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Abstract

Jets and outflows are key components of low-mass star formation, regulating accretion and
shaping the surrounding molecular clouds. These flows, traced by molecular species at
(sub)millimeter wavelengths (e.g., CO, SiO, SO, H,CO, and CH3OH) and by atomic, ion-
ized, and molecular lines in the infrared (e.g., Hy, [Fe II], [S I]), originate from protostellar
accretion disks deeply embedded within dusty envelopes. Jets play a crucial role in remov-
ing angular momentum from the disk, thereby enabling continued mass accretion, while
directly preserving a record of the protostar’s outflow history and potentially providing in-
direct insights into its accretion history. Recent advances in high-resolution, high-sensitivity
observations, particularly with the James Webb Space Telescope (JWST) in the infrared
and the Atacama Large Millimeter/submillimeter Array (ALMA) at (sub)millimeter wave-
lengths, have revolutionized studies of protostellar jets and outflows. These instruments
provide complementary views of warm, shock-excited gas and cold molecular component
of the jet—outflow system. In this review, we discuss the current status of observational
studies that reveal detailed structures, kinematics, and chemical compositions of proto-
stellar jets and outflows. Recent analyses of mass-loss rates, velocities, rotation, molecular
abundances, and magnetic fields provide critical insights into jet launching mechanisms,
disk evolution, and the potential formation of binary systems and planets. The synergy
of JWST’s infrared sensitivity and ALMA's high-resolution imaging is advancing our un-
derstanding of jets and outflows. Future large-scale, high-resolution surveys with these
facilities are expected to drive major breakthroughs in outflow research.

Keywords: protostellar jets; infrared astronomy; submillimeter astronomy; star formation

1. Introduction

Protostellar jets and outflows are ubiquitous phenomena observed during the early
stages of star formation. Jets are highly collimated, fast-moving streams of gas ejected from
the inner disk regions of young stellar objects (YSOs), often reaching velocities of several
hundred kilometers per second. In contrast, winds or outflows generally refer to broader,
less collimated flows of gas, typically moving at a few kilometers per second to a few tens
of kilometers per second, launched from wider regions of the disk and often entrained by
the jets [1-7]. Together, jets and outflows play a crucial role in removing excess angular
momentum from the protostellar disk, thereby enabling mass accretion onto the central
star [5,8]. An example of a protostellar system, G203.21-11.20W2, is shown in Figure 1. A
narrow, collimated jet, traced by SiO emission, is observed along the flow axis, within a
wide-angle bipolar outflow cavity delineated by CO emission. The protostar, embedded
within a dense envelope traced by 1.3 mm continuum emission, is located at the origin
point where the two outflow lobes diverge.
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Two primary theoretical frameworks have been proposed for the launching of jets: the
X-wind model, where jets originate from a narrow region near the inner edge of the accretion
disk at the magnetospheric truncation radius [9,10], and the disk wind model, where winds
are launched from a wider range of disk radii via magneto-centrifugal forces [11]. Both
models have been successful in explaining certain observational features, yet debates persist
over their relative contributions in different sources. Recent models of both X-winds and
magneto-hydrodynamic disk winds indicate that these mechanisms can generate not only
highly collimated jets but also wider-angle winds, suggesting that the dichotomy between
jets and winds is not always clear-cut [12].

G203.21-11.20W2 [SiO (5-4) + 1.3mm Cont + CO (2-1)]
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Figure 1. G203.21-11.20W2 protostellar system located in the Orion molecular cloud, observed with
ALMA Band 6. The RGB composite shows red: SiO (5-4), green: 1.3 mm continuum, and blue: CO
(2-1). A narrow, collimated jet traced by SiO emission is visible along the axis of a wide-angle outflow
cavity traced by CO emission. The protostar, embedded within the dense envelope traced by the
1.3 mm continuum, lies at the intersection of the bipolar outflow lobes. The S5iO and CO maps have
an angular resolution of approximately 150 AU, while the 1.3 mm continuum image has a resolution
of approximately 2000 AU, with the maximum recoverable scale of ~10,000 AU (~25"). This image
has been reproduced with data from Dutta et al. [13].

Protostellar jets can be observed in molecular, atomic, and ionized forms. Jets are traced
across multiwavelengths—from radio, (sub)millimeter, and infrared to optical—revealing
their structure and dynamics [5-7]. The combination of molecular, atomic, and ionized jet
studies provides a comprehensive view of jet evolution and propagation. Observations of
these multiwavelength species enable the estimation of crucial physical parameters. For
instance, the jet mass-loss rate provides a measure of how efficiently the protostar expels
material, while the jet and outflow momentum flux or force offers insights into the feedback
exerted on the surrounding environment. The dynamical time inferred from jet length
and velocity gives an estimate of the jet’s age and episodic behavior. Additionally, by
comparing jet and outflow mass-loss rates to the estimated accretion rates, often inferred
from bolometric luminosity or infall tracers, one can evaluate the efficiency of jet launch-
ing mechanisms and the coupling between mass ejection and accretion. Together, these
parameters help to constrain the physical processes that govern jet launching, collimation,
propagation, and their impact on star and disk evolution.
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Recent high-angular resolution observations with instruments such as the Atacama
Large Millimeter/submillimeter Array (ALMA) and the James Webb Space Telescope
(JWST) have revolutionized our understanding of protostellar jets and outflows. ALMA'’s
ability to resolve molecular emission at sub-arcsecond scales has revealed detailed struc-
tures of jet launching regions and outflow cavity walls (e.g., Figure 1), while JWST’s
infrared sensitivity enables unprecedented views of shock-excited gas and embedded jet
components (e.g., Figure 2). These advances provide new constraints on the jet launch-
ing mechanisms, evolutionary status of a protostar, accretion phase, and their impact on
star and planet formation. In this review, we describe recent advances in the study of
protostellar jets using observations from the ALMA and JWST telescopes.

2. Discovery and Theoretical Foundations

The discovery of protostellar jets began with the identification of compact emission-
line nebulae near young stars, now known as Herbig-Haro (HH) objects. These were
independently reported by Herbig (1951) and Haro (1952), who interpreted them as signa-
tures of high-velocity outflows from protostars interacting with the surrounding interstellar
medium [14,15]. Their work laid the foundation for the modern study of stellar jets and
outflows. Subsequently, Snell et al. [16] detected large-scale bipolar molecular outflows
traced by CO emission. It is now well established that molecular outflows and jets are a
ubiquitous feature of accreting, rotating, and magnetized protostellar systems [13,16-21].
These observations also revealed a strong link between outflow activity, accretion pro-
cesses, and protostellar evolution. Together, these discoveries established that mass loss is
a fundamental aspect of early stellar evolution.

HOPS 315 (Red: 17.0338 um, Green: 9.6635 um, Blue: 5.51 um)
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Figure 2. JWST/MIRI color composite image of the jet/outflow system HOPS 315. The image has
been produced using JWST GO Cycle 1 data (Proposal ID: 1854; PI: Melissa McClure), following
methods described in Dutta [22]); red: Hy 0-0 S(1) 17.0338 pm; green: Hy 0-0 S(3) 9.6635 pum; blue: Hp
0-0 S(7) 5.51 pm. The outflow cavity is indicated by a solid parabola, the central axial jet by a dotted
parabola, and the protostellar position is marked with an asterisk.
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Protostellar jets and outflows emerge naturally during the gravitational collapse of
dense molecular cloud cores. In the initial isothermal collapse phase, efficient cooling
allows the core to contract while maintaining a temperature of typically ~10 K. As central
densities increase, the collapse becomes adiabatic, leading to the formation of the first
hydrostatic core [23]. During this stage, magneto-centrifugal forces and magnetic pressure
gradients launch low-velocity, wide-angle outflows [24,25]. When temperatures reach
~2000 K, molecular hydrogen dissociates, triggering a second collapse that forms the
protostar. This leads to the emergence of fast, highly collimated jets driven by strong
magnetic forces from the inner regions of the disk or the protostar itself [25,26].

3. Physical Properties and Observational Characteristics of Jets
and Outflows

3.1. Molecular vs Neutral and Ionized Components

Jets from YSOs consist of molecular, neutral atomic, and ionized components, each
traced by distinct sets of emission lines that probe different physical conditions and spa-
tial regions within the jet-outflow system, as demonstrated in Figure 3. In the case of
(sub)millimeter observations, molecular tracers such as CO, SiO, SO, and H,CO are ef-
fective in probing the cooler components of the flow, typically at temperatures ranging
from a few tens to a few hundreds of Kelvin. The lower-] transitions, such as CO(1-0),
CO(2-1), S5i0(2-1), SiO(3-2), and HpCO lines, are sensitive to lower-density, low-velocity,
wide-angle outflows, or wind components, and are often associated with entrained ambient
gas (e.g., [18,19]). However, some of these transitions can also be excited in high-velocity,
high-density jets, particularly in shock-excited regions. In contrast, the higher-excitation
transitions, including CO(3-2), SiO(5-4), SiO(8-7), and high-] H,CO lines, trace denser,
warmer gas in the collimated jet cores, where shocks and magnetic launching mechanisms
dominate the dynamics (e.g., [8,13,19-21]). In infrared observations, the H, pure rotational
(e.g., Hp 0-0 S5(1)) and ro-vibrational (H; 1-0 S(1), S(2), S(3), S(4), S(5), S(7), S(7)) are fre-
quently observed in jets and outflows (e.g., Figure 2). The shorter wavelengths (e.g., Hp: 0-0
5(1); 1-0 S(7), S(6), S(5), S(4)) are often concentrated in the jets, while the longer wavelengths
are also trace the wide angle outflow components (e.g., 1-0 S(1), S(2), S(3)) [27-35]. We note
that, in some cases, the shorter-wavelength, lower-excitation rotational lines of Hj also
trace the wider-angle outflow rather than the collimated jet, as demonstrated by the JOYS
program [36]; however, this behavior is not universal.

In contrast, neutral atomic (e.g., [OI], [CI], [S]I]) and ionized atomic tracers (e.g., [S II],
[N II], [O III], [Fe IT], Ha) reveal hotter (T ~ 10* K), lower-density regions, often linked to
fast-moving, collimated jets and internal shocks [5,37]. Forbidden lines such as [S1I] 16716,
6731 A, [N 11] 16583 A, and [Fe11] 1.644 pm commonly serve as effective tracers of physical
conditions such as electron density, ionization fraction, and excitation temperature [1,38].
Hydrogen recombination lines like Hx are also detected in ionized jets and accretion regions,
indicating regions of high temperature and density [39]. Moreover, mid-infrared ionized
lines such as [NelI1] 12.8 pm and [Fe I1] 25.99 um, observed with instruments like Spitzer
and JWST, provide access to deeply embedded or heavily extincted jet regions [40,41].

Spatially, molecular emission tends to dominate on larger scales where shocks dissi-
pate, while ionized emission is prominent near jet-driving sources or in high-velocity knots
along the jet axis. Together, these components offer complementary insights: molecular
lines trace momentum transfer and jet-envelope interactions, while ionized lines reveal
shock heating, excitation mechanisms, and jet launching dynamics. A combined analysis is
essential for a complete understanding of jet physics across evolutionary stages.
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millimeter (SiO(5-4), H,CO 3(2,2)—2(2,1), H,CO 3(2,1)-2(2,0))
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Figure 3. Schematic diagram showing the detection ranges of various molecular, atomic and ionic
species in outflow—jet-shocks, reproduced and expanded from the data in Dutta [22] to include
additional species. The distribution of individual species are indicated along the top axis by bidirec-
tional arrows, while the corresponding colors illustrate their relative spatial extents as depicted in
the schematic.

3.2. Morphology and Structure

Jets and outflows from protostars exhibit distinct morphological and structural char-
acteristics, reflecting their different physical origins at the disk, their interaction with
the envelope, and the evolutionary stages of the driving protostars. Collimated jets are
typically narrow with high velocities, v; ~ 40 km s~ ! to a few 100 s of kms~! with a
mean of ~110 kms~! [13]. As shown in the example in Figure 4, the jets often appear
as chains of bright knots or bow shocks along their axes (e.g., [1,5,13,42]). These knots
result from episodic ejection events and internal shocks, while bow shocks mark the inter-
action between the jet and the surrounding medium. Jets are usually well-collimated with
opening angles of only a few degrees, particularly near the launching region. In contrast,
molecular outflows are broader, wide-angle structures with lower characteristic velocities
(v < 10-30 kms~') and exhibit a more conical or lobe-like appearance [2,3,13].

The intrinsic opening angle (fint) of the wide-angle outflow can be obtained from the
observed opening angle, 8, and the inclination angle, i (with i = 0° representing an
edge-on disk and i = 90° a pole-on system), through the geometric relation:

eob
. tan ( f)

cos(i)

@

Oint = 2 - tan™

Protostellar outflows trace ambient material that has been entrained and accelerated by
underlying jets or wide-angle winds, often producing cavities shaped by shocks. The
cavity opening angle serves as a useful indicator of protostellar evolution: in the Class 0
phase, cavities are narrow and poorly defined due to dense envelopes and high accretion
rates [18,43,44]; during the Class I stage, successive ejection events progressively widen the
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cavities as the envelope mass declines; by Class II, cavities often appear broad and conical,
with some systems revealing the underlying disk—jet structure [45,46].

G209.55-19.68S2 - HOPS10 (SiO background + CO contour)
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Figure 4. ALMA SiO and CO maps of the protostar G208.55—19.6852 (HOPS 10), showing episodic
knots and the monopolar nature of the jets at ~150 AU resolution, adapted from Dutta et al. [13].
(a) integrated SiO emission map (background), with CO emission contours overlaid in white.
(b) Position—velocity diagram with SiO emission as the background and CO contours in white.
The location of the knots are marked with R1, R2, ..., R11. The mean deprojected jet velocity is
estimated to be ~146fg kms—1, assuming an inclination angle of NZOféO degree [13].

3.3. Shock Processing

Shocks in protostellar jets are commonly classified as either J-type (jump) or C-type
(continuous), which differ in their internal structure and in how they affect molecules
and chemistry (e.g., [47]). In a J-type shock, the gas undergoes an abrupt discontinuity in
physical conditions (density, temperature) at the shock front; molecules may be dissociated
or ionized in the shock, and they must re-form in the post-shock region. In contrast, a
C-type shock develops in a weakly ionized medium with a significant magnetic field: ions
(and charged particles) are tied to magnetic field lines and drag neutrals via ion—neutral
collisions, resulting in a smoother, continuous transition in physical conditions (rather than
a sharp “jump”) over a finite shock thickness. Because of this, molecules may survive
passage through a C-type shock, and heating is more gradual; these differences strongly
influence emission signatures, chemical abundances, and cooling behavior (e.g., [47]). In
many jet/outflow systems, a mixture of J-type and C-type shock zones may coexist (e.g., at
bow shock apices versus wings) depending on local physical conditions.

Protostellar jets are inherently variable, and fluctuations in their ejection velocity natu-
rally generate internal shock structures where faster parcels of gas collide with slower ones.
As demonstrated in Figure 3, these interactions form compact internal working surfaces
characterized by a reverse shock that decelerates the jet gas and a forward shock that
accelerates the ambient medium [48]. Numerical simulations and observations (e.g., [49])
demonstrate that such internal shocks not only act along the jet axis but also drive sideways
ejections, pushing shocked gas laterally into the surrounding envelope and producing
expanding bow-shock structures within the jet. On larger scales, the overall bow-shaped
interaction between the jet and its environment is described by a system of forward and
reverse shocks [50,51]: the forward shock propagates into the ambient cloud, sweeping up
molecular gas into wide cavities, while the reverse shock propagates back into the jet beam,
compressing and energizing the jet material. This combination of internal shocks with
lateral expansion and terminal forward-reverse shock pairs provides a unifying frame-
work for the stratified kinematic and chemical structures observed in protostellar outflows,
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including compact knots and bullets along the jet channel together with broader, slower
outflow lobes and shells.

3.4. Chemical Composition in Shock Signatures

Jets and outflows profoundly alter the chemistry of their surroundings through shock-
driven processes. As high-velocity material impacts the ambient medium, shocks trigger
heating, sputtering of dust grains, and gas-phase reactions that release molecules from
grain mantles, thereby enhancing the abundances of key species [52,53]. Prominent tracers
of such activity include submillimeter molecular species such as SiO, SO, CO, and CH3;0OH
whose abundances can increase by several orders of magnitude compared to quiescent
gas [54,55], as well as infrared atomic and ionic lines (e.g., [Fell], [SI]) and molecular
transitions at various vibrational or rovibrational levels.

Z20kms™1),

~

SiO is widely regarded as a hallmark of strong shocks (shock velocity, vs
originating from the sputtering of silicate grains followed by gas-phase reactions. In
contrast, molecules such as CHzOH and H,CO are typically associated with lower-velocity
shocks or thermal desorption of grain mantles [56,57]. As illustrated in Figure 3, different
tracers highlight distinct layers of the shock structure: CO transitions trace the extended
shock region, higher-J SiO transitions are strongest at the forward shock and its immediate
post-shock layers, while near-infrared H, emission marks the shock front.

These chemical signatures also act as chemical clocks, constraining shock timescales
and outflow evolution. For example, models predict that elevated H,O abundances in-
duced by C-type shocks persist for 4-7 x 10° yr before declining again [58]. MHD shock
models and gas—grain chemistry suggest that molecules sputtered from grain mantles
may survive for only tens of years post-shock, showing rapid decline in abundance [59].
Observations of complex species in the L1157-B1 outflow, whose age is <2000 yr, indicate
that those molecules are shock-released mantle products whose presence traces recent
shock activity [60]. Models of episodic protostellar accretion likewise show that molecular
tracers such as HCO™ and NpH™* return to quiescent levels only after 10>~10° yr, making
them effective clocks for past heating or shock events [61].

On larger scales, repeated shocks inject turbulence, shape photodissociation regions
(PDRs), and modify the ionization structure of the surrounding cloud [2,62]. Over time,
such chemical feedback enriches outflow cavities and influences the conditions for subse-
quent star formation. Studying the chemical composition and shock tracers in protostellar
jets therefore provides critical insights into the coupling between stellar feedback, gas
dynamics, and astrochemistry in star-forming environments.

3.5. Velocity Gradients and Rotation Signatures in Protostellar Jets and Outflows

Velocity gradients perpendicular to the jet axis are commonly observed in high spectral
and spatial resolution studies of protostellar systems. These gradients have been interpreted
as potential signatures of jet rotation [8,63—65], providing insights into angular momentum
transport during the earliest stages of star formation. If interpreted as rotation, these
gradients allow estimates of the jet launching radius under the magneto-centrifugal wind
framework (e.g., [8,66,67]). However, confirmation of rotation requires careful consideration
of projection effects, beam smearing, and asymmetric shock structures, as emphasized by
Soker [68].

In several Class 0/1 protostellar jets, transverse velocity shifts of a few km s~

across
the jet width have been reported, suggesting rotation in the launching region. For instance,
Bacciotti et al. [63] observed systematic velocity gradients across the DG Tau jet using
HST/STIS, interpreting them as rotational motion. ALMA observations have extended such
detections to molecular jets, including SiO and CO, in deeply embedded protostars [40,69].
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In the HH 212 system, Lee et al. [8] estimated the jet launching radius to be ~0.05f8:83 AU
using very high angular resolution (~16 AU) observations, providing the most precise
measurement to date.

In wide-angle molecular outflows, transverse velocity gradients have also been identi-
fied, although distinguishing rotation from other asymmetries (e.g., jet precession, sideways
ejection) remains challenging [2,70]. Detailed modeling is often required to rule out alterna-
tive explanations. Rotating protostellar outflows trace angular momentum removal from
disks, often via magnetohydrodynamic (MHD) disk winds. For example, in HH 212, SO
emission reveals a rotating wide-angle disk wind around an episodic SiO jet. Resolving
this outflow shows a collimated jet, a wide-angle disk wind, and a jet-driven cavity, con-
firming that disk winds efficiently extract angular momentum and providing a probe of
large-scale magnetic fields in disks [71]. Recent ALMA observations of HH 212 at ~24 au
resolution [72] reveal a rotating wind launched from 9-15 au, situated between the SiO and
CO shells. This shocked rotating wind interacts with the inner X-wind and mixes with SO
emission, efficiently removing angular momentum and shaping the outflow structure.

3.6. Physical Parameters

Jets and outflows from protostars exhibit a wide range of physical parameters that
are crucial for understanding their roles in star formation. Typical mass-loss rates range
from ~107% to 1075 Mg, yr !, and generally vary with protostellar mass and evolutionary
stage [3,73]. Although there is a connection between mass-loss rates and protostellar mass
and evolution, this relationship is not monotonic; for instance, individual systems can vary
significantly and do not always follow a trend of higher mass-loss rates with increasing
protostellar mass. Molecular outflows usually dominate in terms of mass, while atomic
jets carry significant kinetic energy and momentum flux. The momentum flux (or force)
of outflows can reach values of 107 to 1072 Mg kms~! yr~!, often correlating with the
luminosity and accretion rate of the driving source [2,63]. Energetics analyses reveal that
outflows can inject enough energy and momentum to significantly affect their surroundings,
regulating star formation efficiency and driving turbulence in molecular clouds.

3 in molecular outflows to

Typical particle densities vary from 10° to 10°cm™
102 to 10* cm ™3 in atomic jets, with local enhancements in shock regions [18,37]. Cor-
responding temperatures range from ~10 to 100K in cold molecular gas up to several
thousand Kelvin in ionized or shocked atomic components [74,75]. Together, these physical
parameters provide a comprehensive framework for evaluating jet energetics, mass and
momentum budgets, and their feedback on star-forming environments.

Figure 5 shows the jet mass-loss rates as a function of accretion rates for protostars.
Sources with molecular jets, which are typically younger, exhibit systematically higher
accretion and ejection activity than T Tauri stars, which are generally more evolved and
show lower rates. The two groups have been fitted separately with a logarithmic relation:

loglo(Mj) = & -logo(Macc) + B, (2)

The molecular jets show relatively shallow slopes (« ~ 0.40) compared to T Tauri stars

(ax ~ 0.57). This implies that younger objects tend to accrete at higher rates but eject smaller
fraction of that mass. This Figure 5 illustrates that jets and outflows play a significant role
in regulating protostellar growth and evolution. In particular, as the system evolves toward

the T Tauri stage, the relative mass-loss efficiency increases, indicating that outflow activity
becomes more effective at removing material rather than settling the mass onto the star.
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Figure 5. Observed jet mass-loss rate (M) versus accretion rate (Macc) for protostellar jet sources. Blue
symbols represent well-studied protostars with molecular jets from Lee [6], while red symbols denote
molecular jets in the ALMASOP sample from Dutta et al. [13]. Green symbols show more evolved
T Tauri sources from Ellerbroek et al. [76]. Separate fits are shown for molecular jets (black line) and
T Tauri stars (green line). All the data in this plot were adopted with permission of the lead authors.

3.7. Monopolarity Nature

While many protostellar jets and outflows exhibit bipolar symmetry, an increasing
number of systems show monopolar or highly asymmetric morphologies. In such cases,
emission is detected from only one lobe—in molecular lines, atomic tracers, or continuum
maps. For example, the G209.55-19.6852 source (HOPS 10) in Figure 4 shows one-sided SiO
jet emission, with the opposite lobe absent in both SiO and CO.

The observed jet asymmetry likely arises from multiple factors, with geometry being
key. In protostars, JWST-detected infrared emission is strongly affected by extinction from
the envelope (e.g., Figure 2), particularly along the redshifted side (e.g., [27,36,77,78]). The
orientation relative to the line of sight also introduces projection effects, while deeply
embedded regions may remain invisible due to high optical depth.

Doppler boosting, important in relativistic AGN jets (e.g., M87; [79,80]), is negligible
in protostellar jets since their velocities (a few hundred kms~') are too low. Yet nearly
half of protostars with SiO jets appear monopolar at millimeter wavelengths [13]. Because
dust extinction is minimal at submillimeter wavelengths, this high incidence cannot be
explained by extinction alone, suggesting intrinsic launching asymmetries, possibly linked
to magnetic field geometry or star—disk interactions.

Jet-launching models that include a stellar magnetosphere generate oppositely di-
rected poloidal fields and a quadrupolar toroidal structure, enabling reconnection and
driving jets in both hemispheres—consistent with bipolar outflows (e.g., [9-11,81]). In
contrast, disk-only magnetic fields are inherently asymmetric: the toroidal field remains
unipolar within each hemisphere, lacking reversals across latitudes. Reconnection and
amplification processes, such as avalanche accretion streams, then operate effectively only
in one hemisphere [82,83]. This asymmetry favors jet launching on a single side, producing
unipolar rather than bipolar outflows.
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3.8. Episodic Nature and Their Origin

Jets and outflows from protostars often display a distinctly episodic character, with
chains of knots, bow shocks, and discrete ejections tracing their axes [1,5,42]. An exam-
ple of such episodic knots is shown in Figure 4. These structures arise when variable
ejection speeds cause faster material to overtake earlier, slower ejecta, generating inter-
nal shocks [37,48]. Observations of proper motions and radial velocities suggest recur-
rence timescales ranging from a few years to several hundred years, depending on the
system [13,84,85].

This episodicity is widely attributed to unsteady accretion, with mass inflow onto the
protostar closely linked to jet launching (e.g., [4]). Proposed drivers include disk instabili-
ties—gravitational or magneto-rotational—magnetospheric reconnection, and dynamical
perturbations from companions [86]. Disk or jet precession may further modulate the
ejection geometry, producing complex morphologies [87,88]. Such discontinuities likely
reflect temporal variations in jet velocity or density, tied to quasi-periodic perturbations of
the accretion flow. Candidate mechanisms include binary-induced variability, gravitational
instabilities in the envelope or disk, episodic planetesimal accretion, and instabilities near
dust sublimation fronts [4,6,89].

Observationally, SiO jets often exhibit clumpy, knotty structures that may reflect quasi-
periodic ejections, with inferred recurrence times of ~20-175 years [13]. As shown in
Figure 6, the episodicities do not show any clear dependence on luminosity, most likely
because luminosity alone does not reliably trace evolutionary status. Protostellar luminosity
is the sum of internal luminosity and variable accretion-driven contributions, the latter
decreasing with time after an outburst. In contrast, envelope mass more directly reflects
the evolutionary state of the core hosting the protostar (e.g., [90]). Systems with smaller
envelope masses tend to exhibit reduced accretion and ejection activity. However, the
relationship between ejection variability and envelope mass is not straightforward: the
timescales traced by shocked knots indicate that accretion is highly system-dependent,
influenced by factors such as the disk and stellar magnetic fields, as well as the infall
properties of each individual system. Cores with inherently low-mass envelopes could not
be distinguished or fully accounted for in this scenario.
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Figure 6. Average knot ejection intervals (T,,;) are displayed as a function of (a) bolometric luminosity
(Lbol) and (b) envelope mass (Mpelope), reproduced using data from Dutta et al. [13] for consistency
with this review. The color scale corresponds to the mass accretion rate (Mg). In panel (b), the
straight line shows the best linear fit to the data.

Multiple periodicities have been reported in individual systems, such as HH 34,
HH111, and HH212, spanning years to decades [91,92], suggesting the coexistence of
different accretion perturbation modes. Complementary evidence comes from long-term
monitoring: the JCMT Transient Survey revealed submillimeter variability on decadal
scales [93,94], while NEOWISE mid-infrared data uncovered secular variability among
embedded YSOs [95].



Universe 2025, 11, 333

11 0f 18

Estimating orbital radii from observed knot periods yields characteristic perturbation
zones at ~2-25 au for typical protostellar masses [13], consistent with instabilities in
small to intermediate disks rather than binary orbital forcing. Although correlations with
luminosity and envelope mass remain weak or statistically inconclusive, these episodic
jets provide crucial probes of time-dependent accretion and the dynamical evolution of
protostellar disks. Continued monitoring and modeling will be essential to clarify the link
between accretion variability and jet launching.

3.9. Disk Winds Around the Jets?

Protostellar outflows generally consist of two main components: disk winds and jet
winds (or simply jets), both of which play crucial roles in the star formation process. Disk
winds are launched from a relatively extended region of the protostellar disk, typically
ranging from ~0.1 to a few astronomical units (au), where large-scale magnetic fields enable
the ejection of material via magneto-centrifugal processes [11,96]. These winds tend to have
broad opening angles and moderate velocities, often around 1 to a few 10 s km s~!, and
are thought to efficiently carry away angular momentum from the disk, allowing sustained
accretion. In contrast, jet winds originate from the innermost regions near the star—disk
interface, typically within a fraction of an au. These jets are highly collimated along the
flow-axis, with velocities that can exceed 40-300 km s~ 1, and are commonly modeled as
magnetically driven X-winds or magnetospheric ejections [9,67]. Observationally, disk
winds are often traced by molecular emission lines such as CO and SO at (sub)millimeter
wavelengths, and by infrared lines of H; or atomic species in warmer regions (e.g., [22,97]).
Jets, on the other hand, are traced by high-velocity atomic and ionized lines such as [S II],
[Fe II], and Hu in optical and infrared observations, and by shock-excited molecules such
as 5i0O and CO in deeply embedded sources [3,5]. While both components are magnetically
driven, they differ in terms of launching regions, kinematics, collimation, and chemical
tracers. Together, they reveal a complex, multi-component ejection process, with jets often
showing episodic variability and bow shocks, while disk winds drive more continuous,
wide-angle flows. Recent high-resolution observations with ALMA and JWST are beginning
to resolve these components simultaneously, offering new insights into their interplay and
their roles in disk evolution and star formation feedback [8,98].

4. Launching Models

Several theoretical models have been proposed to explain the launching of jets and
winds from protostellar systems, broadly classified into three main categories: X-winds,
disk winds, and stellar winds. The X-wind model posits that jets are launched from a
narrow region near the disk truncation radius, close to the corotation point with the star
(typically fraction of one AU), where magnetic fields efficiently extract angular momentum
and drive collimated outflows [9,99], as illustrated in the schematic diagram shown in
Figure 7. In contrast, disk wind models propose that winds originate from a broader range
of disk radii (typically 0.1 to a few 10 s of AU), with magnetic field lines anchored over an
extended region of the disk surface launching material along open field lines via magneto-
centrifugal acceleration [11,67,96], as demonstrated in Figure 7. Disk winds generally
produce wide-angle outflows and can efficiently remove angular momentum from the
disk, supporting sustained accretion. In addition, thermally driven photoevaporative
winds, launched from the disk surface by stellar UV and X-ray irradiation, provide another
pathway for disk mass loss and can complement MHD-driven winds (e.g., [100,101]). It is
important to note that recent studies suggest that both X-winds and MHD disk winds can
drive highly collimated jets as well as broader, less-collimated outflows, implying that the
traditional separation between jets and winds may be overly simplistic (e.g., [12]). A third
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scenario involves stellar winds, driven by magnetic pressure or thermal gradients directly

from the protostar itself [102].
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Figure 7. A simplified schematic illustration of magnetically driven winds from protostellar disks.
(Left): X-wind launched from a narrow region near the inner disk edge. (Right): Disk wind launched
from a wider range of disk radii. In both panels, black lines represent magnetic field lines guiding the
outflow, orange arrows indicate the direction of outflowing plasma along the field lines, and the red
curve (S,4) denotes the Alfvén surface, where the flow speed equals the Alfvén speed.

While stellar winds alone are unlikely to explain the highly collimated jets observed
in young protostars, they may contribute to inner outflow regions. Recent high-resolution
observations suggest that both X-winds and disk winds may operate simultaneously or se-
quentially in some systems, with disk winds responsible for wide-angle molecular outflows
and X-winds accounting for high-velocity, collimated jets [3,98]. However, distinguishing
between these models observationally remains challenging, as signatures often overlap.

5. Future Works
Future research on protostellar jets and outflows will greatly benefit from the syn-

ergy between infrared and (sub)millimeter observations, particularly combining the ca-
pabilities of the James Webb Space Telescope (JWST) and the Atacama Large Millime-
ter/submillimeter Array (ALMA). JWST provides unprecedented sensitivity and spatial

resolution in the infrared, ideal for probing warm molecular and atomic gas, as well as

shock-excited regions along jets and outflow cavities [103]. ALMA, in turn, offers high-
resolution imaging of cold molecular gas, shocked gas and dust structures at (sub)millimeter
wavelengths, allowing detailed studies of jet launching regions, disk kinematics, and en-
trained outflows [97,98]. Together, these facilities enable multi-wavelength studies that
can trace jets across a wide range of temperatures and physical conditions, offering new
insights into the interplay between accretion, ejection, and envelope clearing. Another
promising avenue involves exploring the impact of jet feedback on planet formation. Jets
and outflows can regulate disk mass and angular momentum, potentially influencing
the formation and migration of planetary cores within the disk [104,105]. Incorporating
jet-driven disk evolution into planet formation models is an emerging field, with future
observational and theoretical efforts likely to clarify how early protostellar feedback shapes

the initial conditions for planet formation.

6. Summary and Conclusions

Jets and outflows play a central role in the evolution of protostars, acting as key
agents in low-mass star formation by regulating the transport of mass, momentum, and
angular momentum, and by influencing the surrounding environment. Traced by molecular,
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ionized, and atomic species at (sub)millimeter and infrared wavelengths, these flows
provide crucial insights into the accretion—ejection connection and the early stages of
protostellar evolution.

Jets are typically highly collimated, high-velocity components launched from the
innermost disk regions, while broader, slower disk winds emerge from larger disk radii.
Both components play complementary roles in regulating disk evolution and accretion.

Recent advances from high-resolution facilities such as the Atacama Large Millime-
ter/submillimeter Array (ALMA) and the James Webb Space Telescope (JWST) have dra-
matically enhanced our ability to resolve the physical and chemical structures of jets and
outflows across multiple scales and wavelengths. ALMA has provided unprecedented
details on molecular gas kinematics, jet launching regions, and disk winds, while JWST has
unveiled deeply embedded infrared counterparts and shock-excited features in outflow
cavities and jets.

Despite significant progress, challenges remain in fully disentangling different launch-
ing mechanisms, including X-winds, disk winds, and stellar winds. No single model can
yet explain the diversity of observed morphologies, kinematics, and chemical properties.
Future coordinated, multi-wavelength studies with ALMA, JWST, and upcoming facilities
promise to further constrain jet launching physics and their role in disk evolution and
planet formation. Although this review is observationally oriented, it might be worth
mentioning that models must also incorporate more realistic physics and chemistry and
reach finer spatial and temporal resolutions, in concert with modern observations with
state-of-the-art facilities.

Finally, jet-driven feedback is emerging as a critical factor in shaping planet-forming
environments. Incorporating jet and outflow physics into planet formation models will
be essential for developing a comprehensive picture of how planetary systems originate
within evolving protostellar disks.
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