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ABSTRACT

Radiation-dust driven outflows, where radiation pressure on dust grains accelerates gas, occur in many astrophysical
environments. Almost all previous numerical studies of these systems have assumed that the dust was perfectly-coupled
to the gas. However, it has recently been shown that the dust in these systems is unstable to a large class of “resonant
drag instabilities” (RDIs) which de-couple the dust and gas dynamics and could qualitatively change the nonlinear out-
come of these outflows. We present the first simulations of radiation-dust driven outflows in stratified, inhomogenous
media, including explicit grain dynamics and a realistic spectrum of grain sizes and charge, magnetic fields and Lorentz
forces on grains (which dramatically enhance the RDIs), Coulomb and Epstein drag forces, and explicit radiation trans-
port allowing for different grain absorption and scattering properties. In this paper we consider conditions resembling
giant molecular clouds (GMCs), HII regions, and distributed starbursts, where optical depths are modest (< 1), single-
scattering effects dominate radiation-dust coupling, Lorentz forces dominate over drag on grains, and the fastest-growing
RDIs are similar, such as magnetosonic and fast-gyro RDIs. These RDIs generically produce strong size-dependent dust
clustering, growing nonlinear on timescales that are much shorter than the characteristic times of the outflow. The insta-
bilities produce filamentary and plume-like or “horsehead” nebular morphologies that are remarkably similar to observed
dust structures in GMCs and HII regions. Additionally, in some cases they strongly alter the magnetic field structure and
topology relative to filaments. Despite driving strong micro-scale dust clumping which leaves some gas “behind,” an
order-unity fraction of the gas is always efficiently entrained by dust.
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1 INTRODUCTION

Almost all astrophysical fluids are laden with grains of dust, which
play a central role in planet and star formation; attenuation and
extinction; cool-star, brown-dwarf, and planetary evolution; astro-
chemistry and heating/cooling of the interstellar medium (ISM);
and feedback and outflow-launching from star-forming regions,
cool stars, and active galactic nuclei (AGN) (see Draine 2003;
Dorschner 2003; Apai & Lauretta 2010; Hofner & Olofsson 2018,
for reviews). Therefore, the dynamical interactions between dust
and gas are of fundamental importance in a broad range of astro-
physical environments. Of particular interest are radiation “dust-
driven” outflows, in systems such as cool stellar atmospheres of
giant stars, AGN, and starburst/GMC environments. In these sys-
tems, radiation pressure from photons absorbed or scattered by dust
grains (which dominate the opacity) may launch outflows, in which
gas is entrained along with the dust via collisional, electrostatic, and
magnetic interactions (Lamers & Cassinelli 1999). These outflows
can have dramatic impacts on processes ranging from stellar evolu-
tion through star and galaxy formation.

There has been considerable theoretical work to understand
these outflows over the last several decades (Sandford et al. 1984;
Chang et al. 1987; Franco et al. 1991; Berruyer 1991; Lamers &
Cassinelli 1999). In the ISM (in particular in GMCs, starburst galax-
ies, and HII regions), radiation pressure on grains provides a poten-
tial acceleration mechanism for outflows and driver of turbulence
(Heckman et al. 1990; Scoville et al. 2001; Thompson et al. 2005).
There has been significant controversy about the relative importance
of radiation pressure as compared to other feedback mechanisms
(e.g. stellar outflows, photoionization, and supernovae [SNe]; see
Raskautti et al. 2016). Many recent studies have focused on how dif-
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ferences in radiation-hydrodynamic methods can alter predictions
for these dust-driven outflows (see e.g. Krumholz & Thompson
2012; Kuiper et al. 2012; Wise et al. 2012; Tsang & Milosavlje-
vi¢ 2015; Rosen et al. 2016). However, these studies have generally
treated the dust in a highly simplified manner, assuming that it is
perfectly-coupled to the gas, or moves smoothly as a “fluid” (as
compared to e.g. following individual gyro-orbits of grains), or that
it always moves at the local “terminal” (homogeneous equilibrium)
velocity.

Since dust acts as a primary driving mechanism in such out-
flows, explicitly modeling the dust dynamics is central to under-
standing whether or not they can occur. In an extreme limiting case,
if the dust-gas coupling were sufficiently weak, radiation pressure
would simply expel the grains, entraining little or no gas and re-
sulting in a “failed” wind. But even in the opposite limiting case
(the “tight coupling” regime) where dust grains have small mean-
free paths, the recent discovery of dynamical instabilities generic
to coupled dust-gas systems (even on scales arbitrarily large com-
pared to the dust mean-free path) provides a motivation to re-visit
these dust-driven outflows.

Squire & Hopkins (2018b) showed that dust-gas mixtures are
unstable to a broad class of instabilities, which they referred to as
“Resonant Drag Instabilities” (RDIs). These instabilities manifest
whenever dust streams through fluid, gas, or plasma, where there
is a difference between the forces acting on the dust or gas. We
note that this is always true in “dust-driven outflows”. Each pair
of linear modes between the gas and dust produces a distinct RDI
sub-group, with growth rates maximized around the “resonance”
where the modes have similar natural frequencies. These instabili-
ties could qualitatively change the outcome of dust-driven outflows.
For example, it is generally assumed that magnetic fields “anchor”
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Figure 1. Cartoon illustrating our simulation setup. We simulate 3D boxes
with an outflow upper & reflecting lower boundary, and periodic sides.
Gas and dust are initially stratified in Z, with pg o exp(—z/Hgas), an
isothermal (v = 1) gas EOS with sound speed c;, and magnetic field
By = |B| (sin83 %+ cos692) in the £ — 2 plane, uniform dust-to-gas ratio
nie = py / pg, and gravitational acceleration g = —gZ. The dust grains are
modeled with super-particles each representing a given size of grains drawn
from a standard MRN spectrum with factor = 100 range of sizes (with
grain charge depending appropriately on grain size). An initial upward ra-
diation flux Fy = +Fp Z is absorbed and scattered by grains giving rise to a
(size-dependent) grain acceleration a,q_ qust X F, which produces a dust drift
velocity w,. The dust interacts with the gas via collisional+Coulomb drag
(o< (V4 —ug) /ts) and Lorentz+electrodynamic forces (o< (Vg —ug) X B/11).
Our fidicial boxes have size Hgas X Hgas X (20 — 100) Hgas With ~ 108 reso-
lution elements.

charged dust grains to gas in winds (Hartquist & Havnes 1994; Yan
et al. 2004). Since the gyro radii can be smaller than the dust colli-
sional mean-free-path, a “tight coupling” or single-fluid “dust-plus-
gas” approximation is often invoked, akin to ions in ideal magneto-
hydrodynamics. However Hopkins & Squire (2018a) and Seligman
et al. (2019) showed that magnetic forces on dust are in fact vio-
lently de-stabilizing on small-scales, introducing RDIs which can
actually act to separate or de-couple the dust and gas.

Moreover, the RDIs could be important for a wide range of
other phenomenology. In HII regions, dust is critical for chem-
istry and cooling physics as well as depletion of metals, and there-
fore also affects observational abundance estimators from emission
lines (Shields & Kennicutt 1995)). Accounting for dust “drift” in
the fluid limit, or ignoring it, substantially alters HII region expan-
sion rates, densities, and shell structure (Akimkin et al. 2017). Dust
clumping, which may be induced by RDIs or other dynamics, could
enhance leakage of ionizing photons by orders of magnitude (An-
derson et al. 2010; Ma et al. 2015, 2016, 2020). Long-wavelength
RDIs might drive dust into fine structures such as filaments, lanes,
or “whiskers,” which are seen ubiquitously in spatially-resolved HII

regions and planetary nebulae (O’Dell et al. 2002; Apai et al. 2005).
Padoan et al. (2006) argued that dust and gas must become dynami-
cally de-coupled on sufficiently small scales and argued that this has
already been seen in many nearby molecular clouds using a cross-
correlation analysis (Thoraval et al. 1997, 1999; Abergel et al. 2002;
Miville-Deschénes et al. 2002; Pineda et al. 2010; Pellegrini et al.
2013; Nyland et al. 2013). Fluctuations in the local dust-to-gas ratio
on small scales could even play a role in seeding star formation at
high redshifts, where dust grains are rare but play a crucial role in
cooling (Hopkins & Conroy 2017). This would result in unique dust
abundance signatures.

In this paper, we explore the role of magnetized dust dynamics
in such outflows. We focus on outflows in HII regions and GMCs
where the dominant RDIs, dust properties, and relevant radiation-
hydrodynamics limits are broadly similar. In a series of previous pa-
pers, we analytically identified and studied the properties of the lin-
earized RDIs (Hopkins & Squire 2018b; Squire & Hopkins 2018a;
Hopkins & Squire 2018a). In follow-up work, we performed highly
idealized simulations of periodic homogeneous free-falling gas ex-
posed to a uniform radiation field with dust grains with uniform size
and charge, obeying an ideal gas law with MHD (Moseley et al.
2019; Seligman et al. 2019; Hopkins & Squire 2018a). These cal-
culations demonstrated that the RDIs in conditions broadly similar
to those studied here could (i) have rapid growth rates, (ii) reach
large non-linear amplitudes, and (iii) produce potentially “interest-
ing” macroscopic effects such as driving strong clumping of dust.
However, the idealized nature of the previous studies means that we
could not make meaningful predictions for the questions considered
in this paper. Here we perform global, stratified simulations, with a
realistic spectrum of grain size and charge that allow for more real-
istic gas physics, variations in the optical properties of grains, and
explicit radiation dynamics.

This paper is organized as follows. In § 2 we describe the nu-
merical methods and initial conditions of the simulations presented
in this paper. In § 3, we describe the non-linear evolution of the sim-
ulations. We explore the dust morphologies and dynamics, present
observables such as extinction and reddening curves, and investi-
gate the overall evolution of the outflows. Finally, in § 4 we discuss
our results and summarize our conclusions.

2 METHODS & PARAMETERS
2.1 Dust-Magnetohydrodynamics

Most of the numerical methods adopted here have been described
in detail in Moseley et al. (2019) and Seligman et al. (2019), so
we briefly summarize them here. Our simulations were run with
the code GIZMO (Hopkins 2015)," using the Lagrangian “mesh-
less finite mass” (MFM) method for solving the equations of
magneto-hydrodynamics (MHD), which has been extensively tested
on problems involving multi-fluid MHD instabilities, the magneto-
rotational instability (MRI), shock-capturing, and more (Hopkins
& Raives 2016; Hopkins 2016b, 2017; Su et al. 2017). Grains are
integrated using the “super-particle” method (see, e.g. Carballido
et al. 2008; Johansen et al. 2009; Bai & Stone 2010; Pan et al.
2011; McKinnon et al. 2018), whereby the motion of each dust
“super-particle” in the simulation follows Eq. (1) below, but each
represents an ensemble of dust grains with similar size (€grain), mass
(Mygrain), and charge (Ggrain). The numerical methods for grain inte-
gration are tested in Hopkins & Lee (2016); Lee et al. (2017), with

1" A public version of the code, including all methods used in this paper,
is available at http://www.tapir.caltech.edu/~phopkins/
Site/GIZMO.html
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0 0,0 _
Name dgm (%) Am (Eg:‘s ) ¢m (Ts1) Bo cos Gg 8 (MEda) Ya Notes

CX

GMC 65 (4e-2 - 3) le-3 (6e-6 - 4e-4) 400 (1e3-2e5) 0.01 0.1 110 (6)
GMC-Q 65 (3) le-3 (4e-6 - 4e-4) 400 (1e3-1e5) 0.01 0.1 110 (6)

1 GMC-like region

0 _
HII-N 45(3e-3-0.3) 3e-3(2e-5-2e-3) 44 (14 - 1e3) 4 0.1 0.01 (1500) 1 “near” HlI-region

0

1

HII-N-Q 4.5(0.3) 3e-3 (2e-5 - 2e-3) 44 (14 - 1e3) 4 0.1 0.01 (1500) -
HII-F 4.8(3e-3-0.3) 3e-2(2e-4-2e-2) 440 (140 - led) 4 0.1 0.001 (1600) “far” HII-region

HII-F-Q 4.8 (0.3) 3e-2 (2e-4 - 2e-2) 440 (140 - 1e4) 4 0.1 0.001 (1600) 0O -

Table 1. Initial conditions for our “fiducial” high-resolution simulations (see Appendix A for a full list). By default these adopt an isothermal gas

equation-of-state, Epstein+Coulomb drag, Lorentz forces on grains, an MRN spectrum of grain sizes with es‘“r::n =0. 0162}:’1;‘“, uniform initial dust-to-

gas ratio pd¢ = Py /0% pg = 0.01, stratified p; = ppase exp (—z/Hgas), and 5 x 2563 ~ 108 resolution elements (4 times as many dust as gas). Columns
show: (1) Simulation name. (2) Radiative flux/dust acceleration parameter: dgm = (3/4) (Fo Qext,0/¢)/(Pbase ¢2). In parentheses, we give the range (over

all grain sizes) of |w?|/c¥, the initial equilibrium drift velocity in units of the sound speed. (3) Grain size parameter ém = (pgdm €grain)/ (Pase Hgas)

of the largest grains. Parentheses give range (over grain sizes) of initial stopping time (at initial equilibrium drift) t? in code units (Hgas/cs). (4) Grain
charge parameter ¢m = 320 . [ Je/(4mc (M )2 pl/ 2

g,rdm €orain grain base) Of the largest grains. Parentheses give range of 75y = t? /12 (ratio of Lorentz-to-drag force

on grains). (5) Initial plasma By = (c /vg)z, approximate ratio of thermal-to-magnetic pressure. (6) Angle between initial magnetic field and radia-
tion/gravity direction: cos 6%} = |BY - 8|. (7) Gravity parameter § = |g| Heas /2. Parentheses give the approximate single-scattering Eddington parameter

—a (so the optically-thin radiative acceleration of a grain scales

Apdd = pd¢ dg.m/am §. (8) Dust absorption/scattering efficiency scaling ¥4: Qext(€grain) X el erain

~ Frag (Qext Weémin) /(€Mgrain) o< € gr;ﬁ;’) Runs denoted “-Q” have Q X €grain (¢a = 0), those without have Q ~ constant (¢, = 1). (9) Notes and motivation
for each (see § 2.4).

é 100 :AGN ‘ ; ! ; - ; where acx, dust 1S an external acceleration, #, is the drag coefficient
it \ ‘ E | gl Ainowbilities or “stopping time,” #, the gyro or Larmor time, B is the magnetic
S - Y _— ,,(%n@u‘u,? ,,,,, oM - field vector (B = B/|B| its direction), and wy = v4 — u, is the
:én : A G2 g : SN;\ (active galaxy) drift velocity defined as the difference between the grain velocity
£ AGB Fadkigbouseic ROIWY v o : vy and gas velocity u, at the same position x. The gas obeys the
E ool 559 Siow & AlfvénRDIs. § - O ideal MHD equations in an external gravitational field g, with the
3 : v E @Lirona } addition of a back-reaction force from the grains in the momen-
% 0.1} A _— ('fialrl) rrrrr - ’}q . tum equation. In particular, whenever drag or Lorentz forces exert
§ Protostellar Disks, E WNM. . a force Mgrindvy/dt on a grain within a given gas cell, an equal-
Z ool Planet(zilh! ;tar;Z;;heres . wiM ‘ N but-opposite force is applied to the gas (guaranteeing exact force
E ‘ [ ‘ - cem balance and momentum conservation). In our default simulations,
£ ‘ oS ! " 0c) gas obeys an exactly polytropic equation of state with thermal pres-
At oo n 100 101 108 sure P = Py (p,y/py)” and sound speed c; = OP/dp, (with p, the
Lorentz to Drag strength zs, = (15/11) g, ¢, c—cmax gas density), though we have tested a model with a simply dynam-
ical cooling/heating prescription instead and find this makes little

Figure 2. Simulations studied in this work are shown with circles (see Ta- difference to our results.
ble 1 & Al), in an illustration of two important parameters of the MHD In our default simulations we assume Epstein drag (with
RDISs (adapted from Hopkins & Squire 2018a). Axes show the approximate Stokes and/or Coulomb drag contributing negligible corrections for
maximum “parallel” dust drift speed w;, (drift speed of the largest grains, our purposes here; see Appendix B), which can be approximated

€grain ~ 0.1 um, assuming magnetic fields are exactly drift-aligned) normal-
ized by the fastest MHD wavespeed v = c? + Vi, and the maximum paral-
lel ratio of Lorentz force to drag force 7, = (ts) /() (again for the largest
grains, as:suming drift a.t th.e maximum para%lel speed). Note this is simply [y /_)érain €grain or 9y |WA |2 —1/2
a convenient parameterization: the actual drift speeds and 7. span a wide Iy = R e 1 128 2 )
range with grain size and are not necessarily parallel. Shaded regions crudely P Cs Cs

represent typical parameters of different astrophysical environments, in-
cluding the warm ionized and warm neutral medium (WIM/WNM), gi-
ant molecular clouds (GMCs) and near/far vicinity of O-stars in HII re-
gions (HII), supernovae in various phases of evolution (SNe), stellar coronal

to very high accuracy with the expression (valid for both sub and
super-sonic drift)

@

where ﬁémin and €gr,in are the infernal grain density and radius, re-
spectively. The Larmor time is:

—i 3
MgrainC 4m Pgrain €grain €

dust (Corona), cool/giant/AGB star photospheres and outflows (AGB), dusty L= 3
gust (Forona), coolglanVAGB star ; (ACB), dust [Gerin Bl 3¢[Zgran B

torii” around active galactic nuclei (AGN), the circum and/or inter-galactic
medium around AGN/starburst systems or quiescent galaxies (CGM), and where Mgrain and Gerain = Zgrain € are the grain mass and charge. We
proto-stellar/planetary disks and planetary atmospheres (which extend off adopt a standard empirical Mathis et al. (1977) like grain size spec-

the plotted range). Lines/arrows illustrate where different forms of the RDIs

. . from a maximum
should appear: the fast (acoustic) RDI is unstable for wy/vso 2 1, gyro-

trum with differential number dNy /d€grain X egmm ,

o to minimum eg}‘a'}n A2 €grin/ 100 (representative of the

resonant RDIs can be dominant at 75 2 1, and cosmic ray-like RDIs can grain size egram
dominate at very large 7 . range of grain sizes excluding the Smallest PAHs, where an aerody-
namic description is not appropriate),” with €grin-independent Parains
)

back-reaction accounted for as in Moseley et al. (2019) (see App. B and assume the grain charge-to-mass ratio |qgmin| /Menin o< €

therein) and the Lorentz force is evolved using a Boris integrator.
Each individual grain (or dust super-particle) in the code

grain

2 Each dust super-particle represents an ensemble of grains of size €grains

obeys: with ensemble mass Amy, so we sample the super-particle mass distribution
d B to follow dNg/degrain o egrsm while choosing Amg(€grain) such that we
dvy — W W X + exe. dust » 1) sample each logarithmic interval in €gr;, With an equal number of super-
dt ts 173 particles.

MNRAS 000, 000-000 (0000)
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(€.8. Ggrain X Egrain, appropriate for grains primarily charged by col-
lisional, Coulomb, photo-electric, or electrostatically-limited pro-
cesses; Draine & Sutin 1987; Tielens 2005).> Simulation parame-
ters are given in Table 1 and Fig. 2.

2.2 Radiation-Dust-Magnetohydrodynamics

We are generally interested in situations where radiation absorbed
by dust or gas pushes against gravity. This means Qex,gas = g +
Arad, gas (X, P, -..), and

Qext,dust = €+ arad,dusl(", €grain, ) )

We will consider the case where absorption and scattering are dom-
inated by dust, i.e. rad, gas — 0.

Assuming isotropic scattering and re-emission in the rest
frame and keeping terms up to O(v*/c?) in the radiation-dust-
hydrodynamics equations (Mihalas & Mihalas 1984; Lowrie et al.
1999), given an incident flux F,, the acceleration induced by absorp-
tion and scattering is:

Arad, dust ~

2
T €grain
/chl uﬂ-egramG dv = i <Q>0Xt Gf (5)

Mgrain C Mgrain C

where G, = F — vy - (€rad + Praa). Here Q. and (Q) are the
frequency-dependent and averaged extinction efficiencies, e;.q and
Praq are the radiation energy density and pressure tensor.

2.2.1 Optically-Thin Simulations

In the optically-thin limit, |F| > |v4 - (€raa + Praa)| by O(c/v), and
(because we adopt a plane-parallel geometry) F(x, ...) > Fo = F?Z
is constant, and (Q(X, €grain, -..)) —> (Q(€grain, -..)) is a function
only of grain properties. Then arad,dust — rad,dust 2 With drad, dust =
Fy f(€grain, --.) where f, = (Q(€guain, ---)) T €qrain/Mgrain €. In general,
for an incident spectrum peaked at some wavelength (Aq), O de-
pends primarily on grain size, with two relevant limits:

o~ )“”" . {1 (Yo =13 €omin > (hna)
o) e

(dJa =0 €grain K </\rad>)
Using this and mgpain o< Egraim we will conveniently parameterize the
radiative acceleration as:

emax \
_ grain
Arad,dust = dd,m ( ) (7)

€grain

(6)

with 1, = 0 corresponding to the “long wavelength” incident ra-
diation case with (Arad) >> €grin, and ¥, = 1 corresponding to the
“short wavelength” case with (Ang) < €grain. Since F' is constant,
no explicit “on the fly” radiation transport is needed, and we can
simply add this term directly to acx:.

Briefly, note that if the grains are drifting at the equilibrium
drift velocities in a homogeneous background, this dependence of
Qrad, dust ON €grain translates to a drift velocity which is independent of
grain size for 1, = 1, or increases with grain size (as e;min or e;r/,jn
depending on if the drift is in the sub-sonic or super-sonic limit) for

Ya=0
2.2.2  Semi-Opaque, RDMHD Simulations

In this paper we only consider modest optical depths < 1 and ~ 1.
Nonetheless, at the larger optical depths we consider the “optically
thin” approximation above might break down, especially locally in
dense dust clumps that could become self-shielding to an external
radiation field. We therefore consider an additional set of explicit

3 We ignore charge quantization effects, but this is a good approximation
for the grains of interest here (large enough for aerodynamic behavior to be
valid).

radiation-dust-magnetohydrodynamics (RDMHD) simulations. We
solve the radiation transport equations in GIZMO using the M1 mo-
ments method (Levermore 1984), as detailed and explicitly tested in
a number of other applications (Lupi et al. 2017, 2018; Hopkins &
Grudi¢ 2019; Hopkins et al. 2020a; Grudic et al. 2020), with a single
broad-band frequency interval. Neglecting terms O(v?/c?), emis-
sion and re-emission by dust (since we do not follow these bands),
relativistic beaming, and thermal/internal physics of grains, the M1
transport equations we solve are:

1 8er Fr _ Vd’Gr
T ot +V<?> —_Raer+(Ra_Rs) 2 (8)

10
éor

where P, = e, Dy with Dy the Eddington tensor given by the usual
MI closure, G, = F, — vy - (e, 1+ P,), é < c is the reduced speed
of light, and R, s = pka,s are the absorption (“a”) and scattering
(“s”) coefficients. Emission é.m = 0 everywhere except the z =0
boundary (“base”) of the box, where we initialize a set of boundary
cells that inject a constant vertical photon flux such that the flux is
exactly equal to the desired flux F = FyZ at z — 0.

In most M1 implementations, including GIZMO, these trans-
port equations are solved on the mesh defined by the gas cells. But
the opacities R, ; in this problem are defined by the dust, which is
sampled by point-like super-particles. We therefore interpolate from
the dust particles onto the mesh to determine R, ; in each cell, and
from the mesh back to the dust to determine the flux at each dust
particle location F(X = Xgrain, --.)-

grains
Z?n ~ Z Am, —x;, i) <<Qa A> 71'€gram /> (10)

Mgrain, j

( >+V1P’—( ﬁ&)% 9)

Z;.ells FLcell Ami (Xi —X;, Hj)
S AW (xi —x;, H))
(with an identical interpolation for e,, [P, to grains and v, to gas),
where W is the normalized kernel function used in the GIZMO
hydrodynamics operations (Hopkins 2015) with the properties:
cheHSW(Xj — X, Hl) = 1/Vl = Am,-/p,-, H,‘ = 2]’1, = 2‘471/3 (Am,
is the total mass of a gas cell or grain “super-particle”). These in-
terpolation functions have the advantages that (1) they interpolate
exactly to the correct x, s or F in a field with constant x (Q and
€) or F respectively, and (2) the discretized integral/sum over the
interpolated fields exactly conserves total grain mass/area and total

photon momentum.

In the optically-thin limit, Q, and Q, are degenerate with F'
(only the product F Qext = F (Qa + Q_v) appears), so we need only
to specify the parameters aqm and .. If there is non-negligible
optical depth, however, the degeneracy between F and Q and be-
tween absorption and scattering is broken (note the different terms
in Eq. 8 for R, and R;), and we need to specify additional quantities.
In our RDMHD simulations, we parameterize the input or “base”
flux F(z =0) = Kz via aam = Fy Qext,0T (e;“r‘;i‘n)z/m;"r‘;i‘n ¢, which
is simply the value we would have in the optically-thin case with
O = 1. We then parameterize {(Qq,s) = 055 (€grain/ eﬁi’,‘n)(l %) and
define the albedo Ao = O™ /Qext,0 Where Qexi,0 = OF™ + Q"“‘X =
(Qext(€grain = €grain))- SO we must specify Qexi,0 and Ao in addition
to adm and 1.

Since the radiation field is now evolved explicitly, we have
a Courant-type timestep condition: Atag < CAx;/¢ To make the
simulations computationally tractable we follow standard practice
adopting a reduced speed of light (RSOL), ¢ < c. However, we must
still choose ¢ much larger than any other signal speed or global ve-
locity in the problem: in particular, if € is not larger than the speed
of e.g. the fastest outflowing dust or gas, then the radiation can un-

F‘i‘ grain ~

an
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physically “lag behind” the outflow, causing it to artificially stall.
We find converged solutions here require & > 300¢?, so for safety
our default RDMHD simulations adopt & ~ 1000¢? (~ 500kms ™"
in GMCs, ~ 10*kms ™" in HII regions). Thus, this still means our
timesteps must be ~ 10 times smaller (hence simulations 10 times
more expensive) in RDMHD compared to the optically-thin sim-
ulations above. We are therefore restricted to lower resolution for
RDMHD.

2.3 Initial & Boundary Conditions

We initialize a 3D box as illustrated in Fig. 1, with Ly, in the X —
y plane, and long-axis length4 L, =20—100Lyy > Ly in the Z
direction with Lyy = Lox. The boundary conditions are periodic in X
and y: the “base” (z = 0) Z boundary is reflecting, while the “upper”
(z = +L,) Z boundary allows gas and dust to escape (outflow). Gas
is initialized with a vertically stratified density

pe = p(t = 0) = prase xp (=2/Loox) (12)

(S0 ppase R Mgas, box /Liy), velocity ug = 0, and uniform magnetic
field® By = By By (with By = sin69.£+ cos63 2 in the £ — 2 plane),
and initially-uniform dust-to-gas ratio

Vo

Pa 13
o (13

Dust velocities v, are initialized with with the local homogeneous
steady-state equilibrium values® (see Paper I, § 3.1), but it makes
no difference (outside of eliminating a brief initial transient) if we
initialize v; = 0. All elements feel a uniform “downward” gravi-
tational acceleration g = —gZ, and there is an initial radiation flux
F(z =0) = FyZ in the “upward” direction which gives rise to the
radiative acceleration of dust grains.

We can then fully-specify the initial conditions with a num-
ber of dimensionless parameters, given in Table 1: (1) initial
magnetic strength By given by the plasma By = (c)/V] puse)” =
47 prase (7 /Bo)?, and direction 63; (2) gas polytropic index
v; (3) strength of gravity relative to pressure forces g =
g/(c2/Lox); (4) dust-to-gas ratio pu%; (5) grain “size param-
eter” (normalization of the drag force scaling Eq. 2), am =
ﬁérain €orain/ ngb(,x, evaluated at €gmin = €gra; (6) grain “charge
parameter” (normalization of the Lorentz force scaling in
Eq. 3), ém = —3Z§rain e/(47rc(e;“rf,’i‘n)2 (pg)l/z); (7) scaling of
the flux and dust opacities, which we parameterize by aqm =
Fy Qext,0 T ()’ /mimen, ¢ and ¢, = 0 or = 1; (8) for our RDMHD
simulations we also specify albedo A¢ and absolute value of the ab-
sorption efficiency Qex,0-

Our fiducial simulations adopt fixed mass resolution, with gas
resolution Am, ~ 1077 ppase H> and 4 times as many dust ele-
ments with mean resolution (Ang) = 2.5 x 107'% pyase H* (giving
N = 0.5 x 10® resolution elements). Our low-resolution parameter-
survey simulations use 8 times fewer gas+dust elements.

We also consider a number of small-scale unstratified, peri-
odic boxes (see Table Al), meant to represent a “zoom in” onto
roughly a single resolution element in our stratified boxes. We adopt
identical physical parameters to the stratified boxes at the “base”
(e.g. pg = prase), in a uniform periodic, cubic box, which effectively

d
e

4 Because of the exponential decrease in density with z, it makes essentially
no difference how long we make the long-axis of the box, once L, 2 10 Lyy,
and our testing with L, = (10, 20, 100, 500) Lxy confirms this. However the
accuracy of the vertically stratified box approximation breaks down once
2> Lyy, so we focus our analysis on material at less than ~ 20 scale-heights.
5 Instead initializing constant plasma 3 so |B(t = 0)| oc (pg ¢2)'/2 does not
substantively change our results.

6 W? = |a|t§)(1 +,udg)_' (1 +7'52L)_] [a—TsL (fl X ﬁo) +T52L (ﬁﬁo)ﬁo],
which is ~ ar? for 7q;, < 1 and ~ |a|t? cos (63) By for g > 1.
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Figure 3. Illustration of the dynamic range of scales probed by our strati-
fied boxes (the two vertically extended columns and cube with side-length
~ Hg,s show sub-volumes of a single box), as well as our “zoom-in” un-
stratified periodic boxes (the two cubes with side-lengths 10~4—10"2 Hgas
have identical physical parameters as the ICs of the base of the stratified box,
but re-scaled box size). The smooth blue-green-yellow colorscale shows the
gas density, projected onto the plotted surfaces (as labeled). The copper-
brown-black colorscale plots (as individual pixels) individual dust grains on
each surface, colored by size (lightest are smallest grains, darkest/black are
largest grains). The dynamic range of the simulations and physical struc-
ture of dusty outflows spans from the linear size of our stratified boxes
(up to ~ 100 Hgas, where we see the large-scale outflow structure) through
~ 1 —10Hg,s (where we see filamentary structure and where, at any time,
most of the dust and gas mass in the outflow is contained). “Horsehead”
type structures are obvious on intermediate (~ Hgys) scales. In the “zoom
in” boxes we see that strong structure in the dust persists as far as we zoom
in (well below observable scales); although the gas becomes smoother and
less compressible on smaller scales.

scales to size Lyox ~ 1074 — 1072Hgas (see Fig. 3). As noted in Hop-
kins & Squire (2018b); Moseley et al. (2019), the results in these
unstratified boxes are analytically and numerically invariant to any
value of a uniform acceleration (like g).

2.4 Parameter Space Explored

We now discuss some scalings that motivate the parameters of our
study. These are outlined in greater detail in Paper I and Hopkins &
Squire (2018a), so we briefly summarize them here. In most GMCs
and HII regions, we expect maximum grain sizes €y, ~ 0.1 pum,
grain
trum as we adopt and ﬁémin ~ 1.5gem™, and dust-to-gas-ratio
1% ~0.01(Z/Zs). Table 1 and Fig. 2 give a complete list of pa-
rameters adopted and illustrate their values relative to other astro-
physical systems.

GMC: Consider dust with €y, ~ €0.10.1m in a GMC with

a typical gas surface density Xga5 ~ M / 7TR§] ~ 100 100M ¢ pc_z,

max

and minimum €gai, ~ nm ~ 0.01 €gpyiy,, With an MRN-like size spec-
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Figure 4. Properties of dust-driven outflows at a given time for GMC-
Q, chosen at t ~ 3ty,c (Where facc is the characteristic acceleration
timescale defined by the ICs; fue = (2H/{acg))'/? with (acg) =
(Maust (@dust,rad) /Miotar)), so a perfectly-uniform outflow would have
reached a height z ~ 10 Hg,s. Top: Cumulative mass profile of gas and dust
(and grains in different bins of size €). We compare the profile that would
be obtained for a single dust+gas fluid with a spatially-uniform acceleration
(the “perfect-coupling” limit). The dust is at roughly the same position, with-
out much dependence on grain size. The gas has mostly been entrained to
similar height, though a non-negligible fraction ~ 10 — 30% has been “left
behind” at the base of the wind. Middle: 3D rms random velocity dispersion
(subtracting the bulk flow) within narrow bins of z, relative to the fast mag-
netosonic speed (since 8 < 1 here, this is approximately the Alfvén speed).
The gas and dust both reach qualitatively similar trans-Alfvénic random ve-
locities (while the bulk outflow speed is substantially super-Alfvénic). Dust
has larger random motion, with dispersions larger for larger (less-strongly-
coupled) grains. Bottom: Clumping factors for gas-gas ((pf,) /{pg)?), dust-
dust ((p2)/{pa)?), and gas-dust ({pg pa)/{pg) {pa)). Gas-gas and gas-dust
clumping is significant, especially around ~ 10 Hg,s where most of the mass
resides. Dust-dust clumping is extremely strong, and stronger for larger
grains.
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Figure 5. Same as Fig. 4 for GMC. Here the dust acceleration scales
x eg_r;in, so the homogeneous equilibrium drift speed is independent of €grain
yet the small grains non-linearly end up moving faster and accelerate some-
what past the gas and large grains. The dust clumping/clustering is now more
similar across €gr,in, and the dust again drives trans-magnetosonic turbulence
in the gas.

gas mass M ~ Mg 10° M, and a fraction €* = M. /Ma ~ €;,0.1
of its mass in young stars, with a near-isothermal v ~ 1 (owing
to rapid cooling) at 7' ~ Tio 100K, and (|B|*)!/*> ~ Bs5uG, all
similar to values observed in the massive complexes that domi-
nate Milky Way star formation (Crutcher et al. 2010; Rice et al.
2016; Grudic et al. 2019; Guszejnov et al. 2019, 2020; Benincasa
et al. 2020; Lee & Hopkins 2020). Taking this (with Hgss ~ Ra1),
with a flux given by M., and the mass-to-light ratio and SED for
a young stellar population (~ 1200Ls /M) combined with typ-
ical grain properties above (with Qcx,0 ~ 0.2Qo» appropriate for
observed GMC grains at optical/NUV wavelengths; Weingartner &
Draine 2001b,c), with collisional charging dominated by interac-
tions with the WNM as grains move through multi-phase gas so
(since our default simulations adopt a simple EOS) we take the
collisional WNM scaling from Weingartner & Draine (2001a), and
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we obtain ém ~ 0.001 €0.1/%100; dam ~ T0My > Qo2 €61 /S14e Tioo;
§~110(MsZ100)'/? /Tioo, dm ~ 300My* Ty’ €51/ (€01 Zig ). B~
0.02 E%g Tioo B5 2M; 1/ %2 This motivates the parameters of our
“GMC-like” simulations.

HII: Consider dust at a distance r ~ 0.1 — 1pc around an HII
region near e.g. an OS5 star with L ~ L 10°Ley (M. ~ 20M),
at T ~ 10*K (v ~ 1 regulated by photo-heating) with an isother-
mal sphere-like density profile n/cm™ ~ 100(r/pc) ™% ~ n, 10°.
We then have ém ~ 0.003¢.1/(naro.1) ~ 0.03€0.1/(n2r1); dam ~
1500 L6 Qext,0/ (€0.1 70.1) ~ 160Lg Qext,0/(€0.171); & ~ (0.001 —
0.01)ng 75, ~ 0.001 1277 (the first § — 0.01 if we include gravity
of the star itself). Because of the strong UV radiation field photo-
electric charging likely dominates, which for the scalings in Tie-
lens et al. (1998); Ticlens (1998, 2005) gives ¢m ~ 44/ (€01 ny/*) ~
440/ (eo.1 n;/ ?). The two radii chosen here, corresponding to our
“near” and “far” setups, are qualitatively motivated roughly to lie
on either side of the Stromgren radius in Hopkins & Squire (2018a),
representing gas in the WIM inside the HII region and WNM just
outside, but this should not be taken too literally.

Note that & < 1 for all conditions here: & is approximately
the ratio of the dust drag/collisional mean-free path (the scale over
which dust momentum is redistributed to gas; Lang ~ |Ws|t) to
gas scale-length Hgas = Lpox, S0 the grains are “well-coupled.” As
discussed in Hopkins & Squire (2018b,a), the characteristic wave-
length dividing the “long-wavelength” or “pressure-free” RDIs and
the “intermediate wavelength” or “mid-k” magnetosonic RDIs is
Aerit ~ Wy ts /'8 ~ (@/ 1%) Lpox — s0 the largest-wavelength modes
of interest here (A 2 Luox) are in the mid-k regime for the largest
grains and long-wavelength regime for the smallest grains.

Another closely-related parameter is the extinction optical
depth integrated to infinity:

oo peM 2 dg
Text = / / <ch.i> = p(z)dedz (14)
0 Jemin Mygrain de

giving for our initial conditions (with an MRN size spectrum and
exponentially-stratified density)

dg dg
(ron) = 2T Qoo™ g folpemoopi Qoo 5
4ay, €0.1 Pyrain, ces

where f;, = 1 for ¢, =0 and f,;, = 10 for ¢, = 1. From this and Ta-
ble 1, we see that GMCs and HII regions, as expected, correspond
to Texe ~ 0.1—a few, i.e. relatively small, but not completely neg-
ligible optical depths for Q ~ 1 (corresponding to optical/near-IR
wavelengths — e.g. similar to Ay ~ 1).

Note that our simulations are defined entirely by these dimen-
sionless parameters and therefore do not necessarily represent one
specific set of physical conditions — any system which results in
the same dimensionless parameters will give identical results (in
the idealized setups here). But also there is a large range expected
for plausible ISM conditions, and large uncertainties on some pa-
rameters (like grain charge). We therefore take these scalings only
as an order-of-magnitude motivation, and systematically vary some
of the relevant parameters in lower-resolution tests, to identify the
most robust behaviors.

3 RESULTS
3.1 General Behaviors

Fig. 3 illustrates some of the key results generic to our “full
physics” simulations (showing run GMC): the RDIs grow rapidly,
as expected according to linear theory, though the very longest-
wavelength modes have growth timescales comparable to the flow
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Figure 6. Velocity fluctuation profiles (as Fig. 4). Left: Q runs, Right:
no-Q runs. Top: GMC, Middle: HII-N, Bottom: HII-F. The qualitative
trends with height and magnitude of the gas+dust turbulence are similar
to those in Figs. 4-5; runs with Q o< €grain (@rag ~ constant) show nearly
grainsize-independent fluctuations; runs with Q ~ constant (dpg e;;in)
show stronger velocity dispersion in larger grains. HII-F, with more sub-
sonic grain acceleration, produces slightly weaker dispersions.

time.” These produce non-linear fluctuations in the dust and gas
density and filamentary structures (often with “horsehead” or “cap”
morphologies at their endpoints) elongated along the vertical direc-
tion.

Using our “zoom-in” boxes, we confirm as expected that all
spatial scales are unstable to RDIs. The gross qualitative behav-
ior and dominant RDIs are broadly similar over scales from ~
0.001 — 10 Hy,s; they change in form below < 10™* Hg,s in Fig. 3
— this transition corresponds to scales smaller than the collisional
mean-free-path of the large dust grains, so the large grains form
more diffuse non-linear structures. On small scales, the intuition
from our previous studies of idealized periodic boxes in Hopkins
et al. (2020b) applies: RDI growth rates become more rapid (growth
rates scaling as o< k%377, on average, depending on the mode), and
dust continues to cluster, but the gas becomes less compressible.

3.1.1 Outflow Launching & Stratification

Fig. 4 shows some key properties of the outflow in GMC-Q at
a few times the characteristic bulk acceleration timescale ficc =
(2H/ <acff>)1/ 2 where aer = Fowl /Mot is the effective accelera-
tion defined by the rotal upward force on all dust F. and total
dust+gas mass. We see the outflows are accelerated, and broadly
reach the same height they would if we ignored the RDIs (treated
dust and gas as perfectly-coupled). However some dust, and a sig-
nificant fraction of the gas (tens of percent) lags behind, while a

7 For details and comparisons of linear growth rates, see Moseley et al.
(2019); Seligman et al. (2019); Hopkins et al. (2020b). Crudely, the slowest-
growing modes of interest here, with wavelengths ~ Hgas, have linear
growth timescale fgrow /face ~ 0.2 (1% /Ggm @m)'/0 (assuming these corre-
spond to the long-wavelength “pressure free” modes). Essentially all mag-
netosonic, gyro and/or shorter-wavelength RDIs have faster growth times.
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Figure 7. Clumping factor profiles (as Fig. 4). Left: Q runs, Right: no-
Q runs. Top: GMC, Middle: HII-N, Bottom: HII-F. The qualitative trends
with height and magnitude of the gas+dust turbulence are similar to those
in Figs. 4-5. Grains that dominate the opacity (large grains for Q o €grain,
small for Q ~ constant) exhibit the strongest clumping. Dust-dust clumping
is much stronger than gas-gas or gas-dust.

small fraction of the dust+gas move “ahead” of the expectation for a
perfectly-coupled mixture, as the RDIs make the outflow highly in-
homogeneous. Fig. 5 shows the same for GMC: here Q ~ constant,
S0 Yy = 1 (Grad,dust X eg_mlin). The qualitative behaviors are similar,
except in the behaviors of differently-sized grains.

If the dust and gas remained in a totally homogeneous steady-
state, the dust would move relative to the gas at the equilibrium
drift speed w; (exact expressions are given in § 2.3), crudely |w;| ~
| Grad, dust| £s o eér;:f“ , for dgas, dust ¢ e;;ﬁ;‘. So we would naively expect
that in runs with 1, = 0 (Q X €grain), the drift velocity is smaller for
smaller grains and so large grains will “lead,” while for runs with
s = 1 (Q ~constant), the drift velocity is €grain-independent, so
dust will move in unison. But we see that with 1, = 0 (e.g. GMC-
Q), the grains are close to in-unison: small grains do “lag,” but by a
very small amount. With 1, = 1 (e.g. GMC), on the other hand, the
small grains push noticeably “ahead” of the large grains. It appears
that non-linearly, the acceleration of grains (€grin-independent in
GMC-Q, larger for smaller grains in GMC) matters more for its
motion as compared to its drift velocity. This arises naturally if the
RDIs segregate grain sizes on micro-scales, so each obeys its own
quasi-independent equilibrium solution (the local dust+gas mix ac-
celerates at ~ Mdg(€gmin) arad,dusl(ﬁgrain))-

3.1.2  Turbulence & Random Motions in The Outflows

The middle panels of Fig. 4 & Fig. 5 next compare the 3D veloc-
ity dispersion in dust and gas within slabs at a given height. While
this is somewhat anisotropic (with modestly-larger dispersion in
the Z direction of outflow), the anisotropy is only an order-unity
effect. This is because the magnetic RDIs involve a quite compli-
cated spectrum of resonant angles in k even at a single wavelength
(see Hopkins & Squire 2018a, § 5.2, Figs. 4-5), and those angles
shift as a function of wavelength, isotropizing the injected power.
As we show below, this does not occur if we neglect magnetic fields
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Figure 8. Dust-mass-weighted PDF of the local (resolution-scale) dust-to-
gas ratio (pg/pg) (around 3tyc, in the range of z containing ~ 95% of
the dust mass). Left: Q runs, Right: no-Q runs. Top: GMC, Middle: HII-
N, Bottom: HII-F. The no-Q runs follow very robust power-law profiles,
dMaust/d10g (pa/pg) o< (pa/pg)® with o ~ 1 (a ~ —1.5) at low (high)
(pa/ps)- The Q runs are more lognormal with more curvature, and steeper,
so over range here given steeper a ~ 1.5 (a ~ —2). Although the clumping
factor of small grains is smaller in the Q runs (with Q o €grain), their width
in log (p4/pg) is similar, but the fluctuations are skewed to lower absolute
pa/ pg- The PDF peaks at ~ 1, i.e. most grains locally “see” pg ~ pg, while
the volume-weighted PDF peaks at ~ 192 ~ 0.01 (i.e. most random points
in space have p;/pg ~ 0.01). In the tails, fluctuations can span a range of
~ 108

and have only the acoustic RDI, which features only a single res-
onance angle (across all wavelengths). The turbulence in gas satu-
rates at trans-magnetosonic speeds (|oug|*)!/? ~ (|vg|) (in GMC,
Veast ~ V4, but in the HII runs v ~ ¢). Dust, being pressure-free,
can easily reach higher global velocity dispersions compared to gas
(.e. (|0val*)!/? = (|6u,|*)!/?). But we stress that this is the grain
velocity dispersion on large scales (slabs of size ~ Hgas), which in-
volves coherent modes/structures and is much larger than the local
micro-scale grain-grain approach velocities relevant for e.g. grain
collisions or coagulation (which will be studied in more detail in
Squire et al., in prep.). Note that the bulk outflow velocity, from
the previous panel, is significantly larger ~ (act) t ~ 4 (vtast). Fig. 6
shows this is generically true across our simulations.

In all cases, runs with 10, = 0 (Q & €grain) exhibit stronger dust
velocity fluctuations for larger grains, while runs with ¢, =1 (Q ~
constant) show |dv,| nearly-independent of €grain. This matches our
simple expectation for characteristic local relative velocities to scale
as ‘6vd| XX |achdus( - acxttgas| t; X 6;};;/)4.

Examining our un-stratified “zoom-in” boxes allows us to
confirm the behavior seen in Paper I, wherein the turbulent
gas motions become smaller on progressively smaller scales
and the gas becomes less compressible, while the dust disper-
sion drops more slowly. For e.g. GMC-U-M and GMC-U-Q-
M, with box size ~ 1072 Hgs of GMC, (|dug|*)"/? ~ 0.05 v
(with (|6v4]*)'/? ~ 0.5vgs) while for GMC-U-S (~ 10™* Hys),
(|0ug[*)!/? ~ 0.001 vgyy; for (HII-N-U-Q-L, HII-N-U-Q-M, HII-
N-U-Q-S), with box sizes ~ (0.5,107°,107°) Hys, (|oug|*)!/? ~
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Figure 9. Isometric images of runs GMC & GMC-Q (same style as Fig. 3),
at the same time as Figs. 4-5, surrounding the median dust+gas position,
to show the visual morphology. The optical properties of the grains, here
whether Q ~ constant (GMC) or Q o< €grain (GMC-Q), change the depen-
dence of dust acceleration on grain size and ultimate morphology of the
system. The filamentary structures share many morphological features with
observed dust in GMCs (see § 3.2).
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Figure 10. Isometric images of runs HII-N and HII-F as Fig. 9 at the same
time as Figs. 6-8. The visual morphologies share some common features
with the GMC cases, like the ubiquitous filamentary structure, but also fea-
ture more narrow filaments at the base and more cloud or cirrus-like struc-
tures at larger heights (§ 3.2).
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(1.4,0.4,0.15) vas and (|6vg|?)"/? ~ (2.4,2.5,1.6) iy In some of
these unstratified boxes (e.g. GMC-U-S), after the initial rapid ex-
ponential RDI growth, the dust velocity dispersion continues to rise
roughly linearly in time instead of saturating — this owes to coher-
ent dust filamentary structures accelerating at different speeds, as
seen in e.g. the periodic-box simulations of Moseley et al. (2019).
This appears to be an artifact of the periodic box setup: in our global
stratified boxes such structures rapidly separate/stratify (per § 3.1.1)
rather than remaining artificially “adjacent” to one another. Partially
as a consequence, the “zoom-in" boxes do not appear to exhibit as
clear a separation in the behavior of (|dv,|?)!/? versus grain size
between runs with ¢, =0 or = 1.

3.1.3  Dust Clustering & Gas-Dust Clumping Factors

The bottom panels of Fig. 4 & Fig. 5 show the clumping factors —
a crucial quantity for understanding grain growth and chemistry —
of dust and gas versus height for runs GMC-Q and GMC. Fig. 7
extends this to our fiducial simulations. The clumping factor C,
for species n and m is the integral of the auto- (if m = n) or cross-
correlation function of the local density, i.e.

C, = <pn pm)V _ 14 fv Pn (X) pm(X) d3X — <pn>M,,l

" ouhv (pm)v L[, pa(x)dx] [ f,, pm(x) d*x] (pn)v
(16)

where V = [d’x is some volume, (...)y denotes the volume-
weighted mean, and (...)y,, denotes the mean weighted by mass of
species m.

The gas-gas clumping factor Cyg can be broadly understood as
arising from the continuity equation (gas velocity fluctuations) akin
to trans- or super-sonic turbulence with sonic Mach number M
(Vazquez-Semadeni 1994; Scalo et al. 1998; Hopkins 2013b). If p,
follows a lognormal PDF with variance Si,, = In[1 + (bMS)Z],
then Cye = 14 (b M)?, giving Cgg ~ 1 — 10 for the values of M,
here (assuming b ~ (1/5 —1/3), plausible values for MHD turbu-
lence; Konstandin et al. 2012; Squire & Hopkins 2017).

The gas-dust cross-correlation factor Cyg is almost always > 1,
which indicates that dust and gas indeed remain positively corre-
lated (as opposed to anti-correlated, which would give Cgs < 1).
However, we generally have Cyy < Cg by a small amount, and
Cyy < Cya. This is consistent with the visual picture in Fig. 3 and
Hopkins et al. (2020b): on large scales (which contain most of the
power for gas turbulence and therefore density fluctuations), gas
and dust broadly trace one another (with some weak de-coupling
giving Cyy < Cge as some dust can drift through some dense gas
structures). On small scales, dust continues to cluster, and is still
positively correlated with gas density, but the gas behaves increas-
ingly incompressibly (so the dust fluctuations become progressively
larger relative to gas at high-k).

The dust-dust clumping factor Cyq can be large, ~ 10 — 1000.
Again note the same trend as with dv,: for ¢, = 0, large-grains ex-
hibit larger clumping, while for 1), = 1, the results are weakly-€grain-
dependent or even reversed. Since Cyq is just an integral of the dust-
density PDF, we examine those PDFs directly in Fig. 8.® The PDF
shape and behavior in the “tails” can be especially important for
some rare phenomena (as opposed to the peak or dispersion, which
dominate Cyq; Hopkins 2014; Hopkins & Conroy 2017), so it is sig-
nificant that the PDFs are notably non-Gaussian. At low (pa/p;),

8 Note these are measured at the resolution scale: given the large dynamic
range of the RDIs, the PDF width might continue to grow if we went to infi-
nite resolution (although see Hopkins 2016a), and of course the fluctuations
must become smaller if we average over larger spatial scales (for quantita-
tive examples, see Hopkins & Lee 2016; Lee et al. 2017).

the PDFs (especially for runs with ¥, = 1, Q ~ constant) approx-
imately follow dMausi/d1In(pa/pe) x (pa/pe)® with a = +1, i.e.
dMausi/d(pa/pg) ~constant. At high (pa/p,), o = —1.5. That,
in turn, means that with probability > 10~7 we see events with
(pa/pg) ~ 1076 =10 (~ 10— 30 times the nominal “10”” core PDF
width). We also see that even where the clumping factor is smaller
for small grains (e.g. 1. = 0 runs), the PDFs of (pq/p,) for small
grains are comparably broad or even more broad in log-space as
those of large grains: they are simply biased towards lower (p4/pg)
(which gives lower Cyq). This can follow if grains are “expelled”
from certain regions by e.g. vorticity (Yakhot 1997; Monchaux et al.
2010; Hopkins 2016a; Colbrook et al. 2017) as grains with large
mean-free path are less-efficiently expelled.

One striking feature of the PDFs of (p4/p,) is that they peak
order-of-magnitude around (pg/pg) ~ 1,1i.e. ps ~ pg (100 times the
mean dust-to-gas ratio % ~ 0.01). As shown in idealized experi-
ments in Hopkins et al. (2020b), and confirmed by our own experi-
ments with varied ;1% here, this remains robust regardless of the ini-
tial ;1. In other words, dust in lower-£: runs clumps more strongly
relative to its initial conditions, while in higher-u% cases it clumps
less strongly, giving peak (ps/pe) ~ 1. These are the dust-mass-
weighted PDFs, so that means a substantial fraction of the dust mass
ends up clumping until the local ps ~ p, in the local vicinity of the
dust grains, beyond which point it is harder to significantly increase
the dust density (the PDF turns over).” This is plausible from sim-
ple linear and non-linear considerations. In linear theory the growth
rates of the RDIs depend on /i€ = ;% /(1 + u“) to some positive
power (Squire & Hopkins 2018b; Hopkins & Squire 2018b) — so
RDI growth rates increase as the local (ps/p,) increases until they
saturate when p; ~ p,. Moreover, non-linearly, once the dust dust
dominates the local density, the “confining” force from gas pres-
sure which helps to retain coherent small-scale structures becomes
weaker (Hopkins 2016a).

Examination of our unstratified “zoom-in” simulations allows
us to immediately verify that the gas is increasingly incompressible
on smaller scales: e.g. (GMC, GMC-U-M, GMC-U-S), with box
sizes (3> 1, 1072, 10™*) Has, have Cygg — 1 ~ (1, 0.02, 107°). This
corresponds roughly to our analytic expectation in Paper I for sat-
uration of the gas turbulence when the decay rates become com-
parable to RDI driving rates (giving a dispersion in gas density
o A/(cs tg,{iw[)\]) o A%97066 where ) is the scale and tgff,w[)\] the
RDI growth time on that scale). The dust clumping (or equivalently,
width of the dust density or dust-to-gas ratio PDF) in these zoom-
in runs is a weaker function of scale: for e.g. (GMC, GMC-U-M,
GMC-U-S) we have Cgqs — 1 ~ (200, 10,0.2) and (HII-N-U-Q-
L, HII-N-U-Q-M, HII-N-U-Q-S) with sizes (0.5, 107>, 10™°) Hgas
have Cag — 1 ~ (240, 1.9, 0.08) (with a dispersion in log,,(pa/pg)
of ~ (1.3,0.5,0.13) dex, close to oc A*?). Interestingly, in most of
the unstratified “zoom-in” runs, including the “-Q” (¢, = 0) varia-
tions, small grains exhibit larger clumping factors on these much
smaller scales compared to large grains, unlike the behavior for
1. = 0 in our stratified global boxes in Fig. 7. This owes in part
to the fact that the “zoom-in” box sizes < 10_2HgaS become com-
parable to or smaller than the collisional mean-free path or “stop-
ping length” of the largest grains,'® so they cannot fully capture the
clustering.

9 The volume weighted PDF Py of (py/pg) is skewed to lower (pg/pg) by
one power of p;l, by construction. Py peaks around (or somewhat below)
pa ~ 1192 py ~ 0.01 py, as expected, since 1198 = (py)v /(pg)v by definition.
10 We will refer to the dust “mean free path” to collisions or “stopping
length, defined as the distance over which the dust must travel relative to

the gas before being significantly decelerated by drag forces, A&

mfp ™ Wy ls.
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Figure 11. 2D projection, zoomed-in to show more small-scale structure, of the images from Figs. 9-10.
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3.2 Morphological Structure

Figs. 9 & 10 show isometric projections of the GMC and HII fidu-
cial high-resolution boxes, and Fig. 11 zooms in on these in sepa-
rate face-on projections (with a further “zoom-in” on substructure
in Fig. 12). We discuss these in relation to observations below, but
here we describe some robust physical effects.

Obviously, the dust and gas form characteristic structures elon-
gated in the vertical (outflow or 2) direction. This is seen generically
even in idealized periodic cubic boxes (Moseley et al. 2019; Hop-
kins et al. 2020b), so owes not to the stratified or elongated nature
of the simulation boxes here, but to a very simple phenomenon.
The vertical (radiation pressure) force scales with the dust col-
umn/opacity, while the total mass is gas-dominated, so fluctuations
in pg/p, along different “columns” translate to variations in the
mean vertical acceleration, which quickly shear any structures along
the outflow direction Z.

As the outflow launches, the morphology develops in the
generic Zel’dovich (1970)-style manner: initially, the fastest-
growing resonance leads to collapse of the dust from uniform 3D
to 2D sheet-like structures (on large scales here, this is often the
aligned “quasi-sound” mode, which has fastest growth rates when
k ~ B for the trans/super-sonic drift conditions here with 751, 2 1, so
the sheets form in the § — 7 plane);'' secondary modes with nearly-
perpendicular resonant angles generate “corrugation” in the sheets
which break into quasi-1D filaments (these are often the magne-
tosonic MHD-wave RDIs, which for super-sonic drift have reso-
nant growth rates when k lies near the plane perpendicular to B);
finally tertiary modes (e.g. the gyro RDIs or parasitic instabili-
ties) break these up into smaller clumps (point-like 0D structures).
Again this is seen even in idealized simulations (without stratifi-
cation), and the hierarchical 3D—2D—1D—0D process is generic
to any anisotropic collapse/condensation process (see e.g. Hopkins
2013a), so this is not surprising. However, as we show below, in
simulations where we neglect dust charge, the lack of any more
complex resonances with different preferred directions means that
the process is largely arrested at the “sheet” stage.

It is often (though not always) the case that the “base” of
the outflow features a larger number of thinner, more-vertical dust
columns, while larger heights feature a smaller number of thicker
structures (although note these have substantial sub-structure;
Fig. 12), and the “uppermost” end of the outflow features more dif-
fuse cloud-like structures (see e.g. Fig. 10). This is driven by the
stratification, as a couple of key properties depend on vertical height
z: (1) the 7si. parameter (ratio of Lorentz-to-drag force on dust) in-
creases in our ICs (approximately as s oc p~'/% oc exp (z/ 2H,,s)),
(2) the dust collisional mean free path or “stopping length,” AZe" ~

Wy ts X p_(l/ 2-1) (for trans/super-sonic w;) also increases. Effect
(1) means that in linear stages, the dominant modes change with z,
from the nearly-acoustic (more weakly-magnetized) mid-k modes
that produce nearly-vertical dust “jets”” as shown in non-magnetized
dust simulations in Moseley et al. (2019) at lower 751, (low-z); to the
mix of quasi-sound, magnetosonic & Alfvén MHD-wave instabil-
ities that merge into larger more “wavy” or “bent” filaments with
more internal structure (see Fig. 12) at larger-but-not-extremely-
large 71, (intermediate z); to the “cosmic-ray-like” instabilities
which dominate at very high-7s. (high-z) and, as shown in Hopkins
et al. (2020b), excite Alfvénic fluctuations which scatter dust grains

11 Because the RDIs are generically unstable at all wavenumbers k with
growth rates that increase with &, short-wavelength (high-k) modes grow
first (generating e.g. multiple parallel sheets/filaments on small scales), then
merge into larger structures as longer-wavelength modes grow. The same
occurs in more idealized simulations (see Hopkins et al. (2020b), Figs. 4 &
11).

akin to resonant and non-resonant cosmic ray streaming instabilities
(Skilling 1975; Bell 2004), isotropizing the dust velocity distribu-
tion function and dispersing the grains. Effect (2) means that even
well into non-linear stages (where the dust has a substantial velocity
dispersion in the X — y plane), increasing A5 ¢" with z naturally leads
to more “dispersed” structures at higher-z.

Finally, we also see that the optical properties of grains, specif-
ically whether ¢, = 0 or = 1 (how Q depends on €gr,in) has signif-
icant effects on the detailed morphology. We discuss this further
below, but it should not be surprising. The dependence of Q(€grain)
determines how the radiative grain acceleration |ara| e;br:in scales
with €grain, Which determines how the drift velocity wy ~ |aral
scales with €grin. As a result, runs GMC and GMC-Q differ by
a factor of ~ egjalin ~ 100 in the drift speed of the smallest grains.
That, in turn, directly changes the growth rates of the RDIs, the
mode geometry (changing the direction of the resonant mode an-
gles k, which depend on wy), and the wavelengths of some reso-
nances (e.g. the gyro-RDIs), per Hopkins & Squire (2018a). This
also changes whether certain modes are even present: the difference
in drift speed in GMC vs. GMC-Q for the smallest grains trans-
lates to super-vs-sub-sonic drift, which changes whether the fast-
magnetosonic MHD-wave RDI is unstable. Likewise, 7si. depends
on w;, and determines whether e.g. the cosmic-ray like modes can
grow.

3.3 Effects of Different Physics
3.3.1 Explicit Charged-Grain Dynamics & RDIs are Essential

We now illustrate the most important physics for the effects here.
Fig. 13 compares otherwise-identical variants of run GMC. If we
assume dust simply traces gas (the “perfectly-coupled” limit), then
the RDIs and essentially all structure in these outflows vanish.
Specifically, we run optically-thin and full RDMHD simulations'>
where we assume a constant opacity for the gas and apply the ra-
diation forces directly to the gas in the usual gas radiation-MHD
manner (instead of applying the force to the dust and integrating the
dust dynamics and back-reaction).'® In the optically-thin (constant-
flux) case, this has a trivial exact analytic solution, which we verify
our simulations recover up to integration error: the entire dust+gas
system simply accelerates exactly with a uniform a = a.rZ. With
explicit radiation transport, the fact that this specific setup is ac-
tually moderately optically-thick means the solution has a slightly
different vertical profile, but it clearly resembles the optically-thin
case, and most important for our purposes, is completely stable and
forms no appreciable sub-structure.

Note that if we allow uniform dust drift at the local homo-
geneous equilibrium drift velocity, but otherwise continue to as-
sume the “perfectly-coupled” limit, we obtain nearly-identical re-
sults with no appreciable substructure. If we evolve dust dynamics
without including the “back-reaction” on the gas (momentum trans-
fer from grains to gas), then of course the dust simply unphysically
“ejects” — accelerating out of the box uniformly on a very short
timescale and leaving the gas entirely behind.

Now allowing for explicit dust dynamics, we consider the case

12 Fig. 13 RDMHD runs choose Qe ¢ so that the initial total extinction at
the wavelengths of the incident radiation is Ajqcident = 1.6 mag, with albedo
Ao = 1, but we vary these below.

13 In the “dust traces gas” runs in Fig. 13, we integrate the dust as a pas-
sive scalar using the locally-interpolated gas velocities per § 2.2, to confirm
that this makes a negligible difference (up to some ~ 1%-level integration-
error noise) compared to assuming dust exactly follows gas. This, like the
explicit tests in e.g. Hopkins & Lee (2016); Lee et al. (2017) and Mose-
ley et al. (2019), verifies that the sort of Lagrangian integration-error effects
described in Genel et al. (2013) are negligible.
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Figure 12. Continued zoom-in of the image of GMC in Fig. 11 to show further small-scale structure below that shown in the previous Figure, resolved in the
same simulation. From top to bottom, each dashed rectangle corresponds to the area of the image immediate below. The structure is almost self-similar, with
sub-filaments embedded within larger filamentary structures, reflecting the structure of the RDIs across different scales.

if we ignore Lorentz forces on dust: note that the gas still obeys
MHD (magnetic fields are still present), but we ignore the charge of
dust grains. This still leaves the stratified acoustic RDI (see Hopkins
& Squire 2018b, Appendix C). However, the acoustic RDI has a
vastly-simpler structure compared to the MHD RDIs, with only one
resonance available at each wavenumber k, and those resonances all
have the same angle at cos 6, = k-7 = ¢, /|w;]| independent of k —in
fact we can see this angle traced prominently in the dust. The RDIs
for charged grains on the other hand, feature a wide range of modes
(with acoustic, cosmic-ray like, Alfvén and fast/slow magnetosonic
MHD-wave, Alfvén and fast/slow gyro RDIs, and others, with up to
~ 20 different resonant angles tracing a complex multi-dimensional
structure at a given k; see Hopkins & Squire 2018a). We clearly see
this translate to qualitatively distinct structures.

We next compare our default optically-thin (“Optically-
Thin+Dust Dynamics”) and full RDMHD (explicit radiation-dust-
MHD; “RDMHD+Dust Dynamics”) runs (§ 2.2), which explicitly
follow dust dynamics and back reaction. The radiation treatment
makes some quantitative differences in detail (discussed below),
but the qualitative behavior is identical in all properties described
in § 3.1.

3.3.2 Optical Properties of Grains

Although much less dramatic than the effects of removing the MHD
RDIs (§ 3.3.1), Figs. 4-11 demonstrate that the optical properties
of grains, specifically how Q (and therefore the grain acceleration)
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scales with egrin, can have a significant quantitative effect of the
resulting behavior (see § 3.1).

Fig. 14 extends this by considering the effects of the dust
albedo A¢ as well, in our full RDMHD simulations. Recall, in the
optically-thin limit, optical properties beyond ),, such as Ay and
the normalization of Q do not enter the dynamics individually (only
in degenerate combinations, implicit in our dimensionless simula-
tion parameters): they only become non-degenerate and important
if the system becomes optically-thick. So we focus on the GMC
case (instead of HII-N or HII-F), as this has the highest geometric
optical depth (defined as the optical depth if Q = 1 for all grains),
so the effects of different albedo will be most prominent. We con-
sider three variants of GMC and GMC-Q, with Q normalized so the
total extinction through the initial column at the source frequency
is &~ 1.6 mag (chosen to be similar to typical GMCs in the Local
Group; Bolatto et al. 2008), but albedo (1) Ao = 1 (pure-scattering,
appropriate for high-energy source photons such as X-rays or, to
O(v/c), for grey IR absorption and re-emission), (2) Ap = 1/2
(equal scattering and absorption, appropriate for incident radiation
with wavelengths of order grain sizes, i.e. UV/optical), or (3) Ao =0
(pure absorption, not physically relevant for the cases here but a use-
ful comparison case).

The differences are modest — much smaller than those in
Fig. 13 — but not negligible. As Ag — 0, the grains become more
clumped into smaller, denser structures (e.g. the black “globules”
in GMC with Agp = 0). As the absorption optical depth Tups =
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Optically-Thin RDMHD No Lorentz Optically-Thin RDMHD
Dust Traces Gas Dust Traces Gas Forces on Dust +Dust Dynamics +Dust Dynamics

Figure 13. Image of the outflow at similar time ¢ ~ 3#,c as Fig. 12, compar-
ing otherwise-identical simulations of run GMC with different physics (see
§ 3.3). Left: An “optically-thin” (uniform radiation flux; see § 2.2) simula-
tion where we assume dust simply moves exactly with the gas (i.e. ignore
separate dust+gas dynamics). The system is vertically accelerated perfectly-
uniformly. Second: A “full radiation-dust-MHD” simulation (evolving the
flux explicitly) simulation where dust moves with exactly with gas. Finite
optical-depth effects “smear out” the “base” of the outflow, but the system
accelerates stably and no structure develops. Middle: A simulation includ-
ing dust dynamics but removing the Lorentz forces on grains (e.g. treating
dust as neutral, so it does not see magnetic fields). While RDIs can and do
develop, producing some structure, the only available RDI is the acoustic
RDI which has a vastly-simpler resonant structure and single resonant angle
(corresponging to the common angle of the mode seen here). Second-from-
right: Optically-thin simulation with our full dust dynamics (restoring the
grain charge/Lorentz forces). Right: Full RDMHD simulation with the full
dust dynamics (albedo A = 1). The differences between full-RDMHD and
optically-thin cases are clearly second-order compared to the effect of dust
dynamics.

(1 — Ap) Tex: increases, the outflow requires more time to acceler-
ate (as absorption without re-emission reduces the total photon mo-
mentum coupled by a factor (1 — exp[—Tabs])/Tans), and becomes
more “shell like” especially in early stages (as the absorption oc-
curs in an increasingly thin shell as 7,5 — 00). Of course, in the
limit Taps > 1, we should really consider the IR multiple-scattering
problem instead; but this is not the regime we focus on in this paper.

3.3.3 Additional Parameters

The simulations in Table Al survey a large number of additional
parameters. Fig. 15 surveys several of these, including resolution,
magnetic field direction, incident flux, magnetic field strength, grain
charge, grain size, and strength of gravity. These produce non-
negligible quantitative effects, some of which will be studied in
future work. However since this is a low-resolution survey, and

GMC: GMC-Q:

Figure 14. As Fig. 13, except now we compare otherwise identical GMC
runs with full RDMHD, with different grain optical properties. Left 3: Runs
with Q ~constant, with dust albedo A = 1, 0.5,0. Right 3: Runs with
Q X €grain, With albedo A =1, 0.5, 0. All runs have an extinction at the wave-
length of the “driving” radiation field of ~ 1.6mag. All produce broadly
similar qualitative phenomena, but the detailed morphologies are sensitive to
optical properties. A = 0 is probably the least physically realistic (as we ex-
pect A ~ 0.5 for optical/UV single-scattering and A ~ 1 to approximate the
multiple-scattering IR regime), but it produces significantly denser small-
scale dust structures.

many of the micro-physical effects of these parameters were studied
in more detail in idealized high-resolution simulations in Hopkins
et al. (2020b), we restrict our comparison here to a brief summary,
noting that none of these appear to change any of the qualitative
behaviors seen in § 3.1.

Typically, weaker radiative forcing (smaller d,) leads to some-
what more coherent but “wavier” filaments, while much stronger
supersonic forcing produces more vertically-aligned structures,
as the RDIs become more supersonic-acoustic-like (see Moseley
et al. 2019). Smaller/larger grains (smaller/larger &) lead to nar-
rower/thicker filaments, corresponding to the change in grain col-
lisional mean free paths or stopping lengths as noted above. Pro-
vided gravity remains sub-dominant to the outward force, chang-
ing § has little effect. Lower/higher dust-to-gas ratios ;%€ produce
stronger/weaker dust concentration as discussed above. Changing
magnetic angles or the background (3 rotates the resonant angles,
changing the geometry of some structures (see Hopkins et al.
2020b). Although accounting for magnetization/charge of the dust
is crucial, changing the dust charge-to-mass ratio (¢) by factors of
~ 100 in Fig. 15 produces modest effects, as the dust gyro radii are
still much smaller than the scales of the modes of greatest interest —
the results only begin to resemble the “No Lorentz Forces” case in
Fig. 13 if we lower ¢ by factors > 10%.

3.3.4 Distinction from Rayleigh-Taylor Instabilities

It is worth briefly noting how the character of the dominant insta-
bilities here (the RDIs) is qualitatively distinct from the radiative
Rayleigh-Taylor instability (RRTI), which has been previously stud-
ied in simulations which ignore dust dynamics (like the “dust traces
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Figure 15. As Figs. 13-14, comparing a number of the physics variations
of our HII-N runs (see Table Al). These correspond to changing the align-
ment and strength of magnetic fields, grain sizes or charge, strength of grav-
ity, incident radiation flux, numerical resolution, and related quantities (see
§ 3.3.3 for details). While these do have non-trivial quantitative effects, they
are generally sub-dominant to other variations in physics above.

gas” runs in Fig. 13; see e.g. Krumholz & Thompson 2012; Davis
et al. 2014). Most obviously, the RRTI is not actually unstable here:
it can only grow on scales much larger than the photon mean free
path (~ 0.7 Hyas, here), with a steep opacity law (e.g. K o< T2, and
the RRTI is stabilized by magnetic fields. The RDIs, in contrast,
generally grow faster when mean-free paths are longer, or in the
presence of magnetic fields, are unstable on all wavelengths down
to ion gyro radii, and do not depend significantly on the opacity
law (Squire & Hopkins 2018b). The physics is entirely different:
RDIs derive from resonance between natural dust and fluid fre-
quencies (which can be entirely unrelated to any stratification of the
medium), and produce mode eigenstructure, fastest-growing wave-
lengths, and non-linear morphologies (e.g. banding/sheets, shell
modes, globules) totally unlike the RRTI, and vastly stronger non-
linear dust clumping.

3.4 Observable Effects on Dust Structure & Extinction
3.4.1 Morphologies

The most immediate observable effect of the RDIs is clearly how
they shape the morphology of the dust and gas (§ 3.2). Figs. 9-10
and Fig. 11 show some of the representative morphologies, with the
physics driving these discussed in § 3.2 & § 3.3.1.

One striking aspect of the dust morphologies is how different
they are from the morphologies that arise in simulations of e.g. pure
MHD-turbulence — even when those simulations have nearly identi-
cal sonic and Alfvénic Mach numbers (compare e.g. Fig. 1 in Bialy
& Burkhart (2020), which has very similar gas M, 4 to our GMC
and GMC-Q). Likewise, the morphologies are totally distinct from
those obtained by integrating the trajectories of “passive” tracer-
particle grains (grains which exert no force on the gas, so cannot
drive outflows or RDIs) in MHD gas turbulence (compare Figs. 1
& 2 of Hopkins & Conroy 2017; Hopkins & Lee 2016). Those sim-
ulations can produce filamentary structures, but the structures are
vastly less coherent and well-aligned and have an obviously dis-
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tinct distribution of axis ratios from those here, and they tend to be
exclusively associated with the locations of strong shocks. Certain
morphological features here such as the diffuse cirrus and “cumu-
lus” or “stratocumulus”-like structures simply never occur in “pas-
sive grain” or pure MHD-turbulence simulations. Others, like some
of the knots, pillars or “horsehead” or “mushroom cap” type struc-
tures can form in simulations that include additional gas physics
(e.g. knots can form in simulations with self-gravity at local points
of collapse, pillars and related structure in simulations including
ionization fronts as a phase contrast) — but these necessarily involve
different physics from those modeled here, and therefore would oc-
cur in different locations with different frequencies. In the passive
or “tracer particle” dust simulations, larger dust grains are always
more diffuse and fail to cluster on small scales, while very small
grains are trapped into incredibly narrow “ridgeline”-type structures
(being trapped at local strain maxima at the interstices of vortic-
ity maxima; Olla 2010) — often completely opposite their behaviors
here.

The filamentary structures predicted here are morphologically
remarkably similar to dust filaments in GMCs and massive star-
forming region complexes (e.g. Apai et al. 2005; Goldsmith et al.
2008; Men’shchikov et al. 2010; Palmeirim et al. 2013; André
2017)."* This goes well beyond their globally “filamentary” struc-
ture to include sub-structure and “feathering” or “whisker” struc-
tures, the contrast ratios of edges of the structures, the coherence
over very large relative axis ratios, the relative incidence of “knots,”
and more. On even smaller scales in e.g. our HII region-like simu-
lations, we see structures very similar to the whisker fine-structure
seen ubiquitously in well-resolved HII regions (O’Dell et al. 2002;
Apai et al. 2005), most famously in 77 Carinae (Morse et al. 1998).
We could easily select hundreds of qualitative examples of morpho-
logical structures similar to those observed — for just one example,
we note a randomly selected “zoom-in” to a subvolume of one of
our simulations which happens to produce a “pillar”-type morphol-
ogy on these scales in Fig. 21.

We stress that we are not saying only RDIs can form these sorts
of structures: turbulence can certainly form filaments with some
properties similar to observations (Kirk et al. 2015), and it is well-
established that expanding ionization fronts can produce pillar-type
structures (Gritschneder et al. 2010; Arthur et al. 2011; Tremblin
et al. 2012). However there are also anomalous features in many
observed cases, which do not yet have explanations (see e.g. West-
moquette et al. 2013; Roccatagliata et al. 2013; Paron et al. 2017;
Klaassen et al. 2020). These include relatively extreme examples,
such as pillar-like structures pointing in the “wrong direction” from
HII regions (i.e. away from the nearest massive star/front, which has
a natural explanation here as the filaments in dust-driven outflows
have this “head” structure in both directions), or dust ring/shell
structures which are explicitly not associated with a local similar
structure in the gas phase (see Topchieva et al. 2017).

Of course, the above morphological information is largely
qualitative. This motivates the importance of developing quanti-
tative observables in future work which can distinguish the mor-
phologies dominated by the action of the RDIs as compared to other

14 To the extent that there is a characteristic scale in the structures,

e.g. the large grain mean-free-path, this is also suggestive: )\fﬁ;}"
Wsts ™~ Parain €grain/pPg ~ 0.1pc (eg;gi*n/o. 1 pm) (ngas/100em=3) 1, simi-

lar to observationally-suggested characteristic scales (Koch & Rosolowsky
2015), but we caution that there are RDIs over a wide hierarchy in scales
and similarly the observed spatial power spectra of clouds do not actually
show a characteristic scale but a broad distribution, with the appearance of
a specific scale in filament-identification more representative of its extremes
(Panopoulou et al. 2017).
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Figure 16. Example 2D integrated projection maps of our proto-typical GMC-like simulation (GMC-Q), at t ~ 3tacc, along the y — z axis (outflow moving
to the right), with a length set to include ~ 30% of the dust+gas, and pixel size = 0.01 Hgas. First-from-Top: Extinction Ay (linear scale). Second: Ay (log
scale, to highlight lower columns Ay ~ 0.1). Third: Gas column Ny (similar log-stretch). Fourth: Ny /Ay ratio. Fifth: Deviation from the mean (MRN)
size spectrum, AI" (positive means more large grains/“greyer” extinction, negative more small grains/“steeper” extinction). The gross filament morphology
resembles observed filamentary GMCs. On large scales, dust (Ay) and gas (Ng) closely trace one another, with relatively small variation in Ay /Ny (a
sightline-integrated quantity) even in very small pixels. The RDIs produce variation in line-of-sight grain size distribution (GSD); the maximum variations
here AT’ ~ +1 correspond to a factor ~ 1/3 — 3 shift in the mean extinction-weighted grain size.

mechanisms, using e.g. higher-order topological characteristics, bi
and tri-spectra of the projected densities, and other tools.

3.4.2 Dust-to-Gas Ratios

We discussed local (micro-scale) variations in e.g. the dust-to-gas
ratio (pa/pe) above (§ 3.1.3), but these are not observable: Fig. 16
attempts to directly construct observable quantities. We take one of

our simulations in its non-linear stages, project it along an axis per-
pendicular to Z, and integrate lines-of-sight convolved into pixels
of side-length ~ 0.01 Hg,s, in a box centered on the median loca-
tion of the dust+gas mass (containing ~ 30% of the total mass). For
consistency, we assume the same scaling of Q with €grin assumed

MNRAS 000, 000-000 (0000)



" d

LV+17 (Orion)
LV+17 (Taurus)
LV+17 (Polaris)
Zhu+17 (SNR+XB+PNe)
0 Guver+09 (SNR)

1023 __I .

1022 L

Sims

Np [em™2]
[
<
=
T

1020:_
—— Ny =2x10'cm 2 (Ay/mag)
==- Ny=2x10"'cm 2(Ay/mag)’® |

10° 10!
Ay [mag]

10]9?1 i

Dust Density log,(04/ #0base)

Gas Density 10g10 (Pg/ﬂbase)

Dust-Driven Winds: GMCs & HII Regions

17

2.00F

=
N
Qa1
AR
1
1
|
L ST
.

o
o)
=)
T

=

]

Q1
T

0.75F

0.50F

Sighline-Weighted Fraction
5
S
T

0.25F

0.00F
1072

0 101

10~1

(Av/Nm) / (Av/Ng)

1005r '

—_ —_

T 9
N [
T T

—_

9
[}
T

104k

—_

9
a1
T

—— All Grains
€/€max < 0.03

0.03 < €/€max < 0.1
0.1 < €/€émax < 0.3
0.3 < €/€max

—_

9
=
T

Dust-Mass PDF  dMgys:/d log (0a/pg)

—_
9
~

YT ST EPEETTYT RS R TTTT AR T EAAr I EATArRTTTT Ea e |

: 5 1 1 1 L
—6 —4 -2 0 2
Local 3D Dust-to-Gas Ratio log,(04/04)
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(2017); Zhu et al. (2017), and two reference scalings for Ny (Av ). Top Right: Distribution of Ay /Ny across sightlines, projected along the Z (outflow), X, and
y axes. The rms dispersion is a similar factor ~ 1.5 — 2 across all sightlines, with slightly smaller dispersion along the outflow (long) axis as more variation is
“integrated out”, and some small differences along X vs. y owing to the bulk magnetic field direction being along X. Bottom Left: Bivariate distribution of the
local 3D p,; and p,, weighted by dust mass (i.e. probability of a given p; and p; around a grain), at the resolution scale (~ (1073 -10"2) Hgas). For reference
lines denote uniform dust density and perfect coupling (p; = p%¢ pg). Bottom Right: PDF of the local 3D dust-to-gas ratio as Fig. 8, but now time-averaged.
The RDIs produce variations in Ny /Ay comparable to observed; with modest factor ~ 2 1o scatter for point-source sightlines and slightly shallowed-than-
unity slope of Ny o< A?,j_o'g. On small scales the local, dust-weighted variation in p,/pg can be much larger, with ~ 1dex 1o scatter and non-Gaussian tails
at the ~ 5o level spanning from p;/pe, < 1077 to py/pe 2 100 (with the absolute gas-density reaching up to ~ 10° times its initial maximum value, i.e.

~ 1000 pbasc)‘

in the simulations.'> To convert to physical units, we assume fol-
lowing e.g. Weingartner & Draine (2001b) that Qcxi,0 ~ 0.2 for the
largest grains (€grain = €gra) at V-band (0.55 pm) and ey, ﬁérain =
0.1 umgem™ (i.e. largest grains ~ 0.1 um); this fully determines
Av and NH.

Immediately, it is striking how closely the main filament mor-
phologically resembles many observed dust filaments (compare e.g.
Herschel images of Taurus filaments in Palmeirim et al. 2013). Most
of the key features discussed in § 3.4.1 are retained, even in Ay, al-
though of course finite-resolution effects reduce the “sharpness” of
some small-scale structures.

It is also immediately visually obvious that dust traces gas
on large scales. We show this quantitatively in Fig. 17, where we

15 We focus on GMC-Q instead of GMC here because if we are interested
in V-band (wavelength Ay ~ 0.55pm) and assume e:‘r:fn ~ 0.1 pm, then
indeed most grains have €gain < Arad-
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plot the distribution of Ay versus Ny, and PDF of Ay /Ny aggre-
gating different snapshots and projections. To first order, Ny ~
2 —3 x 10* cm ™% (Ay /mag), with factor ~ 2 or smaller 1o log-
normal scatter. This is in excellent agreement with the observed
mean trend and well within observational bounds on the intrinsic
scatter in Ny /Ay (see Giiver & Ozel 2009; Zafar et al. 2011; Gal-
liano et al. 2011; Lv et al. 2017; Zhu et al. 2017), including the vari-
ations inferred within a given star-forming complex (Roman-Duval
et al. 2014; Lv et al. 2017). The result does not depend strongly
on time (provided we are in the non-linear stages) or projection
angle (though projecting directly along Z always produces some-
what smaller scatter, as we integrate through the “entire” outflow,
not just a portion). At second-order, there are some weak trends:
the correlation is slightly sub-linear (N o< Ay with a ~ 0.8, if we
perform a simple least-squares fit), i.e. high-column regions have
slightly higher Ay /Ny, on average, and slightly reduced scatter.
These trends have also been observed suggested by observations,
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Figure 18. Top: Example of some of the different grain size distributions
(GSDs) corresponding to the fluctuations AT in Fig. 16, normalized so the
box-averaged (MRN) distribution is unity. The cutoffs at < 0.01 e;?l’i‘n and
e;f;’i‘n are imposed by our initial conditions. Bottom: Histogram of the AT’
values for maps (of the same snapshot) with the line-of-sight along different
axes (2 is outflow direction). Most sightlines are close to “typical,” but some
have small grain abundances enhanced by factors of ~ 2 —4 relative to large,

or vice versa, comparable to observed variations in GMCs.

though with less certainty (see references above, and e.g. Draine
2003; Apai & Lauretta 2010). They arise naturally here because (1)
the dust is clumped more strongly than the gas, and (2) the dust-gas
coupling is stronger in higher-density regions.

The robustness of Ay /Ny might at first appear contradictory
to the enormous fluctuations in (pa/pg) ~ 1077 — 10* (Fig. 8) in
these simulations. But it is essential to recall that the latter is de-
fined as a local 3D quantity at (ideally) infinitesimal scales, while
the former is a line-of-sight integral (and of course, we must distin-
guish between the extreme tails and typical rms width of the distri-
butions). Moreover, independent of what drives the fluctuations in
pa/ pg, Hopkins (2013b); Squire & Hopkins (2017) note how mass
conservation requires that different small-scale line-of-sight fluctu-
ations must be correlated in a manner such that the line-of-sight-
integrated PDF must always converge to the mean faster than e.g.
the central limit theorem would imply.

There are still some outliers where large-scale modes in the sky
plane create large fluctuations in Ay /Ny. But these are observed as
well. Low density regions with very little dust would not be de-
tected in most observations in Fig. 17, but such regions exist and
are usually simply assumed to have been dust-depleted (Galliano
et al. 2011). Conversely, there are a number of well known exam-
ples in e.g. HII regions of dense dust “knots” or filaments which
do not appear coincident with gas-phase density enhancement on

small scales (see e.g. Garnett & Dinerstein 2001), which the RDIs
here can naturally explain.

3.4.3  Extinction Curve Variations

Going beyond Ay, the RDIs should also imprint sightline-to-
sightline variations in extinction curve shape. Modeling this in de-
tail requires radiation-transport calculations including anisotropic
scattering, with a detailed model for the grain chemistry/optical
properties (see e.g. Seon & Draine 2016), which (while an impor-
tant future question) is beyond the scope of our study here. We can
however immediately (without adding additional assumptions) pre-
dict the first-order important quantity for the extinction curve: the
grain size distribution (GSD) along a given sightline. Recall we
always begin from an MRN GSD which is universal everywhere
in the box: dN,,;, /degmin X e;jf , from gty = 0.01 e, t0 €.
The individual grain sizes are conserved (we do not model colli-
sions/growth/destruction) — so any variation in the GSD must arise
from differential grain dynamics of e.g. large-vs-small grains.

Fig. 16 shows an example of this in projection, and Figs. 18,
19, & 20 show more detailed statistics. Although we can quantify
the full GSD for each sightline, the very detailed structure here is (a)
cumbersome to analyze statistically, and (b) prone to noise, given
our finite numerical dust-element resolution and binning into very
narrow sightlines (each pixel contains only ~ 107 of the total dust
mass). We can reduce the GSD to a single statistic by considering
e.g. the mean grain size €y.in along each sightline (weighted by e.g.
contribution to grain mass, or area, or V-band extinction), or by fit-
ting a power-law dN,;, /dé€grain X eg_rjif*'AF to the set of discrete
grain sizes.'® Smaller &in (AT < 0) correspond to “steeper” UV
extinction curves, while larger €gin (A" > 0) correspond to “flat-
ter” or more “grey” extinction at short wavelengths.'”

We see in Fig. 16, and quantify in Figs. 18-20, that there can
be significant small-scale variation in the GSD even within a single
cloud/GMC/HII region at a given time, with slope variations from
AT ~ —1to +1, corresponding to Egin varying from ~ 1/3 to ~ 3
times its value for an MRN GSD, though the 1o scatter is quite
a bit smaller: o(AI") ~ 0.3 (corresponding to UV extinction curve
slope variations of just Aa. ~ +0.1). These are well within the range
of “effective” GSDs fit to different LMC/SMC/MW regions in e.g.
Weingartner & Draine (2001b); Fitzpatrick & Massa (2007, 2009),
or different sightlines within the diffuse Galactic ISM (Ysard et al.
2015; Schlafly et al. 2016; Wang et al. 2017) — let alone the variation
observed across different galaxies (Pei 1992; Calzetti et al. 1994;
Hopkins et al. 2004; Kriek & Conroy 2013; Salim et al. 2018). But
more importantly they are within or broadly similar to the range of
extinction curve slopes or inferred GSDs observed across sightlines
within a single star forming complex in Galactic or SMC/LMC re-
gions (see e.g. Gordon et al. 2003; Bernard et al. 2008; Gosling et al.
2009; De Marchi & Panagia 2014).

From Fig. 19, quantified in Fig. 20, one can see a second-order
correlation in HII-N-Q but representative of all our simulations
with Q o €grain, for larger grains to be over-represented (AI' > 0,
i.e. flatter extinction or higher Ry) in high-density (high-Ny) regions
in the filaments (where large grains have shorter mean-free paths),
and correspondingly for smaller grains (steeper or lower-Ry) to be

16 We use the method from Bauke (2007) to robustly fit a maximum-

likelihood power-law GSD over a finite interval: ngmin /dégrain X
e;;f AT from eg}‘d‘}n =0.01 5;3);“ to e‘g‘}j’l‘n directly to the un-binned set of
grain sizes sampled along each sightline.

17 For a toy model with Q = Q0 MIN (€grain/€ Arad, 1) Wwith e’g"r;';n <
CArag K E;_?l’i(n, the slope a of the extinction curve Ay o< A% in this in-
termediate range of wavelengths is modified by Aa ~ 0.4 AT', while at

€ Arad > egit, o is un-modified.
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HII-N (x2)

Figure 19. Maps of Ay and GSDs as Fig. 16, for HII-N (top) and HII-N-Q (bottom). For each the squares show the box projected along Z and the rectangles
projected along ¥, zoomed into a region around the median dust+gas position. Although the GSD histograms are similar to those in Fig. 18, these demonstrate
a common trend across our suite. Simulations with Q o €grain (e.g. HII-N-Q) exhibit a clear correlation with larger grains relatively more concentrated in
regions of high extinction; simulations with Q ~ constant (e.g. HII-N) exhibit a much weaker and inverted correlation. Generically the grain sizes which
dominate the opacity tend to be the most concentrated (Fig. 7) and to correlate positively with the extinction.
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Figure 20. Distribution of GSDs (AT") as a function of extinction Ay (top)
or gas column Ny (bottom) for different fiducial runs (as labeled; with Q ~
constant left and Q o< €gpain right), from maps as Fig. 19 at one instant in time
around ¢ ~ 3, over the range of heights containing ~ 50% of the dust mass
viewed from random angles. Dotted lines and shaded interval show median
and 5 —95% range. (A%) and (N3) refer to the values of Ay or Ny integrated
from the base of the box to infinity in the initial conditions. This quantifies
the trend in Fig. 19 for the grain sizes which dominate the opacity to be
over-represented in sightlines of higher opacity relative to the local mean.
There is no trend (or even a weakly opposite trend) with Ny .

(fractionally) over-represented in lower-column regions. Compar-
ing our other simulations in Fig. 20 (also Fig. 16), that trend is much
weaker or even inverted in simulations with Q ~ constant. This fol-
lows from two simple considerations: first, in Fig. 7, we showed the
grains that dominate the opacity (hence absorption hence bulk ac-
celeration) clump most strongly. And second, more obviously, if
there is a mixture of grain sizes, the grains which dominate the
opacity will be best-correlated with the total extinction — this ap-
pears to be the dominant effect in our simulations, as demonstrated
by the fact that in Fig. 20 there is a much weaker (or even slightly
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opposite) correlation between AI' and Ny, compared to the more
significant correlation between AI" and Ay. This sort of qualitative
trend of Ry with Ay has been known observationally for decades
(see Fitzpatrick & Massa 2009; Gordon et al. 2009, and references
therein), and has traditionally been interpreted in terms of grain
growth/chemistry (e.g. grain growth in dense regions or destruction
in the diffuse ISM; see Schnee et al. 2014; Hirashita & Voshchin-
nikov 2014; Wang et al. 2014). Those processes certainly occur, but
a quantitative model for their relative effects would require includ-
ing those processes and modeling more diffuse regions. Our point
here is simply that these trends can also arise entirely owing to dust
dynamics.

3.4.4 Magnetic Field Structure

Fig. 22 shows a typical example of the field line structure. We select
a case where the initial field direction B is nearly perpendicular to
the stratification direction Z (| cos 63| < 1). As the outflows go non-
linear, the fields become increasingly re-oriented to point along Z:
non-linear structures with locally-higher (pq/p,) are accelerated in
Z more rapidly (see § 3.2), forming the filamentary structure and
dragging gas collisionally with the dust, which (being flux-frozen
since we assume ideal MHD for the gas) drag and bend the field
lines. However, at some dense “nodes,” one can still see the initially-
perpendicular fields (example in Fig. 22). Here we see the behavior
described in Hopkins et al. (2020b) § 5.4: the dominant mode at
scales ~ Hg, (here, from linear theory, the “quasi-sound” mode) is
one of the “aligned,” compressible modes which can grow rapidly
and has k ~ B when 751 =1, /tr 2 1 (and the drift is trans-sonic or
faster), causing the dust to collapse along B into sheet-like struc-
tures.

In summary, we see that dense dust structures forming rela-
tively early can, viewed edge-on, appear as filaments with B per-
pendicular to their axis; while more generally the filaments late in
the non-linear evolution of the outflow at large distances have B
parallel to the filament and outflow direction. This is tantalizingly
similar to observational suggestions of parallel alignment between
parallel fields and filaments along lower-density filaments and per-
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Figure 21. Zoom-in projection (as Fig. 11) of a random sub-volume of our
HII-F-Q simulation. This happens to exhibit a “pillar”-type morphology,
similar to many observed structures (see § 3.4.1). We show this to indicate
the richness of the detailed morphological structures.

pendicular alignment for high-dust-density structures (Clark et al.
2014; Planck Collaboration et al. 2016b), although there are many
other viable physical explanations for the observed behavior (Naka-
mura & Li 2008), and a number of recent studies have questioned
the statistical and physical (3D) significance of those correlations
(Planck Collaboration et al. 2016a; Alina et al. 2019).

Magnetic fields can also be amplified by the RDIs, gener-
ally following scalings for a turbulent dynamo with the trans-
magnetosonic velocities seen here. This is studied in Paper I, for
cases with weak initial fields, but since we generally begin here
initial conditions with from already-large field strengths, the ampli-
fication effects in our fiducial simulations are modest.

4 CONCLUSIONS

We have presented the first simulations of “radiation-dust-driven
outflows” which explicitly integrate the dust motion and dust-gas
coupling, accounting for drag and Lorentz forces on grains. Specif-
ically we simulate radiation interacting with a realistic spectrum of
dust grain sizes and grain charge-to-mass ratios, which in turn in-
teract with gas via collisional (drag) and electrodynamic forces, in
a stratified inhomogeneous medium, with initial conditions chosen

Figure 22. Example of the magnetic field line structure in fully-nonlinear
stages of evolution (see § 3.4.4). Grains are shown in brown/black as Figs. 9-
21 above; for gas we show a line-integral-convolution tracing the magnetic
field lines (black lines). Images are taken from a GMC run with initial B =
By x perpendicular to the outflow direction, at times similar to the previous
images. Left: An xz projection, at slightly earlier times. In the upper half of
the image, collapse of dust dragging gas along B in one of the aligned-RDI
modes creates a dense filament perpendicular to B. In the lower half, upward
dust motion in a more diffuse structure surrounding a thinner dust filament
is bending field lines to align with the structure. Right: A yz projection at
later times. The filaments here have almost-fully aligned the magnetic field
with their preferred direction (the outflow direction 2), despite being initially
perpendicular.

to resemble dusty gas in HII regions, GMCs, and star-forming re-
gions in the Local Group. In these systems, the dust mean-free paths
and gyro radii are much smaller than global scale-lengths, but not
nearly as small as those of ions, so the dust cannot in fact be treated
as a “tightly coupled” fluid. In fact, the dust is unstable to a broad
spectrum of RDIs, with growth timescales even on global length
scales shorter than other large-scale flow times. These can only be
captured in simulations that explicitly follow grain dynamics. Our
main conclusions include:
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(i) RDIs: The RDIs do, in fact, grow rapidly, and saturate at
large non-linear amplitudes, completely changing the structure and
dynamics of the outflows. Stratification, gravity, explicit radiation-
hydrodynamics, grain size spectra, magnetization/charge, and dif-
ferent gas equations-of-state do not eliminate the instabilities. Ig-
noring the dust dynamics (treating dust as a “tightly coupled fluid”
moving with gas, or as a constant gas opacity), the outflows here
(with modest optical depths Ay < a few) are completely different,
and form essentially no structure. Ignoring the grain interactions
with magnetic fields (grain charge & electromagnetic forces) leads
to qualitatively different RDIs with little structure. Once explicit
dust drag and electromagnetic interactions are included, the qualita-
tive results are robust, though details depend significantly on optical
properties of the grains.

(i) Outflows & Turbulence: Despite the strong dust cluster-
ing induced by the RDIs, the simulations robustly launch outflows.
Grains are not “spit out” leaving gas behind, and the inhomogeneity
does not dramatically reduce the efficiency of radiation coupling.
“Leakage” of e.g. UV photons should be dramatically enhanced as
optically-thin channels are created, and a non-negligible fraction of
the initial mass (tens of percent) can be left behind or “sink™ as other
material is accelerated, owing to inhomogeneity. The RDIs pro-
vide yet another mechanism to drive small-scale turbulence within
outflows, driving trans-magnetosonic (|0u,| ~ Vi) turbulence on
scales ~ Hg,s (the global outflow scale-length), with gas density
fluctuations following the usual trans-sonic MHD scalings.

(iii) Dust Clustering: The RDIs can drive strong micro-scale
dust-dust clustering. Most dust grains locally “see” a median dust
density of order the gas density (despite a volume-averaged dust-
to-gas ratio ~ 0.01) — i.e. the typical dust-dust clumping factor
Caa = (03)/{pa)?* ~ 1/ u, for a volume-averaged dust-to-gas-ratio
1%, and the micro-scale dust-to-gas ratio can span factors ~ 10
at the =50 level. Grain-grain relative velocities are also typically
much smaller than canonical turbulence models ignoring the RDIs
(e.g. Ormel & Cuzzi 2007) would predict. Gas-gas clumping and
gas-dust-cross-clumping are much weaker, more consistent with
standard MHD turbulence. This can have dramatic implications for
grain collisions & coagulation, enhancing their rates by orders of
magnitude.

(iv) Extinction Curve & Dust-to-Gas Ratio Variation: De-
spite the enormous variation in the local dust-to-gas ratio, the
sightline-integrated Ay /Ny varies by a modest factor ~ 2, as the
micro-scale variations are integrated out. However the fact that dif-
ferent grain sizes cluster differently can produce variations in the
extinction curve broadly similar in magnitude and shape to those
observed in many well-studied clouds. Observed second-order cor-
relations such as a slighly non-linear Ay — Ny relation or correla-
tion of Ry with Ay appear in many of our simulations. These do
not have to come from dust chemistry, but can arise purely from
dust-dynamical processes.

(v) Morphologies: The instabilities studied drive the dust+gas
morphology into filamentary structures with sub-structure includ-
ing whiskers, knots, pillars, and more remarkably similar in visual
morphology to observed structures in GMCs and large massive star-
forming complexes. These morphologies are qualitatively distinct
from simpler simulations that ignore dust dynamics entirely or ig-
nore the Lorentz forces on grains. They are also visually distinct
in a number of ways from e.g. radiative Rayleigh-Taylor instabil-
ities, driven MHD turbulence, shock fronts and I-fronts, and other
commonly-invoked explanations for structure in GMCs, and can ex-
plain some observed features that these phenomena cannot. The fil-
amentary structures can collapse along magnetic field lines but also
strongly re-shape the fields as they differentially accelerate, bending
fields into alignment; we therefore find a heuristic mix of parallel-

MNRAS 000, 000-000 (0000)

Dust-Driven Winds: GMCs & HII Regions 21

and-perpendicular field-filament geometries similar to recent obser-
vational suggestions.

We stress that the simulations here are still intentionally ide-
alized in terms of chemistry and dynamics (they are far from “full
physics” star formation & GMC dynamics models). However this
has allowed us to identify the most important physics in various
regimes and isolate the role of the RDIs. In future work, it will be in-
teresting and important to explore the effects of additional physics,
such as ionization and radiation pressure on gas, more realistic ge-
ometries, more detailed dust optical properties (and corresponding
charge and acceleration laws and size distributions). It is also im-
portant to explore very different regimes, where the relevant lim-
its of the RDIs or radiation could be quite different — for example,
dust-driven outflows around AGN, or in cool-star photospheres, or
planetary atmospheres, where the dominant modes are qualitatively
distinct and relevant values of some of the key parameters here can
be several-orders-of-magnitude different. Another essential goal for
future work will be to explore more quantitative metrics to compare
the morphology of the structures predicted here to observations: the
striking visual similarity and contrast from e.g. pure driven-MHD
turbulence simulations should be testable with the ongoing devel-
opment of novel quantitative morphological and topological mea-
sures.
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APPENDIX A: COMPLETE LIST OF SIMULATIONS

Table A1 presents the full list of simulations we have run, to extend
Table 1 in the main text.

APPENDIX B: STOKES AND COULOMB DRAG

Our simulations can technically interpolate between Epstein drag
(collisional drag when the physical size of a dust grain is smaller
than the gas mean-free-path and/or the dust is moving super-
sonically)+Coulomb drag (electrostatic drag forces) and Stokes
drag (viscous drag dominant when the grain is moving sub-sonically
and has size much larger than the gas collisional mean-free-path
Amip) TEgimes.

In the Stokes regime (when €grain = (9/4) /\‘f“a]fp), the drag law is
just the Epstein drag ¢, (Eq. 2) multiplied by (4 €grain) /(9 Aj,), but
this is never relevant here, as we expect Ay 2 10'"cm in e.g. HII
regions and GMCs, with egrin < 10™*cm.

The stopping time for Coulomb drag scales as oo™ —
(77/2)"* [(Drin €esain) / (fion pe e M) (ke T /21 U)? (1 +
(lws?/¢2) /273 /97), where z; ~ 1 is the mean charge of gas ions,
fion is the ionized number fraction of the gas, InA is a Coulomb
logarithm, and U ~ Zgain €/ €grain 1s the grain electrostatic potential.
As discussed in Paper 1 and Hopkins & Squire (2018a), inserting
the relevant scalings for these terms, the ratio of Coulomb drag
force to Epstein drag force is given by fe7™" /rCuomb which is just
~ 10 fion When the drift is sub-sonic (|w;| < ¢), and is suppressed
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by a power of ¢ / ‘Wx|4 when |w,| = ¢;. Thus Coulomb drag forces
scale identically (modulo a normalization constant, given that we
assume a homogenous gas ionization state) to Epstein drag in the
sub-sonic drift limit, and are negligible in the super-sonic drift limit.
For conditions in the neutral ISM, i.e. the warm neutral or cold
neutral or molecular medium, relevant for e.g. our GMC or HII-F
(outside the Stromgren radius) simulations, we expect fion < 1,
so Coulomb drag is always a negligible correction and we can
safely ignore it. For an ionized HII region as modeled in e.g. our
HII-N simulations, we expect (and assume) fion = 1, and the drift
we predict is entirely sub-sonic (see Table Al), so the Coulomb
drag terms can be entirely subsumed into the normalization of the
Epstein drag scaling (multiplying Eq. 2 by a constant) or &.
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- (w0 ~ 040 - 0 ~
Name dd.m ( C(j ) Gm (H‘g;) ém (TsL) Bo cosfp & (MEda) Ya Notes
GMC-Q 65 (4e-2 - 3) le-3 (6e-6 - 4e-4) 400 (1e3 - 2e5) 0.01 0.1 110 (6) 0 “default™: Q o e',min
GMC -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - —-(6) 1 “default”: Q o €orain
GMC-Ir-Q - - - - - - 0 lower-resolution “default”
GMC-Ir -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - —(6) 1 lower-resolution “default”
GMC-Ir-Q-a 650 (0.4 - 10) — (6e-6 - 1e-4) 40 (50 - 2e4) - - —(60) 0 higher Fiaq, lower Zgpin
GMC-Ir-Q-b 650 (0.4 - 10) — (6e-6 - 1e-4) —(5e2 - 2e5) - - —(60) 0 higher flux Fi,q
GMC-Ir-Q-¢ 650 (0.4 - 10) — (6e-6 - 1e-4) —(5e2 - 2e5) - - - 0 lower dust-to-gas ,udg =0.001
GMC-Ir-Q-d 6.5 (4e-4-0.4) — (6e-6 - 6e-4) —(2e3 - 2e5) - - —(0.6) 0 lower Fraq
GMC-Ir-Q-e 650 (0.4 - 10) — (6e-6 - 1e-4) 4e4 (5e4 - 2e7) - - —(60) 0 much higher charge Zgp,in
GMC-Ir-Q-f 650 (0.4 - 20) — (6e-6 - 8e-5) 4 (3-2e3) - - —(60) 0 much lower Zgp,in
GMC-Ir-Q-g 650 (0.4 - 10) — (6e-6 - 1e-4) —(5e2 - 2e5) - - (600) 0 higher dust-to-gas udg =0.1
GMC-Ir-Q-h —(2e-6 - 2e-2) — (6e-6 - 6e-4) —(2e3 - 2e5) - 0 - 0 perpendicular initial B
GMC-Ir-Q-i —-(0.3-8) — (6e-6 - 2e-4) — (6e2 - 6e4) - 0.7 - 0 45° initial B
GMC-1r-Q-j —-(0.3-8) — (6e-6 - 2e-4) — (6e2 - 6e4) - 0.7 - 0 ICs turbulent B, v
GMC-Ir-Q-k 650 (4e-1-30) le-2 (6e-5 - 4e-4) - - - - 0 larger grain size €gpain
GMC-Ir-Q-1 6.5 (4e-3-0.3) le-4 (6e-7 - 4e-5) - - - - 0 smaller grain size €grain
GMC-U-Q-M - 0.1 (4e-4 - 4e-2) - - - U 0 unstratified “zoom-in”
GMC-U-M -3 0.1 (6e-4 - 4e-2) —(1e3 - 1e5) - - U 1 unstratified “zoom-in”
GMC-U-S -3 10 (6e-2 - 4) —(1e3 - 1e5) - - U 1 unstratified “zoom-in”
GMC-R-A0 -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - - 1 RDMHD (4p = 0)
GMC-R-A0.5 -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - - 1 RDMHD (Ayp = 0.5)
GMC-R-A0-Lo -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - - 1 RDMHD (4 = 1), A, x 0.01
GMC-R-A0 -3 — (4e-6 - 4e-4) —(1e3 - 1e5) - - - 1 RDMHD (4p = 0)
GMC-Q-R-A0 - - - - - - 0 RDMHD (4p = 0)
GMC-Q-R-A0.5 - - - - - - 0 RDMHD (Ap = 0.5)
GMC-Q-R-Al - - - - - - 0 RDMHD (49 = 1)
HII-N 4.5(0.3) 3e-3 (2e-5 - 2e-3) 44 (14 - 1€3) 4 0.1 0.01 (1500) 1 “default™: Q o egrain
HII-N-Q —(3e-3-0.3) - - - - - 0 “default”: Q e',min
HII-N-45 4.5(0.3) 3e-3 (2e-5 - 2e-3) 44 (14 - 1e3) 4 0.5 0.01 (1500) 1 45° initial B; Q eémin
HII-N-45-Q -(3e-3-0.3) - - - 0.5 - 0 45° initial B; Q ezram
HII-N-Ir - - - - - - 1 lower-resolution “default”
HII-N-Ir-a 0.45 (3e-2) - - - - —(150) 1 lower Fiyq
HII-N-Ir-b -2 - 1(5e-2-6) 80 0.5 - 1 lower field strength |B|
HII-N-Ir-c - - 1000 (300 - 3e4) - - - 1 higher Zgpain
HII-N-Ir-d 0.45 (3e-2) 3e-4 (2e-6 - 2e-4) - - - - 1 smaller grain size €grain
HII-N-Ir-e - - - - - 1(15) 1 stronger gravity g
HII-N-1r-Q-f —(2e-3-0.2) - - - 0 - 0 perpendicular initial B
HII-N-Ir-g -(0.2) - - - 0 - 1 perpendicular initial B
HII-N-Ir-h - (1) - - - 0.7 - 1 45° initial B
HII-N-U-L 40 7e-3 38 10 0.7 U 1 unstratified “zoom-in”
HII-N-U-S 40 780 38 10 0.7 18 1 unstratified “zoom-in”
HII-N-U-Q-L 40 7e-3 38 10 0.7 U 0 unstratified “zoom-in”
HII-N-U-Q-M 40 2.6 38 10 0.7 U 0 unstratified “zoom-in”
HII-N-U-Q-S 40 780 38 10 0.7 U 0 unstratified “zoom-in”
HII-N-A0.5 - - - - - - 1 RDHMHD (4) = 0.5)
HII-F 4.8 (0.3) 3e-2 (2e-4 - 2e-2) 440 (140 - 1e4) 4 0.1 0.001 (1600) 1 “default™: Q o egmm
HII-F-Q 4.8 (3e-3-0.3) - - - - 0 “default™: Q o e;;min
HII-F-Ir - - - - - - 1 lower-resolution “default”
HII-F-Ir-Q 4.8 (3e-3-0.3) - - - - - 0 lower-resolution “default”
HII-F-Ir-a 0.48 (3e-2) - - - - —(160) 1 lower Fiaq
HII-F-1r-b —(D) —(2e-4 - 1e-2) 10 (0.5 - 60) 80 0.5 - 1 lower |B|
HII-F-Ir-c¢ - - led (3e3 - 3e5) - - - 1 higher Zgpain
HII-F-Ir-d 0.48 (3e-2) 3e-3 (2e-5 - 2e-3) - - - - 1 smaller €grain
HII-F-Ir-e 48 (30) 0.3 (2e-3 - 2e-1) - - - - 1 larger €grain
HII-F-1r-f - - - - - 1(1.6) 1 stronger gravity g
HII-F-1r-Q-g —(2e-6 - 2e-2) - - - 0 - 0 perpendicular initial B
HII-F-1r-h —(2e-2) - - - 0 - 1 perpendicular initial B
HII-F-1r-i —(1) - - - 0.7 - 1 45° initial B
HII-F-U-Q 0.45 5e-3 16 10 0.7 U 0 unstratified “zoom-in”
HII-F-U-7-Q 0.9 le-2 25 10 0.7 U 0 unstratified “zoom-in”
HII-F-U-7 0.9 le-2 25 10 0.7 U 1 unstratified “zoom-in”
HII-F-A0.5 - - - - - - 1 RDHMHD (4) = 0.5)

Table Al. Initial conditions for all simulations, as Table 1. Runs in bold are fiducial-resolution, other parameter-survey runs use 8 times lower resolution.
Boxes marked “U” are unstratified and periodic, so are invariant to any value of g (these are run to “zoom in” to effectively higher-resolution on a small
patch, see § 2.3). Runs marked “R” use full radiation-dust-magnetohydrodynamics (RDMHD; § 2.2), with the specified normalization for the albedo Ay and
absorption efficiency Qe 0 set to give total extinction Aexe = 1.6 (for GMC runs, except GMC-Q-R-A0-Lo which uses 0.016) or 0.5 (HII-N) or 0.05 (HII-F)
for the incident/driving radiation. Entries marked “—” use the same value for the given parameter as the “default” run of the same group (GMC-Q, HII-N,
HII-F).
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