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ASTROPHYSICAL  JETS

• Young stars (both newborn low- and high-mass stars)

• Neutron stars (low-mass X-ray binaries)

• Black holes (massive X-ray binaries; X-ray transients)

• White dwarfs (symbiotic stars; supersoft X-ray sources)

• Planetary nebulae nuclei

• Active galactic nuclei

Jets occur in a wide range of astrophysical settings:

All of these objects have in common that they are surrounded 
by accretion disks.  Jets appear to be Nature’s way to get rid of 

infalling material with too high angular momentum.





HH 1 and 2

Located in L1641 in Orion, HH 1/2 are among the brightest HH objects

HH 1/2     20 January 1947    G.H. Herbig

Reipurth et al. 1993“Stars in the making ....?”
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NGC 1333

Bally, Devine, Reipurth 1996

More than 1000 HH objects 
known now



HH objects are pure emission line objects



Hartigan et al. 1999

UV and Optical Spectroscopy of HH 47A

Schwartz 1976 realized that HH objects are interstellar shocks driven by 
supersonic outflows from young stars.  They can be interpreted in terms of 

standard shock physics.



Problems in Interpreting Shocks

• Temporal variability of shocks

• Confusion of different shock regions

• Mixing shock-excitation with photo-ionization

Despite these problems, we have gained an enormous knowledge  of 
HH flows, because HH objects are bright so we have very good data, 

and our understanding of shock physics is advanced.



Basic Properties of HH Flows

[SII] ratios indicate electron densities 
of ~103 cm-3 

Typical velocities are around 100 km/sec, 
but can reach 500 km/sec

HH objects are jet-driven bipolar flows

Dynamical ages are of the order of a 
few hundred years for collimated jets, 
to many thousands of years for distant 

bow shocks



• The cooling time of shocked gas is the time taken for a unit 
mass of gas to radiate away most of the thermal energy 
gained on passage through the shock.

• The cooling length is the distance travelled of this parcel of 
gas relative to the shock front during the cooling time.

• The stronger the shock, the greater the cooling time and 
cooling length.

Shocks: Cooling Time and Cooling Length



A working surface consists 
of two shocks: a bow 

shock and a Mach disk.     

At the bow shock ambient 
gas is shocked and 

accelerated, and at the 
Mach disk jet gas is 

shocked and decelerated. 

In the rest frame of the 
working surface, gas enters 

from both sides and is 
squirted out sideways.

HH emission is due to 
cooling radiation 

downstream from the 
shock front







Reipurth & Heathcote 1992

The HH 34 Jet

The HH 34 working surface consists of two shocks.  The bow 
shock is bright in Hα and therefore a strong shock, and the 
Mach disk is [SII] bright, thus a weaker shock. The jet flow is 
therefore braked only a little, while the ambient gas is strongly 
decelerated. This implies that the jet is heavy relative to the 
ambient medium (contrary to extragalactic jets).



Proper Motions
HH objects have distances and velocities that allow proper motions to be 
accurately determined from the ground within a decade or so, or a few 

years with the HST.

Heathcote & Reipurth 1992

Combined with long slit spectra yielding radial velocities, the flow angle 
can be determined



HH 34

HST 1997 - 1994

Reipurth et al. 2002



HH 34

HST 1997 - 1994

Reipurth et al. 2002



HH 34 jet



HH 34 jet



HH 34 bow



HH 34 bow



So how are jet knots formed?

• 1: Standing shocks (like in the exhaust from a jet engine)

• 2: Kelvin-Helmholtz instabilities

• 3: Internal working surfaces

Three processes have been proposed

The first is abandoned long ago, because standing shocks would not 
show proper motions.



Kelvin-Helmholtz Instabilities

KH instabilites occur whenever two fluids slide along each other. 

The pattern speed is different from the fluid speeds and depends on the 
density ratio between the two fluids, which in most cases then depends on 

the location.  This has been observationally tested in the HH 111 jet.



The  HH 111  Jet  
in  Orion

H + K Hα +  [SII]

Reipurth et al. 1997

HST NICMOS HST  WFPC2

The HH 111 jet seen here is 43 arcsec long from the source to the main bow 
shock, which at a distance of 460 pc corresponds to ~20,000 AU (0.1 pc).

The HH 111 source is detected 
at the jet base  with a subarcsec 
radio jet, only one year old, 
showing that the outflow 
continues to this day.





Infrared Observations of the HH 111 Jet

Gredel & Reipurth 1994
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In the infrared, a counter-lobe appears.  When the knots in the two lobes are 
plotted against each other, it is found that the two lobes are highly 

symmetric. Since the ambient medium is very different for the two lobes, it 
follows that the knots cannot be due to Kelvin-Helmholtz instabilities.



The Internal  Working  Surface  Theory

An internal working surface is like a 
normal working surface, except that it 
moves into a co-moving medium with   

u1 > v > u2

An outflow is turned on with a time dependent velocity and injected into a 
stationary medium.

Successive discontinuities develop, which travel faster than the first one 
because they move into a co-moving medium and therefore catch up with 

and ‘rejuvenate’ the first shock.

Raga et al. 1990



Raga & Noriega-Crespo 1998

A Model of the HH 34 JetWhen several time-dependent velocities are employed, 
major and minor knots can be interspersed.

Physical parameters can be read from the numerical 
simulations, giving insight into the detailed flow physics.



Mass Loss Rates of HH Jets

• Mass loss and momentum supply rates are typically derived 
by one of two methods. The first procedure uses the 
velocity, density and cross-sectional area of the jet.  Velocity and 
cross-sectional area are usually rather easy to estimate. But 
to get the true density from the electron density requires 
accurate knowledge of the ionization fraction, which is 
poorly known (usually assumed to be <10%).

• The second procedure uses the luminosity in a specific line 
such as [OI] 6300 to estimate the number of emitting atoms in 
the aperture.  A measure of the flow velocity then gives a 
mass loss rate. Two drawbacks are the uncertainty of 
extinction, and that there may be oxygen atoms that do not 
emit [OI] 6300, either because the temperature is too low 
to excite the electron to the upper state or because the 
temperature is too high and the oxygen is ionized.



The HH 47 Jet emanates from a Bok Globule



Spitzer mid-infrared image shows the 
embedded source and the counter-flow



Fabry-Perot observations of the HH 47 jet shows that the skin of 
the jet moves more slowly than the core of the jet.   This is 
reminiscent of the motion of a viscous fluid through a tube. 

Hartigan et al. 1993

White: slow                   Black: fast



HST images reveal that 
each [SII] knot has a small 

shoulder of Hα bright 
shocked gas, where the 
knot interacts with the 

ambient medium.

Pink is [SII] strong, 
greenish is Hα strong

Heathcote et al. 1996



Irradiated Jets

HH 444

HH 445

These jets are irradiated by the UV radiation from  σ Ori



HH 444 σ Ori 

σ Ori is an O9 star (and a 
pentuble system) that has 

flooded its surroundings with 
UV radiation and evacuated a 

bubble which on its eastern side 
is still pushing dense gas away, 

and at the same time excavating 
the Horsehead

Horsehead



The Irradiated Jets in the σ Ori Region

• All are visible stars

• All have strong Halpha  emission, they are probably T Tauri 
stars

• They are not associated with high extinction clouds

• None are significantly reddened

There are 4 irradiated jets near σ Ori.  What is the nature of their 
driving sources and their circumstellar material?

This suggest that all stars lack abundant circumstellar material, 
which is consistent with an age of several million years.



Why do we see all these jets if the stars are 
relatively old and seemingly more evolved?

σ Ori may have had time to clear out its surroundings, and the 4 
sources have from birth been exposed to the full UV radiation field of 
the OB stars. The 4 stars would be among the last generation of low-

mass stars born in the region.

Photoionization and photoablation could then erode the circumstellar 
material to produce the present naked appearance.

The jet sources may be very young, but stripped of their envelopes and 
most of their disks they look older



[NII]       NII]                                                            [SII]HH 444[NII]               [NII]Hα [SII]   [SII]

HST  STIS  Spectra  of  HH 444 

Irradiated jets have spectra with strong Hα emission that 
resemble photoionized gas: strong Hα  and weak [SII]



Andrews et al. 2004

Long slit echelle spectra of HH 444

• The blue- and red-shifted lobes have 
very different velocities

• The blue lobe has two velocity 
components: a fast one that decelerates 
and a slow one that accelerates.

• This is consistent with a jet that 
entrains gas and is slowed down while 
the entrained gas speeds up



Irradiated Microjets in the
Orion Nebula

file://localhost/Users/reipurth/keynote/A494LECTURE4.key
file://localhost/Users/reipurth/keynote/A494LECTURE4.key
file://localhost/Users/reipurth/keynote/A494LECTURE4.key


HH 399 in M20



Irradiated jets in NGC 1333



LL Orionis:   wind-wind collision fronts – jet driven!



Infrared Jets

• Some jets are embedded in their 
placental clouds and cannot be seen 
in the optical

• Shocks that move slowly into 
molecular gas can excite H2 
emission, with a principal line at 
2.12  μm

• Another important transmission is 
[FeII] which has strong lines in the 
infrared H band

• The HH 212 infrared jet emanates 
from a very young newborn star in 
the Orion B clouds 

M. McCaughrean



The HH 211 Jet in IC 348 in Perseus

Walawender et al. 2006

The HH 211 jet is prominent in H2 but only the very outer edges 
peek out through the cloud core and is visible in the optical



Reipurth et al. 2000

The HH 1 Jet in the Optical and Infrared

HST NICMOS  K-band HST WFPC2  Hα  + [SII]

VLA Source

The HH 1 jet moves out from its deeply embedded source 
through a steep gradient of extinction

Map of the flux ratio through the F160W and F205W filters across the 
reflection nebulosity in the vicinity of the VLA source. Assuming that 
continuum light dominates outside the body of the jet, this map suggests 
a strong gradient across the nebula with extinction increasing toward the 
embedded VLA source.



Reipurth et al. 2000

HST NICMOS  K-band HST WFPC2  Hα  + [SII]

VLA Source

Deconvolved FWHM of individual knots along the HH 
1 jet as a function of distance from the VLA source 

measured on images of [Fe II] (circles), H2 (triangles), 
and [S II] (pluses). 

The line shows a least-squares fit to these data. The 
upper limit to the width of the radio jet measured at 3.6 
cm is also shown.



Rotation of HH Jets

Bacciotti et al. (2002)

Bacciotti et al. (2002) have carried out a kinematical, high angular resolution (0.1”) study of the optical blueshifted 
flow from DG Tau within 0.5” from the source (i.e., 110 AU when deprojected along this flow). They analyzed optical 
emission line profiles extracted from a set of seven long-slit spectra taken with the Space Telescope Imaging 

Spectrograph (STIS) on board the Hubble Space Telescope, obtained by maintaining the slit parallel to the outflow 
axis while at the same time moving it transversely in steps of 0.07”. 

For the spatially resolved flow of moderate velocity (peaking at -70 km s-1), they found systematic differences in the 

radial velocities of lines from opposing slit positions, i.e., on alternate sides of the jet axis. The results, obtained using 

two independent techniques, are corrected for the spurious wavelength shift due to the uneven illumination of the 
STIS slit. Other instrumental effects are shown to be either absent or unimportant. The derived relative Doppler shifts 
range from 5 to 20 km s-1. 

Assuming that the flow is axially symmetric, the velocity shifts are consistent with the southeastern side of the flow 
moving toward the observer faster than the corresponding northwestern side. If this finding is interpreted as rotation, 
the flow is then rotating clockwise looking from the jet toward the source and the derived toroidal velocities are in the 
range 6 -15 km s-1, depending on position. 



Thermal Radio Continuum Jets

Rodriguez et al. 2000

The VLA radio interferometer can achieve 
25 AU resolution in Orion in the A 
configuration. HH jets close to their 

sources can emit in the cm radio 
continuum from free-free emission. This 
allows the exploration of the innermost 

jet regions. 



The Mysterious Non-Thermal Radio Jet in Serpens
Epoch 1984 vs 1990

Curiel et al. 1993

• The dynamical age of the flow is ~60 years

• The components move 0.12 arcsec/yr, which at 300 pc corresponds to a 
tangential velocity of ~200 km/sec

• The emission has a negative spectral index, similar to non-thermal synchrotron 
jets in radio galaxies

• It is not understood how a young star can drive synchrotron emission:        
where do the relativistic electrons come from?



A Supernova Remnant in Orion?
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Winkler & Reipurth (1992)

20 years ago I discovered this object, 3 arcmin in diameter, in Orion.
It is shocked gas, apparently a supernova remnant. 

Examination of Chinese historical records showed a ‘Guest Star’ in this 
location in A.D. 483.



The  Giant  HH 111  Flow
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HH 113
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The HH111/113/311 flow stretches across 1/2 degree, 
corresponding at the distance of Orion to 7.7 pc



Giant HH Flows are common .

Fig 7
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HH 316 is a ‘normal’ sized 
HH flow next to the HH 
306/307 giant bow shocks



• Giant flows have dynamical ages (D/v) comparable to the 
main accretion phase of their sources, and therefore 
provide a fossil record of their mass loss and accretion 
history.

• Multiple bow shocks and S-shaped point symmetry provide 
evidence for variability of ejection velocity and orientation

• Many giant HH flows have burst out of their cloud cores, 
and are dissociating molecules and injecting momentum and 
kinetic energy into the intercloud medium

• Giant flows may contribute to the chemical rejuvenation of 
clouds, the generation of turbulent motions, and the self-
regulation of star formation



A group of giant HH flows 
emanate from the L1641-N 

embedded cluster.

The largest flow is 12 pc in 
extent and has cut a 

‘chimney’ in the cloud.

With a tangential velocity of 
~150 km/sec this 

corresponds to an age of 
40,000 years.

We here see a fossil record 
of the flow activity.



The giant HH 34 flow is slowing 
down with distance from the source



Do Massive Stars Drive HH Flows?

IRAS 18162-2048 in Sagittarius at a distance of 1.7 kpc 
with a luminosity of 104 Lsun



High resolution radio continuum observations 
reveal a highly collimated jet with a total flow 

extent of 5 pc

Marti et al. 1993



High proper motions in the HH 80/81 radio jet

Difference maps of the thermal radio jet in the HH 8081/GGD 27 
complex for the epochs 1994.3 - 1990.2, 1995.5 - 1990.2, and 
1997.0 - 1990.2.

Marti et al. (1998)

The knots in the radio jet move with a tangential 
velocity of ~500 km/sec!



The Remarkable 
HH Objects 80/81

Heathcote, Reipurth, Raga (1998)

These are the most 
luminous HH objects 

known in the sky



CO          Hα/[SII]

L1551

Molecular Outflows



Cernicharo & Reipurth 1994

The HH 111 Molecular Outflow

Reipurth & Olberg 1991

The HH 111 jet is 
associated with a 
major molecular 

outflows, traced in 
12CO, but not in 
molecules tracing 

denser gas



The HH 111 molecular outflow is quadrupolar, indicating the source is a binary



Plateau de Bure Interferometry of HH 111

High resolution 12CO maps show a tube of high velocity gas along the jet 
channel



The optical Herbig-Haro jet emanates precisely where the tube of fast gas 
fades away.  This is a strong indicator that the jet is entraining gas as it flows 

through the dense core around the source.

Entrainment





Gueth & Guilloteau 1998

The higher the velocity, 
the better is generally the 

collimation of a flow







Bontemps et al. 1996

The more material there is around a newborn star, the more powerful is 
the molecular outflow

Thrust

Envelope Mass



Bally et al. 1999

Impact of Outflows

The Circinus cloud has 
been largely destroyed in 
a burst of star formation 

leading to numerous 
outflows


