
two in either direction, this discrepancy is probably significant.
Hence, the Orion-KL outflow cannot be driven by radiation pressure in
single scattering (34-36, MVSS <L/c). If the infrared opacity of dust
in the acceleration zone were large (tyg >10), multiple scattering of
the photons may enhance the momentum transferred to the dust by tp
times the single scattering value (37, 31) and may then account for
the observed momentum. Although such high infrared opacities in the
envelope of IRc2 are not inconsistent with the observational data, a
realistic, quantitative calculation of the radiative transport is not
available yet.

Alternatively, the outflow(s) may not be driven by radiation pres-—
sure, Instabilities of the envelopes due to a large angular momentum
of the collapsed protostar, or the presence of a companion may be at-
tractive possibilities. Mass loss rates of A10~% Mg y~' and expansion
velocities up to 100 km s™71 for a period of 10* y were estimated in a
model involving the coupling between the rapid rotational motion of a
protostellar envelope with a strong, circumstellar magnetic field (38).

5. Anisotropy

A growing number of observations indicate that the spatial distri-
bution of outstreaming and/or swept-up, high velocity gas deviates from
spherical symmetry. Fig. 6 shows the distribution of J=1-0 CO emission
in the dark cloud L1551 (39). The (R,v)~diagram on the left side clearly
shows that the emission in the blueshifted and redshifted wings of the
line are displaced from each other, while CO emission near line center
(the "quiescent” gas) is present everywhere in the cloud. The "high"
velocity CO gas appears to expand in two opposite lobes at a velocity
of about 15 km s~ (schemdtically shown on the right side). At the
center of the CO cloud, a compact infrared source (IRS5) of low lumi-
nosity has been detected (L 30 Lg)(40). Also present in the SW (the
blueshifted) lobe are two Herbig-Haro objects, whose proper motions
indicate that they expand away from IRS5 at ~150 km s~7' (41). Hence,
Herbig-Haro objects, similar to H20 masers, appear to be decelerating
or accelerating cloudlets in the outflow, while the CO plateau comes
from swept-up gas at the interface between flow and surrounding cloud.

"Bipolar™" or at least anisotropic outflow appears to be typical
also for other sources were sufficient spatial resolution is available.
The proper motions of the Herbig-Haro objects 1 and 2, for example,
suggest an outflow at 200 to 400 km s~7 in opposite directions away
from a buried T-Tau star (42). A VLBI map of the most spectacular H20
maser source in the Galaxy, W49, shows a clear separation between blue-
shifted and redshifted high velocity maser features (43). In other
maser sources, there is often a strong imbalance between the numbers or
intensities of blue- and redshifted high velocity features in the Hz0
spectra themselves (44-47). Finally, a large percentage of CO plateau
sources discovered in recent surveys show a spatial offset between the
centroids of blue— and redshifted emission (48-50).
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Fig. 6: The CO lobes in L1651 (39). Left: Velocity distribution of the
J=1-0 line emigsston along the major axis of the cloud indicating that
the emission in the blue— and redshifted CO wings is separated by about
1 pe. Right: Schematic diagram of the bipolar outflow and the Herbig-
Haro objects expanding from the infrared source IRS5 (40, 41).

6. Later Stages

Mass outflow has also been found in young stars which are surrounded
by compact, ionized regions. The widths of Brackett recombination lines
at 2 and 4 pm toward several bright infrared sources indicate gas motions
up to 100 km s~1, suggestive of ionized winds from the stellar surfaces
(52, 53). The emission measure of the high velocity gas toward the BN
object in Orion, for example, together with the size of its radio HII
region (~5x10'* cm)(54), may indicate a mass loss rate of <106 y1
(34). Note that this current mass loss rate is at least three orders of
magnitude too small to make a significant contribution to the outflowing
gas at the center of Orion-KL. The presence and scale sizes of the ionized
regions, together with their luminosities and infrared appearances, sug—
gest that "BN type"” objects are young hot stars with a substantial ion-
izing luminosity, and which are still embedded in a dense envelopes at
radii 21075 cm from the stars.

ITI. Characteristics of an outflow region: Orion-IRc2

Because of its proximity and high luminosity, Orion-KL has become
the "standard laboratory" for the investigation of the outflow phenomenon
Spectroscopic results from many lines between 1 um and 10 cm wavelength,
and investigations at arcsec resolution with large infrared telescopes as
well as rvadio interferometers give a detailed picture of the outflow zone
over three orders of magnitude in radius (107¢ to 1077 cm). In the follow
ing, the results are summarized,and shown schematically in Fig. 7 in form
of three "sketches", in order of increasing radius from the central stars
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Fig. 7: Schematic diagram of the outflow zone around Orion~IRc2 (see

text for references). TO% Ze;t: The inner outflow region around IRc2.
Regton I (<10%% cm) may be a dust—free zone with mainly turbulent
motions. S0 and Hz0 maser radiation (see profile) comes from regions

II and III. The double-peaked profile suggests that the outflow is at
almost constant velocity (12 <v <18 km s~1, the "18 km s~1 flow") at

R >a few 107* cm. The emission in the blueshifted (shaded) and red-
shifted (stippled) peaks probably comes from the front and back sides

of the expanding envelopes, along the line of sight to the star. Bottom
left: The outflow cavity and the interaction of the "18 km s=1" flow
with the surrounding cloud. The free flow extends out to about 3x1016 cm.
Observations of highly excited molecular lines indicate the presence of
knots of dense and warm gas (densely stippled), embedded in the KL neb-
ula (light stipples). The flow may be stopped at the interface to these
knots, creating turbulent gas which is observed as a "hot core" component
in molecular line emission. Right: The high velocity zome. Outside of the
"18 km ™1 flow" cavity and The "hot core" region (schematically shown at
the center), one finds high velocity gas with a velocity dispersion

>100 km s~ (plateau, see profile at top). The heavy contours show that
the high velocity flow is centered within a few arcsec of IRc2, but that
blueshifted (shaded) and redshifted (stippled) wings are displaced From
each other in NW-E direction. The dotted contours give the distribution
of hot molecular hydrogen (shocked gas), and thin solid contours the
contours of the quiescent molecular gas.
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1) R <107 to 10'S cm (Regions I and II, Fig. 7A)

Maser emission from vibrationally excited states of Si0 comes from
a region of a few 10" cm in diameter, identical in position with the
compact infrared source IRc2 to within 0.4" (33, 55, 56). The spectrum
shown schematically in Fig. 7A, is double-peaked, with a separation of
24 km s~71 between the most intense features, and a total velocity range
of 35%3 km s~7'., Such a profile can be best explained by radiative trans-
port of the maser radiation in an expanding (or contracting) envelope
with small radial velocity gradients. In this case, the most favorable
amplification paths come from the front and back sides of the envelope,
along the line of sight to the star. The Si0 data then suggest that
there is an outflow at a low expansion velocity (vex 318 km s~1, the
"18 km s~'" flow) which is fully developed and at almost constant veloc—
ity at R >a few 107* cm from IRc2 region II . A theoretical model of the
Si0 maser (57) requires that hydrogen densities in this zone are 10'° to
107" em™3, and gas temperatures are about 1500 K. In this model, the
radius of dust condensation (v107% cm) 1is identical with the inner bound-
ary of the maser zone. Inside of this radius (Region I), the motions may
be chaotie (turbulent). Radiation pressure on dust then converts the
turbulent motions into expansion between Regions I and II. Since the
infrared opacities of dust are high in Region II, gas temperatures must
be higher than dust temperatures in order not to thermalize the molecular
levels and quench the maser action. A possible source of the high gas
temperatures may be the dissipation of the turbulent motions.

2) R = 10"® to 3x10"% cm (Region III, Fig. 1A, B)

In this region (the 'outflow cavity"), the outflow velocity remains
about constant (12 £ V<18 km s~7), and the density may decrease accord-
img to R™2. With increasing radius, molecular radiation is observed in
order of decreasing excitation levels: H;0 masers at 1015 cm, OH masers
at 2107 cm, non-maser Si0 emission out to a few 1076 cm (58-61). The
inner boundary of this zone 1is coincident with the infrared photosphere,
where the dust opacity becomes about unity between 2 and 10 um (Tg 400 K,
33). Out to the outer radius of the outflow cavity (3 to 5x10'6 cm), the
characteristics of the expanding envelope of IRc2 are very similar to
those of late-type, evolved giants and supergiants (c.f. 62, 63).

3) R = 3x107% to 3x10"7 cm (Region IV, Fig. 7B, C)

In contrast to the envelopes of late-type stars, however, at
R = 3 to 5x107% cm the flow in Orion-KL encounters the surrounding molec-
ular cloud with embedded, dense clumps. Observations of highly excited
NHs, HCsN, CH3CN and CH30H lines indicate the presence of turbulent
knots (diameter +10'® cm) of very dense (ny,>107 cm™3) and warm gas
(T 200 K, the "hot core", 64-71). A probable explanation is that the
"18 km s~1" outflow is stopped there and that turbulent gas is excited
by shock waves set up at the interface between flowing and statiomary
material. Hydrogen columm densities through these knots are in excess
of 102% cm™2, making the knots highly optically thick even at 10 to 30 um
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(t4oym =10, Ay 2300, 66). The abundance of NH; molecules in the 'hot
core" region is much higher than in cool interstellar clouds, consistent
with current models of shock chemistry (66, 67).

Fig. 7C schematically gives the distribution of the gas at
R >3x107® cm. On this spatial scale, there is also gas with velocities
>20 km s~' (the high velocity flow in addition to the "18 km s™'" flow
discussed so far. The centroid of the v=0, J=2-1 Si0 "plateau" emission
(725 see the schematic profile in Fig. 7C) is within a few arcsec of
IRc2 (61, 72-73). However, the emission in the blueshifted wing is mainly
to the NW, and the emission in the redshifted wing is to the E of IRc2
(heavy contours). The CO "plateau" emission has the same '"bipolar" struc-
ture, but is of larger spatial extent (30" = 2x10'7 cm) and its centroid
appears to be 5" to 10" north of IRec2 (74-76). Finally, the lobes from
hot molecular hydrogen (dashed) also are to the NW and E of the center
of the infrared cluster (14). All these observations suggest that the
high velocity flow may also originate close to IRec2, but then preferen-
tially streams NW and E, roughly perpendicular to the main ridge of the
dense, quiescent molecular cloud (indicated by thin contours, from 77).
The low velocity Hz0 masers in the "18 km s~'" flow, on the other hand,
appear to expand preferentially along the ridge (Fig. 5).

The high velocity outflow may be a second, independent flow and come
from a source close to, but not coincident with IRc2. However, an alter-
native scenario is that there is originally only onee=the "18 km ="~
outflow from IRc2. This flow has cleared a cavity of radius 3 to 5x1076 cm
around the central star. Further out, it is decelerated or even stopped
(""hot core'") along the dense ridge of the Orion molecular cloud. Perpen-
dicular to the ridge, density gradients may be very steep (n WRTY, with
a >2), and the flow may accelerate again, similar to the situation in
a Laval nozzle, and then be observed as a second, high velocity flow
(77, 177). This scenario may be supported by recent theoretical calcula-
tions (78-~79), and by the fact that the momenta contained in the two
flows are comparable (73). A strong influence of the surrounding molec-
ular cloud on the shape and kinematics of the outflowing gas has also
been suggested to account for the characteristics of the outflowing gas
in Cep A (80).

There is currently no observational support for yet & third possi-
bility: that the initial flow is at high velocities, but is then slowed.
down in the molecular cloud to velocities <20 km s~7. As mentioned above,
the "18 km s~1" flow can be traced to the inner envelope of IRc2, and
there is no evidence for higher velocity material on a spatial scale
<1076 cm.

4) Evolutionary state of IRc2
Recent measurements of the near infrared polarization have strongly
supported the suggestion (33), that IRc2 is the dominant heating source

in the .infrared cluster, with an intrinsic luminosity close to 105 Lg,
the total far-infrared luminosity of the Orion-KL region (83). Its
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relative weakness on the near-infrared maps is most likely caused by
extinction by dust in one of the "hot core' clumps. Because of the large
foreground obscuration, little is known about conditions close to the
stellar surface and hence, about the evolutionary state of the star.

As mentioned above, the surface temperature must be in excess of a few
thousand degrees, to account for the Si0 masers. The current data do
not rule out the possibility that IRc2 is an evolved, post-main
sequence supergiant (84). Nevertheless, indirect arguments favor the
idea that IRc2 is a young hot star on its way to the main sequence (33):
IRc2 is located at the center of a dense molecular cloud and is close
to the BN object which is almost certainly a young B star. There is

no evidence for an extended HII region, and the mass loss rate of IRc2
appears to be higher than is typical for supergiants of comparable
luminosity. Finally, there are mass-loss objects similar to IRc2 in
many regions of star formation, over a wide range in luminosity.

IV STATISTICAL RESULTS

Detailed observations of a growing number of sources suggest that
H>0 masers and Herbig-Haro objects, non-Gaussian wings in molecular and
atomic lines, and emission from highly excited gas, are all probably
independent manifestations of activity caused by mass outflows at the
centers of dense, interstellar clouds. From the data in about 20
"plateau" sources (e.g. 48-51, 80-83), 200 maser sources (e.g. 45-47,
85-88), and from surveys for H,-quadrupole and Brackett recombination
lines (e.g. 36,53, 89-91), the following statistical conclusions can
be drawn.

1) "Activity" can be found in almost all regions of recent star formation,
covering a range of five orders of magnitude in luminosity. In many
cases, the outflow appears to come from a T-Tau star, a compact
infrared continuum source or an ultra-compact H II region embedded
in a molecular cloud. Violent mass loss at velocities between 10 and
300 km s ! seems to be common in all newly-formed stars more massive
than a few M.. The expanding flows are associated with an early
stage of ste?lar evolution, before the young stars have reached the
main sequence, or have had time to develop substantial H II regions.

2) The outflow zones have diameters between 0.0! and a few pc, and
dynamical time scales are <10*yr. From the counts of H,0 masers
and a statistical comparison of their occurence with the galactic
star formation rate, or the lifetimes of compact H II regions,
the duration of the H20 maser phase has been estimated to be between
10* and 10%y (85, 92).
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total infrared

luminosity of the regions (from CO data in (48, 49), with addition
of W49 and W 51, where Si0 plateau emission has been detected (73)).
Despite the uncertainties, the data suggest an increase of flow

momentum

with total IR luminosity. The momentum in the flows is

generally >ten times larger than can be driven by radiation pressure,
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with single scattering. However, the data in Fig. 8 do not yet
prove a physical correlation between mass loss and luminosity, for
two reasons: (i) The luminosity of the outflow source in each region
may be only a small fraction of the total (cluster) luminosity.

(ii) Objects toward the upper right of the diagram are also more
distant, and the observed high velocity wings are often only a few
times the noise limit. Hence, the apparent good correlation may be
severely influenced by detectability, combined with a Malmquist bias.

4) The flowing and /or swept-up, high velocity gas ap?ears to be
distributed anisotropically over size scales of 10'® to 10!® cm.
It is currently not clear whether the flows are always collimated
into two narrow, opposite lobes (jets ), as suggested by the
observations in L1551 and HH 1/2, or whether the general pattern is
more irregular, such as a channeling of an intrimsically isotropic
flow by more or less random gradients and density inhomogeneities
in the surrounding cloud. A collimated outflow very close to the
central star probably requires an anisotropic mass loss mechanism
(see 38), or the presence of a thick circumstellar disk.

V IMPACT ON SURROUNDING MOLECULAR CLOUDS
1) Core of Orion-KL

The total mass in the central 1' to 2' of the Orion-KL region is
200 Mg. If the molecular linewidths of "3 km s~! are caused by small-
scale "turbulence" in the quiescent gas, the total energy in these
turbulent motions is about 10"® erg. This is comparable with the total
gravitational energy, but is about an order of magnitude larger than
the thermal energy in the core of the molecular cloud. Since the
mechanical energy in the outflow is about 5x10"7 erg, the mass motions
from the center of the IR cluster could easily account for the observed
"turbulent" broadening of molecular lines, from the '"quiescent' gas,
and support this gas against gravitational collapse (c.f. 1, 31, 48).

2) Galactic Scale

Apart from the possible bias in the available observations, the
data shown in Fig. 8 suggest that the mechanical power in the high
velocity flows (L) 1s a substantial fraction of the total 1um1n051ty

t) of the central stars (a fit to the data gives L, v2x107 Ltot y
reg 48) The total mechanical energy delivered per mass interval
of newly formed stars per sec, integrated over the duration of the mass
loss phase (tHVF) is then (48):

Mgy M = Lygp @0t @D 0 QD (erg s71),

where p(M) is the number of stars formed in the Galaxy per sec in the
mass interval (M,M+dM) . If p(M)M 25 (48), and L ’\JL’\aM33 (approprlate
for main sequence stars), then O and B-type stars ma e the major

contribution, provided tHVF does not decrease faster than about M
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If one assumes, for example, a mass—independent time scale (t = 10"
to 10°yr), the total energy input of all stars can be integra%gg, with
a sultable form of p(ref 93) to yield (48):

A
a few M@H

VF (M) aM~ 10°% to 10°° erg s °

A value of the same magnitude may be obtained if one assumes instead
that all stars loose a certain percentage (10 to 50 7Z) of their initial
mass by the outflow processes (1, see also 98). 1In this case, the least
massive stars (T-Tau etc) contribute most because of their larger
numbers.

On a galactic scale, this energy input is much smaller than that
estimated from supernova explosions and winds of main-sequence OB stars
(“2 to 7 10%*erg &%, 94). On smaller scales, however, the outflows from
young stars may nevertheless be important for the support of molecular
clouds. For a total mass in molecular gas of ZXIOQMQ and a typical
"turbulent" velocity of 1 km s !, the total mechanical energy in dense
interstellar clouds is "3x10°? erg. This energy can be provided by the
outflows over a time scale of 10° to 107 yr,comparable with the free-
fall time scale of the clouds (48).
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