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Outline
• Order of magnitude estimates of disc properties, and their implications for 

observations


• Observations of discs

• Spectral energy distributions

• Optical / IR imaging

• Millimetre continuum imaging

• Molecular lines


• Observations of outflows

• Optical

• Radio



Disc properties
Physical considerations

• Before thinking about how to observe discs, it is helpful to have a general 
idea of characteristic sizes and masses


• Discs form due to conservation of angular momentum


• Consider a protostellar core of mass M, radius R, rotating at angular velocity 
𝛺; define ratio of rotational to gravitational energy:


• For a uniform sphere with density 𝜌, 


• Observations and turbulence simulations both find that 𝛽 ~ 0.02 is typical
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Circularisation radius
Characteristic size of a disc

• Fluid starting at cylindrical radius 𝜛0 has specific angular momentum j = 𝜛02𝛺


• As it falls toward star of mass m, once it reaches radius 𝜛 ≪ 𝜛0, conservation 
of energy implies total velocity is v = (2Gm / 𝜛)1/2


• Radial forces don’t change j, so j = v𝜑𝜛 = 𝜛02𝛺; minimum radius to which 
material can fall at constant j is when v𝜑 = v → 𝜛 = 𝜛04𝛺2 / Gm = 4𝜋𝜌𝛽𝜛04 / m


• If star just consists of material that started interior to 𝜛0, m ≈ (4/3)𝜋𝜌𝜛03, so 𝜛 
~ 𝛽𝜛0 → disc size is ~𝛽R ~ 100 AU for typical R ~ few x 0.01 pc



Disc masses and surface densities
Expectations

• During main accretion onto star, disc mass can be tens of percent of star 
mass — any more and disc tends to fragment


• Thus for 1 M⨀ star, expect ~0.1 M⨀ disc, 100 AU in size → surface density 𝛴 
~ 103 g cm−2


• Surface densities will be larger at smaller radii, smaller at later stages of 
evolution when disc is less massive compared to central star



Observational implications
Of disc sizes and surface densities

• At a typical protostar distance ~150 - 400 pc, 100 
AU = 0.25 - 0.7 arcsec; telescopes for comparison:

• Herschel (FIR) → > 10 arcsec

• Spitzer (MIR) → > 2 arcsec

• HST / JWST / ground-based AO (NIR - NUV) → 

0.05 - 0.2 arcsec

• VLA / ALMA interferometry → ~0.01 arcsec


• Optically thick if 𝜅 ≳ 10−3 cm2 g−1 → opaque at 
wavelengths ≲ 1 mm (except for very late stage, 
low surface density discs), transparent at ≳ 1 mm

observing the cold interstellar medium 21

Consider a cloud of gas of mass density r mixed with dust grains
at a temperature T. The gas-dust mixture has an absorption opacity
kn to radiation at frequency n. Although the vast majority of the mass
is in gas rather than dust, the opacity will be almost entirely due
to the dust grains except for frequencies that happen to match the
resonant absorption frequencies of atoms and molecules in the gas.
Here we follow the standard astronomy convention that kn is the
opacity per gram of material, with units of cm2 g�1, i.e., we assign
the gas an effective cross-sectional area that is blocked per gram of
gas. For submillimeter observations, typical values of kn are ⇠ 0.01
cm2 g�1. Figure 1.2 shows a typical extinction curve for Milky Way
dust.

Figure 1.2: Milky Way dust absorption
opacities per unit gas mass as a func-
tion of wavelength l and frequency
n in the infrared and sub-mm range,
together with wavelength coverage of
selected observational facilities. Dust
opacities are taken from the model of
Draine (2003) for RV = 5.5.

Since essentially no interstellar cloud has a surface density > 100
g cm�2, absorption of radiation from the back of the cloud by gas
in front of it is completely negligible. Thus, we can compute the
emitted intensity very easily. The emissivity for gas of opacity kn is
jn = knrBn(T), where jn has units of erg s�1 cm�3 sr�1 Hz�1, i.e. it
describes (in cgs units) the number of ergs emitted in 1 second by 1
cm3 of gas into a solid angle of 1 sr in a frequency range of 1 Hz. The
quantity

Bn(T) =
2hn3

c2
1

ehn/kBT � 1
(1.1)

is the Planck function.
Since none of this radiation is absorbed, we can compute the inten-

sity transmitted along a given ray just by integrating the emission:

In =
Z

jnds = SknBn(T) = tnBn(T) (1.2)

where S =
R

rds is the surface density of the cloud and tn = Skn is
the optical depth of the cloud at frequency n. Thus if we observe the
intensity of emission from dust grains in a cloud, we determine the
product of the optical depth and the Planck function, which is deter-
mined solely by the observing frequency and the gas temperature. If
we know the temperature and the properties of the dust grains, we
can therefore determine the column density of the gas in the cloud in
each telescope beam.

Figure 1.3 show an example result using this technique. The ad-
vantage of this approach is that it is very straightforward. The major
uncertainties are in the dust opacity, which we probably don’t know
better than a factor of few level, and in the gas temperature, which
is also usually uncertain at the factor of ⇠ 2 level. The produces a
corresponding uncertainty in the conversion between dust emission
and gas column density. Both of these can be improved substantially
by observations that cover a wide variety of wavelengths, since these



What do the preceding statements imply about strategies for 
observing discs? What can and can’t we measure in different 

wavebands (e.g. optical vs. IR vs. mm)? What kinds of 
measurements (imaging vs. photometry) work best where?



Observing strategies
Based on expectations

• Discs marginally resolvable in space-based optical and ground-based NIR 
AO, well-resolved by ground-based radio interferometers


• Observations at all wavelengths shorter than ~1 mm will only see the disc 
surface even if they resolve it → can’t measure masses


• Thus in most circumstances, imaging is best done by radio interferometers


• However, high-resolution radio interferometry is expensive — biggest samples 
are few hundred sources; by contrast, broadband photometry available for 
thousands of sources



Disc spectral energy distributions
What we can extract from broadband photometry

• To learn what we can extract from photometry, consider an idealised 
cylindrically-symmetric thin disc, characterised by surface density 𝛴(𝜛), 
temperature T(𝜛), going from 𝜛0 to 𝜛1


• Disc is inclined to line of sight by angle 𝜃; 𝜃 = 0 is face-on, 𝜃 = 90° is edge-on


• In broadband observations dust is only significant emitter / absorber; dust 
opacity per unit mass 𝜅𝜆 at wavelength 𝜆


• Cannot just assume ISM dust — grains tend to grow in discs; instead assume 
a generic power law 𝜅𝜆 = 𝜅0 (𝜆 / 𝜆0)−𝛽



Physics question: suppose grains grow in discs. 
How would you expect this to affect the opacity? 
Should it go up or down? At what wavelengths?



Calculation of observed flux
From an inclined disc

• Flux related to emergent intensity I𝜆 by F𝜆 = ∫ I𝜆 d𝛺


• Solid angle subtended by material from 𝜛 to 𝜛 + d𝜛 at distance D is d𝛺 = 
(2𝜋𝜛/D2) cos 𝜃 d𝜛, so


• Assuming material in disc is in thermodynamic equilibrium (good assumption 
because density is high),


• Optical depth is


• Thus if we know T(𝜛), 𝛴(𝜛), and 𝜅𝜆, can evaluate integral and compute flux
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Disc spectral energy distributions
Limiting cases

• We generally cannot find a unique solution for T(𝜛), 𝛴(𝜛) given the observed 
SED alone — too many degeneracies


• Can constrain approximate properties, however, by comparing to models


• We can also draw conclusions by considering limiting cases:

• For IR observations, disc is almost certainly optically thick, so can assume 

𝜏𝜆 ≫ 1 and evaluate integral by setting exp(−𝜏𝜆) ≈ 0

• For mm and longer wavelength observations, disc is transparent so can 

assume 𝜏𝜆 ≪ 1 and 1 − exp(−𝜏𝜆) ≈ 𝜏𝜆



Disc SEDs
The optically thick limit

• In the optically thick limit, we have


• Suppose that temperature falls as power law in radius,


• Simplify via the substitution


• This gives


• In general for an IR observation, we expect x0 ≪ 1 and x1 ≫ 1, so final integral 
is just a pure number that depends on q; no dependence on 𝜆


• Implication: 𝜆F𝜆 ∝ 𝜆−4+2/q → IR SED slope determines how T falls with radius
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Disc SEDs
The optically thin limit

• In optically thin limit


• In mm (where optically thin limit applies), hc/𝜆kBT ≪ 1, so use long-
wavelength limit of Planck function:


• Substitute into integral:


• Therefore SED 𝜆F𝜆 ∝ 𝜆−3−𝛽: SED shape constrains dust opacity index


• Moreover, if opacity constant 𝜅0 known at T ≈ constant (roughly true in outer 
disc where most mm emission arises), can estimate disc mass
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Imaging discs
The O/IR regime

• Discs resolvable with HST or ground-based AO


• Only disc surface can be seen, and only in class II 
or later systems where envelope has been cleared


• Two regimes of interest:

• Absorption against background nebulosity — 

probes outer disc

• Scattered starlight coming off disc surface — 

mostly probes inner disc; interpretation complex 
due to dependence on grain optical properties

14
Protostellar Disks and Outflows: Observations

Suggested background reading:

• Li, Z.-Y., et al. 2014, in "Protostars
and Planets VI", ed. H. Beuther et al.,
pp. 173-194, sections 1-2

Suggested literature:

• Tobin et al., 2012, Nature, 492, 83

We now zoom in even further on the star formation process, and
examine the dominant circumstellar structures found around young
stars: accretion disks. We will spend two chapters on this subject. In
the first we will discuss the observational phenomenology of disks,
including the outflows they generate. There are a wide range of
observational techniques for studying the properties of disks around
young stars, and we will certainly not exhaust the list here. We will
focus on a few of the most widely used methods, and develop an
understanding of how they work and what we can learn from them.

14.1 Observing Disks

14.1.1 Dust at Optical Wavelengths

Figure 14.1: Two disks in the Orion
Nebula seen in absorption against the
nebula using the Hubble Space Telescope.
Taken from http://hubblesite.org/
newscenter/archive/releases/1995/
45/image/g/.

The first idea that might occur to an astronomer who wants to study
disks would be to work in the optical. The main challenge to that is
that for the most part disks do not emit optical light, because they
are too cool. This leaves only a couple of options in the optical. One
is that we can detect the disk in scattered starlight. This is very hard,
because the light is very faint, and the geometry has to be just right.
Polarization can help in this case, since the scattered light will be
polarized. There are a few examples of this.

The other possibility for the optical is to work in absorption. This
requires a bright, extended background source against which the
disk can be detected in silhouette. Fortunately, massive young stars
produce H ii regions, which are bright diffuse sources, and can
provide a nice backlight for absorption work. The most spectacular
examples of this technique are in the Orion Nebula, as illustrated in
Figure 14.1.

In this case, since we are working in optical, we get excellent spa-
tial resolution. The disks we see in this case are typically hundreds
of AU in size. In such images we can also see very clearly that pro-

Discs on Orion imaged by HST, seen 
in absorption against the Orion nebula



Imaging discs
The mm regime

• Appearance depends on stage:

• Class 0/I discs generally smooth

• Class II discs have lots of structure (more 

on this later in course)


• Typical size ~50 AU at class 0/I, falling to 
~25 AU at class II


• Can only measure dust mass, not gas mass, 
because dust opacity per unit gas mass not 
known in discs due to grain growth (more 
later in course)

Figure 3. Example images from ALMA (left) at 0.87mm and the VLA (right) at 9mm toward selected sources. The top row shows HOPS-409, a Class 0 protostar
with an apparent resolved disk at 0.87 and 9mm. HOPS-361-C, a high-luminosity Class 0 source, is shown in the middle row and appears disklike at 0.87mm.
However, HOPS-361-C is resolved into a close binary system by the VLA at 9mm. The brighter source also exhibits an extended free–free jet at this wavelength.
HOPS-68, a Class I source, is shown in the bottom row and appears compact and only marginally resolved at both 0.87 and 9mm. The synthesized beams are drawn
in the lower right corner; the typical ALMA synthesized beam is 0 1, and the typical VLA beam is 0 08. Images for the remaining protostars are shown in
Appendix C. A blank panel for the ALMA 0.87mm or VLA 9mm means that observations were not taken toward that particular protostar with ALMA or the VLA.
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Three sample resolved discs from the VANDAM survey (Tobin+ 2020)



Disc statistics
Based on mm dust observations

• Huge range of dust masses, ~1 - 1000 M⊕

• For a “normal” dust to gas ratio, this would 

imply gas mass ~3 × 10−4 - 0.3 M⊙

• Likely an underestimate, since grain growth 

typically lowers opacity / unit gas mass 


• Only weak correlation with protostar stage or 
luminosity during class 0/I phase


• Stronger dependence at later ages: class II 
discs less massive than class 0 or class I

(CDF), which can be directly translated to a Gaussian
probability density function (PDF), as was demonstrated by
Williams et al. (2019). To determine the mean and standard
deviation of the Gaussian PDF, we fit the cumulative
distributions derived from lifelines with the survival function
(defined as 1—Gaussian CDF) using the curve_fit function
within scipy. To calculate the 1σ uncertainties, instead of
adopting the standard error from the fit, we performed the same
fit on the 1σ upper and lower bounds of the cumulative dust
disk mass distributions from the survival analysis and adopted
the relative values of these parameters as the uncertainties. We
note, however, that the observed distributions are not precisely
Gaussian, so the parameters and their uncertainties derived
from these fits may not be completely accurate.

The mean dust disk masses for Class 0, Class I, and flat-
spectrum systems are 25.9-

+
4.0
7.7, -

+14.9 2.2
3.8, and -

+11.6 1.9
3.5

ÅM ,
respectively, for the full distributions considering all systems.
Limiting the sample to nonmultiple systems, we find mean

dust disk masses of -
+38.1 8.4

18.9, 13.4-
+

2.4
4.6, and -

+14.3 3.0
6.5

ÅM ,
respectively. These mean values of the distributions are quite
comparable to the median dust disk masses for the same
distributions, and the uncertainties on the means further
demonstrate that the Class 0 dust disk masses are system-
atically larger than those of Class I and flat-spectrum and
differ beyond the 1σ uncertainties of the mean masses. The
mean masses of the Class I and flat-spectrum protostars are
consistent within the uncertainties, a further indication that
there is no significant difference between the disk masses in
these two classes.

3.4. Distribution of Protostellar Dust Disk Radii

We utilize the deconvolved Gaussian 2σ radius from the
fits to the continuum images as a proxy for the radius of the
continuum sources, enabling us to characterize the disk
radii in a homogeneous manner (see Section 2.4). These
values are provided in Table 8 for both the ALMA and VLA

Figure 8. Comparison of dust disk masses to Tbol (top panels) and Lbol (bottom panels). The left panels include the full sample from the survey with a corresponding
measurement of Lbol and Tbol, while the right panels show only the nonmultiple sample. The colors and histograms associated with the top panels separate the sources
by their regions (black: L1641 and southern ISF; red: northern ISF; blue: Orion B). In the bottom panels, the colors and associated histograms separate the sources by
class; black corresponds to Class 0 protostars, red corresponds to Class I protostars, and blue corresponds to flat-spectrum protostars. Upper limits are denoted as
downward pointing triangles. The lines in the lower panels are the fits to the dust disk masses vs. Lbol; for the full sample (left panel), we find Mdisk∝ oLbol

0.11 0.04, and
for the nonmultiple sample (right), we find Mdisk∝ oLbol

0.31 0.05. The vertical lines in the top panels denote the separations between Class 0 and Class I (70 K) and
Class I and Class II (650 K).
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Imaging in molecules
Disc kinematics

• Molecules vs. dust tradeoff:

• Dust is simple to interpret, brighter

• Molecules provide information on temperature, 

chemistry, kinematics, etc.


• Need to use low-abundance molecules to avoid 
optical depth problems


• Observations show Keplerian rotation common 
around protostars from class 0 phase on; inner 
disc often joined to an outer inflow that is 
rotating at sub-Keplerian speeds

12CO component are similar to those of C18O (J = 2–1), as will
be shown later.

The compactness of the continuum emission with its position
angle perpendicular to the outflow axis suggests that the
continuum emission arises from a compact disk and the major
axis of the expected disk should be at P.A. = 73° (white dashed
line in Figure 1). Although the uncertainty of the elongation
direction of the continuum emission is relatively large (±16°),
we hereafter adopt this position angle as the disk major axis
around TMC-1A. The ratio of minor axis to major axis
corresponds to the inclination angle of i = 42° and 55° if
assuming a geometrically thin disk and H/R = 0.2,
respectively.

3.2. C18O J = 2–1

C18O (J = 2–1) is detected at more than a 3σ level at LSR
velocities ranging from 2.7 to 10.4 km s 1- . In Figure 4, the
moment 0 (MOM0) map integrated over this velocity range is
shown in white contours, overlaid on the moment 1 (MOM1)
map shown in color. The overall distribution of the C18O
integrated intensity exhibits an elongated structure almost
perpendicular to the molecular outflow, with a peak located at
the protostar position. The deconvolved size of MOM0 map is
3 3 ± 0 1 × 2 2 ± 0 1 with P.A. = 67° ± 2°. This
morphology showing elongation perpendicular to the outflow
axis (P.A. = −17°) indicates that the C18O emission mainly
traces a flattened envelope around TMC-1A, as was also
suggested by Yen et al. (2013). In addition, there are weak
extensions to the north, the northwest, and the east. The overall
velocity gradient is seen from northeast to southwest, which is
almost perpendicular to the outflow axis. These results are quite
consistent with previous observations in C18O (J = 2–1) using
SMA (Yen et al. 2013), although their map did not show the
weak extensions detected in our ALMA observations.
In order for us to see more detailed velocity structures, channel

maps shown in Figure 5 are inspected. At high velocities, VLSR �
4.9 km s 1- and �7.9 km s 1- (which are blueshifted and red-
shifted, respectively, by more than 1.5 km s 1- with respect to
the systemic velocity of 6.4 km s 1- ), there are compact emissions
with strong peaks located nearby the protostar position. The
sizes of these emissions are smaller than ∼3″ or 420 AU. The
peaks of these emissions are located on the east side of
the protostar at blueshifted velocities, while those for
redshifted velocities are located on the west side, making a
velocity gradient from east to west. This direction is roughly
perpendicular to the outflow axis (P.A. = −17°). On the other
hand, at lower blueshifted and redshifted velocities (5.0 km s 1- �
VLSR � 6.0 km s 1- ), extended structures become more dominant.
At lower blueshifted velocities, structures elongated from
northwest to southeast with additional extensions to the north-
eastern side and the southern side appear, while at lower

Figure 2.Moment 0 (white contours) and 1 (color) maps of the 12CO (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 0.034 Jy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 02 × 0 90, P.A. = −178°. 12CO clearly traces the molecular outflow from
TMC-1A, and the axis of the outflow (∼ −17°) is shown with a dashed line.

Figure 3. PV diagrams of the 12CO (J = 2–1) emission in TMC-1A along the
outflow axes (PA = −17°). Contour levels are 6σ spacing from 3σ (1σ = 20
mJy beam 1- ). Central vertical dashed lines show the systemic velocity
(Vsys = 6.4 km s 1- ), and central horizontal dashed lines show the central
position.

Figure 4.Moment 0 (white contours) and 1 (color) maps of the C18O (J = 2–1)
emission in TMC-1A. Contour levels of the moment 0 map are −3, 3, 6, 12,
24, ... × σ, where 1σ corresponds to 8.1 mJy beam 1- km s 1- . A plus sign
shows the position of the central protostar (continuum emission peak). A filled
ellipse at the bottom left corner denotes the ALMA synthesized beam;
1 06 × 0 90, P.A. = −176°. Blue and red arrows show the direction of the
molecular outflow from TMC-1A observed in 12CO (J = 2–1) line (Figure 2).

4

The Astrophysical Journal, 812:27 (20pp), 2015 October 10 Aso et al.

major-axis PV diagram measured in Section 4.2 (Figures 8(a)
and 9) and (2) the position of two peaks in the minor-axis PV
diagram (Figure 8(b)). The first depends on the rotation
velocity, while the second depends on the infall velocity within
the disk plane.

It is also noted that the surface density of the envelope at
radii more than 200 AU is reduced by a factor of two to
reproduce relatively diffuse emission seen in PV diagrams at
positions larger than ∼2″. Because extended structures more
than ∼8″ are resolved out in our ALMA observations by 50%,
we use the CASA task simobserve to include the spatial
filtering. The synthesized beam derived with simobserve
(1 03 × 0 81, −7 2) is not exactly the same as that of the
observations even though the same antenna positions and hour
angles are configured. However, the difference is small, and
there is no impact on our analysis.

Four parameters of the model mentioned above, vout, Rkep, α,
and the inclination angle of the disk i, are changed to reproduce
the observed PV diagrams. Figure 12 shows the comparison of
different models (FE model A–F) and the observations. FE

model A is the case with (vout, Rkep, α, i) = (0.85, 100 AU, 0.3,
65°). FE model A can reproduce both PV diagrams, whereas
the other five models cannot reproduce either of them, as
explained in detail below. Hereafter, we call FE model A the
“best-infall model.” We emphasize that the infall velocity is
significantly smaller than the free-fall velocity in the best-infall
model. More details of the slow infall velocity are discussed
later.
FE models B and C, which have a shallower vout and a

smaller Rkep, respectively, as compared with FE model A, show
a clear difference in the R Vlog log- diagram. The mean
positions derived from FE model B are located above the
observations in R  70 AU. On the other hand, the mean
positions of FE model C clearly show smaller radii than the
observations in R  50 AU.
FE models B and C exhibit similar PV diagrams along the

minor axis to that of FE model A. However, FE models D and
E, which have a larger infall velocity and a smaller inclination
angle, respectively, as compared with FE model A, show a
clear difference in the minor-axis PV diagram. The two peaks

Figure 12. Comparisons of the observations and models with infall motions. The left column shows the mean position of the PV diagram along the major axis in
R Vlog log- diagrams. Red points indicate models, while black points indicate the observation, which is the same plot as Figure 9 except for the color. The middle

and right columns show PV diagrams along the major and minor axis, respectively. The observations are in black contours and grayscales, while models are in red
contours. Contour levels of the PV diagrams are the same as in Figure 8. The same row includes the same model, and the parameters of each model are indicated in the
left panel of each model. FE model A explains the observations most reasonably.
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Kinematics of disc around TMC-1A in C18O, Aso+ 2015



Outflows
The inevitable accompaniment to discs

• Almost everywhere there are discs, they appear to be accompanied by bipolar 
outflows — discs around protostars are no exception


• Outflows observed to be perpendicular to planes of discs


• Two basic wavelength regimes for observing outflows:

• O/IR — traces fastest-moving material, and locations where this fast 

material runs into the surrounding ISM

• Molecular lines — traces bulk of material in outflow, moving at slower 

speeds, but can be difficult to trace over long distances due to mixing with 
ambient molecular gas



Outflows in O/IR
Commonly called jets or HH objects

• Material ejected at speeds ≳ 100 km s−1 shocks 
when it strikes dense ISM


• Shock-heated material emits optical (H𝛼, OI, NII, …) 
and IR (rotationally-excited H2) lines


• Visible as a linear series of “knots”, often mirror-
symmetric about star, sometimes with a bow shock

protostellar disks and outflows: observations 233

Figure 14.5: Herbig-Haro jets imaged
with the Hubble Space Telescope. Two
jets are visible; one is at the tip of
the “pillar" near the top of the image,
and another is near the edge of the
structure in the middle-left part of
the image. Bow shocks from the
jets are clearly visible. Taken from
http://hubblesite.org/newscenter/
archive/releases/2010/13/image/a/.

jet has caused an internal shock. The weaker emission in between
the knots is caused by the interaction of the jet with a lower density
environment. One can also detect this component in radio free-free
emission, produced by electrons in the jet plasma.

The HH objects move fast enough to produce noticeable shifts
in the positions of the bright knots over spans of ⇠ 10 years. The
inferred velocities are typically hundreds of km s�1. These velocities
are also consistent with what we infer from Doppler shifts in cases
where the jets is partly oriented toward us.

An important point is that these HH jets are usually bipolar, mean-
ing that there is a clear driving star at the base of two HH objects
propagating in opposite directions. Sometimes the knots of emission
are even mirror symmetric, suggesting that they are produced by
variations in the outflow velocity or mass flux originating at the point
where the jet is launched, rather than any property of the environ-
ment.

Estimates of the density of the outflowing material based on
models of the shocks suggest mass fluxes that range from 10�6

M� yr�1 in class 0 sources, dropping to 10�8 � 10�7 M� yr�1 for
classical T Tauri stars / class I sources. The inferred momentum flux

© Copyright 2020: Instituto de Astronomía, Universidad Nacional Autónoma de México
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Top: HH jets seen with HST

Bottom: knots in H2 rotational emission at 2.1 
𝜇m, imaged with Spitzer/IRAC (Noriega-
Crespo+ 2020)



Properties of O/IR outflows
A quick summary

• HH knots move at speeds of hundreds of km s−1 — big enough to see proper 
motion over ~10 year baseline


• Material between knots visible at low surface brightness; can also be seen in 
radio free-free emission


• Mass outflow rate hard to estimate, but low — ≲ 10−7 M⊙ yr−1; estimated by 
modelling density of material in jet required to reproduce observed line 
emission spectra


• Extremely narrow — opening angle ≲1°



Outflows in molecular lines
The bulk tracer

• Outflows also seen in high-velocity molecular lines, 
~10 - 100 km s−1


• Molecular material much wider angle, forms conical 
sheath around inner outflow seen in O/IR


• Molecular material also much denser — even 
accounting for lower speed, dominates total mass and 
momentum flux


• Interpretation: material launched at wide range of 
velocities, fastest close to axis, slower at larger angles
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