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ABSTRACT

“Orion fingers” are a system of dozens of bowshocks, with the wings of shocks pointing to a common system of
origin, which is centered on a dynamically disintegrating system of several massive stars. The shock heads propagate
with velocities of up to 300-400 km/s, but the formation and physical properties of the “bullets” leading the shocks are
not known. Here we summarize two possible scenarios for the formation of the “bullets” and the resulting bowshocks
(“fingers”). In the first scenario, bullets are self-gravitating, Jupiter-mass objects which were formed rapidly and then
ejected during the strong dynamical interactions of massive stars and their disks. This scenario naturally explains the
similar timescales for the outflow of bullets and for the dynamical interaction of the massive stars, but has some difficulty
explaining the observed high velocities of the bullets. In the second scenario, bullets are formed via hydrodynamic
instabilities in a massive, infrared-driven wind, naturally explaining the high velocities and the morphology of outflow,
but the bullets are not required to be self-gravitating. The processes that created the Orion fingers are likely not
unique to this particular star-forming region and may result in free-floating, high-velocity, core-less planets.
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1. INTRODUCTION

“Orion fingers” in the Orion star-forming region were
discovered via narrow-band imaging of near-infrared
shock indicators such as ro-vibrational Hy (Taylor et al.
1984) and [FelI]A1.644pm (Allen & Burton 1993) emis-
sion lines. The morphology of the fingers — narrow
parabolae and cones with vertices pointing away from
a common origin and arms pointing back toward it — is
rather similar to that of Herbig-Haro objects, commonly
found in star-forming regions and usually powered by
collimated outflows (jets) from young stars. However,
the sheer number of fingers — dozens — combined with
their similar propagation timescales and a seemingly
common point of origin suggests a different provenance.
The bullets may have been formed and ejected as part
of a strong dynamical interaction between massive stars
(Allen & Burton 1993), or may have formed in situ due
to hydrodynamical instabilities in a stellar wind (Stone
et al. 1995).

As seen in the plane of the sky, the fingers are grouped
into two wide-angle fans, one pointing in the north-west
direction and a less extensive one pointing to the south-
east, producing an overall hourglass shape (Bally et al.
2015). Recent ALMA observations suggest that the out-
flow is intrinsically spherically symmetric (Bally et al.
2017), so the hourglass shape in Hy and [Fe II] is likely
a result of obscuration. Accurate proper motions (Bally
et al. 2011, 2015) and radial velocities (Nissen et al.
2012; Youngblood et al. 2016) have been measured for
dozens of fingers. Their kinematic ages, obtained by di-
viding the projected distance from the presumed origin
by the proper motion, range between 500 and 2000 years
(Bally et al. 2011, 2015), and the maximum observed ve-
locity in the plane of the sky reaches over 300 km/s.

The fingers are observable due to bow shocks propa-
gating through the interstellar medium (ISM). The lead-
ing tips of these bow shocks are seen most prominently
in [Fell]A1.644pm, whereas the trailing shocks are seen
better in Ho. This is consistent with a high-temperature
shock head liberating Fell ions from dust and dissoci-
ating Hs, while the lower temperature wakes propagate
into a dusty and molecular gas-rich medium. Some of
the fingers also appear to be splitting apart (Bally et al.
2015), as if a bullet is fragmenting.

The nature of the bullets — how they are confined,
how massive they are and how they were ejected — re-
mains unknown. A key piece of observational evidence
is that the fingers trace back to a small (< 1000 AU)
region (Bally et al. 2011) where several massive run-
away stars or tight binaries also originated 500 years ago
(Rodriguez et al. 2005; Gémez et al. 2005, 2008; Luhman
et al. 2017), with few, if any, bullets having kinematic

ages smaller than this value. This is consistent with bul-
lets being ejected during a strong interaction between a
handful of massive stars, which also led to the ejection
of some or all of these stars (Bally & Zinnecker 2005;
Chatterjee & Tan 2012). It is also consistent with bul-
lets forming due to a hydrodynamical instability in wind
from these massive stars (Stone et al. 1995), if launched
at the same time as the stars were ejected.

In Section 2 we model a presumed dynamical inter-
action leading to the ejection of bullets, and we derive
theoretical and observational constraints on the masses
and sizes of these bullets. In Section 3 we model an al-
ternative scenario in which hydrodynamical instabilities
in massive stellar winds led to the formation of the fin-
gers. In Section 4 we discuss the overall process from
bullet formation to acceleration and its relevance to a
variety of observations. We conclude in Section 5.

2. ACCELERATION OF BULLETS IN STELLAR
INTERACTION

The first scenario we consider is that of bullets formed
and ejected during the stellar interaction which pro-
duced the runaway BN object, Source I, and source x.
We envision a system of several massive stars with mas-
sive gas disks which start off as marginally gravitation-
ally stable. As these stars begin their gravitational inter-
action, protoplanetary disks around them become grav-
itationally unstable and collapse into the compact ob-
jects which form the bullets. The gravitational instabil-
ity proceeds on timescales similar to or shorter than the
typical timescale of the stellar interaction, and during
the last few close passages of the host stars, the formed
bullets are ejected from the system to form the presently
observed outflow. The hypothesis of the Orion fingers as
by-products of ejected proto-planets was independently
suggested by N.Z. Scoville (Bally, priv. comm.).

We assume throughout that these bullets are spherical
with mass M} and radius Rp. In Section 2.1, we present
the results of N-body simulations of the ejection of the
bullets. In Section 2.2, we derive several observational
and dynamical constraints on M and R and show the
narrow parameter space which the bullets must occupy
in this scenario, and in Section 2.3 we give a theoretical
consideration of their confinement. Finally, in Section
2.4, we discuss the feasibility of this scenario in light of
all these constraints.

2.1. Velocities of bullets

If the Orion bullets were formed and ejected during
a stellar interaction, then we expect their kinematics to
be explained by the dynamics of this interaction. There
are four objects in the BN/KL region which most likely
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participated in the interaction: the BN object, the likely
binary Source I, and source x (Farias & Tan 2018). It
was originally suggested that the BN object was part of
a triple system with #* Ori C, a binary system in the
Trapezium cluster (Chatterjee & Tan 2012). However,
this scenario requires a fine-tuned interaction between
the BN star and the group of stars that produced I and x
runaways, and recent proper motion measurements have
ruled out this history (Goddi et al. 2011). Bally & Zin-
necker (2005) proposed an alternative scenario in which
the dynamical interaction of the BN object, Source I,
and a third member — originally thought to be source n,
but now believed to be source x (Luhman et al. 2017)
— led to the formation of a tight binary or even a stel-
lar merger in the Source I, with the extracted binding
energy fueling the runaway of BN, I and x.

Stellar dynamical interactions in the BN/KL region
were extensively studied with simulations by Farias &
Tan (2018). These authors use 107 N-body simulations
of binary-binary interactions to calculate the probability
of producing the observed outcome — Source I as a tight
binary or a merger with apparent velocity ~ 15 km/s,
the BN object with velocity ~ 30 km/s and source x
with velocity ~ 55 km/s. They find that the probability
of the observed outcome is quite low, and other tensions
— such as the size and the mass of Source I (Plambeck
& Wright 2016) — continue to linger in the dynamical
decay model for the runaway stars.

Our goal in this section is to determine whether the
observed kinematics of bullets can be produced in a self-
consistent way in the same interaction that produced
the observed runaway stars. Following Farias & Tan
(2018), we adopt My; = Mis = TMg (roughly consis-
tent with recent observations of a 15 Mg rotation curve
Ginsburg et al. 2018), Mpnx = 10Mg and My = 2.5Mg
and conduct ~ 10? simulations using REBOUND (Rein
& Liu 2012; Rein & Tamayo 2015). We use the whfast
integrator for speed in exploring the parameter space,
although we have conducted some simulations with the
more accurate IAS15 integrator and found the results
to be qualitatively the same. Again following Farias &
Tan (2018) we only consider binary-binary interactions
(which these authors suggest are the most likely ones
to have the high probability of close interaction in a 4-
body system), and we consider all possible initial binary
couplings with semi-major axes 10 AU and 30 AU and
random distributions of orientations and orbital phases.
Binaries approach each other at 5 or 3 km/s and inter-
act, and we record their dynamical state ~ 10* years
later. About 10 per cent of the interactions successfully
result in a I=I; 4+I5 binary and BN and x singles — we call
these encounters “qualitatively successful”. However, in

this subset of the simulations we observe a strong corre-
lation between the runaway velocities of I and BN, and
only a half-dozen interactions result in outcomes with
v < 15 km/s while having vgy and vy > 15 km/s.
We thus clarify why Farias & Tan (2018), who required
a strong (within 20) agreement between the simulated
and the observed velocities, find such a low probability
of a successful simulation outcome: the outcomes with
highly discrepant velocities of I and BN (as is observed)
are quite unlikely. In addition, the actual velocity of
source I in the OMC frame may be closer to 10km/s
(Dzib et al. 2017), exacerbating the discrepancy.

Furthermore, for each of the escaping stars in the en-
semble of the qualitatively successful simulations we find
an anti-correlation between the final velocity and the
distance of closest approach to one of the other stars
during the simulations, or alternatively a positive corre-
lation between the final velocity and the maximal bind-
ing energy reached during the interaction (the Spear-
man rank probability that these values are uncorrelated
ranges between 10~2 and 10~°). These relationships are
shown with circles for the qualitatively successful inter-
actions in Figure 1. For each escaping particle, its ter-
minal velocity is weakly dependent on the maximal po-
tential energy encountered during the simulation, with
a scaling which is roughly consistent with the expected
oNe, Vege X Eél/zfx, albeit with a large scatter of ~ 0.4
dex.

These relationships make it clear why it is difficult
to achieve bullet velocities of > 300 km/s in the same
interactions: while it is possible to accelerate the run-
away stars to a few tens of km/s by passages within
~ 1 AU of other stars, the extremely high velocities of
the bullets require passages within < 0.1 AU of one of
the stars. This means that even during an interaction
that successfully produces the runaway stars, the cross-
section of the requisite interaction for the bullets is much
smaller, so only a few bullets may be fortuitously enough
aligned during the interaction for such close encounters.
Indeed, when we simulate some of our interactions that
successfully produce v < 15 km/s while having vpn
and vy > 15 km/s with test masses distributed in disks
around the components of incoming binaries, we find
that the velocity distribution does not exceed 100 km/s.
The velocity distribution of the bullets in one such sim-
ulation is shown with stars in Figure 1. A surface den-
sity distribution proportional to R~3/2 (Weidenschilling
1977) between 0.1 and 10 AU is assumed in these simu-
lations for the test particles.

In conclusion, the scenario of the bullets being accel-
erated by the same dynamical interaction that produced
the runaway stars suffers from some tension. First of all,
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Figure 1. As a function of the maximal potential energy
encountered during the interaction, in open circles we show
terminal velocities of ejected stars in the ensemble of simu-
lations that produce a qualitatively correct outcome (I1+I2
binary and BN and x singles). For one of these simulations,
we also show (in filled stars) the terminal velocities of bul-
lets as a function of their maximal encountered potential
energy. The values are correlated within each subpopulation
(Prank = 107° — 1072), and the vesc o< EY2, best fit for the
bullets (and one population standard deviation around the
fit) is shown with the solid line.

the dynamical interaction that produced the runaway
stars themselves is not yet well understood (Plambeck &
Wright 2016; Farias & Tan 2018). Second, the observed
velocities of the ejected stars suggest that they were ac-
celerated in passages within ~ 1 AU of each other, but
the 300 km/s velocities of the bullets cannot be easily
produced by such encounters and likely require passages
within 0.1 AU of one of the interacting stars, which may
be true, but only for a small subset of bullets.

Finally, it is not clear whether the sizes of the interact-
ing stars are compact enough to enable such encounters.
On the one hand, the Kelvin-Helmholtz timescale for
massive stars is short enough that they should have con-
tracted to their main-sequence size, < 0.1 AU (Kuiper
& Yorke 2013). On the other hand, high accretion rates
on young massive stars can result in bloated photo-
spheres with sizes of up to 1 AU. Hosokawa & Omukai
(2009) hypothesize that BN is one such object. In addi-
tion, source I has a luminosity of ~ 1 x 10* L, (Menten
& Reid 1995) and a spectrum in reflected light corre-
sponding to a temperature of ~ 4000K (Testi et al.

2010), which suggests a radius of
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However, the current accretion states and sizes of the
runaway stars could well be different as a result of the
interaction. In particular, source I may be the result of
a merger, in which case the radii of I; and Iy during the
interaction could be very different from the present size
(Farias & Tan 2018). This leaves it unclear whether ac-
celeration of bullets with such close passages is feasible.

One caveat is that our simulations do not include any
gas-dynamical effects. In principle, these could funnel
the gas in the interacting disks toward their host stars
and therefore establish a higher velocity scale for the
escaping bullets.

2.2. Constraints on mass and size of bullets

Various physical and observational considerations al-
low us to place constraints on the mass and the size of
the propagating bullets which generate the bow shocks.
We work in units of Jupiter mass My and Jupiter radius
Ry. A number of observational and physical assump-
tions are used throughout our analysis. We assume that
the distance to OMC-1 is D = 408pc (Getman et al.
2019). We take the ambient sound speed to be 2km/s,
consistent with molecular gas at a few hundred Kelvin;
this is supported by the excitation temperature of CO
in the region (McCaughrean & Mac Low 1997). When
computing dynamical constraints, we assume the fastest
bullets are moving at 300km/s and that they formed
500 yr ago (Bally et al. 2015).

Additionally, we take the ambient density to be
10* cm ™3, consistent with observations of larger struc-
tures in Orion (Bally et al. 1987, 2015) as well as ex-
tinction measurements (Youngblood et al. 2016) in the
BN/KL (Becklin & Neugebauer 1967; Kleinmann & Low
1967) region. While the actual density profile in the re-
gion is almost certainly not uniform, our calculations in
this section concern the density encountered by a bullet
over its ~10° AU trajectory. The kinematics will not
be greatly influenced by a steep decline in density near
the OMC-1 core, nor by small pockets of lower density
throughout the region. Later on we will consider the
density profile near the core in more detail.

Our first constraints are an upper bound on mass,
due to the amount of material we expect to be avail-
able, and an upper bound on the size, based on the fact
that Gemini adaptive optics cannot resolve the bullets
themselves. There are several hundred shocks observed
(Bally et al. 2015), and we expect each of these indicates
a separate bullet which formed from a disk around one
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of the ~ 10 My stars. The disk should contain no more
than about 10% of the stellar mass to be gravitationally
stable prior to the interaction, so we estimate a ~1 Mg
mass budget for the formation of bullets. This gives an
upper bound on the individual bullet masses of

M, < 3M;. (2)

The observations of the outflow reached a resolution of
0.17, close to the 0.07” diffraction limit of the Gemini
South Adaptive Optics Imager (Bally et al. 2015). Any
object with 2R,/D > 0.1” should have been spatially
resolved, which implies that

Ry, <84 x 10*R;. (3)

The minimum mass of the bullets can be inferred from
the line intensity of [Fe II] at 1.644 pm, which is opti-
cally thin (Allen & Burton 1993). Line intensities of
10~ erg/s/cm? suggest that ~10%6 Fet ions are present
in each of the bullets (Allen & Burton 1993). Using the
solar abundance of iron, we find a total minimal mass
of ~1073Mj for the bullets. This estimate can be in-
creased, since iron may be largely incorporated into dust
grains not emitting [Fe II]. Fe II tends to be depleted by
two orders of magnitude in the gas phase relative to the
solar abundance (Harris et al. 1984); the shocks may lib-
erate some additional iron, but we still expect at least
an order of magnitude of depletion. Following this rea-
soning, Allen & Burton (1993) suggest a mass bound

M, > 1072 M. (4)

We can learn more by considering the dynamics of
the moving bullets. We denote the velocity of a bul-
let by vp. The bullets are subject to ram pressure from
the surrounding ISM, with density pisp. The force due
to ram pressure is at least 3pismv? x TR7, and can be
greater if bow shocks alter the effective cross-sectional
area (Shima et al. 1985). The bullets must reach their
high velocities despite this deceleration. Using this min-
imum value for the force, the equation of motion implies

Vo

- T ©
8 p» Ry

Up

where p, = M, /(37R}) and 7 is the time of flight. Solv-
ing for vy,
Up
1 — 3pIsM vpT” (6)
8 pp Ry

Vo =

Thus, in order for the bullets to reach their present
velocities despite ram pressure deceleration, ppR;, ~
M,/ R? must exceed some critical value which is pro-
portional to the velocity wvp.  Substituting our as-
sumed parameters for the highest velocity bullets

(mip = 10*cm™3, v, = 300km/s, and 7 = 500yr),
this gives

1,

77 2 3:2% 10713 My /R2. (7)
b

The velocity profile suggests that the bullets were
ejected about 500 years ago, and they have traveled
~0.15 pc in that time. Given this trajectory, momentum
conservation requires that the bullets are ~ 500 times
more dense than the surrounding ISM in order not to
disintegrate (Bally et al. 2015). Assuming a background
density of 10* cm™3, this gives a minimum bullet density
of M

7(4W/3‘))R2 >1.6 x 10718 M;/R3. (8)

The survival of the bullets requires higher densities
during the initial acceleration phase. In order to reach
velocities of hundreds of kilometers per second, the bul-
lets need to have close interactions with one or more
of the stars, leading to large tidal forces on the bullets,
which disrupt them unless they are of sufficient den-
sity. The tidal force experienced depends strongly on
the minimal distance of stellar passage, which in turn
can be inferred from the ejection velocity. The final
velocities of the bullets should scale with the escape ve-
locity v o< 7~ /2 during the close interaction, while the
tidal force scales as F;, o< r—3. It follows that the bullets
must withstand a force F; oc v%, so the large proper mo-
tions observed in the Orion outflow indicates that bullets
would have had to withstand very large tidal forces.

In order to fix the magnitude of the tidal forces in
this relationship, we use results of the N-body simula-
tions discussed in Section 2.1. These simulations only
produce bullets up to ~ 100km/s, which highlights a
separate difficulty with the bullet scenario. We extrap-
olate the relationship between maximum tidal force and
final velocity up to ~ 300 kmm/s. Expressing the strength
of the maximum tidal force as

Ft = Gé-Mleﬂ (9)
we find
Up 1 £
1 — | =(2.54+044) + -1 —_—
OglO(lkm/s) (254+0 )+6 0g10<1MJ/R§>7
(10)

where 0.44 dex represents one standard deviation in log-
velocity. In order for self gravity to keep the bullets
stable against the tidal force, we must have

GM?
Ry

M,
R}

so (10) gives a relationship between the bullet velocity
distribution and the minimum density.



From the distribution of proper motions in Bally
et al. (2015), we find that the high-velocity bullets at
~ 300km/s are about 1.7 standard deviations above the
mean. This value leads to a minimum density of

M,

@3V ED >2.1 x 107°M;/R3. (12)
b

The bullets must condense out of material present in
the surrounding circumstellar disk or molecular cloud.
We consider the formation mechanism in more detail in
Section 2.3, but the scenario is generally similar to the
formation of a Jovian planet by gravitational instabil-
ity (Boss 1997). The bullets begin as low-density, low-
temperature clumps of gas which slowly contract and
heat. A key phase transition occurs when the core tem-
perature reaches 2500 K (Bodenheimer 1974), at which
point Hy dissociates leading to rapid collapse. This tran-
sition is reached more quickly by more massive planets,
but even for the largest masses allowed by the mass bud-
get (2) it would take on the order of 10*yr to reach
this point. The dynamical timescale is only ~ 103 yr,
and indeed only 10%yr separate the onset of gravita-
tional effects from the close interactions in the simula-
tions discussed in Section 2.1. Thus, the bullets have
not yet reached core temperatures of 2500K, and are
still contracting towards that point on Kelvin-Helmholtz
timescales. Assuming they have virialized, we have

2 6kT
My~ = {u*)Ry = —R, 13
vx G (P B = g R (13)
where u is the thermal velocity of particles within the
core. Since T < 2500 K, we have

My <7 x 1072 M;j/R;. (14)
Ry

The bullets are not detected as infrared point sources
by Gemini (Bally et al. 2015), which places an upper
bound on the surface temperature of the bullets. Using
the detection limits for the 150 sec continuum exposures
with the Gemini South Adaptive Optics Imager in the
K, band, we find that objects in Orion with radii of 3Ry
would be undetected at surface temperatures < 1000K
and objects with radii of10 Ry would be undetected at
surface temperatures < 700K, and at lower tempera-
tures there are no meaningful constraints on size. In the
scenario we are discussing here, the bullets are still col-
lapsing and are in the beginning of the Kelvin-Helmholtz
phase. Even though we cannot estimate their surface
temperatures from first principles, we expect that their
surfaces should be much cooler than those of young di-
rectly imaged exoplanets (< 1000K at the peak surface
temperature of their evolution; Marois et al. 2008), so
this does not lead to a separate constraint.

The bullets must be large enough to power the wide
bow shocks seen in Gemini images (Bally et al. 2015).
In an oblique shock, the pressure discontinuity scales as
(Whitham 1974)

AP r\
— 1/4 ( ) , 15
p M Ry (15)

where M is the Mach number and r is the perpendicular
distance to the bullet trajectory. We argue in Section 4.1
that the pressure must be dominated by magnetic fields,
with Ppagnetic ~ 200Pg,s. The magnetic fields do not
dissipate energy, so AP = AP,,. Using P = Pagnetics
we find

s (16)

—-3/4
APgas o Pmagnetic M1/4 r / )
Pgas Pgas
For a strong shock, we should have % 2 1. Since the
visible bow shocks stretch over 1000 AU from the shock
heads, this gives

Ry > 100 R;. (17)

These constraints are all shown in the left panel of Fig-
ure 2. Together they eliminate all feasible phase space
for bullets which could be the progenitors of the Orion
fingers, provided we assume the bullets are confined by
self-gravity during their acceleration. In the following
section, we consider possible formation mechanisms for
the bullets and discuss the possibility that they are con-
fined by ram pressure instead.

Another potential constraint on the size of the shock
head comes from the emission of the hot post-shock gas.
By overlaying the deep X-ray image by Grosso et al.
(2005) on the Gemini image (Bally et al. 2015), we find
no obvious point X-ray sources associated with the fin-
gertips or diffuse X-ray emission in the wakes. In princi-
ple, with the post-shock temperature expected to be in
the 10° — 105K range, this non-detection sets an upper
limit on the size of the propagating bullet. Indeed, X-ray
emission with characteristic temperatures in this range
is detected from the shock heads of a nearby Herbig-
Haro object HH210 (Grosso et al. 2006a). Unfortu-
nately, fingertips are embedded in a region with a much
higher intervening column density (Ng ~ 10?2 — 10%4
em™2; Grosso et al. 2005) than that seen in HH210, and
that strongly hinders the detectability of soft X-rays.
Given the uncertainties in the post-shock temperatures
and the intervening column densities, we cannot place
a strong constraint on the size of the bullet from the
current non-detection of X-rays for any of the scenarios
we discuss.
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2.3. Formation of confined bullets

If the hundreds of shocks (Bally et al. 2015) observed
in Orion come from bullets, then either these bullets
were pre-existing in disks around the stars before their
dynamical interaction or they formed as a result of the
dynamical interaction. In the former case, the bullets
orbiting as planetesimals would have to be separated
by several Hill radii to be dynamically stable (Fang &
Margot 2013). Given the bullet mass suggested by the
constraints in Figure 2, dynamical stability implies that
no more than a few tens of bullets could have pre-existed
as planetesimals, so most of the bullets formed during
the dynamical interaction. In this section we review
possibilities for how the bullets could have formed.

If the bullets are gravitationally bound, then they
most likely formed from material which was originally
bound to the stars in disks. The disks would have suf-
fered tidal disruptions during the dynamical interaction
of the stars. In galaxy mergers, such disruptions lead to
gaseous inflows which trigger nuclear starburst (Mihos
& Hernquist 1996). In Orion, we have essentially the
same process on a smaller scale: the dynamical inter-
action of protoplanetary disks leading to inflow which
triggers a collapse into a population of self-gravitating
bullets.

Starburst events in galaxy mergers are understood
to be a consequence of angular momentum transport
caused by a disruption of the axisymmetric galactic po-
tential by its merger partner. This dynamical process is
initially insensitive to the nature of the objects formed
via the resulting gravitational instabilities, so we can
use the scaling relations for a self-gravitating system
to relate collisions of planetary disks to galaxy merg-
ers. Mihos & Hernquist (1996) use galaxies of mass
5.6 x 101 M, and radius 3.5kpe, and find a burst in
star formation rate about 750 Myr after their collision.
Thus, according to

m— am, r— Br, t a”1/233/2¢, (18)
we expect two protoplanetary disks of radius ~ 10 AU
around stars of mass ~ 10 Mg to form dense clumps of
gas after ~100yr.

After this time, the formation of the clumps is sensi-
tive to the details of the feedback, which is different in
protoplanetary and galactic disks. In galactic disks, stel-
lar winds remove the gas suppressing star formation. In
protoplanetary disks, the lack of such feedback should
only enhance the efficiency of the process by allowing
the unstable central region of the merger to continue to
undergo gravitational collapse, producing more clumps
(Armitage & Hansen 1999). Additionally, the clumps

can undergo Bondi-Hoyle accretion to grow to planet-
scale masses.

A key constraint on this process is the stability of the
clumps against the tidal forces of the orbiting protostars.
If the clumps are to be accelerated to several hundred
km/s and become the presently observed Orion bullets,
then they must have a close interaction with the stars.
If the bullets are not dense enough, they pass within the
Roche limit and are tidally disrupted.

This constraint is avoided if the bullets are not con-
fined by self-gravity. Since the bullets are propagat-
ing through dense ISM, they could be confined by ram
pressure instead. Ram pressure confinement has been
studied in the case of high velocity jets from radio
sources propagating through a relatively dense inter-
galactic medium (Begelman & Cioffi 1989; Loken et al.
1992). The accepted mechanism, which is also applica-
ble in the regime we are concerned with, consists of three
phases within a bow shock: the propagating material it-
self, a cocoon of shocked material around it, and then
a shell of shocked ambient medium (IGM in the case of
galactic jets, or ISM in our case). The cocoon serves as a
reservoir of energy dissipated from the propagating ma-
terial, and its thermal pressure becomes higher than the
ambient medium (Begelman & Cioffi 1989). This allows
for confinement of the propagating material, while also
causing the cocoon to expand into the ambient medium.
After sufficient time, this expansion leads to pressure
balance, and confinement is lost (Loken et al. 1992).

If ram pressure is responsible for the confinement of
the bullets, it must have kept them stable against the
tidal forces they experienced during the stellar inter-
action. In addition, ram pressure could be the present
confinement mechanism, as an alternative to the density
contrast constraint (8). We start by examining the lat-
ter possibility, and then apply our analysis to the tidal
forces during the close-pass interaction.

If the Orion bullets are to be presently confined by ram
pressure, the time 7 necessary for losing this pressure
balance must not yet have elapsed. Following Loken
et al. (1992), we can compute this time. The bullet itself,
with velocity v, and size Ry, will drive a bow shock as it
moves through the ISM. Since the bullet is much denser
than the medium, the shock head moves with a velocity
approximately equal to vp. There will also be a cocoon
around the bullet trajectory, with radius R..

The volume of the cocoon is mR2 fOT v, dt. If we as-
sume the kinetic power Lj = WR,% pbvg’ is deposited with
efficiency € into the cocoon, then the pressure in the
cocoon is given by

ey Lydt eLy
CTRZ [Jupdt  wR2up

(19)

(&
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Figure 2. The various constraints on the mass and size of propagating bullets which may be the responsible for the formation
of the Orion fingers. On the left we show the constraints assuming the bullets are self-gravitating during their acceleration,
and on the right we show the constraints assuming the confinement is due to ram pressure. These constraints are described
explicitly in Section 2.2, except for the ram pressure stability and confinement criteria, which are derived in Section 2.3. The
density contrast constraint (8) from Bally et al. (2015) is shown as a dashed line, since the morphology suggests that some

bullets might in fact be disintegrating, although we present an alternative explanation for these shapes in Section 4.2.

where in the second expression we neglect the time de-
pendence of Ly and v,. This pressure must be balanced
with the ambient ram pressure, given by prsy(Re/7)2.

Since we are concerned about deconfinement at late
times, the relevant density (pism/m, = 10* em™3) is
the density on large scales. This implies

1/4
e/t ( ) (opRy)'2rH2 (20)

Since R. o 7!/2, the cocoon pressure decreases as
P. < 77!, and thus eventually ceases to be overpres-
sured. This sets a time scale for deconfinement of the
bullet. Given the sound speed cigy in the surrounding
medium and its adiabatic index <, its pressure can be
expressed as Pigy = PISMC%SM/% Setting this equal to
P, gives a deconfinement time of

Pb
PISM

R.

[ po vpRyp
Tde ~ \/E'Y P 2 - (21)
PISM CisMm
We need 74, > 500yr. Letting e = 0.1, v = %, and
crsm = 2km/s, this constraint amounts to
M. 2
2% > 31 % 1078 M (km/s)2/Ry (22)

b
The lowest velocity objects in the OMC-1 outflow have

vp ~ 50km/s (Bally et al. 2015). Using this value, we

find M
}Tb >1.2 x 1072M; /Ry, (23)

b

which is shown as a dashed line in Figure 2, indicating
that it need not apply if the bullets are self-gravitating.

In addition to this criterion for the present ram pres-

sure confinement of the bullets, the ram pressure would

have to be sufficient to stabilize the bullets against the
tidal forces they experience during the initial accelera-
tion stage. In Section 2.2, we showed that the bullets
experience a maximum tidal force F; = GEM, Ry, where
£ =89x107"5M;/R3. From (19), we expect that in
the early stages of the bow shock, when R, ~ R, the

ram pressure leads to a force

3eM, bvf
Ry

ATRIP, ~ (24)

on the bullet. For this to exceed the tidal force, we must

have

3e
Ry <\ ==0p. 25
S\ e (25)
Substituting ¢ = 0.1, v, = 50km/s, and & =
8.9 x 1075 M;/R3, we find
Ry < 220R;. (26)

This gives a somewhat weaker constraint than if the
bullets are confined by self-gravity against the same tidal
forces. Nonetheless, it still leaves only a small range of
feasible bullet radii, as shown in the right panel of Figure

2.
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-
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Figure 3. An example of the Orion bullets imaged in Bally
et al. (2015), showing [Fe II] in cyan and H: in orange.
Reprinted with permission from Figure 1 of “The Orion fin-
gers: Near-IR adaptive optics imaging of an explosive proto-
stellar outflow” (Bally et al. 2015).

2.4. Feasibility

The formation of the Orion fingers by dynamically ex-
pelled bullets explains several observations. First among
these is the morphology of the outflow. The conical
structures pointing outwards from the center point can
be readily understood as bow shocks formed by the bul-
lets. This also explains the structure of their emission
lines. [Fe II] is observed in the heads (Bally et al. 2015),
indicating the presence of gaseous iron which has been
liberated from dust grains. This is to be expected if
dense bullets are plowing through ISM, causing dust de-
struction by either sputtering or heating. Furthermore,
molecular hydrogen lines are observed in the wakes of
the shock, and the timescale for reformation of molecu-
lar hydrogen after dissociation is long enough that the
Hs must have been present before the arrival of the bul-
let (Goldsmith et al. 2007). The Hy could survive in
the wakes since they lie well outside the trajectory of
the bullet, and thus were not dissociated by the head
of the shock. Indeed, as we trace the bowshock from
the head to the wings, it becomes more oblique, indi-
cating a decrease in the effective shock velocity (Bally
et al. 2006), and furthermore the effective Mach num-
ber of such shocks declines as oc d—3/* away from the
trajectory of the bullet (Whitham 1974). These milder
postshock conditions do not lead to the dissociation of
the molecules on the shock wings, so the Hs is observed
intact.

In addition to the [Fe II] and Hy lines observed in
Bally et al. (2015), Bally et al. (2017) presented images
of “streamers” in CO lines. The CO streamers point to-
wards the Hs fingers, but they have lower velocities and
are not as far from the ejection source. These stream-
ers can be explained by fast-moving bullets if we take
projection accounts into consideration. We expect there
to be some central column around the bullet which is
shock-heated enough to dissociate CO, and the forma-
tion timescales for CO are too long (Glover et al. 2010)
to permit reformation within ~ 500 years. In some wider
column, CO molecules can be excited by the propaga-
tion of the oblique shock away from the bullet. This will
lead to a cylindrical shell of excited CO, which when pro-
jected onto the plane of the sky produces the observed
streamers.

Additionally, in this scenario there is a clear reason
why the minimal kinematic age of the fingers agrees
closely with the time of the stellar dynamical interac-
tion. The bullets are accelerated by multi-body interac-
tions with the orbiting stars, so they are expelled from
the center point during the same interaction as the one
that leads to the runaway stars, and no later than the
last closest approach that led to the disintegration of
the stellar system. Indeed, while there is some spread
of apparent kinematic ages between 500 and 1000 years
(Bally et al. 2011), which may result from a combina-
tion of measurement uncertainties, deceleration and a
true spread in ages, there are essentially no “fingers”
younger than 500 years.

However, there are two serious obstructions to view-
ing the Orion fingers as bullets which were accelerated
from a central point. The first of these is the difficulty
in accelerating the bullets to the high observed veloci-
ties, 300 km/s to 400km/s. The second problem is the
narrow parameter space allowed by the various physi-
cal constraints. While we presented a qualitative sce-
nario for forming self-gravitating bullets in the relevant
amount of time (the timescale of the dynamical interac-
tion, 103 years), the bullets would have to be too small to
power shocks spanning ~ 1000 AU. Alternatively, if the
bullets are confined by ram pressure during the dynam-
ical interaction, our analytic estimates suggest a very
narrow range of feasible radii, 100 < Rp/R; < 220. The
actual ability of bullets in this range of radii to survive
by ram pressure confinement and power large shocks has
not yet been verified by direct numerical simulations.

While neither of these concerns is completely decisive,
owing to the approximate nature of our calculations,
they cast serious doubt on the dynamical ejection sce-
nario, given that similar outflow morphologies have been
observed in other star-forming regions (Sahai et al. 2008;
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Smith et al. 2009; Liu et al. 2013; Zapata et al. 2013;
Sahai et al. 2017). This suggests that the formation
mechanism should not require excessive fine-tuning.

One caveat of our analysis is that our simulations in
Sec. 2.1 do not include any gas-dynamical effects. It
follows that we are not sensitive to a potential mech-
anism for promoting the inward migration, and sub-
sequent close-pass interactions, of the bullets. As the
gas disks around the interacting stars collide, angular
momentum transfer between the bullets and the gas in
the presence of the non-axisymmetric potential can shift
them towards radial orbits. If this occurred with self-
gravitating bullets, then they could potentially be ac-
celerated more efficiently than our simulations suggest
while also remaining stable against the high tidal forces.
Alternatively, the bullets could have formed from ram
pressure confinement of gas which was accelerated dur-
ing the interaction. There would then be no need for
compact objects to survive large tidal forces. We leave
the detailed analysis of these scenarios to future work;
from our present analysis, we cannot fully rule out the
formation of the Orion fingers by dynamical ejection of
bullets.

3. FORMATION OF FINGERS IN SITU

The Orion bullets are likely related to the stellar in-
teraction which occurred some 500 years ago. However,
it is possible that the bullets did not form exactly at this
time, but rather condensed out of a stellar wind which
was launched during the interaction (Stone et al. 1995).
We now explore this scenario, and show that it natu-
rally resolves the primary concerns with the dynamical
ejection of bullets during the interaction.

In Section 3.1, we discuss the Rayleigh-Taylor insta-
bility in stellar winds. In Section 3.2, we show that a
massive stellar wind driven by radition pressure of in-
frared light from the stars can reach the velocities of sev-
eral hundred km/s needed to explain the high-velocity
Orion bullets. In Section 3.3 we discuss numerical simu-
lations of this mechanism, and in Section 3.4 we discuss
the feasibility of this scenario.

3.1. Hydrodynamical formation of fingers

Massive stellar winds are naturally capable of gener-
ating velocities of several hundred km/s (Castor et al.
1975). Outflows have been identified around the BN
source (Bunn et al. 1995) and Source I (Hirota et al.
2017), so these high wind speeds are available in the
vicinity of the Orion fingers. If a hydrodynamical in-
stability in an outflow could trigger the formation of
compact objects which create bow shocks as they con-
tinue to plow through the ISM, then we could naturally

explain the kinematics and morphology of the Orion fin-
gers (Stone et al. 1995).

In fact, we expect that rapid injection of energy
into an inhomogeneous damping medium will generically
produce the finger morphology seen in Orion. Any dense
clumps which form in a wind or other outflow will ex-
perience less ram pressure deceleration, and will thus
achieve higher speeds and propagate farther than the
other material. These dense clumps and their wakes
will then be visible as fingers stretching out from the
center of the system. Such process has been directly
observed by detonating an explosive in the center of a
bed of dense particles (Frost et al. 2012) or in a spherical
shell of liquid (Milne et al. 2017). The explosion consists
of particle jets which move more quickly than a trailing
spherical shock wave (Frost et al. 2012).

Thus, if a gaseous outflow in the Orion system frag-
mented, the resulting dense clumps could be the progen-
itors of the present fingers. A key mechanism which can
drive the fragmentation of an outflow is the Rayleigh-
Taylor (R-T) instability. This instability is well-known
in supernova remnants, where it can develop at the in-
terface between the supernova blast wave and the ambi-
ent medium. In our scenario, we expect the instability
is generated at the interface of a stellar wind emanating
from the interacting young stars and the surrounding in-
terstellar medium. The morphology of the Orion fingers,
with the fingers propagating into the ambient medium
ahead of the stellar wind, requires a somewhat different
acceleration profile than what we see in supernova rem-
nants. Following Stone et al. (1995), we propose that
the collision of a fast wind with a previously launched,
slower wind could be responsible for the hydrodynamical
instability which generated the Orion fingers.

Stone et al. (1995) used hydrodynamical simulations
to confirm the morphological similarity between fila-
ments due to an R-T instability in interacting stellar
winds and the observed Orion fingers. The fast inner
wind is decelerated by the outer shell, and fragments
into small dense clumps which continue to propagate
into the surrounding ISM. These clumps then form the
bow shocks and Mach cones which we observe as the
Orion fingers. We confirm this qualitative behavior in
Section 3.3 with a modified version of the Stone et al.
(1995) simulations.

The R-T instability can also be present in an astro-
physical outflow as a result of radiation pressure which
induces the requisite acceleration profile (Krumholz &
Thompson 2012). We are not exploring this mechanism,
instead focusing on the rapid deceleration due to a colli-
sion of winds which is more likely to produce phenomena
on larger scales.
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3.2. Velocities of fingers

There are two velocity scales present in the OMC-1
outflow. The median velocity is about 20 km/s, and this
velocity characterizes the ~8 Mg of gas which makes up
the bulk of the outflow. This component of the outflow
is due to the gas that was gravitationally bound to the
massive stars during the interaction. Since then, the
massive stars have left the center of potential. If we take
the gas to have an initial median distance of 10 AU to
20 AU from the BN source, which has a mass of ~10 Mg,
then the resulting velocity now that this gas is freely
expanding is ~20km/s, as observed.

In contrast, the fingers have a range of significantly
higher velocities. Gemini images of the Orion fingers
with adaptive optics have enabled accurate measure-
ment of proper motions of several fingertips (Bally et al.
2015). The velocities are 200km/s to 300km/s, with
one high velocity clump reaching (300 + 20) km/s. If
the fingers formed via hydrodynamic instabilities, then
their velocities must reflect the velocity of the wind from
which they arose.

A high-velocity wind could potentially have formed
due to the sudden release of gravitational binding energy
during the interaction which led to the tight binary or
stellar merger now observed as source I. This possibil-
ity has been previously considered for the Orion system
(Bally et al. 2011), and more generally in the context of
common envelope evolution (Ivanova et al. 2013). Such
a wind, upon colliding with the surrounding ISM, would
be likely to trigger Rayleigh-Taylor instabilities similar
to those seen in Stone et al. (1995). This is an interest-
ing possibility, but theoretically it suffers from a lack of
understanding of the coupling mechanism between the
gravitational binding energy and the resulting wind. In
this scenario, a lot of material would need to originate
close to the photospheres of the stars to get to the high
observed velocities.

In order to present a detailed analysis of the achievable
wind speeds, we choose to instead focus on winds driven
radiatively by the interacting stars. Stellar winds are
well-studied and it is clear how radiative output couples
with a wind to drive it to potentially very high velocities.
Our choice to focus on this case does not preclude the
possibility that the Orion fingers are driven by energy
released as a result of the interaction through a less well-
understood process.

The stars are very luminous but are enshrouded in
dust, so we primarily consider IR radiation as the driv-
ing force for the wind. The dynamics of IR radiation-
driven winds is still subject to many uncertainties
(Krumholz & Thompson 2012). Here we follow Salpeter
(1974); Thompson et al. (2015) for an approximate de-

scription of the dynamics of such a wind:

dv GM HIRL

J__GM 2 1 dMg
dr 72 4mer?

UMy dr

(27)

where M is the mass of the central driving source, L is
its luminosity, kg is the infrared opacity of the driven
wind, and Mg (7) is the mass of the shell when it reaches
a distance r. If we make the simplifying assumption that
the mass is all swept up at once, so that Mg, (r) is a step
function, then the terminal velocity is (Salpeter 1974)

Vae = Vse(ro) (I = 1), (28)

where I' = L/Lgaq = kirL/(4mGMc) is the Eddington
ratio with respect to infrared opacity. The relationship
between escape velocity and terminal velocity has been
studied observationally in hot sources including O and
B stars, and a strong linear relationship of vo, & 3vesc
has been found (Abbott 1978).

The BN object has a mass ~10Mg and a radius
3.4Rg to 4.3Rge (Tan 2004), so the escape velocity from
its surface is approximately 600km/s. Its luminosity is
a few times 10% L (Scoville et al. 1983), which gives it
an Eddington ratio up to I' ~ 1.5. Equation (28) then
gives a terminal velocity v, = 300km/s to 400 km/s.
In the simulations discussed in the following section, we
find that the velocity of the fingers is inherited from the
velocity of the fast wind, so this terminal velocity can
explain the present motion of the fingers at hundreds
of kilometers per second. Thus, in contrast to the ex-
plosive scenario, stellar winds are naturally capable of
developing the several hundred km/s velocities necessary
to explain the proper motions of the Orion fingers.

One potential concern with this mechanism is that it
naturally generates a population of objects moving with
the same velocity, whereas the observed outflow has a
range of velocities with a Hubble-type relation between
distance and velocity (Bally et al. 2011). Furthermore,
the CO streamers associated with the outflow show a
close correlation between projected distance and radial
velocity (Bally et al. 2017). This can be explained by
corrections to the thin spherical shell model of Thomp-
son et al. (2015). If the optical depth of the wind varies
across the shell prior to the wind launch, then different
parts of the wind would be driven to different velocities,
naturally producing a Hubble-type flow.

Typically, this model is made more complex by the
presence of dust. Due to spherical expansion, the col-
umn density of dust in the wind will decrease with time,
and the dust will become optically thin to IR photons
before it becomes optically thin to UV photons. Be-
tween these two timescales, there is a phase in which
incoming UV photons exert outward radiation pressure
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while the re-radiated IR photons have no opposite ef-
fect, which in principle could allow the wind to be driven
to higher velocities (Thompson et al. 2015). However,
the sources present in the BN/KL outflow are still en-
shrouded by dust, so this UV-driving mechanism is likely
unimportant.

The key question regarding the winds is whether IR
radiation pressure can produce the velocities of hundreds
of kilometers per second required to explain the observed
proper motion of the Orion fingers. In (27), we see that
mass-loading impedes the radiation-driven acceleration
due to momentum conservation. However, this effect is
strongly dependent on the density profile of the medium
surrounding the outflow. If all the mass is concentrated
on a thin spherical shell close to the source, then the
mass-loading term is negligible after the initial acceler-
ation and the wind propagates ballistically. In the op-
posite extreme, a uniform ambient density leads to an
asymptotic behavior of v ~ r~1/2, as described in Sec-
tion 2.2. We adopt a power law profile for the density for
the ambient medium (pre-existing gas or previous slow
wind), p(r) o =", so that we can decrease the effects
of mass-loading by increasing the parameter 7.

We use the parameters of the BN object to describe
the central source. After fixing I" and a density profile,
we can integrate eq. (27) from 7y, = 4Rg up to rmax =
0.28 pc (the observed extent of the Orion outflow) to find
the final velocity. Since the luminosities of the sources
at the time the wind was initiated are uncertain, we use
a range of Eddington ratios from just above 1 up to 2.5.
We set the normalization of the density profile so that
the wind sweeps up 1 Mg, the approximate upper bound
on the mass contained in the fingers.

Figure 4 shows the wind speed vy reached at r =
0.28 pc as a function of the Eddington ratio and the den-
sity parameter 7. There is a sizable region of parameter
space for which 300km/s < vy < 400km/s, which is
what we expect for the wind which produced the Orion
fingers. Generally, lower values of I' are more plausi-
ble. Values of 1 are quite uncertain. The high values
of 1 (steeply declining density profile) suggested by this
model may arise if the gas originated as a slow outflow
from circumstellar disks before the final strong dynam-
ical interaction. Lower values of 1 are more plausible if
the density follows that of the initial molecular cloud.
Indeed, submm observations of proto-stellar cores with
SCUBA-2 (Kirk et al. 2005), including observations of
cores in the Orion molecular cloud (Kirk et al. 2016),
suggest a nearly flat core within ~0.05 pc of the center,
followed by a roughly isothermal profile. In the follow-
ing section, we show that when we relax the assumption
of a thin spherical wind and simulate the hydrodynam-
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Figure 4. For selected values of the Eddington ratio I and
the density scale parameter 77, we integrate eq. (27) to obtain
the wind speed at rmax = 0.28 pc. Contours of the final speed
are shown here. The necessary value of 300 km/s to 400 km/s
is achievable for a wide range of parameter values.

ics along with continual radiative driving, we can reach
high velocities even with a density profile of this form.

3.3. Constraints on mass and size of fingers

The basic observational constraints on the mass (the
total mass budget, and the minimum mass required to
account for iron lines), as well as the resolution limit
of the Gemini telescope, are independent of the physi-
cal formation scenario. Since the dense clumps formed
from the Rayleigh-Taylor instability are not undergoing
Kelvin-Helmholtz heating, we expect them to be cooler
than the bullets, and so we do not expect these clumps
to be visible to Gemini as point sources. Additionally,
the radius of the dense objects which have formed is still
bounded below due to the limitations in cooling which
can be achieved in ~ 103 yr, so (14) still applies. Thus,
these four constraints can be carried over directly from
Section 2.2. They are shown in Figure 5 to illustrate the
larger feasible region of parameter space. However, the
constraints which were specific to dense bullets propa-
gating outwards from a central point — especially the
requirement that they be stable to tidal forces during
their acceleration — are no longer relevant. Instead we
must consider the hydrodynamics relevant to the frag-
mentation of a stellar wind.

The formation of the bullets via a hydrodynamical
instability is described by the interacting stellar wind
model. In this model, a fast wind collides with a slower
wind launched earlier, and the ensuing deceleration trig-
gers a Rayleigh-Taylor instability which produces the
Orion bullets. The fastest-growing modes of the RT in-
stability are those with the smallest wavelengths that are
not suppressed by dissipation effects. In molecular gas,
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Figure 5. The various constraints on the mass and size of
the Orion fingers, assuming they are formed in situ via a
hydrodynamical instability in a massive wind. These con-
straints are described explicitly in Section 3.3.

the dissipation will be dominated by magnetic viscos-
ity, though turbulence can also play a role (Krumholz
2015). The fastest-growing mode in the linear regime
sets an initial scale, but as nonlinear effects take over
the growth of the instabilities becomes much harder to
predict.

We can test the qualitative behavior of interact-
ing stellar winds with numerical simulations. We use
Athena++ (White et al. 2016; Felker & Stone 2018)
to study the Rayleigh-Taylor instability. Below we de-
scribe one particular set-up, based on the hypothesis
that the instability results from collisions of IR-driven
winds. As we will show, these conditions are sufficient
to produce Rayleigh-Taylor instabilities which result in
a morphology similar to that seen in Orion. However,
these conditions are not necessary. The same model in
different regions of its parameter space, or rather differ-
ent models such as that used in Stone et al. (1995), also
suffice to generate the Rayleigh-Taylor fingers.

The simulation runs on a 2D 512512 grid in polar co-
ordinates, covering 1 radian and 20 AU to 3.4 x 10* AU.
The initial density profile is taken to be proportional
to r~2, with the density on the inner boundary set
to 108cm™ and the minimum initial density set to
10* cm 3. Random pink noise proportional to k~!, with
a maximum angular frequency k of 60 and a total am-
plitude of 1072 relative to the mean density, is added to
the inner 2 x 10% AU. Previous simulations have used an

isothermal equation of state, justified by a cooling time
of 1yr compared to a dynamical timescale of ~ 1000 yr
(Stone et al. 1995). We instead use an adiabatic equa-
tion of state with a sound speed of 2 km/s, and explicitly
include a cooling function with a timescale of 1 yr.

Winds are launched via IR driving, making the sim-
plifying assumption that photons are either transmitted
or absorbed. We thus integrate the radiative transfer
equation

% = —krp(r)1, (29)

with kg = 5cm?/g (Thompson et al. 2015; Draine
2003) to compute the intensity of radiation throughout
the domain at each time step, and from this compute the
radiation pressure and the driving force at each point.
Unlike equation (27), this equation does not take into ac-
count the momentum boost due to multiple scatterings
and therefore is likely to underestimate the radiation
pressure. We set the intensity at the inner boundary
by placing a gravitational point source of 8 Mg at the
origin, and setting its Eddington ratio in the IR to 3.
In order to produce fast winds which can interact with
slow winds, we increase the luminosity by an order of
magnitude for a duration of 10 years every 100 years.

Snapshots of the resulting density profile are shown
in Figure 6. The fast winds driven out every 100 years
repeatedly collide with a slower, denser wind, accelerat-
ing it and triggering Rayleigh-Taylor instabilities which
form the finger morphology seen in Orion. We do not
simulate magnetic fields, which play an important role
in setting the Mach angles of the Orion fingers as dis-
cussed in Section 4.1, so we cannot directly compare the
opening angles in our simulations to those observed in
Orion. Nonetheless, Figure 6 shows that the Rayleigh-
Taylor instability is a plausible mechanism for forming
the Orion fingers. Much like in the bullets scenario, the
simultaneous launching of the fingers at a range of ve-
locities naturally leads to a Hubble-type flow.

Generically, we expect that time-variable driving of a
damping medium such as the ISM will lead to the on-
set of Rayleigh-Taylor instabilities. This is consistent
with Stone et al. (1995), who simulate a different vari-
able wind model and find a similar resulting morphology.
Our simulations are meant to demonstrate an example
of how the instabilities might be formed, but there are
many parameters which could vary without affecting the
overall behavior. The behavior of the source luminosity
in particular is motivated only by the need to inject suf-
ficient energy into the system in a time-variable man-
ner; the frequency or the energy scales involved could
well be different without affecting the overall behavior.
Likewise, the r—2 density profile near the core is chosen
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Figure 6. Six snapshots of hydrodynamic simulations using Athena++ (Felker & Stone 2018; White et al. 2016). An IR driving
source term is used to accelerate fast winds with collide with a growing slow wind, accelerating it and producing fingers via the
Rayleigh-Taylor instability. Over the course of the simulation, the fingers reach velocities of several hundred km/s and exhibit

a morphology similar to the observed Orion fingers.

to be consistent with submillimeter observations (Kirk
et al. 2005, 2016). We have tested the simulation for
density profiles ranging from r~2 to r~* and shown that
the qualitative behavior is unchanged, suggesting that
the steep density profile in the previous section is an
artifact of the thin-shell wind model.

3.4. Feasibility

The hydrodynamical instability scenario has several
advantages relative to the accelerated bullet scenario of
Section 2. We have already discussed at some length one
of the greatest advantages: young stellar winds are natu-
rally capable of producing velocity scales commensurate
with those of the observed Orion bullets, whereas such
velocities are difficult to reach via gravitational acceler-
ation of bullets. No significant fine tuning is required to
accelerate a wind to hundreds of kilometers per second,
as shown in Figure 4. Furthermore, these fast winds
can readily fragment and form a morphology similar to
what is observed in the Orion outflow, as shown by our
simulations and others (Stone et al. 1995).

In addition to the Hs fingers, there is a natural ex-
planation for the formation of the CO streamers in the

context of this scenario (Bally, priv. comm.). As the
Rayleigh-Taylor instability develops, there will be shear
along the edges of the fingers, leading to the develop-
ment of Kelvin-Helmholtz instabilities. This will lead
to dense clumps moving in the same direction as, but
possibly slower than, the fingers. These clumps would
thus have the kinematics necessary to be the progenitors
of the CO streamers, which trail behind the Hy fingers
(Bally et al. 2017).

Furthermore, the physical characteristics of the prop-
agating objects are less constrained in this scenario. In
the first scenario, in order for bullets to survive acceler-
ation to hundreds of kilometers per second, they must
fall into a relatively narrow range of masses and sizes
which will keep them stable against the large tidal forces
they experience, either via self gravity or ram pressure
confinement, and furthermore they must satisfy observa-
tional constraints. This is not a concern if the Orion fin-
gers formed out of a wind, since they never would have
experienced significant tidal forces. There is plenty of
configuration space available for fingers which condensed
out of a wind and which satisfy all present observational
constraints, as shown in Figure 5.



FORMATION OF THE ORION FINGERS 15

Figure 7. Part of the northeastern edge of the nebula M1-
67 surrounding WR 124 in the He filter. These bow shocks
are observed throughout the nebula, although they are most
clear on the edges where they are unobscured. They are
believed to be the result of Rayleigh-Taylor instabilities in
highly variable stellar winds, where new fast wind is inter-
acting with the material from previous ejections (Grosdidier
et al. 2001). This image has been made available by NASA
and STScl, and contrast-adjusted by the authors to highlight
the shocks.

However, one key question is left open in the hydrody-
namical instability scenario: why is the outflow coeval
with the stellar interaction? In fact, it is not clear that
the dynamical interaction of BN, Source I, and source
x is necessary for a stellar wind several thousand AU
away to fragment. A phenomenon similar to the Orion
bullets has been observed in the ejection nebula M1-
67 surrounding the Wolf-Rayet star WR, 124. Figure 7
shows a section of the northeastern edge of the nebula,
where some bow shocks are visible. This is believed to
be the result of Rayleigh-Taylor instabilities in interact-
ing stellar winds (Grosdidier et al. 2001), which shows
that a single star with a radiatively driven wind is suf-
ficient to produce the morphology quite similar to that
of the Orion fingers.

Therefore, the dynamical interaction between the
stars may not, strictly speaking, be necessary for the
formation of a handful of fingers. However, it is hard to
imagine that the spectacular BN/KL outflow is coeval
with the dynamical interaction of the stars by sheer
coincidence. Instead, we consider how the dynamical
interaction may have triggered or enhanced the forma-
tion of the Orion fingers, and in particular enhance the
available mass supply and the hydrodynamical instabil-
ities.

McCaughrean & Mac Low (1997) suggest that the
variability in the stellar wind which triggers the
Rayleigh-Taylor instability is caused by the stars be-
coming nearly coincident during their interaction and
driving the same shell. This would naturally explain
why the fingers have kinematic timescales between 500
and 2000 years, suggesting that they were launched

during the stellar interaction. Indeed, our simulations
suggest that the speed of the fingers scales with the
speed of the fast wind which formed them, so if the
fast wind were launched during the stellar interaction,
we would expect to see fingers with similar kinematic
timescales.

However, given the disparity in the masses of the stars,
and the strong dependence of luminosity on mass, it is
unlikely that the combination of two winds would rep-
resent a significant variability of the stronger wind. The
interaction of the stars might instead be responsible for
providing additional mass. For instance, if one of the
stars had already driven out a slow wind before the inter-
action, then it would be surrounded by a shell of swept-
up material. As another star approaches the first star
during the interaction, its circumstellar material would
be disrupted from orbit and could be accelerated as a
second, faster wind. The steep density profile in this
second wind would itself be conducive to RT instabili-
ties, and moreover, the deceleration upon impact with
the first wind would trigger the formation of fingers like
those in Figure 6. Alternatively, the hypothetical merger
of stars I; and Iy into Source I (Farias & Tan 2018) could
have resulted in an expulsion of some part of the stellar
envelope, providing material for the second wind (Bally
2016). These are just some of the possibilities for how
the interaction of the stars results in a greater supply of
mass for ejection.

Furthermore, we hypothesize that finger systems re-
sulting from stellar interactions are more likely to be ob-
served than ones driven by single stars. In Section 2.3,
we showed that ram pressure confinement lasts longer
for more massive objects. Thus, unless the hydrody-
namical instability forms objects compact enough to be
self-gravitating, the time for which the finger morphol-
ogy persists is directly related to the amount of mass
available. For a single star to sweep up enough mass
in a wind to form fingers which last for a significant
amount of time, it must be extremely massive and lumi-
nous itself (as is WR 124, with a mass of 33 Mg and a
luminosity 10° Lo, Hamann et al. 2006). If instead mul-
tiple stars have their circumstellar material combined
into the same spherical outflow, which can readily occur
in the potential well of a star-forming nebula, sufficient
mass for the formation of fingers is more easily available.

4. DISCUSSION
4.1. Opening angles of the bow shocks

Opening angles of the wakes behind the bullets pro-
vide additional constraints on the physical conditions in
the wind region. We assume that the timescales for for-
mation and acceleration of the bullets are much shorter
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Figure 8. The distribution of projected distances and pro-
jected opening angles for 53 well-defined, conically shaped
wakes. The inclined lines show equation (30) with parame-
ters as indicated. The point highlighted with a red square
corresponds to the bullet with an accurate proper motion
measurement and a corresponding kinematic age of 596 years
(Bally et al. 2015). We find that for a plausible range of
ages, the required effective sound speeds are too high for any
medium with T < 10* K.

than the age of the system. As the first approximation,
we assume that all bullets are launched simultaneously
with a range of velocities v; and propagate over dura-
tion 7 ballistically from the launching site (similar to
the model of Bally et al. 2011). If the effective sound
speed in the surrounding medium is cg, then the physi-
cal half-opening angles of the Mach cones of the wakes
are sina; = ¢s/v;. As seen in projection on the plane
of the sky, for a bullet propagating at angle 6 relative
to the line of sight the observer detects the bullet at
the projected distance v;7 sin @, with an apparent open-
ing half-angle tana) = tana;/sinf. If the bullets are
highly super-sonic, with tan o ~ sin «, then we expect
that the projected distances d; and projected opening
half-angles o are related by

sin o, >~ c,7/d;. (30)

In forming a single locus on the o’ vs d space despite a
potentially large range of velocities within the outflow,
this relationship is reminiscent of the relationship be-
tween the proper motions and the projected distances
for a coeval outflow investigated by Bally et al. (2011).

We use the color-composite image from Bally et al.
(2015) to calculate the apparent half-opening angles of
53 well-defined (conically-shaped and isolated) wakes by

visually identifying the vertex and points on the sides
and recording their pixel positions. These measurements
are shown as a function of the projected distance (in AU,
calibrated from the pixel units of the color composite to
the physical units using the positions of several stars in
the field) in Figure 8. In general the observed points do
follow the sin o} o« 1/d; trend, but with a large spread,
which can be due to the spread in ¢z, 7 or both. The
minimal age of the outflow can be determined from the
proper motions of the runaway stars to be 512 years
(Bally et al. 2011). We place the corresponding lower
bound on the observed o with a solid black line using
7 = 500 years and ¢; = 45 km/s (the one outlying point
may be an unrelated Herbig-Haro object). Fixing this
sound speed and considering the range of ages suggested
by the position-velocity diagram (Bally et al. 2011), we
place the dotted line at 7 = 2000 years as the upper
envelope of the data.

By volume, much of the gas into which the Orion fin-
gers’ bow shocks propagate must be molecular, since we
directly see Ho and CO line emission in the wakes and
the molecular formation time is much too long for these
molecules to form as the shocks propagate into the gas
(Glover et al. 2010). Yet the sound speed estimated
above is much higher than the one expected in molecu-
lar gas at several hundred K (a few km/s), or the one in
photo-ionized gas at 10* K (~ 20 km/s). To disentan-
gle the age and the sound speed parameters in equation
(30), we cross-correlate our list of geometrically mea-
sured wakes with the list of bullets for which Bally et al.
(2015) measure proper motions and we find one object
in common (highlighted with a red square), with a kine-
matic age — projected distance divided by the proper
motion — of 596 years. With this age and the appar-
ent half-opening angle of 22°, this bullet would need to
be propagating through the medium with an effective
sound speed ¢s = 117 km/s, shown with the dashed red
line.

In other words, the observed opening angles of the
cones are much larger than one would expect for a
warm ionized medium, let alone for a diffuse molecu-
lar medium, given that 300km/s to 400 km/s projected
velocities have been directly detected in the outflow us-
ing proper motions (Bally et al. 2011). Indeed, if the
thermal sound speed in the gas really is 45km/s or
higher, the gas would have a temperature on the scale
of megakelvins and we would expect to see diffuse X-ray
emission from the interiors of the fingers. The Chan-
dra Orion Ultradeep Project conducted an extensive
X-ray survey of the OMC-1 region, and did detect X-
ray emission from the tip of the finger with the highest
proper motion, but X-rays were not detected from any
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of the other fingers (Getman et al. 2005; Grosso et al.
2006b). There must be some other explanation for the
large opening angles.

One possibility is that the effective sound speed is af-
fected by the magnetic fields. Magnetosonic waves at an
angle 6 with the constant background field By have a
double-branched dispersion relation with wave speeds

Vg = V4 CcOS 0,

1
V3 = 5 <v124 + 52 £ 4 /vh — 20242 cos(20) + a4> .
(31)

Here, v3 = BZ/4mpg is the Alfvén velocity in the back-
ground density pg, and ¢; is the sound speed in the zero-
magnetic field limit. The speeds satisfy vy > vg > v_,
so the Mach cone opening angle is set by v,. The max-

imum value of vy is Vpax = vi —i—@z, which occurs
when 6 = 7/2. Thus, the maximum half-opening angle
for a Mach cone is
a=sin"! Umﬁ, (32)
v
generated by a source moving at velocity v transverse to
the background magnetic field.

Figure 8 shows that vy, must be at least 45km/s in
order to be consistent with the opening angles of the
conical wakes of the Orion fingers. With a background
density of prgn = 10%* cm™3, this requires By > 2mG,
just above the value 1 mG measured in the outflow on
large scales using far-infrared polarimetry (Chuss et al.
2019). Shock compression of the magnetic field can in-
crease the effective Alfvén velocity relative to what we
would expect from the measured average field.

These magnetic field values are strikingly high for
molecular gas at a few hundred Kelvin. The ratio of
magnetic to thermal energy densities is

2 -1
B By n -1 T

PB _ 1 =

oT %0 <1mG) <104 cm_3> <102 K> , (33)

so clearly the magnetic fields are not in equipartition
with thermal energy of the ISM. Such magnetic fields
would be closer to equipartition (although still a factor
of a few above equipartition) for the supersonic turbu-
lence with vy, = 5 — 10 km sec™' seen in Orion in
ionized and in molecular gas (Arthur et al. 2016; Ork-
isz et al. 2017), although it is not clear whether these
measurements (made in different parts of Orion) apply
to the particular wind environment in this study where
presumably the turbulence is currently being generated
by the outflow itself. The large opening angles of the
bow shocks are somewhat unexpected and provide inde-
pendent support for field values on the order measured

Figure 9. (Left) One of the Orion fingers, in which the
shock head shows apparent fragmentation. Reprinted with
permission from Figure 1 of “The Orion fingers: Near-IR
adaptive optics imaging of an explosive protostellar outflow”
(Bally et al. 2015). (Right) A laboratory bow shock, showing
similar morphology due to thermal instability. Reprinted
with permission from Figure 2 of “Bow Shock Fragmentation
Driven by a Thermal Instability in Laboratory Astrophysics
Experiments” (Suzuki-Vidal et al. 2015).

by Chuss et al. (2019). Chuss et al. (2019) argue that
these high magnetic fields are generated as a result of
the outflow, but the physical origin of the fields is not
well understood.

4.2. Morphology

The Gemini image of the outflow shows that some of
the fingers appear to be fragmenting, such as in the left
panel of Figure 9. This presents a challenge to both
formation scenarios we have outlined.

If the Orion fingers come from dense bullets which
have propagated roughly 500 times their diameters
(Bally et al. 2015), it is difficult to explain why they
would just now be breaking up. It is possible to explain
this by treating the bullets as ram pressure confined,
and considering the difference in ram pressure acting
on a bullet propagating into ISM versus a bullet propa-
gating into the post-shock material created by a bullet
ahead of it. However, this explanation requires that
the bullets lie in an extremely narrow range of their
parameter space.

If the Orion fingers are generated by structures which
formed in situ in a stellar wind, then the fragmentation
is less surprising, but still curious. We would expect
that whatever structures formed due to a hydrodynamic
instability are either stable, such that they generate a
clean bow shock, or unstable, such that they dissipate
before forming a shock at all. The observations seem to
suggest that instead the structures live on the edge of
stability, lasting long enough to form a shock but then
breaking up.
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We propose to explain these morphological features
by thermal instability. Suzuki-Vidal et al. (2015) have
shown experimentally that thermal instability in bow
shocks leads to a fragmentary morphology similar to
what we observe in the OMC-1 outflow. They use
plasma jets with radius rex, = 1.5mm and velocity
Vexp = 140km/s, and observe fragmentation at teyx, ~
150 ns. Their experiments are constructed to have simi-
lar dimensionless parameters to those found in outflows
around young stellar objects, including the cooling be-
havior, so we can use Eulerian scaling relations to de-
termine the time scale for fragmentation in the Orion
system (Ryutov et al. 1999). The time 7 for fragmenta-
tion of the Orion fingers is given by

Ry vexp

(34)

T = texp )
Texp Ub

where Ry is the size of the shock heads (which we ex-
pect to be larger than the size of the bullets), and
vy, = 300km/s is the typical velocity of outer fingers
which show the fragmentation. From the Gemini images
of the outflow, we estimate Ry to be 50 AU to 150 AU.
This gives 7 on the order of 100 years, which is the or-
der of magnitude needed to explain the beginnings of
fragmentation in the Orion system.

4.3. Future fate of the Orion bullets

The kinematics of the Orion fingers, as well as the
stars in the vicinity of the OMC-1 outflow, strongly sug-
gest that the key event which led to the formation of the
fingers took place 500—1000 years ago. The present spec-
tacular outflow is a transient phenomenon which will
eventually disappear as the bullets recede further from
their point of origin and decelerate. Additionally, the
bow shocks themselves may fragment and dissipate fur-
ther as they succumb to the thermal instabilities de-
scribed in Suzuki-Vidal et al. (2015). However, the
fate of the progenitors of the shocks, small dense ob-
jects which are presently moving supersonically through
the interstellar medium, is unclear. If they are stable
and survive in the long term as self-gravitating bodies,
then OMC-1 is presently undergoing a planet formation
process entirely different from the standard situation of
bodies forming out of circumstellar disk material while
in orbit around a star. Given that the system in Orion
appears not to be unique in the galaxy (Bally 2016),
this process could be responsible for the formation of a
sizeable population of free-floating planets.

In our first scenario, described in Section 2, the ini-
tial formation of the bullets looks quite similar to one
route for planet formation (Boss 1997): gravitational in-
stabilities in a disk collapse and form dense clumps of

gas, which continue contracting into planets. After this
stage, however, the bullets participate in dynamical in-
teraction of the BN object, Source I, and source x. Only
about 1000 years elapse between the beginning of the
interaction triggering gravitational instabilities and the
interaction itself. On this short timescale, the bullets
have to become stable enough to survive the large tidal
forces which accompany their acceleration to hundreds
of kilometers per second.

If self gravity kept the bullets stable during the ini-
tial acceleration, then they would remain stable now,
and they would form free-floating planets. If the bul-
lets were in the regime where they were initially held
together by ram pressure, then their fate depends on
how much they can contract before ram pressure decon-
finement. From equation (21), it follows that bullets
which satisfy condition (26) will be confined for at least
~ 3000 yr, and longer if they have greater than the min-
imum mass. At 1072 My, the cooling times are too long
to allow the object to contract sufficiently in this length
of time. However, for a mass on the order of 0.1 Mj to
1Mj, the confinement time is longer and the contrac-
tion time is shorter, making it plausible that the bul-
let reaches a core temperature of 2500 K and undergoes
rapid collapse due to hydrogen dissociation (Nayakshin
2015). Thus, in our first scenario, it is overall relatively
likely that the more massive of the Orion bullets, will
form free-floating planets.

In the second scenario, described in Section 3, the
Orion bullets condensed out of a stellar wind following
the onset of a hydrodynamical instability. In this case,
we have less of a clear grasp on the mass and size of
the bullets. However, the timescale for ram pressure
deconfinement remains the same, modulo an additional
500 years of uncertainty since we do not know when
the bullets formed in this case. For bullets in the low
mass, large size section of the feasible region in Figure
5, the deconfinement time will be only a few hundred
years, not long enough for the bullets to contract sig-
nificantly and become self-gravitating. However, if the
bullets are more massive and smaller, such that the de-
confinement time reaches 10 yr to 10° yr, then like in
the first scenario, there may be sufficient time for the
bullets to reach 2500 K and collapse rapidly. Thus, in
this scenario, it is unclear whether the Orion fingers will
spawn a long-lasting population of free-floating planets,
or whether the phenomenon will dissipate completely.

We would be in a better position to assess the long-
term fate of hydrodynamically formed bullets if we had a
better idea of their likely masses and sizes. This is diffi-
cult due to the inherent uncertainty in the history of the
winds from which they formed. Our simulations in Sec-
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tion 3.3 qualitatively represent how a Rayleigh-Taylor
instability might form dense objects moving at high ve-
locities and forming bow shocks, but we do not explore
anything close to the full parameter space for the initial
conditions or the driving mechanism. A comprehensive
set of simulations might shed more light on the likely
parameters of hydrodynamically formed bullets, but we
leave this for future work.

If the Orion bullets do survive as free-floating plan-
ets, we expect for them to be physically and chemically
distinct from ordinary Jovian planets. The short for-
mation times imposed by the timescale of the stellar
interaction (102 yr) would leave little time for the forma-
tion of an icy core (Helled & Schubert 2008), although
core formation on this timescale may be possible in some
rare cases (Nayakshin 2015). Thus, the resulting planets
would likely be composed almost entirely of gas. With-
out a solid phase, chemical differentiation requires far
too much time even at the minimum possible temper-
atures (McCrea & Williams 1965), and the Orion bul-
lets would be better mixed than typical planets. These
features would distinguish free-floating planets originat-
ing in Orion-type outflows with those that are ejected
long after they are formed during dynamical interac-
tions with other planets orbiting the same star (Juri¢ &
Tremaine 2008). Furthermore, the Orion bullets have
much greater velocities than what could be generated
by planet-planet dynamical interactions.

A completely independent constraint on the forma-
tion of free-floating planets comes from gravitational mi-
crolensing. In principle, microlensing is the ideal way to
survey for unbound planet-mass objects, since the de-
tection does not depend on the luminosity of the object
and the mass can be inferred from the duration of the
lensing event (Mréz et al. 2017). However, the estimated
number of free-floating planets in the galaxy has varied
significantly between different studies. It was originally
suggested that there may be as many as two Jupiter-
mass objects per main sequence star (Sumi et al. 2011).
It was originally suggested that there may be as many as
two Jupiter-mass objects per main sequence star (Sumi
et al. 2011). These estimates assume typical Galactic
velocities (Vassumed ~ 120 km sec™! for the Bulge; Sumi
et al. 2011), so if the free-floating planets have higher
velocities vactual = 300 km sec—1 characteristic of the
Orion outflow, then the ~ 1My masses inferred by Sumi
et al. (2011) would need to be revised upward by a factor
of V2 a1/ V2 ssumed = 6. More recent measurements with
a larger sample of microlensing events have found an
upper bound of 0.25 of these objects per main sequence
star (Mréz et al. 2017), but also indicated an excess of
ultra-short events, which could be either due to Earth-

like planets with normal disk or bulge kinematics or to
more massive planets with higher velocities. Whether
objects like Orion bullets form a major or a minor frac-
tion of this population depends critically on whether the
bullets are currently or eventually self-gravitating, which
is the question we started to address in this paper but
have not yet fully resolved.

5. CONCLUSION

“Orion fingers” is a spectacular system of dozens of
bowshocks, with shock-heads (“bullets”) propagating
with velocities of up to 300 km/s away from a com-
mon center of origin, where they apparently originated
500-1000 years ago. The center of this outflow is also
a suspected site of a strong dynamical interaction of a
~ 4-body system of massive young stars, which are now
escaping from the region with velocities 10-50 km/s. In
this paper we examine the nature of the bullets, discuss
constraints on their sizes and mass presented in Figures
2 and 5, and investigate two plausible scenarios for the
formation of the “fingers” with a focus on explaining the
observed properties of the system without fine-tuning.

In the first scenario, massive young stars with
marginally stable, gas-rich disks find themselves in a
strong dynamical interaction, which is common in cores
of star-forming clouds. The gravitational perturbations
of the disks during the interaction induce a period of
rapid (~ 1000 years) planet formation. The resulting
planets, which form mostly by gravitational collapse
rather than accretion of an envelope onto an icy core,
are then ejected from the system during the same close
passage of the massive stars that results in the dynam-
ical disintegration of the stellar system. This scenario
naturally explains the close timing coincidence between
the origin of the outflow and the escape of the massive
stars and predicts that the resulting bullets are self-
gravitating planets with masses between 0.01—1 M.

The weak point of this scenario is the difficulty of re-
producing the velocity distribution of the escaping plan-
ets. Since the distance of the closest approach for the
stars is well-constrained by the velocities of the ejected
stars to be ~ 0.5 AU, the cross-section for ejecting plan-
ets at 300 km/s (which would require a passage well
within 0.1 AU) is small. However, as our calculations
do not include gas-dynamical effects, it is possible that
funneling the gas toward the stars during the interaction
might enhance the cross-section. Whether planets can
form quickly enough and be ejected fast enough should
be explored with more detailed gas-dynamical simula-
tions.

In the second scenario, the gas disks around the young
stars are disrupted during the interaction, and the radi-
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ation pressure of the massive stars on the resulting gas
cloud initiates a massive, likely infrared-driven, stellar
wind, which then fragments into clouds due to Rayleigh-
Taylor and other instabilities. This scenario naturally
explains the high velocities of the bullets, as hundreds of
km/s is a common velocity for radiatively driven winds
from massive stars.

The timing coincidence between the stellar interac-
tion and the outflows in this scenario is explained by
the greater availability of gas during the stellar interac-
tion and a better coupling between the stellar radiation
and the surrounding gas than could be achieved in a
quiescent disk. However, the fate of the bullets in this
scenario is not known. If the instability forms objects
of high enough mass, the cooling time is short enough
that they become self-gravitating during the interval in
which they are hydrodynamically confined.

While Orion fingers are visually spectacular, they are
not necessarily unique in the Galaxy (Bally 2016). Sev-
eral examples of similar morphology are already known
(Sahai et al. 2008; Zapata et al. 2013) and more may be
uncovered in surveys of shocked emission around young
stellar objects (Eisloffel 2000; Gutermuth et al. 2004),
especially via searches for excess 4.5 ym emission due to

shocked molecular hydrogen (Cyganowski et al. 2008).
At least one of the scenarios we discuss in this paper is
likely to be common to star-forming regions and may re-
sult in a formation of free-floating planets with very high
velocities (dozens to hundreds km/s) and with structural
properties quite different from giant planets formed via
core accretion.

Simulations in this paper made use of the RE-
BOUND code which can be downloaded freely at
http://github.com/hannorein/rebound, as well as
Athena++ which is available at https://github.com/
PrincetonUniversity/athena-public-version. We
thank the authors of Bally et al. (2015) and Suzuki-
Vidal et al. (2015) for permission to reprint their figures
in this work. We thank the referee J. Bally for many
interesting suggestions, as well as acknowledge useful
conversations with him prior to the submission of the
paper. N.L.Z. acknowledges useful conversations with
M. Begelman, V. Beskin, J. Krolik, A. Sternberg, T.
Thompson and S. Tremaine. N.L.Z. further acknowl-
edges the generous support by the Deborah Lunder
and Alan Ezekowitz Founders’ Circle Membership at
the Institute for Advanced Study where this work was
started.
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