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Abstract: Young stars accrete mass from a circumstellar disk, but at the same time disk and star
eject outflows and jets. These outflows have an onion-like structure where the innermost and
fastest layers are surrounded by increasingly lower velocity components. The outer layers are
probably photo-evaporative and magnetocentrifugally launched disk winds, but the nature of the
inner winds is still uncertain. Since the fastest components carry only a small fraction of the
mass, they are best observed at high-energies (X-ray and UV) as the slower, more massive
components do not reach plasma temperatures sufficient for relevant X-ray or UV emission.
Outflows are the most likely way in which a star or its disk can shed angular momentum and
allow accretion to proceed; thus we cannot understand the accretion and the rotation rate of young
stars if we cannot solve the origin of the inner jet components. Stellar jets share characteristics
with their counterparts in more massive astrophysical objects, such as stellar mass black holes and
AGN, with the added benefit that young stars are found at much closer distances and thus scales
not accessible in other types of objects can be resolved.
To understand the origin and impact of the inner jets, sub-arcsecond imaging and spectroscopy in
the UV and X-rays is required, together with theory and modelling to interpret existing and future
observations.
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1 Jets from young stars
Stars form when giant molecular clouds fragment and contract into proto-stars. Mass accretion
onto those stellar cores proceeds via an accretion disk, while the surrounding envelope eventually
disperses. In this stage, the stars become visible at all wavelengths; the low-mass population is
called classical T Tauri stars (CTTS), the A and B star progenitors are Herbig Ae/Be stars
(HAeBe). Jets and outflows are a natural consequence of disk accretion. They are not only
common phenomena in star formation, but have been detected in most classes of accreting objects
ranging from AGN through CV systems down to brown dwarfs. Outflows come in different
shapes: There are slow wide-angle winds, often seen in molecular lines (e.g. H2, or CO), faster
winds, showing up in forbidden optical lines such as [O I] 6300 Å, and highly collimated jets,
which often reach velocities up to 400 km s−1 (Eislöffel & Mundt, 1998).

Different theoretical models of stellar winds (Kwan & Tademaru, 1988; Matt & Pudritz,
2005), X-winds (Shu et al., 1994) and disk winds (Blandford & Payne, 1982; Anderson et al.,
2005) have been proposed. Ultimately the jet launching must be powered from the gravitational
energy released in the accretion process. This is supported by the observation that the outflow rate
is roughly one tenth of the accretion rate (Cabrit et al., 1990; Coffey et al., 2008), but it is unclear
how the energy is converted.

We currently believe that the jets are layered like an onion where slow and cool outflow
components surround successive layers of faster and more collimated jet components. The
outermost layers are disk winds launched tens of AU from the central star, possibly through
photo-evaporation from the irradiated disk surface, but it is unclear where the innermost
components come from. The mass flux in these innermost components is no more than 10−3

(Günther et al., 2009) of the total jet mass flux, but they are fast enough to generate X-ray
emission. While the launching region of this inner jet is (and will remain in the 2020s) spatially
unresolved, we can see an inner (10-40 AU, Fig. 1, Schneider & Schmitt, 2008) emission region
probably associated with jet collimation, as well as an outer (hundreds of AU, Fig. 2, Güdel et al.,
2011) region powered by shocks between different jet components or between the jet and the
interstellar medium.

2 Questions for the 2020s
In the last two decades, Chandra and HST/STIS have slowly chipped away at observing one
stellar jet at a time, leading to a sample of a handful of objects with a few cases where the
timeline is sufficient to see knots in the jet move (e.g. Schneider et al., 2011). However, it has
proven hard to draw general conclusions about jet properties and jet launching from this limited
set of data, and thus the big questions of jet launching are still open for the next decade:

2.1 Do jets rotate?
Disk accretion cannot proceed without the redistribution of angular momentum, either within the
disk or within the system. Only recently simulations became mature enough to demonstrate that
mechanisms that have long been favored for angular momentum removal cannot operate in
important regions of the disks, e.g. the magneto-rotational instability (MRI) shuts down in the
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Figure 1: Position-velocity diagrams (PVD) from long-slit observations with HST/STIS of the
CTTS DG Tau. The figure nicely shows how data from the X-ray to the optical is required to study
how the different jet components are related to each other. The red dashed contour indicates the
C IV emission and the horizontal dotted lines give the peak location of the two optical knots. The
shaded area indicates the centroid of the inner X-ray jet, the blue line visualizes the velocity of the
C IV emission, and the blue contours pertain to the central jet emission in an earlier epoch. From:
Schneider et al. (2013)

“dead zone”. This leaves jets as the best known alternative to remove angular momentum from
these regions, but an observational test of this idea is still outstanding since results for jet rotation
are so far inconclusive due to limited exposure times and sample sizes (Coffey et al., 2007).
Magneto-centrifugally launched jets originate in the inner region around the central object, within
a few AU for typical stars. Since post-shock temperatures scale with v2shock, the inner most region
crucial for the interaction of the accreting object and the disk, requires observations in the UV
range where the dominant cooling agents are situated. As the extinction increases towards shorter
wavelength, the contrast between the star and the jet, which is less extincted than the star itself, is
much more favorable in the UV.

2.2 How do jets launch and collimate?
Jet width and velocity increase with distance to the star. The exact profile depends on the
magnetic field and the conditions in the launching region; to turn this around, if we can measure
velocity profiles in the jet (Fig. 1), we can infer the conditions around the launching radius which
will remain inaccessible to direct observations even for the largest telescopes becoming available
in the 2020s.

2.3 Do all jets have a fast inner component?
To study the interaction between disk, accretion streams and the star, observations of the fastest
jet components are most valuable. If we find velocities of 500 km/s and assume reasonable values
for the toroidal jet velocity, the launching region must be within 10 R∗ according to Anderson
et al. (2003). This approximately corresponds to the inner edge of the disk and thus would rule
out a disk wind. However, with current instrumentation we are limited to study the X-ray and UV
emission of only the brightest sources. We do not know if the mechanism that accelerates the
innermost jet operates in every source (and we just do not see it because it is faint) or not. With an
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Figure 2: left: The jet from the CTTS DG Tau with Chandra. The inset shows the conventional
image, where the jet at a few hundred au is resolved, but the inner component is not seen. For the
main figure, a deconvolution algorithm was applied, showing hard emission from the star (blue)
and the inner jet in red (note the shift by about 0.15”). This looks good, but the result is biased
because the algorithm is insensitive between the red part and the green outer jet. To resolve the
components seen in the UV and optical in Fig. 1, the native image resolution needs to be better than
Chandra. Right: Two-color image of the CTTS DG Tau and its jet (towards the bottom right) and
counterjet (barely visible towards the top left), showing superposition of smoothed X-ray images
for Winter 2005/06 (green) and January 2010 (red), indicating jet longitudinal motion. From:
Güdel et al. (2011)

increased sample size, we could search for correlations of the fast jet components with accretion
rate, stellar rotation rate, or stellar magnetic field strength and thus identify the launching
mechanism.

2.4 How does jet launching work in objects with weak magnetic fields?
All models for jet launching rely on large-scale, ordered magnetic fields (Ferreira, 2009), but jets
are observed not only from solar-mass CTTS, which have strong magnetic fields in the kG range.
HAeBes also launch jets, although only primordial magnetic fields are expected there, and often
only weak fields, if any, can be detected (Hubrig et al., 2007; Wade et al., 2007). For example, the
formal limit on the magnetic field of HD 163296 is −25± 27 G (Hubrig et al., 2007).

3 Required capabilities and international context
To probe all the layers of the “onion”, we need observations in a large wavelength range from the
radio up to X-rays. For all observations, the three key factors are (1) spatial resolution to actually
resolve the jet and features like shock surfaces within, (2) sufficient signal-to-noise to identify
weak, extended emission, and (3) spectral resolution to measure the kinematics of the emission
lines. The better an observatory does on these metrics, the finer detail can be resolved and the
more jets are accessible to study. Several star forming regions can be found in about 150 pc

4



distance. For those, we need resolutions on the level of about 0.1-0.5 arcseconds to resolve the jet
perpendicular to its axis and to identify shock fronts and knots; better spatial resolution could
reveal sub-structure in the jet components, if it exists. Imaging is good, but it does not tell us
where the gas moves, if the jet rotates, and in which direction a shock expands. To this end, we
need to measure the centroid and width of an emission line, or, even better, resolve it into several
kinematic components. Turbulence probably broadens all emission lines in jets to some degree,
so there is little additional benefit of resolving lines into more than about ten velocity bins. For
the slow moving jet layers seen in the radio or the IR, this requires resolution on the level of a few
km/s, for the faster flows seen in the UV and X-rays, a resolution of several 10s of km/s is
sufficient.

3.1 Observational capabilities
For all wavelengths accessible from the ground, great progress has been made in the last decade
and projects well into the planning stages or even in construction, like the US- or ESO led giant
telescopes, will provide instruments that improve significantly over existing instrumentation.
Integral field units (IFUs) coupled with adaptive optics are the workhorses for jet observations in
the IR and optical, and the next generation of these instruments as planned for the extremely large
telescopes match the requirements spelled out above. On the other hand, in the UV and X-rays,
the situation looks dire.

No X-ray instrument ever flown had the capability to kinematically resolve jet emission lines
within reasonable integration times. Worse, jet observations in X-rays are almost impossible
today, since Chandra is the only instrument capable of resolving the jets from their central stars
and increasing contamination on the detectors has reduced Chandra’s sensitivity to soft X-rays by
several magnitudes compared to launch. Upcoming X-ray observatories like Athena or e-ROSITA
prioritize collecting area over spatial resolution and will not be able to resolve stellar jets from
their central stars. New X-ray instrumentation with order of magnitude improvements over
exiting instruments is needed to spatially and spectrally resolve stellar jets.

In the UV, HST/STIS is currently the only instrument available for observations of stellar
jets; some examples are presented above where STIS is used to resolve kinematic structure in the
jet using long-slit observations. However, without an IFU, we are limited to a single slice of the
jet per observation. It is possible to step the long-slit on the sky, but this is expensive in terms of
observing time and sample studies are challenging. In the UV, we have shown how much physical
information we can extract from the spectra, but crucial questions like jet rotation and
comparative studies of a major sample of jets are just outside the capabilities of the current
instrumentation. New UV instrumentation with a modest improvement in spectral and
spatial resolution is useful, but most important is an increase in sample size and observing
efficiency (e.g. by using an IFU) such that a sample of jets can be monitored in time.

3.2 Theory and Modelling
While the authors of this white paper are mostly observers, we realize the crucial role that theory
and modelling play in understanding stellar jets. Explaining jet launching and collimation has
been an issue in MHD models for quite some time and several groups are working on that;
similarly jets propagating into the interstellar medium have been simulated in different contexts,
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Figure 3: Numerical simulation of a shock in a protostellar jet. Shown is a density map (left panel),
an enlargement of the base of the computational domain, and the X-ray map synthesized from the
model (upper panel on the right). From: Bonito et al. (2011)

but so far those models use pretty simple jet cross-sections, e.g. just a top-hat profile. Only one
model for the X-ray generation in stellar jets, the diamond shock (see Fig. 3), has been
investigated in detail in numerical simulations, a second model has been looked at at least
semi-analytically. While the diamond shock does explain the main observed properties of the
X-ray emission at the low-resolution we have so far, it may not be the only model to do so. It will
be a challenge for the community in the coming decade to systematically confirm or rule-out jet
models through detailed numerical simulations and comparison of the simulations with existing
and future observations. Thus, theoretical work needs supported together with observations
by providing infrastructure, financial support for Post-Docs and staff, and mechanisms that
increase the interaction between observers and theorists.
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