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Abstract

Astrophysical outflows are ubiquitous across cosmic scales, from stellar to galactic systems. While diverse
launching mechanisms have been proposed, we demonstrate that these outflows share a fundamental commonality:
their morphology follows the physics of pressure-confined supersonic flows. By extending classical de Laval
nozzle theory to account for ambient pressure gradients, we present a unified framework that successfully describes
outflows from young stellar objects to active galactic nuclei. This simplified approach, compared to full
magnetohydrodynamic treatments, captures the essential physics governing outflow shapes across different scales.
Our model reveals a remarkable consistency of pressure profiles, characterized by a power-law exponent near “-2”
across 6 orders of magnitude in spatial scale, independent of the internal characteristics of the outflow or the nature
of the central engine. This discovery suggests a universal mechanism for outflow collimation and acceleration,
bridging the gap between theoretical models and observational features across a wide range of astronomical scales.

Unified Astronomy Thesaurus concepts: Radio active galactic nuclei (2134); Radio jets (1347); Bipolar nebulae

(155); Young stellar objects (1834)

1. Introduction

Jets and outflows are widespread phenomena in astro-
physical systems, operating across a vast range of scales,
from young stellar objects (YSOs) to active galactic nuclei
(AGNs; M. Livio 1999; N. Soker 2002; R. Blandford et al.
2019). These collimated flows represent a significant channel
for momentum and energy transfer between the central
compact object and the ambient medium, profoundly impact-
ing the growth of stars and galaxies as well as the cosmic
evolution of interstellar and intergalactic environments.
Despite remarkable progress in high-resolution observations
and theoretical modeling over the past decades, the key
physical mechanisms governing the launching, acceleration,
and collimation of astrophysical outflows remain partially
unexplored, especially from an observational perspective
(M. Livio 1997; R. E. Pudritz et al. 2007, 2012; R. Blandford
et al. 2019).

The absence of a unifying model for the launching and
shaping of astrophysical outflows has led to various theoretical
proposals (R. D. Blandford & M. J. Rees 1974; F. H.
Shu et al. 1991; M. Livio 1999; R. E. Pudritz et al. 2007;
J.-M. Marti 2019). While empirical modeling of bipolar
planetary nebula (PN) outflows has yielded valuable kinematic
parameters, these models do not yet incorporate the physical
processes that shape the outflows (N. Clyne et al. 2015;
V. Bujarrabal et al. 2016). For powerful extragalactic sources,
leading launching models—such as the magnetocentrifugal
acceleration (R. D. Blandford & D. G. Payne 1982; R. E. Pud-
ritz et al. 2007), magnetic tower flows (G. V. Ustyugova et al.
1995; D. Lynden-Bell 1996), and black hole extraction models
(R. D. Blandford & R. L. Znajek 1977)—invoke complex
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magnetic and hydrodynamic processes near the central engine,
but these do not fully explain the observed shape and observed
emission structure of the jets. Conversely, relativistic fluid
models that incorporate the viscous interaction with the
ambient medium can reproduce the observed shape and
emission characteristics but do not yet describe the launching
conditions of the jets (W. A. Baan 1980; M. Nepveu 1984;
M. A. Aloy & P. Mimica 2008; J. M. Marti et al. 2016). Direct
imaging of the compact launching zones of these AGN sources
would contribute significantly to the creation of a unified
model. However, this is near or beyond the limits of current
astronomical facilities, except for the nearest AGN jets in M 87
and Centaurus A (R. C. Walker et al. 2018; M. Janssen et al.
2021). Consequently, most numerical simulations tracking the
evolution and collimation of the outflow over long distances
necessitate assumptions about the properties of the ambient
medium and the jet-environment interactions, whose validity
remains unclear in part (see the review by J.-M. Marti 2019). As
a result, these limitations particularly affect our understanding of
the potential influence of the boundary conditions surrounding
the central engine on the propagation of jets over long distances.

Recognizing the potential influence of ambient conditions on
the shaping and evolution of outflows, we independently
consider the fluid dynamics of a supersonic de Laval nozzle
flow as the basis for a phenomenological jet collimation
scenario. This approach draws inspiration from engineering
applications of the de Laval nozzle theory, in thrusters for
rockets and supersonic aircraft, where the fluid first experiences
subsonic acceleration in a narrowing cross section until it
reaches the sound speed at the throat of the nozzle (Mach
number = 1), followed by supersonic acceleration forced by a
widening cross section toward the exit of the nozzle. This
model essentially encodes a pressure gradient on the rigid walls
of the nozzle, which continuously mediates the acceleration
and expansion of the flow by converting thermal energy into
kinetic energy.
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Our key introduction lies in adapting the de Laval nozzle
equations to astrophysical environments, by replacing the
confining nozzle walls with an ambient pressure declining with
distance. In this manner, the ambient pressure gradient provides
the pressure balance in the boundary and determines the
variation of the Mach number, the velocity, and the shape of
the outflow as a function of distance. By comparing the
analytical shape of the supersonic part of the outflow model
with observed astrophysical outflows, we can determine the
best-fit values for the pressure gradient and the scale length of
the gradient, as well as the location and size of the throat that
define the launching point of the outflow. While the importance
of pressure gradients in shaping outflows was recognized early
by W. A. Baan (1980) and explored further by J. M. Marti et al.
(2016), a comprehensive analytical treatment incorporating
pressure gradients with gravitational effects has not been fully
implemented in recent theoretical studies.

A possible complication in modeling astrophysical outflows
is that they originate close to compact central engines and
experience gravitational deceleration, particularly at the initial
expansion stage. To account for gravity effects, a term
expressing the differential deceleration in the velocity may be
added to the local Mach number (see Section 2). A sustained
and nonstagnated outflow from the nozzle is then only possible
when the sound speed at the launching point (the nozzle throat)
is significantly larger than the local gravitational escape
velocity, which requires a minimum threshold value for the
effective local temperature. Gravitational deceleration reduces
the size and distance of the throat and causes a faster initial
expansion of the flow close to the source, while the shape of the
rest of the outflow remains unchanged. Gravitational decelera-
tion may explain the proximity of the launching point and the
larger opening angles of the outflows observed in compact
Galactic stellar sources and supermassive extragalactic sources.

2. Methods
2.1. A de Laval Nozzle Flow Model

Our novel approach to modeling astrophysical outflows
adapts the equations governing the ideal gas flow through a de
Laval nozzle by incorporating an ambient-pressure-gradient
environment. In the classical de Laval nozzle, as described
above, the fluid flows through two regimes: (a) subsonic
acceleration within a narrowing channel as the walls constrict
until the velocity reaches the sound speed at the throat
(Mach = 1); and (b) supersonic acceleration of the flow forced
by the diverging walls toward the nozzle exit. For an idealized
case of incompressible flow between fixed nozzle walls only
adopting adiabatic behavior and the continuity of the flow, the
variation of the shape of the wall determines the variation of the
pressure and all other flow parameters by setting the Mach
number at each position. Following established fluid dynamics
principles (L. D. Landau & E. M. Lifshitz 1987; A. R. Choud-
huri 1998), the relationship between Mach number and nozzle
area is expressed as:

[+ A,T,IMZ (+1)/20-1)
—=—|—— , ey
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2

where A™ is the throat area at the sonic point (M = 1), with the
Mach number M defined as the ratio of the local flow velocity V
to the local speed of sound ¢;: M = V/c,. The speed of sound c
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depends on the ratio of the local gas temperature T and the local
mass density p.

The value of the funnel area A in the equation at position R
above determines the local value of M in the flow, which then
determines the other key flow parameters at position R for a
nozzle flow as:

r_ =L e Y=Ly /07D
F0_[1+2M],p0_[1+2M] ,
P _ y—1,m0 /0D
R [1 taM ] ’ @
where the subscript “0” denotes the initial quantities at the
subsonic nozzle inlet. Equations (1) and (2) describe the flow
properties inside a de Laval nozzle with a rigid boundary.

In order to adapt this model to astrophysical outflows, we
replace the rigid nozzle walls with a surrounding ambient-
pressure-gradient distribution as a function of traveling distance
R, given by

PR) = PO(RE)‘ + Py, 3)

S

where R; is the scale length over which the pressure declines
and « is a power-law exponent with a negative value. Py is a
reference pressure taken at the inlet of the nozzle. The
additional term P, accounts for an additional pressure
component reflecting a much lower and constant pressure of
the ambient medium away from the source as well as the
development of the boundary layer. The external pressure
confines the outflow boundary in a manner similar to those
rigid de Laval nozzle walls.

Balancing the internal and external pressures, the local Mach
number now follows from the varying pressure (from
Equation (2)) and from the travel distance R as

1=/~
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resulting in an increasing Mach number for a negative value for
«. Given the value for M(R), the local width of the flow (from
Equation (1)) and the density and temperature (from
Equation (2)) can be determined as a function of the travel
distance R. The velocity in the flow follows from the continuity
equation as V(R) =1//p(R)A(R).

The above Equation (4) also determines the location of the
Mach 1 nozzle, which is the launching point of the supersonic
jet. When using @ = —2 and an adiabatic constant v = 5/3, as
used in the simulations in the next section, and ignoring P,
close to the source, the subsonic flow only needs a distance of
R = 1.43 R, to reach the launching point. On the other hand,
the size of the nozzle A, from Equation (1) does not depend on
R, and is an independent entity, which follows from
observational data.

A further advancement in our model is the incorporation of
gravitational effects, particularly relevant near compact objects.
We modify the effective Mach number with a differential
correction term for the local velocity to account for
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gravitational deceleration:
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where V...(R) represents the local escape velocity and M. is
the mass of the central object. The corrected lower value for
M(R) may then be used to recalibrate the flow properties,
reflecting the gravity-induced velocity reduction. The (initial)
Newtonian gravitational modification introduces a fundamental
constraint on the subsonic flow: the requirement that the flow
must achieve an escape velocity exceeding the local sound
speed at the throat (launching point). This establishes a
minimum temperature threshold that depends on the gravita-
tional potential, determining the initial acceleration of the
outflow.

By incorporating the above equations into a MatLab code, a
model outflow shape can be generated based on the pressure-
gradient-distribution parameters « and R; and a distant P,,
where needed. Superposing this model shape on the observed
shape allows us to constrain these values for each astrophysical
outflow.

2.2. Outflow Simulations and Model Fitting

The outflow evolution is governed by the pressure balance at
its boundary, where internal pressure arises from multiple
contributions: kinetic pressure from viscous interactions
between the high-velocity flow and ambient medium, magnetic
pressure from entrained fields, and centrifugal pressure from
rotational motion. These interactions create a structured
boundary layer that shields the energetic core flow and
produces observed features such as edge-brightening. While
our current formalism focuses on the dominant pressure
balance, future numerical simulations incorporating detailed
boundary layer physics will be essential for understanding the
complete evolutionary dynamics and environmental feedback
mechanisms.

A Matlab code has been written to evaluate the above
equations using a pressure gradient confinement in order to
determine the flow parameters and the location of the boundary
layer and the shape of the outflow. The parameters for
determining the shape of the outflow are the index a and the
scale size Ry of the ambient pressure gradient and a variable
describing the influence of gravity on the outflow close to its
launching point. The constant external P, pressure determines
the shape in the outer part of the flow and causes the transition
from diverging to a more parallel flow.

The physical parameters of a de-Laval-like nozzle outflow
vary systematically with distance as a result of the balance with
the decreasing ambient pressure: the cross-sectional area
increases and the density and temperature decrease, while the
Mach number and the flow velocity increase. Figure 1 shows a
simulation of an outflow subjected to a decreasing ambient
pressure (o« = —2 and R, = 10), where the Mach number
increases to M = 3.5 while the flow velocity increases fivefold
across this range.

While our current model focuses on the primary flow
dynamics, detailed boundary layer evolution remains an area
for future refinement. The very first flow parameter that defines
any fluid boundary layer is the Reynolds number and its
(possibly) magnetic variant. This dimensionless number is
defined as R, = (V - L)/v, where V is the flow velocity, L is a
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scale length (or travel distance), and v is a kinematic viscosity
of the fluid. At low flow velocities and low Reynolds numbers,
the flow pattern in the boundary layer will be laminar (sheet-
like), while at high Reynolds numbers, the flow at the interface
becomes turbulent and starts to drain energy from and entrain
material into the outflow. Any such developments in the
boundary will therefore determine the development of the flow
pattern and the long-distance stability of the outflow.

A second simulation in Figure 1 shows the effect of
gravitational deceleration on the outflow parameters. The throat
of the outflow is moved along the pressure gradient, after which
the Mach number and the flow velocity increase rapidly, while
the flow area also expands more rapidly, making a wider
opening angle. The velocity increase will be reduced to a factor
of 3, but the outer shape of the outflow remains the same. This
change during the initial expansion has been observed in the
shapes of the extragalactic sources, giving a more optimal fit
and placing the nozzle closer to the nuclear source.

The measured outflow widths of the example sources have
been used to constrain and optimize the values of o and Ry as
well as to adjust a necessary value for P,. The measured widths
of the outflows together with the optimized fit are shown in
Figures 2-5. The outflow shape associated with these
optimized parameters was generated to be superposed on the
images of the outflows as shown in these figures. A nominal
gravity correction has been used only with the extragalactic
sources, in order to show the effect on the shape of the outflow
and to obtain a more precise fit with the observed shape at the
launching region. Gravitational corrections prove essential for
extragalactic sources but appear negligible for Galactic objects,
providing physical insights into the launching mechanisms
across different scales.

2.3. Data Sources

For the PN Hb 12, the Hubble Space Telescope optical
emission-line images have been used from S. Kwok &
C. H. Hsia (2007). For the protostellar outflow HOPS 370,
Atacama Large Millimeter/submillimeter Array molecular-line
maps were used from A. Sato et al. (2023). For the more distant
Fanaroff-Riley Type I (FRI) radio galaxy 3C 84, the space
very-long-baseline-interferometry (VLBI) continuum images at
22 GHz were adopted from G. Giovannini et al. (2018). For the
nearby FR I M 87, the image obtained with the global VLBI
continuum observations at 86 GHz was used from R.-S. Lu
et al. (2023). See the references for full details of the
observations and data reduction.

3. Modeling Results

The de-Laval-analogy model has been applied to well-
defined outflows across diverse astronomical objects, including
YSOs, PNs, and two extragalactic FR I radio galaxies. To
demonstrate the broad applicability and unification capability
of the proposed paradigm, we showcase four representative
examples in Figures 2 through 5: the PN Hb 12, the YSO
HOPS 370 outflows, and the FRI jets in 3C84 and M 87.
Remarkably, quality model fits arise for all objects, with the
gradient exponent « consistently near —2, pointing to ambient
confinement as the potentially common governing factor in
shaping astrophysical outflows. To illustrate our fitting results,
we offer these four representative examples:
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Figure 1. The parameters of the outflow as it passes from subsonic to supersonic across the nozzle launching point at Mach 1. The pressure gradient has an index
«a = —2, and the X-axis is the travel distance in units of the pressure gradient scale length. The Y-axis labels are defined as: (top frame) the width normalized by the
width of the nozzle at the sonic point; (second frame) the Mach number; (third frame) the logarithm of the density p normalized with the density py at the nozzle entry;
and (bottom frame) the flow velocity normalized by the sound speed at the sonic point. As the outside pressure decreases, the outflow width after the throat increases,
along with the Mach number and flow velocity, while the density and the temperature decrease. The blue curves represent an outflow without gravitational
deceleration, and the red curves include a nominal degree of deceleration. The red curves show the rapid and delayed increase in the velocity and the Mach number as
the launch point of the outflow moves to a lower ambient pressure because of the gravitational deceleration. The blue and red dotted lines indicate the location of the
Mach = 1 nozzle point in the flow, which is the transition from subsonic to supersonic flow. For both cases, the outflow velocity along the displayed section increases
by a factor of 2, while the Mach number increases by a factor of 3.5 along the displayed distance.

1. PN Hb 12. The bipolar nebula Hb 12 shows an hourglass- outflows show an initially conical outflow followed by a

shaped outflow in optical emission (left panel of Figure 2;
R. L. M. Corradi et al. 2001). The northern and southern
boundaries of the outflow can be fitted accurately as a
function of distance (right panel of Figure 2), using an
ambient-pressure-gradient exponent o = —2.05 for the
initial expansion combined with constant pressure at the
outer regions of the outflow. The launching point lies
within the extended stellar envelope at ~134 au,
consistent with models for this source (D. M. Clark
et al. 2014). The de-Laval-like shaping in the low-power
PN outflow Hb 12 suggests that the collimation into an
hourglass shape results from an ambient pressure
gradient.

. YSO HOPS370. The embedded Class I protostar
HOPS 370 (also known as OMC2-FIR3) in Orion drives
a parsec-scale bipolar outflow extending out to 17,000 au
(left panel of Figure 3; M. Osorio et al. 2017; A. Sato
et al. 2023). The blue lobe exhibits the characteristic de
Laval shape, with a steeper pressure gradient with
a = —2.8 (right panel of Figure 3) for the initial
expansion and a lower pressure for its outer region. The
estimated launching point is ~330 au, consistent with
expectations for an accretion-disk origin. The red lobe of
HOPS-370 has a shape with a similar o« = —2.7 but
encounters a higher-density ambient medium that also
causes deformation of the outflow. Both the blue and red

cylindrical shape because of a fixed external pressure in
the outer regions. The outflows of HOPS 370 extend the
de Laval analogy to massive YSOs and show the
collimation of powerful outflows from forming stars over
subparsec scales.

. FRI Radio Galaxy 3C 84—Centaurus A. A model fit of
the shape superposed on the edge-brightened subparsec
launching area of the parsec-scale radio jet in 3C 84
(A. Pedlar et al. 1990; G. Giovannini et al. 2018; left
panel of Figure 4). The conical shape defines the
boundary of the flow and there is weak evidence of the
central high-power jet component. This gravity-corrected
model reproduces accurately the observed width of the
inner regions of the jet outflow with o = —2.2, while the
outer regions become more cylindrical with a flat pressure
profile (right panel of Figure 4). Flow instabilities already
start at a distance of 0.35 pc (1 mas) from the core. The
effect of gravity close to the nucleus gives an improved fit
to the initial expansion region and places the launching
region at 33 gravitational radii R, inside the ergosphere of
the supermassive black hole (SMBH), with a mass of
2 x 10°M,,. Pressure gradient shaping of the outflow
works for this low-power relativistic extragalactic jet
launched near the black hole.

. FR I Radio Galaxy M 87. The Messier galaxy M 87 hosts
a prominent jet 1.5 kpc in length (F. N. Owen et al. 1989)
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Figure 2. Modeling the bipolar outflow in PN Hb 12. Left: the model shape of the outflow superposed on a combined optical /infrared image of the inner structure of
the Matryoshka Nebula Hubble Hb 12. This image with the Hubble Space Telescope using WFPC2 shows the bipolar inner nebula outflow and the spiderweb shock
structures of Hb 12. Right: model fitting of the very symmetric north and south outflow boundaries of the nebula using a de-Laval-analogy nozzle. The red model
shape displayed is for a pressure gradient with index o = —2.05, followed by a flat pressure at 6 x 10~* of the initial pressure. Photo: ESA/NASA/J. Schmidt.

Table 1
Modeling Parameters of Astrophysical Outflows
Source Alpha Scale Level Distance Size Min Launch Extent
Name Height Pressure Throat Throat Temp Outflow
PN Hb 12 —2.05 107 au 6 x 107 134 au 1630 au 960 K 10,060 au
HOPS 370blue —-2.8 280 au 19 x 1074 330 au 1750 au 1035 K 16,670 au
HOPS 370red —2.7 250 au 2.1 x 1073 330 au 1520 au 1035 K 7940 au
FR13C 84 -22 12 R, 1.8 x 1073 32 R, 207 R, 4 x 10" K 0.35 pc
FR1M$7 -1.95 3R, 13 R, 26 R, 5x 10" K 1230 pe

Note. The assumed distance for Hb 12 is 2.24 kpc, but it is likely to be smaller. The distance of HOPS 370 in the Orion molecular cloud is 398 pc. For 3C 84,
1 mas = 0.344 pc = 3.58 x 103Rg. For M 87, 1 mas = 0.0814 pc = 131R,. The minimum launching temperatures for HOPS 370 and Hb 12 are based on masses of

2.3 M, and 1 M., respectively.

that feeds into a very extended radio lobe structure. The
structure of the jet launching region is defined by the
edge-brightened shape of the boundary layer and the
central high-power jet component. A gravity-corrected fit
to the shape of the launching area of the jet is superposed
on a high-resolution map of the outflow near the nucleus
(top panel of Figure 5; R.-S. Lu et al. 2023). The conical
jet geometry in this inner region (up to 0.65 pc) can be
modeled very well with gravity included and with
a = —1.95 but without any constant pressure contrib-
ution for the fitted range of the outflow (bottom panel of
Figure 5). For comparison, a non-gravity-corrected fit of
the outflow has been added in the graph. The jet remains
conical beyond the region considered here, until instabil-
ities set in at 1.23 kpc, at which point the jet becomes
cylindrical. The launching point in the inner collimation
region at 13 R, fits with the ring-like accretion structure at
the nucleus of the 6.5 x 10°M. SMBH and the outer
radius of the resolved nuclear disk. The M 87 jet extends
the applicability of the model and connects the jet origin
to the SMBH environment.

A striking feature of our results is the narrow range of
pressure gradient indices (o ~ 2.0-2.8) required to fit outflows

across 6 orders of magnitude in spatial scale. The fitting
parameters for these four examples are presented in Table 1.
This consistency suggests that ambient pressure confinement
represents a fundamental mechanism in outflow physics,
transcending the specific details of the central engine or the
launching mechanism. Furthermore, the systematic variation in
R values correlates well with the characteristic scales of the
host systems, providing an independent validation of our
model's physical basis. The gravitational modification proves
particularly important for extragalactic sources, enabling more
accurate fits near the central engine while maintaining
consistency with observed large-scale structures. This refine-
ment addresses a long-standing challenge in jet modeling
by naturally explaining both the initial wide-angle expansion
and subsequent collimation without requiring additional
mechanisms.

4. Discussion

Our outflow analysis reveals a fundamental universality in
astrophysical outflows, despite their diverse origins, physical
scales, and environments. The morphological structures and
geometrical evolutions of all cases show similar environmental
collimation, suggesting that the shapes of diverse astrophysical
outflows can be unified using a de-Laval-like nozzle analogy
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Figure 3. Outflows of the YSO HOPS 370 located in a field in Orion OMC-2, as presented by A. Sato et al. (2023). Left: a model fit of the shape of the red and blue
outflows is superposed on HOPS 370. Right: the observed widths (blue) and the de Laval nozzle model (red) for the two outflows fitted with o = —2.8. Although their
sizes vary significantly and they show irregularities in the boundaries, their shapes resemble a standard nozzle outflow (1 as = 45 au).

defined by appropriate pressure gradients of the ambient
medium. Our model is based on key assumptions that allow us
to focus on the fundamental physics of outflow shaping: the
outflow is treated as a pressure-confined supersonic flow; the
ambient medium provides a continuous pressure gradient; and
the boundary layer maintains pressure balance with the ambient
medium. While factors such as rotation, magnetic fields, and
relativistic effects may play important roles in outflow physics,
we suggest and demonstrate that the pressure gradient
dominates the large-scale morphology. This simplified
approach across different scales suggests that pressure
confinement represents a fundamental mechanism in outflow
collimation. The model parameters for the above example are
presented in Table 1. The launching regions are consistently
near the central engine, whether a stellar envelope, an accretion
disk, or the vicinity of an SMBH. Outflows expand initially
conically in a steep pressure gradient, before slowly transition-
ing to a more cylindrical structure once entering regions with
more constant pressure at longer distances or because of
changes in the structure of the boundary layer.

The modeling examples also reveal systematic differences
between the Galactic outflows and the extragalactic examples.
The launching points for the Galactic cases appear relatively far
away from the source, where gravity only marginally impacts
the outflows. As a result, the low-power outflows of PN Hb 12
and YSO HOPS 370 exceed significantly the minimum
launching requirements, such that the outflow velocities
predicted by our models are consistent with the observed
velocities (see the section below). On the other hand, for the
extragalactic sources, the models determine the locations of the
launching points (the nozzle or the base of the jet) at tens of
gravitational radii R, from the nucleus, which suggests very
high launching temperatures and relativistic flow velocities.

4.1. The Boundary Layer

An important aspect of outflow modeling has not yet been
incorporated into the simulations but has been proven to be
crucial for jet evolution: the boundary layer between the fast-
moving outflow and the ambient medium. This boundary layer
maintains pressure balance with the ambient medium and
serves as a protective shield surrounding the energetic flow at
the center of the outflow. In a high-Reynolds-number scenario,
the viscous interaction in the boundary layer adjusts the mutual
pressure balance with the external medium and modifies the
transverse velocity profile (see Section 2.2). The resulting
energy dissipation and momentum transfer in this protective
layer account for the observed edge-brightening of the
outflows.

Numerical studies including viscosity show that the detailed
physics within the outflow boundary layer causes downstream
morphological changes (W. A. Baan 1980; C. R. Kaiser &
P. Alexander 1997; Y. Wang et al. 2009). As the outflows
move away from the throat launching point, the boundary layer
thickens rapidly and the transverse velocity profile varies
systematically with distance. Different viscosity mechanisms
imprint distinct transverse velocity profiles and emission
patterns on the outflow, potentially offering diagnostic tools
for identifying the primary physical processes. Comparison of
simulated emission patterns with multiband observations may
thus elucidate the particular processes, whether Coulomb
collisions, turbulence, plasma interactions, or magnetic field
effects govern the momentum and energy transport across the
boundary layer (W. A. Baan 1980; L. Ricci et al. 2024).

The characteristics of the boundary layer also clarify the
recollimation phenomenon observed in low-power outflows.
While the expanding boundary in a low-power source allows
isentropic lateral expansion (Y. Wang et al. 2009), the strongest
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Figure 4. The launching region of the low-power jet in FR I 3C 84 showing the edge-brightened boundary layer and some evidence of the high-power core flow. Left:
the model shape is superposed on the outer regions of the boundary layer of the jet outflow. Right: the width of the de Laval model, with gravity compared with the
observed width of the outflow. The upper curves represent the outer contours of the edge-brightened jet structure and the lower curves follow the emission peaks. The
solid curves have been taken from the high-resolution image (left) and the dashed curves from a lower-resolution image in G. Giovannini et al. (2018). The red curve
represents an outflow shape in a pressure gradient with o = —2.4, followed by a flat ambient pressure in the outer region at a factor 1.9 x 107> below the nozzle

pressure. The model shape shows the onset of the fixed ambient pressure starting at 120 pas (430 R

e = 0.041 pc), and the jet starts to oscillate at 630 pas (2260

R, = 0.22 pc). The launching point for this case is located at 32 R, (1 mas = 0.344 pc = 3.58 x 10° Ry).

viscous dissipation gradually moves inward and narrows the
high-velocity core with distance, which causes recollimation at
longer distances (W. A. Baan 1980). In more relativistic jets,
instead, the boundary layer maintains the overall pressure
balance while preserving and protecting the high-momentum
flow in the center. Tracking this boundary layer evolution in
different sources will reveal the confining role of pressure
gradients.

Additionally, shear-induced turbulence in the boundary layer
may trigger multiple instability modes that can disrupt FR I jets
(A. Ferrari et al. 1981; P. E. Hardee 1982). These include
Kelvin—Helmholtz instabilities at the jet-ambient medium
interface and current-driven instabilities in magnetized regions.
As jets decelerate, surface instabilities become increasingly
dominant, creating edge-brightened features and filamentary
structures when velocities fall below some critical threshold.
The growth and saturation of these instabilities depends on
local jet conditions, including the velocity profile, density
contrast, and magnetic field configuration, ultimately leading to
the termination of collimated beams characteristic of FR T jets
(T. An & W. A. Baan 2012). While some studies suggest jet
precession causes the oscillatory patterns (Y. Cui et al. 2023),
the observed morphology can be naturally explained by the
interplay between these instabilities and magnetic flux erup-
tions that drive large-scale surface waves (K. Chatterjee et al.
2023; A. S. Nikonov et al. 2023).

4.2. Launching the Outflow

The large-scale phenomenology associated with this pres-
sure-confined fluid outflow scenario appears largely consistent
with observations, while no details yet exist yet about what
could happen before the launching point of the supersonic flow.

In order to get outflow from the nozzle, there needs to be a
supply of material in the atmosphere at a high enough
temperature for the sound speed to exceed the escape velocity.
An “overpressure” in the lower atmosphere at the polar region
may then drive some convection-like flow, preferably along the
symmetry axis of the system, the path of the steepest descent.
Material in the high-pressure atmosphere surrounding an
accreting source has been viscously preheated in the disk and
possibly magnetically heated in the inner section of the disk,
and may experience further heating close to a compact source.
In the atmosphere, the heated material will experience the
decreasing pressure gradient, which would start subsonic
acceleration outward. Upon reaching the local sound speed,
the flow will continue supersonically and form a distinct
outflow or jet along the symmetry axis of the source. In this
process, the flow will carry along any embedded rotational
component and will entrain locally embedded magnetic fields,
as may also be observed in solar prominences. The more the
local sound speed exceeds the escape velocity, the higher will
be the power of the outflow.

The outflow does act as a “release valve” for the lower
regions of an overheated atmosphere, and the observed
supersonic expansion after the launching point does suggest
that there must also be an underlying subsonic flow in the
atmosphere of the source. The requirement in the de Laval
nozzle scenario that the sound speed at the launching point is
(much) larger than the escape velocity determines a required
minimum local temperature and velocity for launching the
outflow. The minimum launching temperatures for the five
fitted outflow sources have been presented in Table I; in
reality, the actual launching temperatures for the observed
outflows will be significantly higher.



THE ASTROPHYSICAL JOURNAL, 980:119 (11pp), 2025 February 10

1.0

0.5

Relative dec (mas)

0.5 0 -0.5

Relative RA (mas)

Baan & An

v Brightness temperature (10° K)

T ™ T

(log) Width (mas)

102 107!

10°

(log) Distance (mas)

Figure 5. The shape of the launching region of the outflow/jet in FR I M 87-NGC 1275 showing the edge-brightened boundary layer and the high-power core flow.
Top: the model shape superposed on the higher-resolution map of the inner regions of the jet in M 87 as presented by R.-S. Lu et al. (2023). Bottom: the model fit of
the width of the observed jet using a pressure gradient with o = —1.95, where the upper red curve is without gravity effects and the bottom red curve is with gravity.
The red and gray data points have been adopted from the high-resolution data and referenced papers as presented in R.-S. Lu et al. (2023). The model shape extends
along the whole jet until it becomes unstable at 1.4 kpc. The (left bottom) dotted curve represents twice the diameter of the nuclear ring of 8.4 R, (or 64 pas) found
in the nucleus (R.-S. Lu et al. 2023). The launching point of the nozzle in the model is at 13 R, and lies close to the outer edge of the ring structure (1 mas =

0.0814 pc = 131 Ry).

4.3. Comparing Galactic Outflows

The existence of pressure gradients surrounding lower-
power outflows provides a satisfactory explanation of their
shape as observed in the Galaxy. Well-defined accretion-driven
outflows in PNs, as found in Hb 12 (Figure 2) and several other
PNs (not presented here), can be fitted with pressure gradients
with an index close to “-2.” Early modeling of such sources
assumed a conical outflow, which may give reliable flow
parameters but does not provide a correct shape (N. Clyne et al.
2015). Incidentally, a conical outflow is observed in the PN
Red Rectangle (see V. Bujarrabal et al. 2016), but here the
nozzle outflow may be explained with a steep gradient with an
index of “-3.2.”

The low-power outflows observed in the YSO HOPS 370
appear to be representative for most or all YSO sources. The
above fitting results indicate that these sources may be subject
to steeper pressure gradients existing in these star formation
regions. However, no other modeling results have yet been
found in the literature for making comparisons.

The simplified de Laval modeling presented in this work
already provides a first handle for determining some repre-
sentative flow parameters for well-documented low-power
sources. For the Galactic source Hb 12, the minimum launching
velocity translates to 3.6 km s~!. but with a measured surface
temperature of 35,000 K, the actual sound speed velocity
would be 22kms ', Together with nominal supersonic
acceleration in the outflow of a factor of 5 (Figure 1), the
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Hb 12 flow velocity would be on the order of 110km s, to be
compared with observed flow velocities at the boundary of
90kms ' (D. M. Clark et al. 2014). The size of Hb 12 is on the
order of 1”7 or 2245 au, if it is located at a distance of 2.24 kpc,
which appears consistent with the scale size deduced from the
fitting in Figure 2.

Similarly, for HOPS 370, with an estimated mass of 2.3 M.,
the minimum launching velocity is 3.5kms™'. For a surface
temperature of the star similar to a main-sequence star at
11,000 K, the actual launch velocity at the nozzle would be
11.4kms™'. With a velocity acceleration of a factor of 5, this
would produce a velocity of about 57 kms ™', which is again
comparable with the observed velocity of 51 kms™' (A. Sato
et al. 2023). The estimated size of HOPS 370 of 499 au is also
comparable with the fitted parameters.

4.4. Comparing ExtraGalactic Outflows

The characteristic shape of a low-power wind outflow has
also been observed in the nearby galaxy NGC 3079 (G. Cecil
et al. 2001). This large-scale outflow above the plane of the
disk at the location of the nucleus may have resulted from
intense starburst activity in the nuclear region, but its shape can
be well fitted with the same “-2” index as for PN HB 12.

Modeling efforts of high-power jets as found in extragalactic
sources have mainly focused on the high-momentum core of
the jets, without considering the interaction with an ambient
medium. Such modeling efforts may adequately describe the
conical /cylindrical shape of a jet away from the launching
point, assuming a (nearly) flat pressure profile and viscous
internal expansion.

As explained in previous sections, the high-power and high-
momentum components in powerful radio jets are contained in
the center of the jet, and the supersonically expanding
boundary layer serves as a protective cocoon that balances
the interaction with the ambient medium.

These modeling efforts do not automatically describe the
parabolic expansion near the launching point. A recent model
by J. M. Marti et al. (2016) has invoked viscosity effects to
explain this expansion, which is similar to our early study of
the jet in NGC 315 from 1980. A next version of the model
would introduce a pressure gradient. A new study of the jet in
NGC 315 explains the initial parabolic expansion by introdu-
cing a thermal energy component into the flow, without
describing the nature of this component (L. Ricci et al. 2024).

In reality, the observed parabolic expansion close to the
launching point confirms a supersonic flow into an
ambient medium, with a pressure gradient that forces the
supersonic expansion of the viscous boundary layer that
surrounds the high-momentum flow observed in the center of
the flows in 3C 84 and M 87.

4.5. The Effect of Gravity on the Outflows

Gravitational retardation is shown to be significant for
shaping the high-power FR1 jets of the extragalactic SMBH
sources. Gravity appears to play no significant role for low-
power sources, because the launching points appear to be
located away from the sources. In this work, the introduction of
a Newtonian deceleration term has been aimed at showing the
effect of gravity on the shape of the supersonic flow and has not
yet been used to optimize this shape with regard to the
observed launching shape of the SMBH jets.

Baan & An

The launching points follow from fitting the shape of the
supersonic regions of the outflow; these a priori unknown
points are close to the central source, and more appropriate
general relativity arguments may be introduced to describe both
the subsonic and supersonic regions of the jet outflow. Indeed,
other simulations have addressed this issue by introducing an
effective gravitational potential (B. Paczynsky & P. J. Wiita
1980), to include rotation (I. K. Dihingia 2018) in the outflows
from a Kerr black hole. However, these aspects are not easily
introduced into our simplified model and require more
complete numerical simulations.

4.6. Future Observational Verification

Our pressure gradient model makes several testable predic-
tions that future observations could validate and refine. High-
resolution VLBI observations at frequencies above 22 GHz
would be particularly valuable for resolving the critical
transition region between the subsonic and supersonic flows.
Simultaneous multifrequency observations could map the
spectral index distribution near the launching point, testing
our predictions about temperature and velocity gradients. The
Event Horizon Telescope and future enhanced VLBI arrays
could directly image the nozzle region in nearby sources like
M 87, providing unprecedented views of the launching
mechanism.

The model predictions about boundary layer physics could
be tested through deep radio imaging designed to detect the
predicted edge-brightening effects. Multiwavelength observa-
tions combining radio, X-ray, and optical data would trace
boundary layer evolution and energy dissipation processes.
Polarization measurements could reveal how magnetic field
configurations in the boundary layer relate to the pressure
gradient, providing insight into the interplay between magnetic
and pressure forces.

Environmental factors play a crucial role in our model, and
their effects could be verified through X-ray observations
measuring ambient medium properties along jet paths.
Statistical studies comparing outflow shapes with host galaxy
properties could reveal how environmental conditions influence
pressure gradients. The relationships between pressure gradient
indices and local interstellar/intracluster medium conditions
would be particularly informative for understanding the
universality of our model across different scales.

Time-domain studies offer another avenue for testing the
model. Long-term monitoring of young stellar outflows could
track shape evolution, while studies of multiple-outflow
episodes in single sources would test the consistency of the
pressure confinement mechanisms. Observations of disrupted
and restarted jets could illuminate how pressure gradients affect
jet stability and reformation.

These observational tests would benefit significantly from
next-generation facilities, like the next-generation Very Large
Array and Square Kilometre Array, particularly when com-
bined with X-ray and optical observations. Such multiwave-
length, high-resolution data would provide comprehensive tests
of our model predictions about how pressure gradients
universally shape astrophysical outflows. The combination of
these observations with improved numerical simulations would
allow for rigorous testing of the pressure gradient confinement
mechanism across the full range of astronomical scales.
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5. Conclusions

In a simplified manner, a pressure confinement model
provides the analytical framework for unifying key outflow
physics for compact objects through basic fluid dynamical
principles. The success of the model in reproducing the
observed supersonic morphologies confirms the presence of an
expected pressure gradient in the medium surrounding compact
sources and demonstrates that the subsonic part of the outflow
originates inside the extended atmosphere of the (compact)
source. While the atmosphere around the compact source
would be maintained by heated material from direct accretion
and from indirect winds from a disk, the ambient pressure in
the atmosphere at the viscous boundary layer interface is
balanced by pressure resulting from dissipation and from
thermal, rotational, and magnetic contributions.

The shape of the observed outflows confirms supersonic flow
as predicted in a de Laval nozzle, because if it were not so, the
outflow would just form a blob outside the atmosphere.
Particularly significant is our finding that the boundary layer
between the flow and ambient medium would behave as a fluid
system and maintain the pressure balance largely independent
of internal flow conditions, enabling this pressure confinement
formalism to predict both the shape of the outflows and their
subsequent evolution.

For low-power sources in the Galaxy, these results provide a
way to determine the first-order properties of the outflows by
comparison with observations. For extragalactic jets, detailed
observations are still limited, and jet properties may follow
from assumed flow characteristics and representative fluid
simulations. Viscous fluid simulation may further describe the
outflow properties and the behavior close to the launching
point, similar to our earlier viscous fluid simulations that
described the shape of the jet and the development of the
boundary layer.

The de Laval scenario clearly places the launching point
inside the atmosphere at the polar region close to the source,
and this may work in a manner that is similar for both stellar
sources and SMBH sources. For extragalactic sources, this
scenario may prefer the presence of a Kerr SMBH, which has a
clear symmetry axis and a high-pressure extended atmosphere
surrounding the ergosphere. The relativistic region of powerful
jets with embedded magnetic fields and rotation is concen-
trated /hidden in the center of the flow as it leaves the launching
point and would not yet be directly affected by the supersonic
expansion of the initial boundary layer as it interacts with the
ambient medium.

The viscous boundary layer will drain energy and momen-
tum from the (rotating/magnetized /relativistic) fluid at the core
of the outflow, which will affect the large-scale performance
and stability of the outflow and its travel distance. Therefore,
numerical simulations of both low- and high-power outflows
can only be complete and realistic when addressing the fluid
characteristics of the boundary layer and the ambient pressure
profile along the path. Rigorously testing against both
simulations and multiwavelength data across diverse objects
will further refine the scenario of shaping astrophysical jets by
ambient pressure confinement. In addition, the introduction of a
simplified form of gravitational deceleration into our scenario
does affect the shape of the outflows in powerful SMBH
sources, which suggests that further numerical simulations also
need to include general relativity at the launch of the outflow.
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During the course of this project, the authors became aware
of multiple applications where this outflow scenario may apply:
bipolar PNs; Be stars and symbiotic star systems; YSOs in star
formation regions and water fountains, microquasars, and
possible accreting neutron star systems; star-formation-driven
galactic outflows as observed in nearby NGC 3079; and, of
course, extragalactic nuclear outflows and jets. In addition, the
scenario may also apply to the generation of the solar wind.
This universality highlights the fundamental nature of pressure-
confined outflow physics in shaping diverse astrophysical
phenomena.

While our simplified model does not yet capture all the
physical processes involved in the launching and propagation
of the outflow, its success in describing outflow morphologies
in diverse sources suggests that pressure confinement plays a
fundamental role in astrophysical outflow physics. Future work
combining this pressure gradient framework with detailed
treatments of rotation, magnetic fields, and relativistic effects
will provide a more complete understanding of outflow
dynamics.
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