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A B S T R A C T 

We use the large spectroscopic data set of the MOSFIRE Deep Evolution Field surv e y to investigate the kinematics and energetics 
of ionized gas outflows. Using a sample of 598 star-forming galaxies at redshift 1.4 < z < 3.8, we decompose [O III ] and H α

emission lines into narrow and broad components, finding significant detections of broad components in 10 per cent of the 
sample. The ionized outflow velocity from individual galaxies appears independent of galaxy properties, such as stellar mass, 
star formation rate (SFR), and SFR surface density ( � SFR ). Adopting a simple outflow model, we estimate the mass-, energy-, 
and momentum-loading factors of the ionized outflows, finding modest values with averages of 0.33, 0.04, and 0.22, respectively. 
The larger momentum- than energy-loading factors, for the adopted physical parameters, imply that these ionized outflows are 
primarily momentum driven. We further find a marginal correlation (2.5 σ ) between the mass-loading factor and stellar mass in 

agreement with predictions by simulations, scaling as ηm ∝ M 
−0 . 45 
� . This shallow scaling relation is consistent with these ionized 

outflows being driven by a combination of mechanical energy generated by supernovae explosions and radiation pressure acting 

on dusty material. In a majority of galaxies, the outflowing material does not appear to have sufficient velocity to escape the 
gravitational potential of their host, likely recycling back at later times. Together, these results suggest that the ionized outflows 
traced by nebular emission lines are negligible, with the bulk of mass and energy carried out in other gaseous phases. 

K ey words: galaxies: e volution – galaxies: kinematics and dynamics – galaxies: ISM – ISM: jets and outflows. 
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 INTRODUCTION  

arge-scale galactic outflows have long been recognized as a key
rocess in galaxy evolution. Early theoretical models of galaxy
ormation required outflows of mass and energy to prevent gas from
 xcessiv ely cooling, causing o v erly efficient star formation and an
 v erproduction of stellar mass (White & Rees 1978 ; Dekel & Silk
986 ; White & Frenk 1991 ). Modern models of galaxy evolution and
imulations rely on intense, galactic-scale outflows to suppress star
ormation and reproduce observed properties of galaxies, such as the
alaxy mass function and the sizes of galactic discs and bulges (e.g.
av ́e, Finlator & Oppenheimer 2011 ; Guedes et al. 2011 ). Beyond

uppressing star formation, outflows modulate the metallicity within
alaxies, enriching the circumgalactic medium (CGM) and possibly
he intergalactic medium (IGM) with metals (e.g. Tremonti et al.
004 ; Dalcanton 2007 ; Finlator & Dav ́e 2008 ). At late-times, z �
, recycled gas from past outflows may fuel a significant fraction of
tar formation in galaxies (Oppenheimer et al. 2010 ; Henriques et al.
013 ; Angl ́es-Alc ́azar et al. 2017 ). Outflows also appear to be an
mportant factor in the creation of low column density channels in
 E-mail: aweld004@ucr.edu 
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he ISM, allowing for the escape of ionizing photons (e.g. Gnedin,
ravtsov & Chen 2008 ; Leitet et al. 2013 ; Ma et al. 2016 ; Reddy

t al. 2016 ; Gazagnes et al. 2018 ; Reddy et al. 2022 ). 
Despite advances in numerical modelling, a complete description

f galactic-scale outflows and their impacts on galaxy evolution is
hallenging for simulations due to the wide-scale range of outflows.
arge-scale cosmological hydrodynamical suites such as EAGLE

Schaye et al. 2015 ) and Illustris TNG (Pillepich et al. 2018 ) do
ot resolve the small scales required to capture rele v ant feedback
rocesses that generate outflows. Instead, these models employ
ubgrid processes for feedback, which vary between simulations.
n the other hand, high-resolution ‘local patch’ simulations capture

he interaction between stellar feedback and the multiphase ISM but
ack the size needed to track the long-term evolution of outflows
e.g. Girichidis et al. 2016 ; Li, Bryan & Ostriker 2017 ; Girichidis
t al. 2018 ; Kim & Ostriker 2018 ; Kim et al. 2020 ). In either case,
bservational constraints on how the properties of outflows scale
ith the stellar mass, star formation rate (SFR), and other properties
f their host across galaxy populations are essential. 
Quantifying the impact of outflows on galaxy evolution based on

bservational data has been an active area of research for well o v er
 decade. Multiwavelength observations have shown that galactic
utflows have a multiphase structure, with outflows detected in hot
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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-ray ( ∼10 6 −7 K) emitting gas, from emission and absorption lines
racing warm ( ∼10 4 K) and cool ( ∼10 3 K) gas, and down to cold
 � 100 K) molecular and dust outflows in radio observations (see
e vie ws by Heckman & Thompson 2017 ; Rupke 2018 ; Veilleux et al.
020 ). In typical star-forming galaxies, outflows are theorized to 
e driven by energy injected into the ISM by supernovae; radiation 
ressure acting on cool, dusty material; cosmic rays; or a combination 
f these mechanisms (Ipavich 1975 ; Che v alier & Clegg 1985 ;
urray, Quataert & Thompson 2005 ; Murray, M ́enard & Thompson 

011 ). Galactic-scale outflows are then expected to play a major role
n galaxy evolution at z ∼ 1–3, during the peak of the cosmic SFH
‘Cosmic Noon’; Madau & Dickinson 2014 ), when feedback from 

tar formation and AGN was maximized. 
At these redshifts, outflows are a common feature of star forming 

alaxies, with blueshifted rest-UV interstellar absorption lines trac- 
ng cool, neutral/low-ionization outflows (e.g. Shapley et al. 2003 ; 
teidel et al. 2010 ; Weldon et al. 2022 ) and broad components of
est-optical emission lines tracing warm, ionized outflows (hereafter 
onized outflows; e.g. Genzel et al. 2011 ; Newman et al. 2012 ; Genzel
t al. 2014 ; Freeman et al. 2019 ; Concas et al. 2022 ). Observations
f cool outflows have found that outflow velocity increases with 
everal galactic properties, such as stellar mass, SFR, and SFR 

urface density ( � SFR ) (e.g. Rubin et al. 2010 ; Steidel et al. 2010 ;
artin et al. 2012 ; Rubin et al. 2014 ; Chisholm et al. 2015 ; Weldon

t al. 2022 ). Absorption lines are sensitive to gas along the entire
ine of sight, including both high- and low-density gas from current 
nd past outflows, thus they likely trace material ejected o v er long
ime-scales. Estimates of mass outflow rates from absorption lines 
ill then depend on the metallicity of the outflowing gas, the outflow
eometry, and the absorption contribution from the ISM and faint 
atellite galaxies, which are often unconstrained by absorption line 
bservations (e.g. Weiner et al. 2009 ; Heckman et al. 2015 ). On
he other hand, the underlying broad components of strong rest- 
ptical emission lines likely trace denser outflowing gas near the 
aunching points of the outflows, providing a snapshot of current 
utflo w acti vity. The mass outflo w rates traced by emission lines
epend on similar unconstrained (e.g. outflow geometry) and other 
roperties that may be estimated from emission lines (e.g. the electron 
ensity of the outflowing gas). However, due to the difficulty of
etecting faint broad components in typical z � 1 galaxies, studies
re primarily limited to local galaxies, small samples, gravitationally 
ensed galaxies, or high S/N composite spectra to infer average 
utflo w properties (Ne wman et al. 2012 ; Davies et al. 2019 ; F ̈orster
chreiber et al. 2019 ; Freeman et al. 2019 ; Swinbank et al. 2019 ;
oncas et al. 2022 ; Reichardt Chu et al. 2022a , b ). 
The mass-loading factor ( ηm ) is a key characteristic of out- 

ows, which represents the amount of mass the y remo v e nor-
alized by the galaxy’s SFR and, in star-forming galaxies, is 

hought of as a proxy for outflow efficiency. Simple analytical 
rguments and numerical simulations predict an anticorrelation 
etween the mass-loading factor and outflow velocity or stellar 
ass of galaxies, which scales steeper if the outflows are energy- 

ri ven and shallo wer if they are momentum-dri ven (e.g. Murray
t al. 2005 ; Oppenheimer & Dav ́e 2008 ; Muratov et al. 2015 ).
bservations of ionized outflows in local galaxies find such trends, 

uggesting that outflows are more efficient at removing mate- 
ial from the shallower potential wells of lower-mass galaxies 
e.g. Heckman et al. 2015 ; Chisholm et al. 2017 ; McQuinn, van
ee & Skillman 2019 ; Marasco et al. 2023 ). In addition to the
ass-loading factor, outflows are characterized by the amount of 

nergy and momentum they carry with respect to the amounts 
enerated by supernovae and stellar winds. Ho we ver, at high 
edshifts, there are few constraints on the mass-, energy-, and 
omentum-loading factors of outflows in typical star-forming galax- 

es. 
In this paper, we expand upon the work of Freeman et al. ( 2019 ) to

haracterize the properties of ionized gas outflows from individual 
tar-forming galaxies at z ∼ 2 using the complete MOSFIRE Deep 
volution Field surv e y (MOSDEF; Kriek et al. 2015 ). The MOSDEF
urv e y obtained rest-optical spectra for ∼1500 high-redshift galaxies, 
ost with multiple emission lines for which we can investigate 

utflo ws in se veral emission lines (i.e., H β, [O III ], H α, and [N II ])
rom a large sample of galaxies. Our goals for this study are to
onstrain the kinematics and loading factors of ionized gas outflows 
nd to explore how these properties are related to galactic properties,
uch as stellar mass, SFR, and � SFR . The outline of this paper is
s follows. In Section 2 , we introduce the sample, measurements of
alaxy properties, and the methodology of fitting galaxy spectra 
o characterize the presence of outflows. Section 3 presents our 
ain results on the correlations between measured galaxy properties, 

onized outflow velocities, and mass-loading factors. We discuss the 
hysical context behind these results in Section 4 and summarize our
onclusions in Section 5 . Throughout this paper, we adopt a standard
osmology with �	 = 0.7, �M = 0.3, and H 0 = 70 km s −1 Mpc −1 .
ll wavelengths are presented in the vacuum frame. 

 DATA  AND  MEASUREMENTS  

.1 MOSDEF sur v ey 

alaxies analysed in this paper were drawn from the MOSDEF 

urv e y, which targeted ≈1500 H -band selected galaxies and AGNs
t redshifts 1.4 ≤ z ≤ 3.8 in the CANDELS fields (Grogin et al. 2011 ;
oekemoer et al. 2011 ). The surv e y obtained moderate-resolution ( R
3000–3600) rest-optical spectra using the Multi-Object Spectrom- 

ter for Infra-Red Exploration (MOSFIRE; McLean et al. 2012 ) on
he Keck I telescope. Galaxies were targeted for spectroscopy based 
n pre-existing spectroscopic, grism, or photometric redshifts that 
laced them in three redshift ranges ( z = 1.37–1.70, z = 2.09–2.61,
nd z = 2.95–3.80). This selection optimized the co v erage of several
trong rest-frame optical emission lines ([O II ] λλ3727,3730, H β,
O III ] λλ4960,5008, H α, [N II ] λλ6550,6585, and [S II ] λλ6717,6732)
hat lie in the YJHK transmission windows. The final MOSDEF 

ample spans ranges of SFR (1 < SFR < 200 M � yr −1 ) and stellar
ass (10 9 < M � < 10 11 M �) typical for galaxies at z ∼ 1.4–3.8,
ith the majority of galaxies having detections of multiple rest- 

rame optical emission lines. For full details regarding the MOSDEF 

urv e y (targeting, data reduction, and sample properties), we refer
eaders to Kriek et al. ( 2015 ). 

Emission-line fluxes were measured by simultaneously fitting 
 line with the best-fitting SED model for the continuum and a
aussian function for the line (see Reddy et al. 2022 for a complete
escription of the SED modelling). For multiple lines that lie in close
roximity, multiple Gaussians were fit, such as the [O II ] doublet and
 α and the [N II ] doublet, which were fitted with two and three
aussians, respectively. Systemic redshifts were derived from the 

trongest emission line, usually H α or [O III ] λ5008, and were used
o fit the other rest-frame optical nebular emission lines. Further 
etails on emission-line measurements and slit loss corrections are 
iven in Kriek et al. ( 2015 ) and Reddy et al. ( 2015 ). 
Galaxy sizes and inclinations were estimated from the ef fecti ve

adius ( R E ), within which half the total light of the galaxy is
ontained, and the axis ratio ( b / a ), respectively, measured by van der
MNRAS 531, 4560–4576 (2024) 
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el et al. ( 2014 ) 1 using GALFIT (Peng et al. 2010 ) on HST /F160W
mages from the CANDELS surv e y. 

.2 Sample selection 

n our analysis, we search for underlying, broad rest-optical emission
omponents from star-forming galaxies, tracing ionized outflowing
as. The parent MOSDEF sample contains 878 galaxies with [O III ]
nd 759 with H α detections. Several criteria are applied to the parent
OSDEF sample to create a sample conducive for measuring broad

mission. First, 94 [O III ] and 104 H α detections from active galactic
uclei (AGNs) identified by IR colours, X-ray emission, and/or the
N II ]/H α line ratio were remo v ed (Coil et al. 2015 ; Azadi et al. 2017 ,
018 ; Leung et al. 2019 ). Next, we remo v ed: detections with S/N <

0; detections that were affected by bright skylines; and detections
hat lay close to the edge of their spectra, reducing the sample to 431
alaxies with [O III ] and 514 with H α detections. Finally, galaxies
ay have broad line components simply from rotation and velocity

ispersion. As such, to isolate outflowing broad emission, we limit
he narrow emission to full width at half-maximum (FWHM) <
75 km s −1 (see Section 2.4 ) and remo v e detections with FWHM >

75 km s −1 from a single Gaussian fit. These criteria result in a final
ample of 598 galaxies (hereafter the ‘MOSDEF-ionized’ sample), of
hich 391 (435) have [O III ] (H α) detections. There are 228 galaxies
ith both an [O III ] and H α detection. 

.3 Galaxy properties 

n this study, we investigate the properties of ionized outflows against
everal global galaxy properties (e.g. stellar mass, SFR, SFR surface
ensity). Stellar masses ( M � ), SFRs, ages, and colour excesses were
erived from spectral energy distribution (SED) modelling. Here,
e briefly describe the models used and refer readers to Reddy

t al. ( 2015 ) for more details. The models were created adopting
 Bruzual & Charlot ( 2003 , hereafter BC03 ) stellar population
ynthesis model, Chabrier ( 2003 ) initial mass function, constant
tar formation histories (SFH), Small Magellanic Cloud (SMC)
ttenuation curve (Fitzpatrick & Massa 1990 ; Gordon et al. 2003 ),
nd subsolar metallicity ( Z ∗ = 0.28Z �). A lower age limit of 50 Myr
as imposed, based on the typical dynamical timescale of z ∼
 galaxies (Reddy et al. 2012 ). The combination of the steeper
MC attenuation curve, which has been found to best reproduce

he dust obscurations of typical star-forming galaxies at z ∼ 2 based
n far-infrared data (Reddy et al. 2018a ), and subsolar metallicity
rovide self-consistent SFRs with those derived using other methods
Reddy et al. 2018b ; Theios et al. 2019 ). The best-fitting stellar
opulation parameters and their errors were obtained by perturbing
he photometry, refitting the models, and taking the median and
ispersion in the resulting parameters, respectively. 
Blueshifted interstellar absorption lines tracing cool, neutral/low-

onization gas outflows are ubiquitous in z � 2 star-forming galaxies
e.g. Shapley et al. 2003 ; Steidel et al. 2010 ). Observations suggest
hat the velocity of cool outflows increases with the SFR and � SFR 

f a galaxy (e.g. Steidel et al. 2010 ; Martin et al. 2012 ; Rubin et al.
014 ; Weldon et al. 2022 ). As the broad components of rest-optical
mission lines likely trace denser outflowing gas near the launching
oints of the outflows, the y pro vide a snapshot of current outflow
ctivity, thus their velocity may also scale with SFR and � SFR . We
alculate H α SFRs (SFR[H α]) from H α and H β flux measurements
NRAS 531, 4560–4576 (2024) 
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w  

v  

w  
orrected for dust using the Balmer decrement. Following the
ethodology presented in Reddy et al. ( 2015 ), H α luminosities are

orrected for attenuation assuming a Cardelli, Clayton & Mathis
 1989 ) Galactic extinction curve and converted to SFRs using the
onversion factor from Reddy et al. ( 2018b ), 3 . 236 × 10 −42 M � yr −1 

rg −1 s, for a BC03 stellar population synthesis model and subsolar
etallicity adopted for the SED fitting. SFR [H α] is calculated for

bjects with significant detections (S/N > 3) of H α and H β. As
iscussed in previous studies, there is a general agreement between
FR [SED] and SFR [H α] for MOSDEF galaxies (e.g. Reddy et al.
015 ; Shi v aei et al. 2016 ; Azadi et al. 2018 ; Reddy et al. 2022 ). 
When an ionized outflow is detected, SFR [H α] should be derived

rom the narrow flux component tracing gas within the galaxy. The
 α SFRs abo v e are then o v erestimates as the y use H α and H β

uxes measured from single-Gaussian fits. As the stellar continuum
s unlikely affected by emission from an outflow, SFR[SED] should
e insensitive to the presence of outflowing gas. On the other hand,
hen detected in H α, we can correct SFR[H α] by multiplying it
y the narrow-to-single H α flux ratio. For these reasons, in our
nalysis, we have chosen to focus on SFR[SED] when discussing
utflows detected in [O III ] and SFR[H α] when detected in H α. 
Along with the SFR, the mechanisms that dri ve outflo ws may

e enhanced in regions of compact star formation. We define the
FR surface density as � SFR = SFR/(2 πR 

2 
E ). Additionally, at a

i ven � SFR , outflo ws may be more ef fecti vely launched from a
hallow galaxy potential (i.e. low stellar mass) relative to a deep
otential (Pucha et al. 2022 ; Reddy et al. 2022 ). To examine the
requency of galaxies with observed outflows on both � SFR and the
alaxy potential, we define the specific SFR surface density as � sSFR 

 SFR/(2 πR 
2 
E M � ). 

.4 Searching for broad emission lines 

.4.1 Fitting individual galaxies 

e search for ionized gas outflows by decomposing H β,
O III ] λλ4960,5008, and H α, [N II ] λλ6550,6585 into narrow Gaus-
ian components, tracing virial motions within the galaxy, and broad
aussian components tracing the ionized outflowing gas. In the most
eneral case, simultaneously fitting narrow and broad Gaussians to
ach set of three emission lines would require 19 free parameters.
oti v ated by previous studies (e.g. Genzel et al. 2011 ; Newman

t al. 2012 ; Genzel et al. 2014 ), we adopt the following assumptions:
1) the narrow components of each line share the same FWHM
FWHM na ) and redshift, (2) the broad components of each line
hare the same FWHM (FWHM br ) and velocity offset from the
arrow component ( �v br ), and (3) the [O III ] λ5008/[O III ] λ4960 and
N II ] λ6585/[N II ] λ6550 flux ratios are 2.98 and 2.93, respectively
Osterbrock 1989 ). Therefore, each fit has nine free parameters; five
hared by each line (FWHM na , FWHM br , �v br , narrow component
edshift, and constant background) and four controlling the narrow
nd broad component amplitudes ( A na and A br ). 

For each set of lines, we perform two preliminary fits and one
nal fit. The first preliminary fit uses a linear continuum and single
aussians to fit the emission lines using curve fit , a non-linear

east squares fitting routine from the SCIPY.OPTIMIZE subpackage.
e use this fit to subtract off the linear continuum and normalize the

pectra by the peak of the brightest line for each set of lines ([O III ]
r H α). Next, using the normalized spectra, we fit each emission line
ith a narrow and broad Gaussian with curve fit . The resulting
alues of the second fit are used as initial values for the final fit,
hich is done using EMCEE , a PYTHON Markov chain Monte Carlo

https://users.ugent.be/~avdrwel/research.html
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MCMC) Ensemble sampler (F oreman-Macke y et al. 2013 ). We take
he median values of the resulting posterior probability distributions 
or all the model parameters. The errors on the parameters are 
stimated using the 16th and 84th percentiles. 

In order to properly study ionized outflows, we must be certain 
hat the broad components trace a kinematically distinct feature from 

he rotation of the host galaxy, thus we place physically moti v ated
estrictions on the free parameters. In particular, we restricted the 
WHM na to values between 80 and 275 km s −1 and FWHM br to
alues between 300 and 800 km s −1 . The lower limit on FWHM na is
he average skyline FWHM of the MOSDEF-ionized galaxies, while 
 majority of galaxies (90 per cent) exhibit an FWHM < 275 km s −1 

hen fitting [O III ] or H α with a single Gaussian component. The
dditional 25 km s −1 separation between FWHM na and FWHM br 

elps ensure that the broad component is not an artefact from a
etter fit to the narrow emission by using two Gaussian components. 
ypical values of FWHM br for ionized outflows from star-forming 
alaxies are 300–600 km s −1 (Genzel et al. 2011 ; Newman et al.
012 ; Wood et al. 2015 ). The centroids of the narrow and broad
omponents are limited to within ±100 km s −1 of their initial values,
s found by similar studies (Newman et al. 2012 ; Wood et al. 2015 ;
avies et al. 2019 ; Concas et al. 2022 ). 
To determine whether a broad component is detected, we e v aluate

he impro v ement o v er a single Gaussian fit using the Bayesian
nformation Criterion (BIC; Schwarz 1978 ) and the amplitude of the 
road component. Following a similar procedure as for the double 
aussian fit, we fit each set of lines with single Gaussians: the spectra

re first normalized using an initial fit, then refitted, the results of
hich serve as the initial values for a MCMC fitting process. 2 The
IC is defined as 

IC = χ2 + k ln ( n ) , (1) 

here χ2 is the chi squared of the fit, k is the number of parameters
sed in the fit, and n is the number of points used in the fit. Following
imilar studies, we adopt � BIC = BIC single – BIC double > 10 as
very strong’ evidence against a single Gaussian fit (e.g. Swinbank 
t al. 2019 ; Avery et al. 2021 ; Concas et al. 2022 ). Additionally, to
nsure that the broad component is not an artefact, we require that
he broad component amplitude of [O III ] or H α is robustly measured
 A br − 3 σA br > 0) as evidence for the detection of a broad component.
ig. 1 presents fits for six galaxies that show strong evidence for a
road component. 

.4.2 Detectability of broad components 

he detection of an underlying broad component depends on several 
actors. A broad component may be indistinguishable from that of 
 II regions at low velocities and small velocity offsets. At the same

ime, lo w S/N could pre vent the detection of a broad component in
he faint, high-velocity wings of an emission line, where the broad 
omponent may be the strongest. To quantify the detectability of a 
road component, we create simulated H α emission lines where we 
an control the parameters of the broad component and signal-to- 
oise ratio (SNR) of the line. 
For this test, we considered two cases with fixed values for �v br 

nd line SNR. In the first case (‘conserv ati ve’), the broad component
ad a small velocity offset, �v br = 10 km s −1 , and line SNR = 25,
he average value of galaxies in the MOSDEF-ionized sample. In the 
 For the single fits there are five free parameters: constant background, 
edshift, FWHM, and two amplitudes ( A H β and A [ O III ] or A H α and A [ N II ] ). 

a
i  

i  

o  
econd case (‘ideal’), the broad component had a large velocity offset, 
v br = 90 km s −1 and line SNR = 100. For each case, 110 single H α

mission lines were simulated, with 11 different FWHM br between 
00 and 500 km s −1 and 10 normalized A br between 0.05 and 0.5,
hich span the range of measured broad components from individual 
etected galaxies. The values for the simulated narrow components 
re randomly selected between the measured narrow component 
alues of individual detected galaxies. We adopt the same resolution 
nd wavelength as a H α line of a z ∼ 2.3 galaxy. Following the
ame fitting process and selection criteria as for individual galaxies 
n Section 2.4.1 , we fit the simulated lines with two Gaussians and
 single Gaussian and determined which simulated spectra have a 
etected broad component. 

The results of these tests are shown in Fig. 2 . We find the lowest
etectable broad component has an integrated flux 0.10 × (0.38 ×) 
maller, FWHM 1.4 × (2.5 ×) larger, and amplitude 0.05 × (0.12 ×)
maller than the narrow component for the ‘ideal’ (‘conserv ati ve’)
ase. Unsurprisingly, the broad component properties of galaxies 
ith a detected H α broad component, shown in blue, generally lie

bo v e these limits. For individual detections, their broad-to-narrow 

omponent flux, FHWM, and amplitude ratios are greater than the 
ideal’ limit, while 75 per cent, 33 per cent, and 91 per cent are abo v e
he ‘conserv ati ve’ limit, respecti vely. We note, ho we ver, that the
etection of the broad component is also a function of �v br and line
NR. Here, we explored two extreme cases, but varying the values
ay lead to different limits. 

.4.3 Composite spectra 

ecomposing emission lines into narrow and broad components is 
ften limited by the S/N of a galaxy’s spectra. The high-velocity
ings of an emission line, where the broad component may be the

trongest, are typically dominated by noise. In order to investigate 
onized outflows across a wide range of properties, we construct 
igh S/N composite spectra in bins of several galactic properties. 
e follow a similar method as Weldon et al. ( 2022 ) for constructing

omposite spectra. In brief, galaxies in the MOSDEF-ionized sample 
ere grouped together into equal-number bins based on various 
hysical properties (e.g. stellar mass, SFR, � SFR ). The science and
rror spectra of individual galaxies were shifted to the rest frame,
onverted to luminosity density, interpolated onto a grid with a 
avelength spacing of �λ = 0.5 Å, and normalized by either 

he [O III ] or H α luminosity, depending on the line of interest,
easured from the science spectrum. The composite spectrum at 

ach wavelength point was computed as the weighted average with 
 σ outlier rejection of the luminosity densities of individual spectra 
t the same wavelength point, where the weights are 1/ σ ( λ) 2 and
( λ) is the value of the error spectrum at wavelength λ. The line-
tting process for the composite spectra is the same as for individual
alaxies. The spectra are first normalized using an initial fit, then
efitted, the results of which serve as the initial values for an MCMC
tting process. Ho we ver, when fitting the H α and [N II ] doublet, we

nclude the faint [S II ] λλ6716,6731 doublet (see Section 3.3 ). 

 RESULTS  

ith the decomposition of rest-optical emission lines into narrow 

nd broad components for individual galaxies and stacked spectra 
n hand, we are in a position to investigate the properties of the
onized outflows ag ainst g alactic ph ysical properties. The occurrence
f ionized outflows is discussed in Section 3.1 . Section 3.2 focuses
MNRAS 531, 4560–4576 (2024) 
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Figure 1. Examples of fits for individual spectra with large � BIC values. The field and 3D- HST v4.1 catalogue ID is given in the upper left. Each line is 
normalized such that the strongest line peak is unity. The single Gaussian fit is shown in green, the o v erall fit for the narrow + broad components is shown 
in purple, and the broad component is shown in blue. The bottom plot in each panel shows the residuals after subtracting the best-fitting single (green) and 
narrow + broad fit (purple) from the spectrum. The ‘wave’ pattern, an underestimation flux at the peak and o v erestimation in the wing(s), in the residuals shows 
that a single Gaussian does not fit the observed line profiles well. 
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3 We take the S/N as the flux of a single Gaussian divided by the error in the 
flux for either [O III ] or H α. 
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n trends between ionized outflow velocity and galactic properties.
ection 3.3 discusses the mass-loading factor of the ionized outflows
nd its relations with galactic properties. The energetics of the ionized
utflows are discussed in Section 3.4 . Tables B1 and B2 list broad
omponent properties for galaxies with a significantly detected broad
omponent. 

.1 Occurrence 

s discussed in Section 2.2 , the MOSDEF-ionized sample consists
f 598 galaxies, with 392 [O III ] and 435 H α detections. Of these,
here is significant evidence for broad emission in 39 of the 391
10 per cent) [O III ] detections and in 33 of the 435 (7 per cent) H α

etections. Overall, a broad component is detected in 62 (10 per cent)
NRAS 531, 4560–4576 (2024) 
f the MOSDEF-ionized galaxies. The lack of a detection in
0 per cent of the sample suggests that their broad components
re weak ( A br < 0.05 A na ) or narrow (FWHM br < 1.4 FWHM na ),
epending on their spectral S/N and broad component velocity offset.
alaxies with a detected broad component typically have a S/N >

0 3 , highlighting the difficulty of decomposing rest-optical emission
ines into multiple components. 

In Fig. 3 , we show the distributions of various galactic properties
or the subset of galaxies with evidence of ionized outflows and the
emaining MOSDEF-ionized galaxies. To quantitatively test whether
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Figure 2. Distribution of the broad-to-narrow component H α flux (top), 
FWHM (middle), and amplitude (bottom) for galaxies with a detected broad 
H α emission component. The grey (black) vertical dashed lines are the 
minimum ratios required for a broad component to be detected using the 
fitting procedure in Section 2.4.1 for a mock H α emission line with a broad 
component offset of �v br = 10 km s −1 ( �v br = 90 km s −1 ) and a H α

signal-to-noise ratio of 25 (100). 
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Figure 3. The distribution of various galactic properties. Panel (a): stellar 
mass; panel (b): SFR; panel (c): � SFR ; panel (d): � sSFR . Solid grey and 
open bars represent the 62 galaxies with detected broad components and the 
remaining galaxies, respectively. The p -value of a KS test between galaxies 
with a broad component and the remaining galaxies is shown in the upper 
corners of each panel. The vertical dashed line in panel (c) marks the � SFR 

threshold proposed by Heckman ( 2002 ) for launching an outflow. 
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he galaxies with detected ionized outflows are drawn from the 
ame parent distribution as the remaining galaxies, we perform 

 Kolmogoro v–Smirno v (KS) test. Unsurprisingly, the detection 
f ionized outflows is strongly tied to signatures of ele v ated star
ormation activity (SFR and � SFR ). This connection is expected as,
n star-forming galaxies, the injection of energy and momentum 

ssociated with the late stages of massive stellar evolution are 
heorized to drive galactic-scale outflows. Additionally, nearly all 
f the galaxies with ionized outflows have an � SFR above the 
0 . 05 M � yr −1 kpc −2 threshold [the dashed-line in panel (c) of Fig. 
 ] proposed by Heckman ( 2002 ) 4 , which is interpreted as the point
here energy and momentum can o v ercome the gravity of the galaxy
isc and launch an outflo w. Alternati vely, the apparent dif ference
etween the galactic properties of the outflowing and remaining 
alaxies may reflect limitations in our fitting technique. Outflows 
rom galaxies with lower SFR or � SFR could be missed if their
elocity is low (FWHM br < 300 km s −1 ), such that the emission from
he broad component is indistinguishable from that of H II regions. 
ikewise, the detection of a distinct broad emission component likely 

equires a high SNR of the desired line, and galaxies with strong rest-
ptical emission lines are also associated with higher star formation 
roperties. We explore possible dependencies of ionized gas outflow 

roperties on galactic properties in the following sections. 
 Heckman ( 2002 ) propose a 0.1 M � yr −1 kpc −2 threshold based on local 
tarbursts galaxies. For a Chabrier ( 2003 ) IMF assumed in our study, this 
hreshold becomes 0.05 M � yr −1 kpc −2 . 

a  

l
�  

i
r  

e  
.2 Outflo w v elocity 

 fundamental property of outflowing gas is its velocity. As stellar
eedback in star-forming galaxies likely drives their outflows, corre- 
ations between outflow velocity and star formation properties should 
aturally arise. Several studies have found that the velocity of cool,
eutral gas outflows traced by low-ionization UV absorption lines 
ncreases with the SFR and SFR surface density of the host galaxy
e.g. Chen et al. 2010 ; Steidel et al. 2010 ; Martin et al. 2012 ; Rubin
t al. 2014 ; Chisholm et al. 2015 ; Heckman et al. 2015 ; Bordoloi et al.
016 ; Weldon et al. 2022 ). Ho we ver, fe wer studies hav e e xplored how
he velocity of warm ionized gas outflows varies with SFR, � SFR ,
nd other properties of the host galaxy (Davies et al. 2019 ; Swinbank
t al. 2019 ; Avery et al. 2021 ; Couto et al. 2021 ; Davis et al. 2023 ). 

We estimate the maximum outflow velocity from the broad 
omponent following previous studies as V max = �v br −2 σ br , where
br is the Gaussian sigma value of the broad component (see Genzel
t al. 2011 , 2014 ; Wood et al. 2015 ). Fig. 4 presents V max derived from
O III ] and H α as a function of stellar mass, SFR, � SFR , and � sSFR .
onsidering individual galaxies (blue circles), we find no significant 
orrelations between V max and properties of the host galaxy, which 
ay be due to limitations in our fitting technique (Section 4.3.2 ). On

he other hand, the composite spectra (black squares) exhibit clear 
rends with velocity. The highest stellar mass, SFR, and � SFR bins
ppear to have gas at significantly larger V max , [ O III ] compared to the
owest bins. Similarly, V max, H α appears faster in the higher (lower) 
 SFR ( � sSFR ) bin compared to the lowest (highest) bin. The sudden

ncrease in V max , [ O III ] in the highest galactic properties bins may 
eflect different initial conditions of the outflowing gas. The [O III ]-
mitting zone is likely more compacted compared to the H II region,
MNRAS 531, 4560–4576 (2024) 
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Figure 4. Maximum outflow velocity versus various galactic properties. left : stellar mass, left centre : SFR, right centre : � SFR , right : � sSFR . Top (bottom) rows 
are plotted versus [O III ] (H α) V max . Individual galaxies are shown as blue circles, while results from composite spectra are shown as black squares. 
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ue to the higher ionization potential of O II than H I – 35 eV and
3.6 eV, respectiv ely. Remo ving the [O III ] gas from a smaller, more
ightly bound region then likely requires more extreme conditions
i.e. higher SFR, � SFR ). The trend of galaxies with higher SFR
nd � SFR hosting faster outflows agrees with the picture of outflows
riven by feedback from star formation. Although, these global trends
re quite weak, with V max , H α ∝ � 

0 . 07 ±0 . 03 
SFR . On smaller 1–2 kpc scales,

avies et al. ( 2019 ) measured broad H α components in composites
f IFU H α observations from 28 z ∼ 2.3 galaxies and found � SFR and
utflows are closely , with v out ∝ � 

0 . 34 ±0 . 10 
SFR . Conversely , the V max,H α

rend with � sSFR suggests that – at a fixed � SFR – faster outflows
re launched from high-mass galaxies relative to low-mass ones.
o we v er, the observ ed trend is quite weak, with V max,H α increasing
nly by ∼80 km s −1 across the roughly 1.5 dex range in � sSFR for
he composite spectra. 

.3 Mass-loading factor 

n this section, we turn towards estimating the mass-loading factor of
he ionized outflows, focusing on galaxies with a detected broad H α

omponent. While a similar analysis is possible for the [O III ] line,
here are additional dependencies (i.e. the chemical enrichment of the
utflowing gas) that further complicate the derived values. Previous
tudies have found that the mass-loading factor derived from [O III ]
s consistent with but systematically lower than v alues deri ved from
 α (see Carniani et al. 2015 ; Marasco et al. 2020 ; Concas et al.
022 ). 
Adopting the simple outflow model described in Genzel et al.

 2011 ) and Newman et al. ( 2012 ), we estimate the mass outflow
ate ( Ṁ out ) of the galaxies. This model is based on three main
ssumptions: (1) the geometry of the outflow is multiconical or
pherical with constant velocity and mass-loss, (2) the gas in the
road component is photoionized and in case B recombination with
n electron temperature of T e = 10 4 K, and (3) the electron density of
NRAS 531, 4560–4576 (2024) 
he broad component does not vary significantly with radius. Under
hese conditions the mass outflow rate can be calculated as 

˙
 out = 

1 . 36 m H 

γH αn e 

(
L H α, Broad 

) V out 

R out 
, (2) 

here m H is the atomic mass of hydrogen, γ H α( T e )
 3.56 × 10 −25 T −0 . 91 

4 erg cm 
−3 s −1 is the H α emissivity at an

lectron temperature T 4 = 10 4 K, n e is the electron density of the
utflow, L H α, Broad is the extinction corrected H α luminosity of the
road component, V out is the velocity of the outflow, and R out is the
adial extent of the outflow. 

We adopt this model as the observations are not resolved and to
acilitate comparisons with similar studies in the literature. Ho we ver,
arying the assumptions of the model can have noticeable effects
n Ṁ out . F or e xample, the inv erse dependence of γ H α on electron
emperature creates a temperature dependence for Ṁ out . Sanders et al.
 2020 ) preformed direct measurements of T e from the [O III ] λ4363
ine for four star-forming galaxies in the MOSDEF surv e y. The y
ound an ISM T e of ∼14000 −17 000 K, with a value of 15 400 K for
 composite of the four galaxies. If we assume this higher electron
emperature for the outflowing gas, Ṁ out would increase by a factor
f 1.5. At higher temperatures, the gas responsible for the broad
omponent may be dominated by collisional ionization, rather than
hotonized. Genzel et al. ( 2011 ) considered collisional ionization at
 e = 2 × 10 4 K and found that the inferred Ṁ out decreased by a
actor of 2, with the difference decreasing at lower temperatures. 

In principle, the electron density of the outflowing gas can be cal-
ulated from the broad [S II ] λ6717/[S II ] λ6732 line ratio (Osterbrock
989 ; Sanders et al. 2016 ). Using the composite spectra, we attempt
o measure this ratio directly. Ho we ver, the broad components of the
S II ] doublet are not well constrained in any of the composite spectra.
nstead, we follow a similar approach as F ̈orster Schreiber et al.
 2019 ) and search for broad components in a composite spectrum
f the 33 galaxies with detected broad H α components. In this
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ew composite, the broad components of the [S II ] doublet are well
onstrained. Using the relationship from Sanders et al. ( 2016 ), we
stimate an electron density of 420 + 260 

−200 cm 
−3 , consistent within the 

arge uncertainties of the 300–500 cm 
−3 range of n e,broad reported 

or ionized outflows in local and high- z star-forming galaxies (e.g. 
rribas et al. 2014 ; Ho et al. 2014 ; F ̈orster Schreiber et al. 2019 ;
luetsch et al. 2021 ). The intrinsic H α luminosity of the broad
omponent is measured individually for each galaxy by scaling 
he total corrected H α luminosity by the broad-to-single H α ratio 
 F broad / F Single ). For V out , we adopted the maximum velocity from
ection 3.2 . We take the radial extent of the outflows to be their hosts’
f fecti ve radii, R out = R E , moti v ated by high-resolution adapti ve
ptics SINFONI observations of ionized gas outflows in high redshift 
tar-forming galaxies indicating that outflows typically extend over 
he half-light radius (Newman et al. 2012 ; F ̈orster Schreiber et al.
014 ). 
The mass-loading factor ( ηm ) represents the amount of mass 

emo v ed by an outflow per stellar mass formed, and, for star
ormation dri ven outflo ws, is thought of as a diagnostic of outflow
fficiency . Specifically , ηm is defined as the outflow rate normalized 
y the SFR: ηm = Ṁ out /SFR. An estimate of the SFR can be obtained
rom the narrow Gaussian component of H α tracing the ongoing star
ormation activity in the galaxy disc: 

FR Narrow = 3 . 236 × 10 −42 

(
L H α

F Narrow 

F Single 

)[
M � yr −1 

]
(3) 

here the first term is the conversion factor between H α luminosity 
nd SFR from Reddy et al. ( 2018b ) (Section 2.3 ) and F Narrow / F Single is
he fraction of the total flux in the narrow component. When divided
y the narrow component H α SFR and simplified, equation ( 2 ) can
e written as 

m ≈ 3 . 05 

(
100 cm 

−3 

n e 

)(
V max 

300 km s −1 

)(
kpc 

R E 

)(
F Broad 

F Narrow 

)
, (4) 

here F Broad / F Narrow is the broad-to-narrow flux ratio. 
Table B2 lists the mass-loading factor for galaxies with a detected 

road H α component, finding ηm ranging from 0.02 to 1.44, with 
 median of 0.23. Uncertainties on ηm are taken as the dispersion
f 1000 realizations after perturbing V max , R E , and F Broad / F Narrow by
heir errors. 5 We do not include errors in the electron density and
emperature assumed, and including these errors would increase the 
rror on ηm by ∼0.2 dex. 

The values we estimate for ηm are similar to those of other recent
tudies of ionized outflows. Swinbank et al. ( 2019 ) stacked H α

mission of ∼530 star-forming galaxies at z ∼ 1 and found ηm ∼
.1–0.4. Similarly, at z ∼ 2, Davies et al. ( 2019 ) and F ̈orster Schreiber
t al. ( 2019 ) stacked H α emission from star-forming galaxies finding
m ∼ 0.3–0.5 and ηm ∼ 0.1–0.2, respectively . Recently , Llerena et al. 
 2023 ) investigate ionized outflows in a sample of low-mass (7.8 <
og( M � /M �) < 10.2) star-forming galaxies at z ∼ 3 and found a
ide range of ηm , from 0.1 to 4.9. Ho we ver, there is debate about

he typical value of ηm in star-forming galaxies, with some studies 
eporting values less than 0.1 (Concas et al. 2022 ; Marasco et al.
023 ). The tension in ηm between various studies is likely due to
ifferent assumptions when estimating Ṁ out , or differences in the 
ethodology used to measure ionized outflows (see discussion in 
oncas et al. 2022 ). 
 The measurement uncertainty of R E , adopted as the radial extent of the 
utflows, is likely smaller than the true uncertainty in R out . 

u  

d  

w
L  
.3.1 Trends 

n this section, we explore which, if any, internal galaxy properties
orrelate with the mass-loading factor. Of particular interest is 
ow ηm potentially scales with the (1) ionized outflow veloc- 
ty, (2) stellar mass, and/or (3) � SFR . Regarding the first two
roperties, simple analytical arguments and numerical simulations 
redict an anticorrelation between the mass-loading factor and 
he outflow velocity or stellar mass of galaxies, suggesting that 
utflows are more efficient at removing material from the shal- 
ower potential wells of lower-mass galaxies (Murray et al. 2005 ;
ppenheimer & Dav ́e 2008 ; Muratov et al. 2015 ). Additionally,

he scaling relation between ηm and outflow velocity or stellar 
ass is predicted to depend on the driving mechanism of the

utflow, which scales steeper if the outflows are energy-driven 
nd shallower if they are momentum driven (see Section 4.1 ). At
he same time, one might expect a correlation with � SFR , which
races the concentration of star formation in a galaxy, as regions
ith higher � SFR will be more efficient at injecting energy and
omentum into the ISM from o v erlapping superno vae or stellar
inds from massive stars, resulting in conditions amenable for 
utflows. 
Fig. 5 presents the variation of the mass-loading factor as a function

f V max , stellar mass, and � SFR with similar results from the literature.
n the MOSDEF-ionized sample, we find that ηm is not significantly 
orrelated with V max , while marginally correlated with both stellar 
ass (2.5 σ ) and � SFR (2.2 σ ). Galaxies with lower masses appear to

ave larger ηm than higher mass galaxies, with ηm decreasing by a 
actor of 0.6 o v er a mass range log( M � /M �) = 9–10.7. Although, at
 fixed stellar mass, there is a large range in ηm , which may reflect
he variation in outflow efficiency amongst different outflow phases 
or individual galaxies. On the other hand, galaxies with higher � SFR 

ppear to have larger ηm than lower � SFR galaxies, with ηm increasing 
.8 dex over an � SFR range log( � SFR /M � yr −1 kpc −2 ) = −1.4–0.7.
A ne gativ e relation between ηm and stellar mass is predicted

y analytical arguments and simulations. Observ ations, ho we ver, 
ave yielded ambiguous results, as shown in Fig. 5 . Studies that
easure ionized outflows in composite spectra tend to find a roughly

onstant relation between ηm and stellar mass, while studies of 
ndividual galaxies generally find the expected negative correlation 
etween ηm and stellar mass. At z ∼ 2, Concas et al. ( 2022 )
eported relatively low mass-loading factors that exhibit little vari- 
tion among three stellar mass bins below 10 11 M �, but increases
0.2 dex towards the highest mass bin – likely due to increased
GN activity in more massive systems. Meanwhile, Llerena et al. 
 2023 ) and Marasco et al. ( 2023 ) found that ηm decreases with
tellar mass for individual z ∼ 3 star-forming and local dwarf 
tarburst galaxies, respecti vely. Ho we ver, the mass-loading factors 
f Marasco et al. ( 2023 ) are offset towards significantly lower
alues compared to the MOSDEF-ionized sample. This discrepancy 
ay be due to differing methodologies used to parametrize the 

utflo w velocity, v arying assumptions about the outflo w geometry,
r it may suggest a possible redshift evolution of the mass-loading
actor. 

The correlation between ηm and � SFR agrees with the simple 
utflow picture: galaxies with higher � SFR are more ef fecti ve in
ri ving outflo ws. Ho we ver, this relation is likely caused by an
nderlying correlation between � SFR , ηm , and R E . With our adopted
efinitions, � SFR ∝ R E 

−2 and ηm ∝ R E 
−1 , thus a positive relation

ould naturally arise. A similar positive relationship is found by 
lerena et al. ( 2023 ) who also deri ved � SFR and ηm using ef fecti ve
MNRAS 531, 4560–4576 (2024) 
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Figure 5. Mass-loading factor versus various galactic properties, compared with values from the literature. Left: log( | V max | ), centre: log( M � ), right: log( � SFR ). 
Individual MOSDEF galaxies are shown as blue circles, while results from composite spectra are shown as black squares. Markers show observational results 
including low-mass star-forming galaxies at z ∼ 3 from Llerena et al. ( 2023 , green diamond), local starburst dwarf galaxies from Marasco et al. ( 2023 , yellow 

stars), and composites of z ∼ 2 star-forming galaxies from Concas et al. ( 2022 , pink circles). 
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Figure 6. Momentum-loading factor versus energy-loading factor. The 
dashed line marks the one-to-one line. In all of the galaxies, the outflows 
appear to carry away more momentum than kinetic energy from the ISM. 
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adii. Conversely, Marasco et al. ( 2023 ) derived ηm with outflow radii
easured directly from their sample – independent of the ef fecti ve

adius – and found a strong ne gativ e correlation between ηm and
 SFR . 

.4 Outflo w ener getics 

n addition to mass, outflows are characterized by the amount of
nergy and momentum they remove from the ISM. In Appendix A ,
e present a deri v ation for the energy and momentum outflow

ates and reference rates of energy and momentum produced within
alaxies. Briefly, the energy and momentum outflow rates are
alculated from the mass outflow rate (equation 2 ). Reference rates
re calculated following similar analytic arguments as Murray et al.
 2005 ), focusing on the injection of energy and momentum from
ype IIa supernov ae. Di viding the outflo w rates by the reference rates
nd simplifying, the energy- and momentum-loading factors of the
utflowing ionized gas are given by 

E = 0 . 27 

(
100 cm 

−3 

n e 

)(
V max 

300 km s −1 

)3 (kpc 

R E 

)(
F Broad 

F Narrow 

)
, (5) 

p = 1 . 76 

(
100 cm 

−3 

n e 

)(
V max 

300 km s −1 

)2 (kpc 

R E 

)(
F Broad 

F Narrow 

)
. (6) 

irectly comparing equation ( 5 ) and ( 6 ), we find that the ratio of the
omentum- to energy-loading factor is simply 

ηp 

ηE 

= 6 . 5 

(
300 km s −1 

V max 

)
. (7) 

For the sample, V max ranges between ∼200 and 500 km s −1 ,
uggesting that these ionized outflows carry away more momentum
han kinetic energy from the ISM, with ηp / ηE ranging from ∼4 to 10.

e further test this result by varying the various physical parameters
ithin a factor of 2 from their adopted values (see Appendix A ).
onsidering the most fa v ourable case, ηp remains larger than ηE by
bout a factor of 2. 

Taken at face value, the larger momentum-loading factors suggest
hat the ionized outflows are primarily momentum dri ven. Ho we ver,
NRAS 531, 4560–4576 (2024) 
he comparison between momentum- and energy-loading factors
s highly model dependent. There are other sources of energy
nd/or momentum within the galaxy not accounted in our analytic
eference rates (e.g. cosmic rays, winds from massive stars), such
hat ηE and ηp are likely upper limits. For example, in Fig. 6 , there
re a few galaxies with abnormally high energy- and momentum-
oading factors ( ηE > 0.1, ηp ∼ 1), which would suggest that their
onized outflows remo v e nearly all of the energy and momentum
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Figure 7. Mass-loading factor as a function of stellar mass, compared with 
predictions from simulations. Individual MOSDEF galaxies are shown as blue 
circles, while results from composite spectra are shown as black squares. The 
dotted blue line and shaded region (68 per cent confidence intervals) is the 
best-fitting line to the MOSDEF-ionized galaxies. The functional form of the 
line is listed in the upper right corner. Lines show theoretical predictions from 

the FIRE-2 Pandya et al. ( 2021 , dashed grey) and Illustris TNG50 Nelson 
et al. ( 2019 , solid orange) cosmological simulations. 
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roduced. 6 Additionally, the assumptions made in our calculations 
ay be incorrect. Based on high-resolution ‘local patch’ simulations 

f supernovae in the ISM, Kim & Ostriker ( 2015 ) argue that the
omentum injected by supernovae is better represented by the 

pherical momentum at the end of the Sedov–Taylor stage when 
n SN blast wave cools and a shell forms, rather than the initial
njected momentum. If we adopted this convention, ηp decreases 
y ∼0.72 dex, such that ηp and ηE are about equal. In Section 4.1 ,
e further investigate the primary driving mechanism of the ionized 
utflows. 

 DISCUSSION  

.1 Driving mechanism 

hile there is a general picture of the origin of outflows and their
ole in galaxy evolution, the physical mechanism(s) that generates 
nd sustains outflows remains an open question. In star-forming 
alaxies, outflows could be launched by momentum injected into 
he ISM by supernovae, or by radiation pressure acting on dust
rains accelerating gas coupled to the dust (‘momentum −driven’; 
urray et al. 2005 ; Murray et al. 2011 ). In addition to injecting
omentum, mechanical energy released from multiple, o v erlapping 

upernovae thermalizes a large fraction of nearby gas forming a hot 
 v er -pressured b ubble that sweeps up ambient ISM material until it is
jected from the galaxy (‘energy-dri ven’; Che v alier & Clegg 1985 ).
inally, cosmic rays produced by supernovae can transfer momentum 

o gas after scattering off of magnetic inhomogeneities in the ISM
s they diffuse out of a galaxy (see discussions in Heckman &
hompson 2017 ; Zhang 2018 ). Simple analytic arguments predict 

hat for purely momentum-driven outflows the mass-loading factor 
cales as ηm ∝ V 

−1 
out and ηm ∝ M 

−1 / 3 
� . Similarly, for purely energy-

ri ven outflo ws: ηm ∝ V 
−2 

out and ηm ∝ M 
−2 / 3 
� (Murray et al. 2005 ).

s these mechanisms are likely dominate under different galactic 
onditions, outflows could be driven by a combination of mechanical 
nergy, radiation pressure, and cosmic rays. 

Here, we investigate the marginally-correlated trend of ηm with 
tellar mass. Fig. 7 presents the best-fitting linear regression in 
ogarithmic space for galaxies with detected H α outflows: 

og ( ηM ) = (3 . 95 ± 0 . 54) − (0 . 45 ± 0 . 06) log ( M � / M �) . (8) 

he power-law index of -0.45 is intermediate between the M 
−2 / 3 
� 

nd M 
−1 / 3 
� dependence predicted for energy- or momentum-driven 

utflows, suggesting that these ionized outflows are driven by a 
ombination of mechanical energy and radiation pressure. 

In Fig. 7 , we also show the comparison between our derived ηm –M � 

elation to theoretical predictions from Illustris TNG50 (Nelson et al. 
019 ; Pillepich et al. 2019 ) and Feedback in Realistic Environments
FIRE; Hopkins et al. 2014 , 2018 , 2023 ) cosmological simulations.
n particular, we focus on the TNG50 values derived from outflowing 
as at a fixed distance of 10 kpc from the galaxy with a radial velocity
 0 km s −1 and the FIRE-2 values for warm (10 3 < T < 10 5 K)

utflowing gas at a fixed thickness of 0.1–0.2 R vir 
7 (Pandya et al.
 High-resolution hydrodynamical simulations find that the energy from 

upernovae is rapidly thermalized and radiated away, with ef fecti vely ∼10 
er cent transferred to the ISM to drive outflows (Creasey, Theuns & Bower 
013 ). 
 The average R vir of our sample is 100 kpc – estimated using the stellar-to- 
alo mass relation of Behroozi et al. ( 2019 ). 

4

T  

t
w  

h
h  

g

021 ). We note that this is not a direct comparison, as the simulations
easure ηm at ∼4 × larger distances than the ef fecti ve radii used in

ur deri v ation of ηm . As the properties of the outflowing gas (e.g.
ensity, velocity) change with distance, ηm would also vary with 
istance. F or e xample, Nelson et al. ( 2019 ) measured lower ηm at
arger distances (see Fig. 5 ). 

Below log( M � /M �) ≈ 10.5, there is general agreement of a
e gativ e correlation between stellar mass and ηm . Unsurprisingly, 
he theoretical values from TNG50 are larger than the observed 

OSDEF-ionized mass-loading factors. In these types of large- 
olume simulations, small scales are not resolved, instead relying on 
ubgrid recipes to describe stellar feedback, which may o v erpredict
he efficiency of stellar feedback. Additionally, the TNG50 values 
epresent the total mass-loading factor of all phases, rather than our
alues which only trace ionized outflows from rest-optical emission 
ines. On the other hand, there is remarkable ( ∼1 σ ) agreement be-
ween our derived relation and the theoretical prediction from FIRE-
. Pandya et al. ( 2021 ) reported a broken power law dependence
etween ηm and stellar mass, with a shallower ( −0.54 ± 0.05) slope
elow and steeper ( −2.45 ± 0.3) slope abo v e log( M � /M �) ∼10.5.
lthough, at log( M � /M �) ∼ 10.5, we do not see strong evidence for
 sudden drop in ηm . The broken power-law relation may be due
o decreasing ISM resolution in the FIRE-2 simulations towards 
igher stellar masses, such that ηm is underestimated. Ho we ver, 
e caution our derived relation is determined from a marginal 

orrelation between ηm and stellar mass. 

.2 Fate and impact of ionized outflows 

he impact of outflows on their hosts’ evolution is directly related to
he amount of material that escapes from the gravitational potential 
ell of their host. Here, we investigate whether the ionized outflows
ave sufficient speeds to escape the gravitational potential of their 
ost or whether the gas is retained and likely recycled as a part of a
alactic fountain. For an isothermal gravitational potential truncated 
MNRAS 531, 4560–4576 (2024) 
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M

Figure 8. Maximum ionized outflow velocity as a function of circular 
velocity. Top : [O III ] Bottom : H α. The line denotes the gas velocity required to 
escape the gravitational potential assuming an isothermal gravitation potential 
that extends to a maximum radius of r max , see equation ( 9 ). Outflowing gas 
abo v e 3 v circ ( r max / r = 33) likely has enough velocity to escape, while below 

3 v circ the gas is likely retained. Objects are colour coded according to their 
stellar mass. 
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t r max , the escape velocity at radius r is 

 esc ( r) = v circ 

√ 

2 [ 1 + ln ( r max /r ) ] , (9) 

here v circ is the circular velocity of the galaxy, taken from Price
t al. ( 2020 ). Briefly, for galaxies with resolved and detected rotation
easured from their 2D spectra, circular velocities are calculated

s v circ (1 . 3 R E ) = 

√ 

V (1 . 3 R E ) 2 + 4 . 4 σ 2 
V , 0 , where σ V ,0 is the intrin-

ic galaxy velocity dispersion. 8 Otherwise, circular velocities are
nferred using integrated velocity dispersions and the best-fitting
nsemble V / σ from galaxies without detected rotation. 

Fig. 8 shows the maximum ionized outflow velocity as a function
f circular velocity. To gauge whether the gas escapes, we adopt a
ather conserv ati ve threshold of r max / r = 33 ( v esc = 3 v circ ), such
hat outflowing gas likely has enough velocity to escape or is retained
Veilleux, Cecil & Bland-Hawthorn 2005 ; Veilleux et al. 2020 ). In
he top panel, we find that outflows detected in [O III ] appear to
scape from four and are retained by 32 galaxies, while outflows
etected in H α are retained in all of the galaxies. In addition, we do
ot find that outflows from shallower potential wells lie closer to the
 esc = 3 v circ line (i.e. more easily remo v ed) compared to outflows
rom deeper potential wells. It thus seems that the ionized outflows
NRAS 531, 4560–4576 (2024) 

 We take r = 1.3 R E for the radius for galaxy’s circular velocity as a 
onserv ati ve choice, as this is the radius where an exponential rotation curve 
eaks. 

–  

r  

r  

g  

2

tudied in this work are predominantly retained, recycling back onto
he galaxy as part of a galactic fountain, rather than escaping into
he IGM. Ho we ver, these outflo ws could still potentially contribute
o heating the CGM, reducing the rate at which gas can accrete and
uppressing star formation. 

Multiwavelength observations and multiphase simulations have
nvestigated the contribution of ionized outflows to the total mass and
nergy outflow rates. On the observation side, studies on molecular,
eutral, and ionized outflows in local AGNs, ULIRGs, and starburst
alaxies (e.g. Cicone et al. 2014 ; Carniani et al. 2015 ; Leroy et al.
015 ; Rupke, G ̈ultekin & Veilleux 2017 ; Fluetsch et al. 2019 , 2021 )
ave found that the molecular and neutral phases typically dominate
he mass outflow rate. Similarly, local patch and zoom-in simulations
redict that the majority of outflowing energy (mass) is carried
n the hot (cold) phase (Kim & Ostriker 2018 ; Kim et al. 2020 ;
andya et al. 2021 ). In the MOSDEF-ionized sample, the high
raction of warm, ionized outflows retained and their modest mass-,
nergy-, and momentum-loading factors suggest their contribution
ay be ne gligible, ev en during the peak of cosmic star formation.
o we ver, without observ ations of other outflow phases (i.e. hot,
eutral, molecular), we cannot constrain the contribution of these
utflows to the total mass, energy, and momentum outflow rates. 

.3 Significance of outflow velocity and galactic properties 

s discussed in Section 3.1 , in individual galaxies, neither the
aximum ionized outflow v elocity deriv ed from broad [O III ] or
 α emission components appear to correlate significantly with any
alactic property. In particular, the lack of a relation between outflow
elocity and star formation properties appears to be in tension with
he picture of stellar feedback dri ven outflo ws, as the level of star
ormation activity should set the amount of energy and momentum
njected into the ISM. Ho we ver, this apparent lack of observed
elations may be due to contributions to the broad component from
urbulent motions and/or the limited dynamic range of properties
robed by galaxies with detected broad components in the MOSDEF
ample. 

.3.1 Turbulence 

hroughout this paper, we have adopted the interpretation that the
road component of rest-optical emission lines is a tracer of ionized
as entrained in star formation driven outflows. However, the broad
mission component may originate from other sources. Here, we
onsider whether shocks can explain the observed broad emission
omponents within the sample. 

Outflows can produce widespread shocks throughout a galaxy
y injecting mechanical energy into the ISM. As shocked regions
ave high electron temperatures and ionization states (e.g. Dopita &
utherland 1996 ), collisional excitation and ionization from shocks
an produce a variety of optical emission lines, creating broad
mission line components. In slow shocks ( V < 200 km s −1 ), the
hock front mo v es faster than the photoionization front, producing
elatively weak high ionization lines, but strong low ionization
ines. Conversely, in fast shocks ( V > 200 km s −1 ) a supersonic
hotoionization front pre-ionizes the gas – known as a precursor
which produces strong high ionization lines. The emission line

atios of shocked gas differ from those of gas photoionized in H II

egions, often with higher [N II ]/H α and [O III ]/H β ratios similar to
as photoionized by AGN (e.g. Allen et al. 2008 ; Alarie & Morisset
019 ). 
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Figure 9. BPT diagram for composite spectra binned by stellar mass and 
shocked + precursor models from the 3MdBs data base (Alarie & Morisset 
2019 ). The broad component and ten best shocked + precursor model 
emission-line ratios are shown as diamonds and transparent circles. The solid 
black line separates star-forming galaxies and AGNs (Kauffmann et al. 2003 ). 
The dashed grey line is the ‘maximum starburst’ line, where abo v e this line 
lie AGN from K e wley et al. ( 2001 ). The bottom panel shows the residuals 
after subtracting the shocked + precursor models from the observed broad 
component line ratios. 
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If the broad components arise from shocked gas, the width of
he broad component would trace the velocity of the shock rather 
han the velocity of outflowing material. To investigate whether 
hocks can explain the broad components, we consider MAPPINGS 

 (Sutherland & Dopita 2017 ; Sutherland et al. 2018 ) fully radiative
hock models from the 3MdBs 9 data base (Alarie & Morisset 2019 ).
his data base provides simulated emission-line ratios for shock 
as, the precursor, and a combination of shock and precursor for
ultiple grids. To facilitate comparisons between our observations 

nd the models, we use the low metallicity grid, matched to the
road range of metallicities, 6.64 < 12 + log(O/H) < 9.28, used by
utkin, Charlot & Bruzual ( 2016 ). This grid spans a large range in

hock parameters – for each metallicity – with shock velocities of V s 

 100–1000 km s −1 , magnetic field parameters of B o = 10 −4 –10
G, and pre-shock densities of n o = 1–10 000 cm 

−3 . 
For this analysis, we focus on the composite spectra binned 

y stellar mass, as the broad components of H β and [N II ] are
ot robustly detected in individual galaxies, and mass is estimated 
ndependently from the H α line, thus unlikely influenced by broad 
mission. The widths of the broad components for each mass bin 
re larger than 200 km s −1 , thus we consider the shock + precursor
odels. Additionally, we restrict the models to those that have a 

re-shock density ≤100 cm 
−3 and to shock velocities within 50 km 

 
−1 of the broad component width of a mass bin. 

To determine whether shocks can explain the observed broad 
omponents in the composite spectra, we consider their (1) broad 
mission-line ratios, (2) inferred electron density, and (3) emitting 
reas. We first compare the measured broad emission-line ratios –
O III ]/H β and [N II ]/H α – from each mass bin to the predicted
hocked + precursor model ratios, keeping the ten models per bin, 
hich best match the observ ations. Fig. 9 sho ws the BPT diagram for

he five stellar mass bins and their best-matched models. A majority 
f the best-matched models for the lo west, second-lo west, and 
ighest mass bins (red, blue, and orange diamonds) are inconsistent 
ith the observed line ratio(s) by ≥3 σ . On the other hand, there are
odels that can reproduce the observed line ratios of the middle and

econd-highest mass bins (green and purple diamonds) within their 
ncertainties. In addition to directly comparing line ratios, we can 
se them to infer other physical properties. If the broad emission
rises due to shocks, the electron density measured from the broad 
S II ] λ6717/[S II ] λ6732 line ratio would come from the post-shock
ecombination regions where the gas densities are expected to be 
igher than the pre-shock densities (e.g. Allen et al. 2008 ). We mea-
ure the electron density from the [S II ] ratio of the ten best-matched
odels for each mass bin using the relationship from Sanders et al.

 2016 ). For the upper three mass bins, the inferred electron densities
rom the models span o v er two orders of magnitude, with a majority
f the models within 1.5 σ of n e = 420 cm 

−3 derived in Section 3.3 .
onversely, the inferred electron densities in the two lowest mass 
ins are consistently larger – ranging from ∼4000 to 7000 cm 

−3 . 
inally, the database also provides the predicted H β luminosity per 
nit area for the different models. Using the best-matched models, 
e calculate the emitting area required to produce the observed broad 

omponent H β luminosity. For the two lowest mass bins, the required 
mitting areas are ∼2 kpc 2 , consistently smaller than the average size
f the galaxies in the composite – 8 and 13 kpc 2 , respectively. On
he other hand, for the three upper mass bins, the emitting areas are
arger, ranging from 4 to 20 × than their average sizes. 
 http:// 3mdb.astro.unam.mx/ 

b
t  

p  

w

These comparisons show that no shock model simultaneously 
grees with the observed broad component line ratios, sample 
lectron density, or the average area of the composite spectra. 
he best-matched [O III ]/H β or [N II ]/H α model line ratios are

nconsistent with the observed broad line ratios in the lowest, second
owest, and highest mass bins, the inferred model electron densities 
or the lowest and second-lowest mass bins are � 15 × higher
han the value we derived in Section 3.3 , and the emitting area
o reproduce the broad H β luminosity is � 4 × the average area
f galaxies in the middle, second-highest, and highest mass bins. 
e therefore conclude that shocks alone cannot produce the broad 

mission components observed in this study. 
This analysis, ho we ver, does not rule out other possible origins for

he broad emission component. The broad emission may be a mixture
f outflowing gas, shocked gas, and other turbulent motions, such 
s turbulent mixing layers between hot and cold outflow phases. 
ecent studies that trace outflows using both blueshifted rest-UV 

bsorption lines and broad components of rest-optical emission 
ines in individual galaxies have found that the two tracers are
inematically similar, thus the broad components can measure the 
inematics of outflowing gas (Perrotta et al. 2021 ; Avery et al. 2022 ).

.3.2 Other physical origins of scatter 

n addition to effect of turbulent motions, the lack of correlations
etween ionized outflow velocity and galactic properties may be due 
o line-of-sight effects or the small dynamic range probe by the sam-
le (see discussion in Davies et al. 2019 ). If the observations are not
ell aligned with the outflowing material, then the derived velocities 
MNRAS 531, 4560–4576 (2024) 
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ould not capture the true velocities. This in turn would increase
he scatter between outflow velocity and galaxy properties and mask
ny potential correlations. Similarly, if relationships between outflow
elocity and properties are weak, then they may not be captured o v er
he small dynamic range probe by our sample. Decomposing rest-
ptical emission lines into separate narrow and broad components
s challenging, with the detection of a broad component requiring
igh signal-to-noise in the desired line. Ho we ver, galaxies with
trong nebular emission lines are also associated with ele v ated star
ormation properties. Outflows from galaxies with low star formation
roperties would be missed if their velocity is low (FWHM br <

00 km s −1 ), such that the emission from the broad component
s indistinguishable from that of HII regions. As shown in Fig. 3 ,
he galaxies with a detected broad component appear to be biased
oward higher SFR and � SFR compared to the remaining MOSDEF-
onized galaxies. In comparison, at low redshifts, Arribas et al.
 2014 ) measured ionized outflows in luminous and ultraluminous
nfrared galaxies and found that outflow velocity scales weakly with
oth SFR and � SFR , co v ering three order of magnitude in SFR
nd � SFR . Similarly, Xu et al. ( 2022 ) found the ionized outflow
elocity scales weakly with SFR in local low-mass (10 4 –10 7 M �)
alaxies. In addition to probing larger dynamic ranges, both of these
tudies detect broad components in lower SFR ( � SFR ) galaxies, with
 majority below 10 M � yr −1 (1 M � yr −1 kpc −2 ). Ho we ver, the weak
caling relations found by these studies suggest that the outflows
re primarily energy-driven, as opposed to the mix of energy- and
omentum-driven found for our sample (Section 4.1 ). In this case,

he scaling between ionized outflow velocity and star formation
roperties should be steeper than for a pure energy-driven outflow,
hus a relation between ionized outflow velocity and star formation
roperties may be captured o v er a smaller dynamic range. If the
utflows are driven by a mix of energy and momentum, then the
ynamic range probed by our sample is unlikely the reason why
e find no correlation between outflow velocity and star formation
roperties. 

 CONCLUSIONS  

e have presented an analysis on the kinematics and energetics of
onized gas outflows within a sample of 598 typical star-forming
alaxies at z = 1.4–3.8. Using the e xtensiv e spectroscopic data set
f the MOSDEF surv e y, we decompose strong nebular emission lines
f individual galaxies and composite spectra into narrow and broad
aussian components, tracing virial motions within the galaxy and
utflowing gas. Maximum ionized outflow velocities are derived
rom the FWHM of the broad components, with a mean V max 

 −320 ± 90 km s −1 . Using V max in the outflow model described in
enzel et al. ( 2011 ), we estimate the mass-, energy- and momentum-

oading factors of the ionized gas outflows. Our main conclusions
re as follows: 

(i) There is significant evidence for broad emission components in
0 per cent (7 per cent) of [O III ] (H α) detections, with their incidence
ecoming more pre v alent among systems with higher SFR and � SFR .
(ii) In individual galaxies, the maximum ionized outflow velocity

s not significantly correlated with any galactic property. Composite
pectra binned by stellar mass, SFR, and � SFR show clear trends with
 max , such that faster outflows are found in bins of higher galactic
roperties. 
(iii) The ionized outflows appear to remo v e more momentum than

inetic energy from the ISM, with ηp / ηE ≈ 6.5, suggesting that the
utflows are primarily momentum dri ven. Ho we ver, these results
NRAS 531, 4560–4576 (2024) 
re model-dependent, and it is likely that there are non-negligible
ontributions from mechanical energy. 

(iv) The mass-loading factor is marginally correlated (2.5 σ ) with
tellar mass, scaling as ηm ∝ M 

−0 . 45 
� . This scaling is intermediate

etween the M 
−2 / 3 
� and M 

−1 / 3 
� dependence predicted for energy- or

omentum-dri ve outflo ws, suggesting that these ionized outflows
re driven by a combination of these mechanisms, with a larger
ontribution from radiation pressure acting on cool, dusty material. 

(v) We find ∼1 σ agreement between our derived ηm −M � relation
nd the theoretical prediction from the FIRE-2 simulations for warm
utflowing gas, measured at a larger radial distance. 
(vi) 11 per cent (0 per cent) of [O III ] (H α) maximum outflow

elocities are larger than the escape velocity from the gravitational
otential of their host, suggesting that the ionized outflows are often
etained and likely set up a galactic fountain. 

Obtaining robust constraints on the properties of outflows across
ifferent phases is crucial to understand their impact on galaxy
v olution. Here, we ha ve studied ionized outflows from typical z

2 galaxies traced by broad components of rest-optical emission
ines, finding that these outflows appear to play a negligible role,
ven during the peak of cosmic star formation activity. A majority of
he ionized outflows likely remain bound to the host galaxy, and their
roperties (e.g. V max , ηm ) are independent or weakly correlated with
alactic properties. Ho we ver, these results are based upon simple
odels and assumptions on the geometry and physical condition

f the outflowing gas. To build a better understanding of outflows,
igher resolution spectroscopic data and spatially resolved imaging
s necessary to constrain the geometry, extent, and conditions of
utflowing gas. Future progress will greatly benefit from such ob-
ervations, probing both a wider dynamic range of galaxy properties
nd tracers of other outflow phases. 
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PPENDIX  A:  DERIVATION  OF  ENERGY  AND  

OMENTUM  RATES  

n this section, we derive equations for the energy- and momentum-
oading factors of an outflow. A loading factor is the ratio of how
uch of a quantity (mass, energy, momentum, etc.) is carried out in

n outflow relative to the amount produced within a galaxy, thus we
efine loading factor ( η) as 

X = 

Ẋ out 

Ẋ ref 
, (A1) 

here ‘out’ and ‘ref’ refer to the outflow rate and reference rate of
he galaxy, respectively. 
NRAS 531, 4560–4576 (2024) 
The energy and momentum outflow rates are easily calculated
rom the mass outflow rate (Section 3.3 ) as: 

˙
 out = 

1 

2 
Ṁ out V 

2 
out ̇p out = Ṁ out V out . (A2) 

n the other hand, estimating the reference energy and momentum
ates is non-trivial due to the wide range of physical processes that can
enerate energy and momentum. Focusing on type IIa supernovae,
he total energy injected into the ISM from supernovae is 

˙
 ref = Ė SN = Ṅ SN E SN ≈ 3 . 17 × 10 41 

(
SFR narrow 

M � yr −1 

)
[ erg s −1 ] , (A3) 

here Ṅ SN is the supernova rate, taken as one SN occurs per 100 M �
ormed, and E SN = 10 51 erg is the mechanical energy released by a
ype IIa SN. 
Following the analytical arguments of Murray et al. ( 2005 ),

or star-forming galaxies, we consider momentum injection from
upernovae and a central starburst: 

˙ ref → ṗ SN + ṗ starburst ≈
√ 

2 E SN M ej Ṅ SN + L bol /c 

≈ 3 . 285 × 10 33 

(
SFR narrow 

M � yr −1 

)
[ cm g s −2 ] , (A4) 

here M ej = 10 M � is the mean ejected mass from a Type II SN,
nd L bol is the bolometric luminosity of the galaxy. We assume that
 bol ∼ SFR × 10 10 L � (Kennicutt 1998 ). 
Alternatively, based on high resolution ‘local path’ simulations of

upernovae in the ISM, Kim & Ostriker ( 2015 ) argue that the ṗ sn 

s better represented by the spherical momentum at the end of the
edov-Taylor stage when an SN blast wave cools and a shell forms,
ather than the initial injected momentum as in equation ( A4 ). If this
onvention is adopted, then 

˙ ref → ṗ SN + ṗ starburst ≈ Ṅ SN 
E SN 

v cool 
+ L bol /c 

≈ 1 . 71 × 10 34 

(
SFR narrow 

M � yr −1 

)
[ cm g s −2 ] , (A5) 

here v cool = 200 km s −1 is the terminal velocity of the supernova
emnant after it has shocked and swept up ambient ISM material. 

PPENDIX  B:  RESULTS  

n this Appendix, we provide tables of the ionized gas outflow
roperties detected in [O III ] and H α. 
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Table B1. Properties of the ionized gas based on [O III ] modelling. 

FIELD V4ID z log( M � /M �) log(SFR[SED]) log( � SRF[SED] ) FWHM br V off V max 

(km s −1 ) (km s −1 ) (km s −1 ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

AEGIS 3668 2.19 9.99 ± 0.04 1.38 ± 0.03 −0.12 ± 0.03 305.60 + 9 . 17 
−4 . 20 −9.56 + 8 . 80 

−10 . 33 −269.11 + 11 . 75 
−10 . 93 

AEGIS 4711 2.18 9.31 ± 0.04 0.76 ± 0.03 −0.15 ± 0.04 303.21 + 5 . 34 
−2 . 43 26.40 + 8 . 43 

−7 . 14 −231.12 + 9 . 58 
−7 . 43 

AEGIS 6315 2.23 9.48 ± 0.04 0.87 ± 0.04 −0.36 ± 0.06 326.70 + 23 . 51 
−17 . 53 85.45 + 9 . 94 

−13 . 54 −192.02 + 22 . 31 
−20 . 12 

AEGIS 10832 2.30 9.59 ± 0.05 0.98 ± 0.03 −0.60 ± 0.05 307.94 + 13 . 57 
−5 . 97 −75.15 + 14 . 24 

−14 . 03 −336.70 + 18 . 32 
−14 . 91 

AEGIS 12311 2.13 9.99 ± 0.04 0.87 ± 0.03 ... a 325.64 + 34 . 51 
−18 . 84 70.63 + 18 . 28 

−19 . 42 −205.95 + 34 . 54 
−25 . 16 

AEGIS 12512 2.32 10.25 ± 0.01 0.84 ± 0.01 −0.87 ± 0.02 424.79 + 33 . 49 
−30 . 55 −61.81 + 16 . 20 

−17 . 32 −422.60 + 32 . 73 
−31 . 20 

AEGIS 14957 2.30 9.91 ± 0.04 0.68 ± 0.03 −0.83 ± 0.06 338.23 + 42 . 29 
−25 . 36 −10.28 + 14 . 97 

−15 . 03 −297.55 + 38 . 91 
−26 . 26 

AEGIS 15737 2.30 9.59 ± 0.05 1.06 ± 0.03 −0.11 ± 0.05 302.44 + 3 . 77 
−1 . 83 57.84 + 7 . 07 

−6 . 31 −199.03 + 7 . 76 
−6 . 50 

AEGIS 18543 2.14 9.35 ± 0.03 0.93 ± 0.04 0.23 ± 0.05 327.0 + 48 . 10 
−20 . 22 17.06 + 15 . 20 

−12 . 50 −260.67 + 43 . 59 
−21 . 24 

AEGIS 22931 2.30 9.41 ± 0.03 1.00 ± 0.03 0.00 ± 0.05 334.46 + 31 . 09 
−21 . 55 −41.02 + 9 . 32 

−11 . 68 −325.08 + 28 . 0 
−21 . 71 

AEGIS 22935 2.37 9.71 ± 0.05 0.90 ± 0.03 −0.08 ± 0.06 304.97 + 8 . 30 
−3 . 73 63.15 + 10 . 96 

−9 . 66 −195.87 + 13 . 03 
−10 . 16 

AEGIS 25817 2.29 9.68 ± 0.05 0.95 ± 0.03 ... a 371.98 + 47 . 02 
−41 . 06 29.60 + 18 . 67 

−15 . 98 −286.33 + 44 . 08 
−38 . 36 

AEGIS 30758 2.13 9.24 ± 0.05 0.63 ± 0.03 0.08 ± 0.06 317.29 + 26 . 89 
−13 . 04 −16.65 + 10 . 07 

−11 . 66 −286.14 + 24 . 96 
−16 . 08 

AEGIS 35056 1.65 9.25 ± 0.05 0.50 ± 0.05 ... a 314.73 + 18 . 56 
−10 . 59 −73.53 + 14 . 88 

−15 . 19 −340.84 + 21 . 68 
−17 . 65 

COSMOS 3626 2.32 9.61 ± 0.04 1.20 ± 0.02 0.72 ± 0.04 563.13 + 129 . 91 
−97 . 07 −36.57 + 26 . 09 

−28 . 79 −514.85 + 113 . 38 
−87 . 33 

COSMOS 6283 2.22 9.55 ± 0.04 1.02 ± 0.03 −0.11 ± 0.04 333.73 + 54 . 21 
−25 . 29 −35.38 + 12 . 33 

−19 . 14 −318.82 + 47 . 66 
−28 . 77 

COSMOS 6750 2.13 9.99 ± 0.03 1.08 ± 0.02 −0.67 ± 0.03 555.26 + 170 . 20 
−137 . 63 −80.12 + 22 . 35 

−14 . 34 −551.71 + 146 . 27 
−117 . 77 

COSMOS 7065 3.26 9.41 ± 0.05 1.29 ± 0.03 0.28 ± 0.08 325.84 + 20 . 15 
−15 . 56 −7.90 + 4 . 77 

−5 . 29 −284.64 + 17 . 77 
−14 . 24 

COSMOS 9971 2.41 10.27 ± 0.04 1.46 ± 0.02 0.23 ± 0.04 327.87 + 22 . 75 
−16 . 37 29.92 + 15 . 03 

−12 . 01 −248.55 + 24 . 48 
−18 . 37 

COSMOS 10550 3.59 9.53 ± 0.10 0.93 ± 0.04 −0.14 ± 0.19 487.81 + 88 . 40 
−67 . 77 −13.33 + 20 . 69 

−26 . 04 −427.64 + 77 . 88 
−63 . 17 

COSMOS 11530 2.10 9.14 ± 0.04 0.93 ± 0.04 0.25 ± 0.06 391.85 + 38 . 19 
−31 . 46 −38.60 + 8 . 88 

−11 . 0 −371.40 + 33 . 63 
−28 . 90 

COSMOS 12476 1.51 9.98 ± 0.03 1.06 ± 0.04 −0.31 ± 0.04 397.88 + 37 . 68 
−31 . 78 −6.93 + 9 . 13 

−10 . 11 −344.86 + 33 . 28 
−28 . 82 

COSMOS 18064 1.65 9.88 ± 0.03 1.06 ± 0.03 −0.25 ± 0.03 431.96 + 38 . 40 
−37 . 31 94.97 + 3 . 63 

−7 . 50 −271.91 + 32 . 82 
−32 . 57 

COSMOS 19439 2.47 10.31 ± 0.05 0.90 ± 0.02 ... a 314.28 + 20 . 70 
−10 . 47 −26.56 + 8 . 20 

−8 . 30 −293.49 + 19 . 40 
−12 . 17 

COSMOS 19985 2.19 10.32 ± 0.05 1.61 ± 0.03 0.55 ± 0.03 525.70 + 14 . 50 
−14 . 14 −11.07 + 3 . 68 

−4 . 0 −457.56 + 12 . 86 
−12 . 66 

COSMOS 22576 3.26 9.38 ± 0.06 1.27 ± 0.04 0.40 ± 0.06 307.98 + 10 . 55 
−5 . 77 25.22 + 4 . 81 

−4 . 63 −236.36 + 10 . 17 
−6 . 74 

COSMOS 22838 3.36 10.24 ± 0.05 1.12 ± 0.02 0.20 ± 0.07 474.56 + 45 . 50 
−37 . 63 −76.70 + 15 . 30 

−14 . 57 −479.75 + 41 . 56 
−35 . 12 

COSMOS 22862 3.12 10.01 ± 0.05 1.70 ± 0.03 ... a 353.63 + 34 . 33 
−28 . 37 71.54 + 15 . 63 

−14 . 0 −228.81 + 33 . 08 
−27 . 87 

GOODS-N 1975 2.36 9.69 ± 0.05 1.17 ± 0.03 0.20 ± 0.05 340.86 + 54 . 59 
−29 . 14 39.82 + 16 . 69 

−13 . 81 −249.68 + 49 . 28 
−28 . 34 

GOODS-N 16060 1.52 10.04 ± 0.06 1.12 ± 0.05 0.29 ± 0.05 381.20 + 44 . 41 
−32 . 01 −1.54 + 12 . 62 

−11 . 78 −325.30 + 39 . 78 
−29 . 63 

GOODS-N 22065 3.13 9.58 ± 0.06 1.17 ± 0.03 0.13 ± 0.04 306.93 + 11 . 35 
−5 . 13 −41.61 + 8 . 93 

−10 . 22 −302.29 + 13 . 14 
−11 . 11 

GOODS-N 22235 2.43 9.54 ± 0.05 1.12 ± 0.03 0.17 ± 0.04 304.05 + 6 . 11 
−3 . 01 59.46 + 8 . 46 

−7 . 72 −198.78 + 9 . 93 
−8 . 13 

GOODS-N 24328 2.41 9.35 ± 0.05 1.24 ± 0.04 −0.94 ± 0.11 380.65 + 43 . 42 
−40 . 67 33.14 + 16 . 66 

−14 . 98 −290.16 + 40 . 46 
−37 . 65 

GOODS-N 27035 2.42 9.67 ± 0.03 1.06 ± 0.03 0.12 ± 0.05 416.74 + 30 . 97 
−27 . 45 −92.45 + 9 . 60 

−5 . 44 −446.40 + 28 . 0 
−23 . 94 

GOODS-N 30053 2.25 10.50 ± 0.03 1.08 ± 0.02 −0.42 ± 0.03 510.27 + 52 . 94 
−47 . 01 −10.41 + 14 . 81 

−13 . 81 −443.80 + 47 . 34 
−42 . 25 

GOODS-N 34699 2.20 10.04 ± 0.06 1.43 ± 0.03 0.21 ± 0.04 567.82 + 104 . 20 
−90 . 32 4.06 + 29 . 38 

−25 . 61 −478.21 + 93 . 25 
−80 . 88 

GOODS-N 35924 2.43 9.90 ± 0.05 0.98 ± 0.03 −1.05 ± 0.04 353.50 + 25 . 66 
−22 . 43 −31.95 + 10 . 21 

−11 . 01 −332.18 + 24 . 07 
−22 . 0 

GOODS-S 40768 2.30 10.09 ± 0.02 1.58 ± 0.01 ... a 302.48 + 4 . 12 
−1 . 85 65.98 + 8 . 98 

−7 . 66 −190.92 + 9 . 64 
−7 . 82 

GOODS-S 45531 2.31 9.71 ± 0.05 0.90 ± 0.02 −0.24 ± 0.04 352.36 + 56 . 27 
−32 . 24 14.60 + 12 . 66 

−12 . 54 −284.67 + 49 . 44 
−30 . 12 

Notes. (1) CANDELS field. (2) 3D- HST v4 catalogue ID. (3) Redshift measured by MOSDEF Surv e y. (4) Stellar mass. (5) SFR from SED fitting. (6) SFR 

surface density. (7) Full width at half-maximum of the broad [O III ] component. (8) Velocity offset between the broad and narrow [O III ] components. (9) 
Maximum outflow velocity. 
a Galaxy does not have a robust R E measurement. 
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