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ABSTRACT

Galactic outflows have density, temperature, and velocity variations at least as large as that of the
multiphase, turbulent interstellar medium (ISM) from which they originate. We have conducted a suite
of parsec-resolution numerical simulations using the TIGRESS framework, in which outflows emerge
as a consequence of interaction between supernovae (SNe) and the star-forming ISM. The outflowing
gas is characterized by two distinct thermal phases, cool (' < 10* K) and hot (T > 10° K), with
most mass carried by the cool phase and most energy and newly-injected metals carried by the hot
phase. Both components have a broad distribution of outflow velocity, and especially for cool gas
this implies a varying fraction of escaping material depending on the halo potential. Informed by
the TIGRESS results, we develop straightforward analytic formulae for the joint probability density
functions (PDFs) of mass, momentum, energy, and metal loading as distributions in outflow velocity
and sound speed. The model PDFs have only two parameters, SFR surface density Ygpgr and the
metallicity of the ISM, and fully capture the behavior of the original TIGRESS simulation PDFs
over Ygpr € (107%,1) Mg kpe 2 yr~!. Employing PDFs from resolved simulations will enable galaxy
formation subgrid model implementations with wind velocity and temperature (as well as total loading
factors) that are based on theoretical predictions rather than empirical tuning. This is a critical step
to incorporate advances from TIGRESS and other high-resolution simulations in future cosmological
hydrodynamics and semi-analytic galaxy formation models. We release a python package to prototype
our model and to ease its implementation.

Keywords: Galactic winds (572), Galaxy formation (595), Galaxy fountains (596), Galaxy winds (626),

Stellar feedback (1602)

1. INTRODUCTION

Galactic scale outflows are prevalent in observations of
star forming galaxies (e.g., Veilleux et al. 2005; Rupke
2018, for reviews) and play a central role in contem-
porary theory of galaxy formation and evolution (e.g.,
Somerville & Davé 2015; Naab & Ostriker 2017, for re-
views). Although single-phase outflows have often been
adopted in cosmological subgrid models (e.g., Springel
& Hernquist 2003; Oppenheimer & Davé 2006; Vogels-
berger et al. 2013), real galactic outflows are clearly mul-
tiphase in nature (Veilleux et al. 2020, for a recent re-
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view). Multiwavelength observations of fast-moving gas
include radio lines from cold molecular and atomic out-
flows (e.g., Leroy et al. 2015; Martini et al. 2018), opti-
cal and UV absorption lines from warm ionized outflows
(e.g., Heckman et al. 2000; Martin 2005; Heckman et al.
2015; Chisholm et al. 2016, 2017), and X-rays from hot
ionized outflows (e.g., Lehnert et al. 1999; Strickland
et al. 2004). Furthermore, numerical simulations that
resolve the multiphase ISM in galaxies and include su-
pernova (SN) feedback (e.g., Hopkins et al. 2012; Gatto
et al. 2017; Li et al. 2017; Kim & Ostriker 2018; Hu
2019; Schneider et al. 2020) show that both warm/cold
and hot gas in the ISM are driven out together by su-
perbubble expansion and breakout. Thus, launching of
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multiphase outflows appears to be the generic outcome
of SN feedback in star-forming galaxies.

In Kim et al. (2020, Paper I hereafter), we analyzed
the outflows in a suite of parsec-resolution numerical
simulations spanning a range of star-forming galaxy en-
vironments. We separated out two distinct thermal
phases at T < 2 x 10*K (cool) and T > 5 x 10°K
(hot) with a subdominant intermediate phase at tem-
peratures in between. For each phase, we character-
ized horizontally-integrated mass, momentum, energy,
and metal fluxes and loading factors (fluxes normalized
by the corresponding star formation rate (SFR), or by
the SN momentum, energy, and metal injection rate).
We also measured horizontally averaged mean veloci-
ties of each outflow phase. In agreement with our pre-
vious study for solar neighborhood conditions (Kim &
Ostriker 2018), Paper I showed that for all the environ-
ments investigated, (1) hot outflows deliver energy and
SN-injected metals at high velocity to the circumgalactic
medium (CGM); and (2) cool outflows carry much more
mass, but at much lower velocity. We presented scal-
ing relations for the dependence of multiphase outflow
properties on the SFR, midplane pressure, and weight
of the ISM, which are all (equally) good predictors for
the mean outflow properties.

The characterization of Paper I addressed fundamen-
tal quantitative questions: how different are mass, mo-
mentum, energy, and metal outflow rates in differ-
ent thermal phases? How do outflow rates scale with
galactic conditions? However, in distilling “velocity-
integrated” properties, important information regarding
velocity and thermal distributions is lost. In particular,
the cool-gas velocity distribution typically has an expo-
nential wing extending to high velocity (Kim & Ostriker
2018; Vijayan et al. 2020), such that significant cool ISM
material could escape into the CGM region even if the
mean cool outflow velocity is lower than a galaxy’s es-
cape speed.

Here we investigate the full joint probability distribu-
tion function (PDF') of outflow velocity and sound speed.
We begin by showing that given a mass loading PDF,
the momentum, energy, and metal loading PDFs can be
constructed (Section 2). We then develop a simple, pa-
rameterized model for the mass loading, with separate
analytic functions describing cool and hot PDFs. These
PDFs are combined with the scaling relations presented
in Paper I to create an easy-to-use outflow launching
model (Section 3), which can be implemented in either
semi-analytic or fully numerical cosmological models of

galaxy formation. We provide a python package' Twind
for model PDFs and sampling, and demonstrate its ap-
plication (Section 4 and Appendix B).

It should be borne in mind that the particular set of
TIGRESS models we employ have several advantages,
but also come with caveats, as discussed below. Thus,
we consider the main goal of this Letter to be a proof
of principle: we show that joint PDFs of outflow veloc-
ity and sound speed are an efficient yet accurate way
to encapsulate complex outflow properties from multi-
physics, high-resolution simulations. We further show
that an analytic model representation of the joint PDF's
enables immediate and practical application of the re-
sults from small scale simulations to cosmological sim-
ulations and semi-analytic models. While the demon-
stration employs our current TIGRESS simulation suite,
results from other simulations (with additional physics,
and/or a wider parameter space) could be used in a simi-
lar fashion, fitting to obtain functional forms and param-
eters that characterize outflow PDFs based on kpc-scale
galactic properties.

2. JOINT PDFS OF OUTFLOW VELOCITY AND
SOUND SPEED

We use a suite of local galactic disk models simu-
lated with the TIGRESS framework (Kim & Ostriker
2017), as presented in Paper I. The suite is comprised
of 7 models, representing the range of galactic prop-
erties in nearby Milky Way-like star-forming galaxies,
as summarized in Table Al. The self-regulated disk
properties cover a wide range of SFR surface density
(Bspr ~ 1074 — 1 Mo kpe™2yr~1), gas surface density
(Bgas ~ 1 — 100 My pc?), and total midplane pres-
sure/weight (Ppig, W ~ 103 —10% kg cm ™3 K). We refer
the reader to Paper I for full descriptions of models and
methods (a brief summary can be found in Appendix A).

We note here that stellar feedback processes consid-
ered in the TIGRESS framework include grain photo-
electric heating by FUV radiation (without explicit radi-
ation transfer) and SNe from star clusters and runaway
OB stars, while other feedback processes including radi-
ation pressure, photoionization, stellar winds, and cos-
mic rays are neglected. The missing feedback processes
may affect the total outflow rates and distributions di-
rectly because some wind-driving forces such as cosmic
ray and ionized-gas pressure gradients (e.g., Girichidis
et al. 2018; Emerick et al. 2018) are not represented,
and/or indirectly, because early feedback might reduce
clustering of star formation and SNe (e.g., Hopkins et al.

! https://twind.readthedocs.io; all figures in this Letter are repro-

ducible with the package.
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2020), which are known to enhance outflows (e.g., Field-
ing et al. 2018). We note that the effects of “early”
feedback has explicitly been shown to be significant in
dwarfs (Emerick et al. 2018; Smith et al. 2020), but is
not yet fully demonstrated in Milky Way-like conditions
as simulated in the TIGRESS suite. Also, the particular
treatments in the TIGRESS framework for star forma-
tion using sink particles and SNe could potentially affect
the properties of outflows (see Kim & Ostriker (2018)
and Paper I for in-depth discussions). New metals (as
opposed to the metals in the initial disk) in our simula-
tions are injected only by SNe as we do not model stellar
winds, which may affect the metallicity of outflows.

The above caveats and particularities certainly af-
fect our specific quantitative results, but the overall ap-
proach we propose is quite general as a way to represent
the mass, momentum, energy, and metals launched in
multiphase outflows.

We now turn to distributions of outflowing gas in the
TIGRESS suite. Let f,(u,w;z) be the PDF of an out-
flow quantity g at a given height z within logarithmic
velocity bins of vertical outgoing velocity u = logigvout
and sound speed w = logjgcs:

L1 dq(2)
falw, w;2) = (q(2)) dudw (1)

Here, f, is in units of dex™2, ¢(z) is a quantity defined
at height z over the entire z-y horizontal domain and
the time interval ¢ € (t1,%2) of interest, and (q(z)) is the
temporal and horizontal average of ¢ (also summed over
all v and w) so that the time averaged PDF has unit
normalization, | f,dudw = 1. The physical quantities ¢
of interest are vertical out-going fluxes

Frr = pout  (mass flux), (2)

Fp = pv2 +P+1lg (z-momentum flux), (3)
FE = powvp/2+S. (energy flux), (4)
Fz = pZvoyt (metal flux). (5)

Here, vous = v,sgn(z) is the vertical outgoing velocity,

B? B2
lg=—--=% 6
B=%8r  4r (6)

is the vertical component of the Maxwell stress (mag-
netic pressure + tension),

1/2
2y
R 2
= - 7
B (U + N — 1 Cs) ( )
is the Bernoulli velocity, where we use isothermal sound

speed c¢2 = P/p, and

(Uout-B2 - BoutV : B)
4

S, (8)

is the vertical component of the Poynting flux with
the vertical outgoing magnetic field Boyt = B.sgn(z),
and Z is metallicity as traced by passive scalars in the
MHD simulations. Note that we adopt v = 5/3 so that
2v/(y — 1) = 5. In the outflow analysis of Paper I, we
did not include magnetic terms in momentum and en-
ergy fluxes; Equation 3 and Equation 4 include them for
completeness but here we show they may be neglected.

The procedure to calculate the joint PDF's is as fol-
lows: we (1) extract one-zone thick slices at a distance
from the midplane |z| for both upper and lower sides
(either fixed heights at z = £500 pc and +1 kpc or time-
varying heights at z = £H and +2H, where H is the
instantaneous gas scale height) over 0.5 < t/to, < 1.5,
(2) sum up each quantity within square bins du = dw =
0.02 dex, and (3) normalize each PDF with the total
“outflowing” quantity (vout > 0) averaged over the time
range of interest at a given height defined by

Zn,i,j Q(xia Yj» tn; Zk)e(vout > O)

(alzr) = VNN ,

(9)

where O(C) is the top-hat-like filter that returns
1 if the conditional argument is true or 0 other-
wise, N, and N, are the numbers of grid zones in
the horizontal directions, and N; is number of snap-
shots analyzed. In Paper I, we use q(z;t) to denote
the horizontally-integrated /averaged quantities that are
outflowing veyy > 0 (with a phase separation if
needed) at a given time. Thus, (g¢) here is simply
the time-average of the corresponding g, which is pre-
sented in Table 3 of Paper I and available online at
doi:10.5281 /zenodo.3872049.

In addition to the total metal flux, it is of interest
to quantify how enriched the outflow is compared to
the ISM. To derive the distribution of the outflow en-
richment factor, we first define the average metallicity
within each logarithmic velocity bin as

(Fz(2)) fry(u,w;2)
(Fu(2)) fru (u,w;2)

so that the corresponding enrichment factor is

Z(u,w; z) = (10)

Z(u, w; z)
Zism

C(u, w3 2)

(11)

The mean ISM metallicity Zigym is obtained by taking
the time average of the instantaneous ISM metallicity
Zism(t) defined by the mean metallicity of the cool
phase within |z| < 50 pc (see Section 4.2 of Paper I).
To make our approach more general, we translate our
results into loading factors, defined by ratios of outflow
fluxes to corresponding areal rates of star formation (and
related areal rates) in our simulations. This translation
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Figure 1. Joint PDFs in logiovout and logiocs for model
R4 (Xgas ~ 30 Mg pc 2 and Tspr ~ 1071 Mg kpc2 yr_l)
at |z| = H. (a) Mass loading PDF, (b) energy loading
PDF, and (c) enrichment factor distribution. The red and
blue dashed lines denote temperature cuts to separate cool
(T < 2 x 10*K), intermediate (2 x 10*K < T < 5 x 10° K),
and hot (5x10° K < T') phases. The dotted gray lines denote
loci of constant vs . = (v2y + 5¢2)/? (labeled in (a)) and
M = vout/cs (labeled in (b)); loci are identical in all panels.

eases the connection to global simulations, in which e.g.
the mass loading factor from a given cell represents the
wind mass loss rate relative to SFR in that cell. We note
that Ygpr is still needed for our model parameterization;
in global models appropriate projection and averaging
may be used to define Y.gpg in the region centered on a
given cell (of arbitrary shape).

Following Paper I, we define

Folz,y,t; 2
nq(x)yat;z):< (I( )

—_— 12
Qref LSFR /M) (12)

Here, ¢ = M, p, E, and Z as in Equation 2 — Equa-
tion 5, m, is the mass of new stars formed per SN, and
the reference values per SN event for mass, momentum,
energy, and metal mass are

Myer = my = 95.5 Mo, (13)

Pref = Bsn/(20co01) = 1.25 x 10° Mp kms™t,  (14)
Eyet = Esn = 10°" erg, (15)

Zyot = MejZsn = 2 My, (16)

These values are adopted based on a Kroupa (2001) ini-
tial mass function, with ejecta mass Me; = 10 M, and
metallicity Zsny = 0.2 from STARBURST99 (Leitherer
et al. 1999). We choose veoo1 = 200 km s~ (see Section
4.1 of Paper I for the full discussion of this choice and
Dref). With these definitions, 7,/ is the ratio of mass out-
flow rate to SFR, ng (nz) is the ratio of energy outflow
rate (metal mass outflow rate) to SN energy (SN metal
mass) injection rate, and 7, is the ratio of z-momentum
outflow rate to the vertical momentum injection rate
from post-Sedov-stage SNe. Note that the PDFs are
identical for fluxes and loading factors as they differ by
a constant factor and are normalized to be integrated
to 1. Therefore f, with ¢ = M, p, F, and Z may de-
note either a flux PDF or loading PDF. We note also
that loading factors may be defined for all material in
the outflow or separated by thermal phase, depending
on whether the corresponding flux is for all material or
phase-separated (see Paper I).

Figure 1 shows? (a) the mass loading PDF ( fys(u, w)),
(b) the energy loading PDF (fg(u,w)), and (c) the
metal enrichment factor ({(u,w)) for model R4 at |z| =
H. As reported in Paper I (see also Kim & Ostriker
2018), it is evident that the cool outflow carries most of
the mass (panel a), while the hot outflow carries most
of the energy (panel b) and metals (panel ¢). In ad-
dition, Figure 1(b) clearly shows a wide distribution in
Vout (With a narrow spread in ¢g) for the cool outflow,

2 An equivalent figure for all seven models and four values of |z|
can be created using Twind. The same is true for all other figures.
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contrasting in Figure 1(a) with a broader distribution
along both axes for the hot outflow. This makes plain
that naively adopting a single characteristic velocity and
temperature would poorly represent both the mass and
energy outflow rates.

For reference, Figure 1 includes contours of constant
vB,z, where the outflowing component of the Bernoulli
velocity is defined as

VB2 = (Vg + 56212, (17)

To gauge whether fluid elements with given (u,w) have
sufficient energy to travel from the launching place to a
distant location, vz . can be compared to the escape ve-
locity vesc (which can be defined via the gravitational po-
tential difference between wind launching position and
the distant point).

For outflows driven under conditions like model R4
(with Xgpr ~ 0.1 Mgkpe ?yr~—!), most hot outflows
would escape the main galaxy if vese < 300kms™!,
delivering significant energy and metal fluxes far into
the CGM. Cool outflows in a massive galaxy would,
however, fall back as fountains. In the case of a low-
mass galaxy with a shallow halo potential, e.g., vVesc <
50kms~!, cool outflows would carry significant mass
outside the main galaxy into the CGM, at the same
time as the hot wind carries energy and momentum.

Figure 1(c) demonstrates that the enrichment factor
is tightly related to vg .. This relation is rooted in the
strong correlation between energy and SN-origin metal
loading factors of the hot outflow seen in Figure 15 of
Paper I (see also Creasey et al. 2015; Li & Bryan 2020).
We find that the model®

i = (W)N {ZSN - 1] +1, (18)

3.2 X 103 kms—1 ZISM

for the enrichment factor defined in Equation 11 is in
good agreement with the results for all heights (|z| = H,
2H, 500 pc, and 1 kpc) where we measure the outflow
properties from the full TIGRESS suite. As a result, for
a given Zgy, model outflow metallicity 7 = 5ZISM in-
creases with the specific energy (or vg ) at high-vg ,
and flattens to Zigm at low-vg .. This formula pre-
dicts that, even in the limit of zero ISM metallicity (al-
though this is outside the parameter space we explored),
the hot outflow at high-vp would have large non-zero
metallicity Z o Zsnvg”, derived from very recent SN
ejecta. Note that Equation 18 uses vg, which can be

3 Here and elsewhere we use a tilde to denote an analytic model,
in which the parameters are determined by fits to the TIGRESS
simulation suite outputs.

directly calculated from v and w. Paper I found a slight
enrichment of the cool outflow (~ 10% at the largest
Ysrr ~ 1 Mg kpe 2 yr—1), but we neglect it for simplic-
ity. In Equation 18, { — 1 for low VB,z, 50 the outflow
metallicity model is valid for cool gas, in which Z ap-
proaches Zign.

Under a certain set of assumptions, the momentum,
energy, and metal loading PDF's can be recovered from
the mass loading PDFs. If magnetic terms are negligi-
ble (and the bin size of PDFs is sufficiently small), the
momentum loading PDF can be reconstructed from fj,
as

2
Vo £ Ce p (19)
where v, = pret/Mief = 1.3 x 103kms~!. The energy
loading PDF can also be approximately reconstructed if
the vertical component of kinetic energy dominates over
the transverse component. In practice, there is non-
negligible contribution from the transverse component of
kinetic energy, but we find we can correct for this. Our
model results are consistent with a simple bias factor
that describes the ratio of outflow component to total
specific energy as a function of vg .:

2
v
b= f; = 0.1log10v5.- + 0.6, (20)
B

for vg,, in units of km/s and vg . € (1,10*) kms=!. We
then obtain the reconstructed energy loading PDF from
the mass loading PDF as

ro_ <77M> 1 v123,z fM

where v = (Frot/Mot)/? = 7.3 x 102kms~'. Sim-
ilarly, the metal loading PDF can be recovered using
Equation 18 as

(na) Ziswm =
) 2. C(vB,2) fu, (22)

where Z, = Zyef /Myer — 0.02.

To demonstrate how well PDF's for other variables can
be recovered from the mass loading PDF with Equations
(19), (21), and (22), Figure 2(a) plots the original PDF's
projected onto the logigvp,, axis (thick lines), in com-
parison with the reconstructed PDFs (thin lines), for
model R4 at |z| = H. The reconstruction is successful:
the thin lines are barely seen as they overlie the thick
lines almost everywhere. For more quantitative compar-
ison, Figure 2(b) plots the ratios between reconstructed
and original PDF's for all models at |z| = H (thick lines
are for R4 and thin lines for other models). Again, the
recovery of all PDFs is quite good, especially at vg .

fz =
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Figure 2. (a) Examples of PDFs for loading factors projected onto logiovgs,. for model R4 at |z| = H. Thick lines show
direct measurements of all PDFs, while thin lines with the same color (overlying the thick lines almost everywhere) show
reconstructions from the mass PDF of momentum (Equation 19), energy (Equation 21), and metal (Equation 22) PDFs. (b)
The ratios of reconstructed PDFs to the original PDF's for all models at |z| = H. The mean ratio at a given logigvs, . is obtained
by a mass flux weighted average. (Thick lines correspond to model R4, shown to left.)

larger than a few tens of km/s (which is what matters in
the outflow context). This justifies the general assump-
tion that the magnetic stress is not important in out-
flows and confirms the validity of the enrichment factor
model (Equation 18) and the bias factor (Equation 20)
for all cases.*

3. MODEL PDFS AND VALIDATION

Figure 1 and Figure 2 (see also Paper I) make clear
that the cool and hot gas have quite different loading
properties, which suggests that for practical applica-
tions it will be necessary to treat these components as
two different species. To properly treat hot and cool
winds on an individual basis, we first define an ana-
lytic two-component mass loading PDF model with an
easy-to-use functional form that represents the results
of the TIGRESS simulations well.” We then combine
this with the scaling relations for phase-separated load-
ing factors (presented in Table 5 of Paper I) and our
reconstruction method (Equation 19, Equation 21, and
Equation 22) to derive energy, momentum, and metal
loading PDFs. We emphasize that the objective is
not to describe every detail of the PDFs but to rea-
sonably capture the overall behavior over the range of
Ysrr/ Mg kpe 2 yr~! € (107%,1) covered in the sim-

4 We also confirm the same models can be applied to the results
at all heights (|z| = 2H, 500 pc, and 1 kpc).

5 For the purposes of quantifying winds, we do not separately ana-
lyze the coldest component (7' < 100K), which may not be fully
resolved in our simulations and does not contribute to mass, mo-
mentum, energy, and metal loading significantly.

ulation suite. With a goal of optimizing both physi-
cal fidelity and technical simplicity, we have found that
just two free parameters are needed in our wind loading
model: Yspr and Zism. As we shall show, these two pa-
rameters encapsulate the essential aspects of local con-
ditions of star-forming disks needed for characterizing
wind properties.

For the cool outflow (T < 2 x 10*K), we find that
a model combining log-normal and generalized gamma
functions,

2
Fcool Vout Vout
u,w) =A. | —— | exp|— | ——
M ( ) <Uout,0> p|: (Uout,O)]
1 (In(cq 2
e
2 o

describes the general shape of the distribution reason-
ably well. Here, A. = (In10)?/(2w0?)Y/? = 2.12/0. For
this functional form, the mean outflow velocity is 2v4yut,0-
To fit the simulation PDF's at |z| = H, we adopt con-

(23)

stant values for cg = 6.7kms™' and o = 0.1, while
Vout,0 is a function of Ygpg:
Uout,O = 20.23 + 3 (24)
kms—1 024SFR,0

where vg = 25 and Yspro = Ysrr/ Mo kpe 2 yr— L.

The adopted form in Equation 24 differs slightly from
the linear regression result presented in Paper I (Eq. 57
there) to (1) adjust for a specific PDF shape adopted
here, and (2) avoid arbitrarily low outflow velocity at
very low Ygpr. We find that only small adjustments
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Figure 3. Comparison between simulated and model PDFs for R4 at |z| = H: (a) mass loading and (b) energy loading. In
each row, the first column shows full joint PDFs in logarithmic color scale (logio far,r [dex?]) from the simulation (color) and
model (contour). The remaining four panels are histograms showing projections onto (from left to right) vous, ¢s, v5,z, and M
axes. Model PDF's are separated into cool (blue) and hot (orange) components. The sum of the two (yellow) matches simulated

PDFs (black lines) well.

are needed in the parameters to describe the simula-
tion PDFs at larger |z|: (vo,cs0/(kms™h)) = (45,7.5),
(45,8.5), and (60,10) at |z| = 2H, 500 pc, and 1 kpc,
respectively. This adjustment is physically reasonable
because only the higher vi . components of cool out-
flows can travel farther.

For the hot outflow (7' > 5 x 10°K), we construct
a model mass PDF using two generalized gamma func-
tions,

o) =0 (222 o - (22
() == [ ()]

The arguments v , = (v2,, +5¢2)'/? and Mach number
M = vout/cs can be directly constructed from u and w.
Here, A;, = (In10)?[2/y/7] = 5.98. For this functional
form, the mean values of vz, and M are 0.69v3( and
3My. We adopt a constant value of Mg = 0.5, and a
scaling relation for vg o:

(25)

y $1/2
B,0 B SFR,0

2+ ESFR,O

This adopted form is different from the linear regression
presented in Paper I (Eq. 60 there) to (1) keep vp < ve;
at high Ygpr and (2) accommodate a flattening at low
Ysrr. The same hot outflow model works well at all
four |z| locations where the simulation PDF's are calcu-
lated. Given the generally high specific energy of the
hot outflow, the shape of the PDF changes little within
the range of |z| we consider. Note that Equation 23 and
Equation 25 satisfy [ far(u, w)dudw = 1 individually.

As models for the mass loading of the cool and hot
phase at |z| = H, we adopt power laws

" = 085 Ygpi o (27)
et = 0.20 D5t (28)

similar to the relations derived in Paper I (see Fig. 8a,b
there). As we are ignoring the intermediate component,
the normalization in ﬁﬁ/‘[’t is slightly larger (by a factor
1.4) than that in Paper I. We also note that 7j,, = 753°"+
ﬁ}]\‘/}’t is not identical to the single combined power law fit
shown in Fig. 13a of Paper I. The model mass PDF
obtained by combining the cool and hot components is

given by

z 57" ool | TAL"
far(u,w) = == f2% + =M= fit (29)
Ui Uivs
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Figure 3 compares the simulated and model joint
PDFs of model R4 in the (u,w) plane (first column,
color and contour, respectively) and projections along
the log10vout, logiocs, logiova, -, and logip M axes (from
second to fifth column). Panels with projected PDFs
show the combined model (yellow lines) and the indi-
vidual cool (blue lines) and hot (red lines) components
separately. The combined model PDF follows the orig-
inal PDF from the simulation (shown as black) reason-
ably well, modulo a dearth of intermediate temperature
gas w € (1,2) and cold gas w < 0.5 (but since these
have low mass and energy loading factors, this makes
no practical difference).

We derive model PDFs for momentum, energy, and
metal loading factors as

_ ﬁcool B ﬁhot
fq _ (i f;ool,r + g f;lot,r (30)
Mq Mq

where ¢ = p, E, and Z, and fP"" is the reconstructed
model PDF for each phase (ph=cool or hot) using Equa-
tions (19), (21), and (22). As an example, for momen-
tum

~ph 2 2
fph,r v Yout + Cs 7ph (31)
p ~ ~ph M>

77p Upvout

with analogous expressions for Eh”” and fgh’r based on
Equations (21) and (22). As we combine Equation 30
and Equation 31 (or analogous expressions for ¢ = F
and Z), ﬁgh cancels out, and we only need models for
the total momentum, energy, and metal loading factors
once we have constructed f M using the phase-separated
77}3\?[01 and ﬁkgt. We combine the power-laws in Ygpgr for
cool and hot phases at |z| = H from Table 5 of Paper I°

to obtain total loading factors:

i, = 0.045070 + 0.1592 (32)
i = 0.013551 5 + 02587k o (33)
iz = 1.58gpn o + 042587k o (34)

We then renormalize the reconstructed model PDFs to
make [ fydudw = 1.

Figure 3(b) shows the model energy loading PDF fe
in comparison to the simulated energy loading PDF.
Again, the agreement between the simulated and model
PDFs are good.

To check the validity of the model PDFs over a range
of Ygrr, we compute loading factors for outflows for

6 In order to construct model PDFs at different |z|, one should ad-
just the scaling relations of the loading factors to those from the
given height, which are available at doi:10.5281/zenodo.3872049.

UB,z > Vescs

o0

nq(U&z > Uesc) = ﬁq/ fq(u,w)dudw, (35)

UB,z=Vesc

where ¢ = M, p, E, and Z. Figure 4 compares the
model 74(vB,» > Vesc) at varying vesc = 0, 30, 100, 300,
and 103 kms™! to direct results from the simulations at
|z| = H. These can be thought of as idealized outflow
loading properties in halos with varying escape veloci-
ties. Direct results from the TIGRESS simulations are
shown as filled circles, and the model compares well at
all YXgrr and vVegc-

Note that for the purpose of this test, we normalize
the model metal loading PDF for a fixed ISM metallic-
ity, Zism = 0.02. We plot as dashed lines in panel (d)
the results for Zigy = 0, which is equivalent to the in-
stantaneous SN-origin metal loading factors. This puts
a floor on the metal loading.

Despite its simplicity, the model correctly captures
key behaviors from the simulations remarkably well. In
particular, the high sensitivity of mass loading to vesc
(most extreme at low Xgpr) and the general insensitiv-
ity of energy loading to ves. and Xgpg are notable. The
former effect is due to the increase of the mass load-
ing and the decrease of outflow velocities of cool gas at
low Ygpr, while the latter effect owes to the high out-
flow velocity and near-constant energy loading of hot
gas produced by SNe. More subtle effects, such as the
moderate decrease in energy loading at low Xgpr when
Vese > 300kms™!, are also reproduced by the model.
We note that the energy-loading behavior of the model
is mirrored in the metal-loading for Zigy = 0 because
this is from SN ejecta, while the increase in metal load-
ing at low vese for Zigy = 0.02 is due to metal loss in
low-velocity cool-ISM gas.

4. PRACTICAL APPLICATION

For practical implementation of our wind launching
model, we release a python package Twind with our wind
model. As cosmological simulations often launch winds
as particles (e.g., Oppenheimer & Davé 2006; Vogels-
berger et al. 2013; but see Dubois & Teyssier 2008; Dalla
Vecchia & Schaye 2012; Keller et al. 2014 for alterna-
tive approaches), the package also implements a particle
sampling procedure. Twind is based on the two compo-
nent PDF model at |z| = H described in Section 3,
but also supports models at different heights |z| = 2H,
500 pc, and 1 kpc.

We demonstrate Twind following the procedure out-
lined in Appendix B using the R8 TIGRESS model,
which has the longest simulation duration in our sim-
ulation suite. We treat our whole simulation box as


http://doi.org/10.5281/zenodo.3872049
https://twind.readthedocs.io/en/stable/index.html
https://twind.readthedocs.io/en/stable/index.html
https://twind.readthedocs.io/en/stable/index.html
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(a) Mass Loading

(b) Momentum Loading

(c) Energy Loading (d) Metal Loading

S 101 s s L3 T & 1 3 - 1 F E
102f 1 0F 1 F 1 F 5
104 103 102 10! 109 104 103 102 101! 109 104 103 102 101 109 104 103 102 10! 10°

Yerr Mo kpe 2yr Y] Yerr Mo kpe 2yr Y] Yorr [M o kpe 2yr 1] Yerr [M o kpe 2yr 1]

Figure 4. Loading factors for outflows with vg . > vesc (Equation 35) at |z]

= H. Filled circles are directly calculated from

the simulation PDFs, while solid lines are from the model PDFs. Solid and dashed lines in (d) denote the model loading factors
for Zism = 0.02 and 0, respectively. Overall, the model tracks the general behavior of the simulation results.

100 T T T T T
(a) mcool , , ,
ol — 10*M, = 10°M, 10907,
“S) 101 A ; (c)
B \ b I |
2102 —
g
=7l J
103 ' - s
asl T T T T T ] e i
10%°F (b) kot (ghet) kS u
a —— 102M, (38-10%crg)  —— 10%M, (3.6 10%crg) 104, (3.7»105%@)_ g ! . Neool  g50
1F . . Nt — 2756
""'m Newl — 80
Nhot =296
Neol — 11
Nt =27
w % 1 2 3
10 0 100 200 300 400 500 600 u=1og19 Vout [km/s]
time[Myr]

Figure 5. Model sampling demonstration for (a) mass outflow rate of cool gas and (b) energy outflow rate of hot gas at

|2l

= H. The simulation result (black solid) is compared to the model for three different particle mass choices (colored lines;

see keys). The input to the model is Xsrr(t) from TIGRESS simulation R8 (representing solar neighborhood conditions with

Ygas ~ 10 Mg pc™? and Yspr ~ 5 x 1072 Mg kpc ™2

and the corresponding SN energy injection rate is shown as the grey region in (b).

yrfl)7 where M, = YsrrLyLy is shown as the grey shaded region in (a)

(c) Distributions of cool (circles) and hot

(squares) outflow particles sampled over ¢ = 220 - 440 Myr from the different mass sampling cases (number of particles drawn

is shown in the legend). The simulation PDF at |z| =

equivalent to one resolution element in a cosmological
simulation, giving a time series M, = YsrrLg Ly where
L,L, = (1024 pc)? is the horizontal area of the simula-
tion. For this demonstration, we fix At = 1Myr, and
adopt constant mass quanta m®°! and m"°t

Figure 5 shows (a) the mass outflow rate of cool gas
from the simulation (black) and the model with three
different m<°!; (b) the energy outflow rate of hot gas
from the simulation (black) and the model with three
different m®°*; and (c) the distribution of hot (squares)

H over the same time interval is shown in the background.

and cool (circles) particles for the different choices of
particle masses. For simplicity, we only show mass (en-
ergy) outflow rates of the dominating cool (hot) compo-
nent (see Figure 3).

As the adopted SFR varies with time, the target
mass outflow rate also fluctuates, with median 3.7 x
1072 Mg yr~! and 5(95)th percentile 9.6 x 1072 (6.4 x
1072) Mg yr~t. For our chosen At = 1 Myr, this trans-
lates into outflow mass ~ 10* — 105 M, mostly in cool
gas. We thus expect complete, marginal, and incomplete
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sampling of cool outflows for m®°! = 104 M, 10° M,
and 10% M, respectively. Figure 5(a) is consistent with
this expectation, with good temporal tracking at the
lower two masses and poor tracking at the highest mass.”

For the R& simulation, the 5 and 95th percentiles
of the energy outflow rate are 4.9 x 10** and 1.4 x
10*6 ergyr—!, corresponding to a range ~ 5 x 10°0 —
1052 erg for At = 1Myr. Given the hot particle mass
and model PDF, the mean particle energy is ehot ~
4 % 10% for mype; = 102 Mg, and increases nearly linearly
with the particle mass. Therefore, we expect complete,
marginal, and incomplete sampling of hot outflows for
mht = 102 Mg, 103 My, and 10* M, respectively, as
Figure 5(b) demonstrates.

More generally, the necessary resolutions for a fair
sampling of mass and energy outflow rates by cool and
hot gas, respectively, are

meo°l ~ nf\?IOIM*At (36)
) .
UB,z hot hot M*
— ~ E At 37
5 M g Bsn —AL, (37)

where U5, = 0.69vp o is the mean Bernoulli velocity of
the hot PDF (Equation 25). This implies that the ratio
of resolution for hot and cool gas particles should obey

mhot ~ 4ESN n%ot

cool 2 cool
m MU o N37

(38)

which is ~ 0.01 — 0.1 in our simulations (increasing with
Ysrr). In simulations using particle-based codes, the
hot wind particles would therefore generally need to be
spawned with smaller mass than the common mass res-
olution of gas particles.

5. SUMMARY & OUTLOOK

Outflows produced by SN feedback include both hot
and cool phases, and even within a single phase there is a
range of temperature and flow velocity. Here, we extend
the analysis of Paper I using joint PDFs in sound speed
and outflow speed to characterize the mass, momentum,
energy, and metal loading of the outflowing gas in a TI-
GRESS simulation suite, separately treating cool and
hot components. We demonstrate that the mass load-
ing PDFs are well described by straightforward analytic
expressions (Equation 23 and Equation 25). The mo-
mentum, energy, and metal loading PDFs can then be

7 In both panels, model outflow rates are shifted by 10 Myr since
there is a time delay between star formation/SN events near the
midplane and gas outflows passing through one scale height above
the midplane (see Appendix C in Paper I).

reconstructed from the mass loading PDFs without sig-
nificant loss of information. A sampling procedure uti-
lizing our two-component PDF, prototyped in python
as Twind, is able to successfully reproduce the time-
dependent simulated outflow rates in TIGRESS, pro-
vided that the respective mass and energy sampling of
cool and hot phase outflows are sufficient to follow the
true temporal evolution.

The framework developed in this Letter for charac-
terizing multiphase outflows using joint PDF's is quite
general, and can be applied to any existing and fu-
ture simulations in which multiphase outflows naturally
emerge. Additional feedback processes including cosmic
rays, stellar winds, and radiation as well as additional
physics (e.g., thermal conduction) or global geometry
may alter the parameters compared to those calibrated
using our existing TIGRESS simulation suite. Different
functional forms might be needed as well. Regardless
of particular details, we consider the formalism we have
introduced to analyze simulations and characterize joint
PDFs of outflow velocity and sound speed as a funda-
mental advance in the representation of multiphase out-
flows.

The joint PDF model and sampling procedure out-
lined here can be applied to launch multiphase wind
particles in cosmological simulations. This would re-
quire several changes with respect to current practices
in big-box cosmological simulations. First, it is crucial
to separately model hot and cool components, rather
than a single component. Second, the two components
should have separate mass resolution, since resolving en-
ergy outflows in the hot gas requires a hot-gas particle
mass 1 or 2 orders of magnitude lower than the particle
mass required to resolve cool outflows.

In particular, we consider sampling requirements for
a solar neighborhood environment with Xgpr ~ 3 X
1073 Mg kpe 2 yr~!, which is typical of star forming
disks in both observations (e.g., Sun et al. 2020) and sim-
ulations (e.g., Motwani et al. 2020). The mass resolution
for baryons adopted in the Hlustris-TNG50 simulations
(Pillepich et al. 2019; Nelson et al. 2019) is ~ 105 M,
which would be marginal for realizing mass outflow in
cool gas but insufficient for realizing energy (and metal)
delivery in hot outflows.

The wind launching model outlined here requires just
two parameters, the local ISM metallicity Zigm and
the local star formation rate per unit area in the disk,
Ysrr. The first is readily available in current cosmolog-
ical simulation frameworks, but the latter typically is
not. There are two different issues. First, the disk scale
height is generally not resolved in the current generation
of large volume simulations. As a result, the true gas


https://twind.readthedocs.io/en/stable/index.html

MULTIPHASE GALACTIC WIND LAUNCHING 11

volume density (or pressure) is not known, and with-
out knowledge of the corresponding internal dynamical
timescales it is not possible to make a physically-based
prediction for the star formation rate on a cell-by-cell
basis. To address this issue, either the scale height must
be resolved (e.g. in zoom simulations), or a sub-grid
model for estimating the true gas scale height must be
included. Second, to obtain Xgpg on-the-fly for individ-
ual cells, additional computation involving some over-
head (e.g., for neighbor searches) would be required.

While the new approach to subgrid wind modeling we
describe would involve technical challenges and compu-
tational costs, the return on the investment would be
wind properties that represent local environments much
more faithfully than current approaches. In particular,
the usual practice in current cosmological simulations is
to scale wind velocities relative to halo virial velocity
(e.g., Davé et al. 2016, 2019; Pillepich et al. 2018), but
this does not properly represent the physics of cool gas
acceleration, which mostly takes place at small scales
within or near the disk in response to the local rate
of SN explosions. A wind launching model calibrated
based on resolved local simulations would also be pre-
dictive and testable through, e.g., global correlations of
galaxy properties, which is not the case for empirically-
tuned subgrid models.

The results presented here are also of immediate prac-
tical use in semi-analytic models (SAMs) of galaxy for-
mation (e.g., Somerville et al. 2015; Forbes et al. 2019).
In contrast to traditional approaches adopted in SAMs,
the inclusion of both mass and energy loading factors en-
ables more sophisticated modeling. For example, many
SAMs only account for the mass loss from the ISM due
to outflows, and do not include the effects of energy de-
posited by winds. Pandya et al. (2020) have shown that
preventative feedback due to energy deposition from
stellar driven winds may be needed to allow SAMs to
better reproduce the predictions from the FIRE-2 nu-
merical hydrodynamic simulation suite (Hopkins et al.
2018), especially in dwarf galaxies. Furthermore, a pri-
mary uncertainty in SAMs is what fraction of gas ejected
by stellar-driven winds escapes the halo, and on what
timescale this ejected gas returns to the halo. The veg
dependent loading factors presented here can be used to
determine these quantities, thereby removing several of
the free parameters that needed to be empirically cali-
brated in previous generations of SAMs.

Finally, we emphasize that our model only provides
outflow properties at launching, close to the galactic disk
(]z] < 1kpc). To understand and model the impact of
multiphase outflows in the context of galaxy formation
and evolution, it is necessary to follow wind interactions

with the CGM (which may be inflowing; e.g., Melso et al.
2019; Gurvich et al. 2020). These may or may not be
resolved in cosmological simulations, or explicitly mod-
eled in SAMs. It is known from zoom-in simulations
that there can be large differences between loading fac-
tors near the disk and after the interaction with the
CGM (e.g., Muratov et al. 2015; Anglés-Alcdzar et al.
2017; Tollet et al. 2019), which implies additional “post-
launch” subgrid treatments would be required for lower-
resolution large-box simulations. Efforts are underway
within the SMAUG collaboration to implement our wind
launching model, together with additional treatments
for the interaction with the CGM, both in numerical hy-
drodynamic simulations and in next generation SAMs.
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APPENDIX

Table A1l. Model Parameters

Model (Egas> Psd torb Ro Ax <ESFR>

(1) 2 B @ 6) (© (7)

R2 74 1 61 2 2 1.1
R4 30 0.45 110 2 13x10°?
R8 11 0092 220 8 4 51x1072
R16 25 0005 520 16 8 7.9x107°
LGR2 75 012 120 2 2 49x107!
LGR4 38  0.055 200 2 9.0x1072
LGR8 10 0.012 410 8 4 3.2x107°

NOTE— (1) model name. (2) gas surface density in
Mg pc? averaged over 0.5 < t/tors < 1.5. (3) vol-
ume density of stars and dark matter at the mid-
plane in Mg pc™. (4) orbit time ton, = 27/Q in
Myr. (5) galactocentric radius in kpc. (6) spatial
resolution of the simulation in pc. For all models,
(Nz, Ny, N.) = (256,256,1792) grid zones are used.
(7) SFR surface density in Mg kpc 2yr~! averaged
over 0.5 < t/torn < 1.5.

A. A BRIEF SUMMARY OF MODELS AND
METHODS

The TIGRESS framework solves the ideal MHD equa-
tions on a uniform Cartesian grid using Athena (Stone
et al. 2008; Stone & Gardiner 2009). We use a stan-
dard local shearing box in which + = R — Ry and
y = R(¢ — Qt) are the local Cartesian coordinates at
galactocentric distance Ry (with box center rotating at
angular speed ) about the galactic center), while z is
the global vertical coordinate centered at the disk mid-
plane. The energy equation includes a net cooling term,
L = n4A(T) — ngl, where ny is the hydrogen num-
ber density, A(T) is the temperature dependent cooling
coefficient at Solar metallicity adopted from Koyama &
Inutsuka (2002) at T < 10*2K and Sutherland & Do-
pita (1993) at T > 102K, and T is the FUV-dependent
heating rate due to photoelectric effect on small grains,
allowing for plane-parallel attenuation of FUV radiation.
The Poisson equation is solved to obtain the gravita-
tional potential from gas and newly formed star clusters.
Self-gravitating collapse is followed up to the density
threshold (> 10% — 103 cm™2, higher at higher surface
density models); above this density sink particles may
be created to represent star clusters if flows are converg-
ing in all three directions and there is a local minimum

of the gravitational potential. A simple stellar popu-
lation synthesis model from STARBURST99 (Leitherer
et al. 1999) is used to obtain the FUV luminosity and
SN rate of each cluster particle. SN events are mod-
eled by either energy injection or momentum injection
depending on the resolution and surrounding medium
density (Kim & Ostriker 2015). Our resolution is high
enough to resolve the Sedov-Taylor stage of almost all
SNe (> 90%), which is critical for multiphase outflow
driving.

We note that our treatments of sink particles and
SNe from them may enhance clustering of SNe, and
the resulting “burstiness” may affect outflow properties.
We convert all the gas in cells experiencing unresolved
gravitational collapse into sink particles (assuming 100%
star formation efficiency within gravitationally collaps-
ing cores). Each particle represents a star cluster with
mass of M. Typical cluster masses are in the range
of 10% — 105 M, while a few ~ 105 M, clusters also
form in the high gas surface density models, R2 and
LGR2. Each cluster particle creates Ngn ~ M /m, =
10(M1/10% Mg) core collapse SNe over ~ 40 Myr. 2/3
of them explode at the position of the hosting cluster
particle, while 1/3 are treated as OB runaways ejected
from the hosting cluster at high velocity before explo-
sion.

We use the standard model suite presented in Paper L.
The suite consists of 7 models, with key parameters sum-
marized in Table Al.

B. TWIND SAMPLING PROCEDURE

Given a total star formation rate M*, and wind mass
quantum mP" in each phase (ph € {cool, hot}), the sam-
pling procedure is as follows:

1. Obtain the mass of the wind for each phase:

where At is the time interval (which can be a sim-
ulation time step).

2. Draw an integer random variate NP" from the
Poisson distribution to choose the number of wind
particles to spawn:

NPI ~ Pois(k; \), (B2)

where Pois(k; \) = \¥e=* /k! is the Poisson distri-

. . . . h
bution with the Poissonian mean A = ME!  /mPh.
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3. Draw two random numbers &; and &, for each par-
ticle to assign voys and cs. & and &5 are drawn
either from a two-parameter generalized gaussian
distribution (GGD; G(x;d,p)) and standard nor-
mal distribution (g(x)) for cool particles, or from
two two-parameter GGDs for hot particles:

&~ G(x;2,1),& ~ g(x) if ph=cool (B3)
&1~ G(SC, 2, 4)7 §a ~ G(JZ, 3, 1) if ph=hot, (B4)

where G(z;d,p) = % 'e*"p/T'(d/p) is the two-
parameter GGD and g(x) = exp(—x2/2)/(2r)'/?
is the standard normal distribution. In practice,
we tabulate the inverse of the CDF of three GGDs
with parameters used in Equation B3 and Equa-
tion B4 and obtain & = CDF~'(&y;), where &y

Here, cs0, o, and My are constants while vout,0
and vg o are functions of Xgpr (see Section 3). To
fit the simulation PDF's at different heights (|z| =
H, 2H, 500 pc, 1 kpc), we adjust these param-
eters and change 7, from Paper I. These explicit
parameterizations are implemented in Twind.

5. Assign metals to the particle based on the metal-
licity in the launching region (Zigm) and the metal
enrichment factor (Equation 18)

6. (Optional) Assign the velocity perpendicular to
the outflow direction to the particle based on

is a uniform random number in [0, 1).

4. Assign voy and cg:

if ph=cool,

Vout = Uout,Ogla Cs = C8706520; (B5)

and if ph=hot,

Cs = UB,Z/(/\/l2 + 5)1/2, Vout = Mcs,  (B6)
where UB,z = 1}37051, M= Mofg. (B7)

Equation 20:

1 b 1/2
v = (b) VB, (B8)

In Section 4, we draw samples with a fixed particle mass
as this is the typical practice in cosmological simula-
tions, but it is also straightforward to draw samples for
a fixed particle energy.
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