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ABSTRACT

Using data from the MOSFIRE Deep Evolution Field (MOSDEF) survey, we present a census
of AGN-driven ionized outflows in a sample of 159 AGNs at 1.4 ≤ z ≤ 3.8. The sample spans
AGN bolometric luminosities of 1044−47 erg s−1 and includes both quiescent and star-forming galaxies
extending across three orders of magnitude in stellar mass. We identify and characterize outflows from
the Hβ, [OIII], Hα and [NII] emission line spectra. We detect outflows in 17% of the AGNs, seven
times more often than in a mass-matched sample of inactive galaxies in MOSDEF. The outflows are
fast and galaxy-wide, with velocities of ∼ 400 − 3500 km s−1and spatial extents of 0.3 − 11.0 kpc.
The incidence of outflows among AGNs is independent of the stellar mass of the host galaxy, with
outflows detected in both star-forming and quiescent galaxies. This suggests that outflows exist across
different phases in galaxy evolution. We investigate relations between outflow kinematic, spatial, and
energetic properties and both AGN and host galaxy properties. Our results show that AGN-driven
outflows are widespread in galaxies along the star-forming main sequence. The mass-loading factors
of the outflows are typically 0.1− 1 and increase with AGN luminosity, capable of exceeding unity at
LAGN & 1046.3 erg s−1. In these more luminous sources the ionized outflow alone is likely sufficient to
regulate star formation, and when combined with outflowing neutral and molecular gas may be able
to quench star formation in their host galaxies.
Subject headings: galaxies: active — galaxies: evolution — galaxies: high-redshift — galaxies: kine-

matics and dynamics — ISM: jets and outflows — quasars: emission lines

1. INTRODUCTION

It is well established that supermassive black holes
(SMBHs) are virtually ubiquitous at the centers of galax-
ies (e.g. Magorrian et al. 1998; Heckman & Best 2014;
Aird et al. 2018). When SMBHs accrete, they are ob-
served as active galactic nuclei (AGNs) (e.g. Antonucci
1993; Netzer 2015). AGNs are believed to play a cru-
cial role in galaxy evolution as various properties of host
galaxies and their SMBHs are observed to be closely con-
nected. Locally, the mass of the central SMBH and
the velocity dispersion of the bulge of the host galaxy
are found to follow a tight correlation, even though the
SMBH is typically only less than one percent of the mass
of the bulge (e.g. Ferrarese & Merritt 2000; Gebhardt
et al. 2000). Globally, the growth rates of galaxies and
SMBHs, traced by the total star formation rate (SFR)
density and the total SMBH accretion density, respec-
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tively, followed a very similar trend with cosmic time,
both reach a peak at the “cosmic high noon” of z ∼ 1−3
(e.g. Madau, & Dickinson 2014; Aird et al. 2015).

While such empirical evidence strongly suggests that
the evolution of SMBHs and their host galaxies are in-
timately related, theoretical models of galaxy formation
point to a more direct connection between AGNs and
their host galaxies. It has been observed that galaxies
are inefficient in converting baryons into stars in the low
(< 1012M�) and high (> 1012M�) mass ends of the halo
mass distribution, as they have significantly lower stellar
mass to halo mass ratios (e.g. Madau et al. 1996; Baldry
et al. 2012; Behroozi et al. 2013a). The star formation
inefficiency in low mass halos is satisfactorily explained
by stellar feedback (e.g. Bouché et al. 2010; Dutton et
al. 2010; Hopkins et al. 2012). Most galaxy formation
models have to invoke AGNs to inject energy and/or mo-
mentum into the surrounding gas in high mass galaxies in
order for their results to match the observed galaxy pop-
ulation (e.g. Benson et al. 2003; Di Matteo et al. 2005;
Croton et al. 2006; Hopkins et al. 2006; Kaviraj et al.
2017; Pillepich et al. 2018). Additionally, cosmological
simulations have to invoke AGN feedback to produce qui-
escent bulge-dominated massive red galaxies that are no
longer actively forming stars (e.g. Hopkins et al. 2008;
Schaye et al. 2015).

AGN feedback provides an energetically feasible mech-
anism to remove cool gas in a galaxy or heat up cool gas
to prevent further accretion of cool gas onto the galaxy to
keep new stars from forming. A commonly invoked AGN
feedback process is large-scale outflows, in which an AGN
produces a high velocity wind that heats or sweeps up gas
over distances comparable to the size of the galaxy (e.g.
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King et al. 2011; Debuhr et al. 2012; Faucher-Giguère &
Quataert 2012). This has sparked a wealth of observa-
tional studies aiming to characterize AGN outflows and
test this picture.

In the local Universe (z . 1), outflows in AGNs have
been observed to be ubiquitous and extend to kpc scales
in ionized, atomic, and molecular gas (e.g. Liu et al.
2013a,b; Veilleux et al. 2013; Mullaney et al. 2013; Ci-
cone et al. 2014; Harrison et al. 2014; Zakamska & Greene
2014; McElroy et al. 2015; Woo et al. 2016; Rupke et al.
2017). While AGN-driven outflows are found to be a
widespread phenomenon at low redshift, a crucial epoch
to study AGN-driven outflows is at higher redshifts of
z ∼ 1 − 3. This epoch is known as the “cosmic high
noon”, when both the global SFR and AGN accretion
rate are at their peaks across cosmic time, before de-
clining by about an order of magnitude to the present
day values (e.g. Madau, & Dickinson 2014; Aird et al.
2015). Therefore, AGN-driven outflows should be most
prevalent and powerful at this epoch, which is also when
galaxies are undergoing peak growth. This is therefore a
crucial era to test models of AGN feedback.

Current observations at z ∼ 1− 3 of a statistical sam-
ple of AGNs with complete spectroscopic coverage of the
brightest rest-frame optical emission lines are limited.
Early results at this redshift (e.g. Nesvadba et al. 2008;
Harrison et al. 2012; Perna et al. 2015; Brusa 2015) are
often focused on special, extreme subclasses of AGNs
such as ULIRGs or luminous quasars and were limited
to small sample sizes.

More recent studies of outflows using statistical sam-
ples of AGNs at z ∼ 1−3 have been made possible by the
commissioning of multi-object near-infrared (NIR) spec-
trographs such as MOSFIRE (McLean et al. 2012) and
KMOS (Sharples et al. 2013). The observed NIR wave-
band covers several important rest-frame optical emis-
sion lines, such as Hβ, [OIII], Hα, [NII] and [SII], at
this redshift. Of specific relevance to the study of AGN-
driven outflows is the [OIII] emission line, which is a
bright forbidden emission line that is traditionally used
to trace the narrow-line region gas around AGNs and
ionized outflows (e.g. Bennert et al. 2002; Schmitt et al.
2003; Mullaney et al. 2013; Zakamska & Greene 2014;
Woo et al. 2016). Moreover, Hβ, [OIII], Hα and [NII]
are used in emission line ratio diagnostics of the ionized
gas using the BPT diagram (Baldwin et al. 1981; Veilleux
& Osterbrock 1987). NIR spectroscopic observations are
therefore the ideal tool to study ionized AGN outflows
at z ∼ 1− 3.

Harrison et al. (2016) study a sample of 89 AGNs up
to z = 1.7 and detect ionized outflows in ∼ 35− 50% of
the AGNs, indicating that outflows are quite prevalent in
AGN at this epoch. Fiore et al. (2017) study scaling rela-
tions of AGN-driven outflows with AGN and host galaxy
properties in a meta-analysis of published outflow studies
spanning ionized, atomic, and molecular gas, which in-
cludes 29 ionized outflows in AGNs at z ∼ 1−3. Because
of the nature of a meta-analysis, AGN and host galaxy
properties are calculated by different authors using non-
homogeneous recipes, which can affect the scaling rela-
tions obtained. Selection biases can also exist since the
sample is compiled from multiple studies.

The largest sample of ionized outflows in AGNs in
z ∼ 1 − 3 to date comes from Förster Schreiber et al.

(2019), who study 152 AGNs found in a sample of 599
galaxies using integral field spectra (IFS) covering the
Hα, [NII], and [SII] emission lines. While the IFS data
provide two-dimensional measurements of the physical
size of the outflows, the [OIII] and Hβ emission lines are
not covered. These emission lines are required to per-
form diagnostics using the BPT diagram. The [OIII]
forbidden line provides an excellent tracer of narrow-line
region gas and ionized outflows, as it is far from other
bright emission lines and suffers from less contamination
than the [NII] forbidden line.

To better understand the role of AGN-driven outflows
in galaxy evolution and explore their physical character-
istics as a function of AGN and host galaxy properties, it
is necessary to have a statistical sample of AGNs selected
from a uniform sample of galaxies with complete spectro-
scopic coverage of the important rest-frame optical emis-
sion lines. We achieve this using data from the recently-
completed MOSFIRE Deep Evolution Field (MOSDEF)
survey (Kriek et al. 2015). Targets in the MOSDEF sur-
vey are selected to a threshold in NIR flux, which roughly
corresponds to a stellar mass limit. This results in a more
uniform and representative census of the population of
“typical” star-forming galaxies, as well as some quiescent
galaxies. The spectroscopic data of the MOSDEF sur-
vey provides simultaneous coverage of important optical
emission lines, including the [OIII] emission line, which is
particularly important in tracing the narrow-line region
gas and ionized outflows around AGNs. Furthermore, a
homogeneous method is employed in this study to deter-
mine AGN and host galaxy properties.

In Leung et al. (2017), we presented early results using
data from the first 2 years of the MOSDEF survey and
found that fast and galaxy-wide AGN-driven outflows are
common at z ∼ 2. In this study, we take advantage of
the full data set of the now completed MOSDEF survey,
which contains ∼ 1500 galaxies and ∼ 160 AGNs. We
revisit the incidence and physical characteristics of AGN-
driven outflows with a sample that almost triples that in
Leung et al. (2017). This allows us to investigate in more
detail the trends in the incidence of AGN-driven outflows
and make more robust conclusions. Furthermore, now
equipped with a statistical sample of AGN-driven out-
flows, we study their physical properties as a function
of AGN and host galaxy properties to better understand
the impact of these outflows on their host galaxies and
their role in galaxy evolution.

This paper is organized as follows. Section 2 describes
the MOSDEF survey and the AGN sample. Section 3
presents methods used for detection and characteriza-
tion of the outflows. Section 4 discusses the relation be-
tween the incidence of outflows and AGN and host galaxy
properties. Section 5 presents the relation between the
physical properties of the outflows and properties of the
AGN and host galaxies. We summarize our conclusions
in Section 6.

2. OBSERVATIONS AND AGN SAMPLE

In this section we describe the dataset used in this
study and the methods employed to identify AGN at
various wavelengths. We also outline how we estimate
host galaxy properties using SED fitting.

2.1. The MOSDEF Survey
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The MOSDEF survey was a four and a half year pro-
gram using the MOSFIRE spectrograph (McLean et al.
2012) on the Keck I telescope to obtain near-infrared
(rest-frame optical) spectra of ∼ 1500 galaxies and AGNs
at 1.4 ≤ z ≤ 3.8 Targets were selected from the pho-
tometric catalogs of the 3D-HST survey (Skelton et al.
2014) in the five CANDELS fields: AEGIS, COSMOS,
GOODS-N, GOODS-S and UDS. Targets were selected
by their H-band magnitudes, down to H = 24.0, 24.5 and
25.0 at z = 1.37 − 1.70, 2.09 − 2.61 and 2.95 − 3.80, re-
spectively, with brighter sources and known AGNs given
higher weights in targeting. The Hβ and [OIII] emission
lines are covered in the J, H and K bands for the lower,
middle and higher redshift intervals, respectively. The
Hα, [NII] and [SII] emission lines are covered in the H
and K bands for only the lower and middle redshift in-
tervals, respectively. With the full survey, 1824 spectra
of galaxies and AGNs were acquired, yielding a reliable
redshift for 1415 of them. Full technical details of the
MOSDEF survey can be found in Kriek et al. (2015).

2.2. Emission Line Measurements

In this section, we describe the procedures to measure
emission line fluxes and kinematics in this study. We per-
form the procedures described in Azadi et al. (2017) and
Azadi et al. (2018) to simultaneously fit the Hβ, [OIII],
[NII] and Hα emission lines using the MPFIT (Markwardt
2009) routine in IDL. For sources in the highest redshift
interval of 2.95 ≤ z ≤ 3.80, we fit only the Hβ and [OIII]
emission lines, as the [NII] and Hα lines are not covered
in the spectra. The spectra are fitted with a continuum
near the emission lines with zero slope and a maximum
of three Gaussian components for each line:

1. A Gaussian function with FWHM < 2000 km s−1,
one each for the Hβ, [OIII], [NII] and Hα emission
lines, representing the narrow-line emission from
the AGN and/or host galaxy;

2. A broad Gaussian function with FWHM > 2000
km s−1, one each for Hβ and Hα only, representing
the broad line emission from the AGN;

3. An additional Gaussian function with FWHM <
2000 km s−1, one each for the Hβ, [OIII], [NII] and
Hα emission lines, representing a potential outflow
component.

The FWHM and velocity shift of each set of Gaussian
functions are held equal for all of the lines of interest.
The flux ratios between [OIII]λ4960 and [OIII]λ5008 and
between [NII]λ6550 and [NII]λ6585 are fixed at 1:3 for
each Gaussian function. We adopt the model with the
narrow-line component (component 1) alone unless the
addition of more components results in a decrease in χ2

corresponding to a p-value of < 0.01 for the null hypoth-
esis that the simpler model is true. We further require
that all the components have signal-to-noise ratio (S/N)
greater than 3 in at least one line.

2.3. AGN Sample

AGNs were identified before targeting by X-ray imag-
ing data from Chandra and/or IR imaging data from
Spitzer/IRAC. In addition, AGNs were identified in the

MOSDEF spectra using rest-frame optical diagnostics.
The identification of AGNs in the MOSDEF survey is
described below; full details are discussed in Azadi et al.
(2017) and Leung et al. (2017).

We identified X-ray AGNs prior to the MOSDEF tar-
get selection using Chandra X-ray imaging data with
depths of 160 ks in COSMOS, 2 Ms in GOODS-N, 4 Ms in
GOODS-S and 800 ks in AEGIS, corresponding to hard
band (2-10 keV) flux limits of 1.8 × 10−15, 2.8 × 10−16,
1.6× 10−16 and 5.0× 10−16 ergs s−1 cm−2, respectively.
The X-ray catalogs were constructed according to the
prescription in Laird et al. (2009), Nandra et al. (2015)
and Aird et al. (2015). The X-ray sources were matched
to counterparts detected at IRAC, NIR and optical wave-
lengths using the likelihood ratio method (e.g. Brusa et
al. 2007; Luo et al. 2010; Aird et al. 2015), which were
then matched with the 3D-HST catalogs for MOSDEF
target selection. These X-ray sources were given higher
priority in MOSDEF target selection. The 2-10 keV rest-
frame X-ray luminosity was estimated by assuming a sim-
ple power-law spectrum with photon index Γ = 1.9 and
Galactic absorption only.

To identify highly obscured and Compton-thick AGNs
which are not as effectively selected through X-ray imag-
ing, we also made use of MIR colors to identify AGNs in
the MOSDEF survey, since high-energy photons from the
AGN absorbed by dust are re-radiated at the MIR wave-
lengths. We adopt the IRAC color criteria from Donley
et al. (2012), with slight modifications, to select IR AGN
using fluxes in the 3D-HST catalogs (Skelton et al. 2014).
The criteria are:

x = log10

(
f5.8µm
f3.6µm

)
, y = log10

(
f8.0µm
f4.5µm

)
(1)

x ≥ 0.08 and y ≥ 0.15 (2)

y ≥ (1.21× x)− 0.27 (3)

y ≤ (1.21× x) + 0.27 (4)

f4.5µm > f3.6µm (5)

f5.8µm > f4.5µm (6)

f8.0µm > f5.8µm. (7)

In our modification, we do not require Equation 4 and
include sources within 1σ uncertainties of Equations 5, 6
and 7. This is because the Donley et al. (2012) criteria
are designed to select luminous unobscured and obscured
AGNs, but are incomplete to low-luminosity and host-
dominated AGNs. These slight modifications allow for
the inclusion of a handful of additional sources close to
the boundaries and are highly likely to be AGNs due to
other properties (see Azadi et al. 2017, for more details).

We also use emission line ratio diagnostics with the
BPT diagram (Baldwin et al. 1981; Veilleux & Oster-
brock 1987) to identify optical AGN. Emission line fluxes
are obtained in the procedures described in Section 2.2.
As discussed in Coil et al. (2015) and Azadi et al.
(2017), the theoretical demarcation line in Meléndez et
al. (2014) can satisfactorily balance contamination by
star-forming galaxies and completeness of the MOSDEF
AGN sample at z ∼ 2. The Meléndez et al. (2014)
line asymptotically approaches log([NII]/Hα) = −0.34
for low log([OIII]/Hβ). We adopt a more restrictive cri-
terion of log([NII]/Hα) > −0.3 to identify optical AGNs
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in this study to reduce contamination from star forma-
tion. In addition, we identify sources above the redshift-
dependent maximum starburst demarcation line in Kew-
ley et al. (2013) at z = 2.3 as optical AGNs, as star
formation alone cannot produce such high line ratios.

Among sources with a robust redshift measurement in
MOSDEF, the procedures above result in 52 AGNs iden-
tified at X-ray wavelengths only and 41 AGNs identified
at IR wavelengths only. In addition, 25 sources satisfy
both the X-ray and IR AGN identification criteria, re-
sulting in a total of 118 AGNs identified in X-ray and/or
IR. 79 sources are found to satisfy the optical AGN iden-
tification criteria, among which 41 were not previously
identified in either X-ray or IR emission. This results
in a total number of 159 AGNs identified at X-ray, IR,
and/or optical wavelengths.

2.4. Stellar Masses and Star Formation Rates

Stellar masses and SFR are measured by spectral en-
ergy distribution (SED) fitting using photometric data
from the 3D-HST catalogs (Skelton et al. 2014) and
the MOSDEF spectroscopic redshifts. In this study,
we perform SED fitting using the FAST stellar popu-
lation fitting code (Kriek et al. 2009) with an additional
AGN component (see Aird et al. 2018). We assume the
FSPS stellar population synthesis model (Conroy et al.
2009), the Chabrier (2003) initial mass function, a de-
layed exponentially declining star formation history and
the Calzetti et al. (2000) dust attenuation curve. Com-
bined AGN templates taken from the SWIRE template
library (Polletta et al. 2007) and Silva et al. (2004) are
used (see Aird et al. 2018, for details).

3. OUTFLOW DETECTION AND CHARACTERIZATION

In this section we report the methods used to de-
tect outflows and characterize their properties, includ-
ing kinematics, optical emission line ratios, physical ex-
tent, and mass and energy outflow rates in the MOSDEF
dataset.

3.1. Detection of Outflows in AGNs

We identify potential outflows in the AGN sample us-
ing the emission line fitting procedures described in Sec-
tion 2.2. An outflow component is included in the best fit
if the p-value is less than 0.01 for the null hypothesis of
the absence of an outflow. In addition, we require that
both the narrow and outflow components to have S/N
ratios greater than 3 to reduce false detections due to
noise. Among the 159 AGNs with a robust measurement
of their redshifts, 43 host potential outflows satisfying
these requirements.

We then exclude any potential outflows that have signs
of on-going merger activity from our sample, as merger
activity can produce similar kinematic signatures as out-
flows (i.e., a second kinematic component). While out-
flows can be present in and triggered by mergers, we aim
to measure and characterize the outflowing gas due to
AGN activity in this study. We therefore do not include
mergers in our sample. We identify mergers by visually
inspecting the HST images of each source in the F160W
and F606W bands. Sources that have features suggesting
double nuclei are considered potential mergers. We de-
fine double nuclei as having two distinct peaks in bright-
ness separated by less than 1′′ (corresponding to ∼ 8

kpc at z ∼ 2). 16 of the 43 potential outflows show fea-
tures satisfying this criteria, and they are removed from
the outflow sample. This results in a final sample of 27
AGNs with robustly-identified outflows, corresponding
to 17% of a total of 159 AGNs in the full sample. The
emission line spectra with best-fit models and properties
of these 27 AGNs with outflows are provided in the Ap-
pendix. Among these 27 AGNs, 14 are identified in both
X-ray and IR emission, 10 are identified in X-ray emis-
sion only, one is identified in IR emission only, and two
are identified in optical emission only.

3.2. Detection of Outflows in Inactive Galaxies

In this study all MOSDEF targets with a reliable red-
shift have been fit using the emission-line fitting proce-
dures described in Section 2.2. We can therefore compare
the incidence of outflows detected in the emission-line
spectra of AGNs and of inactive galaxies in our sam-
ple. Out of a total of 1179 inactive galaxies with reliable
redshifts, a significant outflow component is detected in
70 sources satisfying the spectroscopic criteria in Sec-
tion 3.1. After excluding potential mergers by inspect-
ing their HST images, there are 37 inactive galaxies with
outflows detected, corresponding to 3.1% of the inactive
galaxy sample.

To compare this result directly with the detection rate
of outflows in AGNs, we need to account for the differ-
ence in the stellar mass distributions of the AGNs and
galaxies in our sample. Since AGNs at a given Edding-
ton ratio will be more luminous in more massive galaxies,
AGNs will be detected more frequently in galaxies with
higher stellar masses (Aird et al. 2012), due to an ob-
servational selection bias. As a result, the samples of
AGNs and inactive galaxies have fairly different stellar
mass distributions (see Azadi et al. 2017). Moreover,
the higher luminosities of higher mass galaxies can yield
higher S/N spectra, which can potentially contribute to
more frequent detection of outflows. Therefore, it is nec-
essary to match the stellar mass distributions of inactive
galaxies to that of AGNs when comparing their outflow
detection rates.

To do this, we construct histograms of the stellar mass
distributions of the galaxies and AGNs, respectively, in
bins of 0.25 dex. Weights in stellar mass bins are com-
puted by the ratio of the number of AGNs to the number
of galaxies in the corresponding entries of the histograms,
and are normalized to conserve the total number of galax-
ies. Applying these weights to the inactive galaxy sample
leads to a total of 30 outflows, corresponding to 2.5% of
inactive galaxies.

With an incidence rate of 17%, ionized outflows are six
to seven times more frequently detected in emission in
AGNs than in a mass-matched sample of inactive galax-
ies. While outflows are known to be detected in absorp-
tion in star-forming galaxies at similar redshifts (Steidel
et al. 2010), here we directly compare the incidence rate
of outflows detected in emission in both AGNs and inac-
tive galaxies using the same methodology for both sam-
ples. This factor of seven difference in outflow incidence
rates between AGNs and galaxies strongly suggests that
these AGN outflows are AGN-driven. A detailed study of
outflows detected as broad emission lines in inactive star-
forming galaxies in MOSDEF is presented in Freeman et
al. (2019). There is a small difference in the numbers
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of outflow detections between this study and Freeman et
al. (2019), which is likely due to different constraints and
criteria in the emission line fitting procedures, while the
difference in outflow detection rate is primarily driven by
different selection criteria of the samples.
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Fig. 1.— Velocity dispersion versus velocity shift for the detected
AGN outflows in our sample. The gray dashed lines show constant
vmax in units of km s−1, where vmax = |∆v| + 2σout as defined
in Rupke, & Veilleux (2013). Sources with large velocity offset
have large velocity dispersions, while sources with large velocity
dispersions can have small velocity offsets, resulting in the fan-
shaped distribution observed in nearby AGNs Woo et al. (2016).

3.3. Outflow Kinematics

We measure kinematic parameters of the outflows in
AGNs using results from the multi-component emission
line fitting procedures. One of the outflow signatures
is the velocity shift (∆v) between the centroids of the
outflow component and the narrow line component. 29
out of the 31 detected outflows have a negative velocity
shift, meaning that they are blueshifted, while only 2
outflows are redshifted. The magnitudes of the velocity
shift range from ∼ 40−910 km s−1, with a median value
of 230 km s−1 and a median 1σ error of 30 km s−1. The
fact that the majority of the outflows are blueshifted is
consistent with an outflow model with dust extinction
(e.g. Crenshaw et al. 2003; Bae, & Woo 2016), where dust
extinction in the galaxy reduces the flux of the receding
outflowing material on the far side of the galaxy.

We also measure the velocity dispersion of the outflow
component, σout. The outflow velocity dispersions range
from ∼ 60 − 1300 km s−1, with a median value of 360
km s−1 and a median 1σ error of 20 km s−1. Figure 1
shows the distribution of the velocity dispersions of the
outflows versus their velocity shifts. Sources with high
velocity shifts also have high velocity dispersions, while
sources with relatively high velocity dispersions (∼600
km s−1) do not always have high velocity shifts. This is
similar to findings for nearby AGNs (Woo et al. 2016).

As both the velocity shift and velocity dispersion ac-
count only for the component of the outflow velocity
along the line of sight, outflows with a non-negligible
opening angle will have a spread of observed radial ve-

locities that are lower than the actual bulk outflow ve-
locity. The actual outflow velocity in three dimensions
will therefore be closer to the highest or maximum radial
velocity in the observed velocity distribution. A common
parameter to measure the actual velocity of the outflow is
the maximum velocity (vmax), which is defined as the ve-
locity shift between the narrow and outflow components
plus two times the dispersion of the outflow component,
i.e. vmax = |∆v|+ 2σout (Rupke, & Veilleux 2013). The
maximum velocity of the outflows in our sample ranges
from ∼ 400 − 3500 km s−1, with a median value of 940
km s−1 and a median 1σ error of 50 km s−1.

Another kinematic measure widely used in the litera-
ture is the non-parametric line width that contains 80%
of the total flux (w80) (e.g. Zakamska & Greene 2014).
However, this measure depends on the relative flux ratios
of the narrow and outflow components of the emission
line. While studies that make use of this measure often
have only one emission line, we simultaneously fit the
Hβ, [OIII], Hα and [NII] emission lines and utilize them
to provide constraints on a single set of kinematic pa-
rameters. This non-parametric measure can give rise to
different results for different emission lines, due to differ-
ences in the relative flux ratios between the narrow and
outflow components in different lines. Using a single set
of kinematic parameters obtained from all the available
strong emission lines provides more consistent and bet-
ter constrained results for this study. For comparison,
we calculated the values of w80 for [OIII] in the outflows
in our sample, and they are highly correlated with vmax,
with w80 = (0.77± 0.06)× vmax.

3.4. Emission Line Ratios

Emission line ratio diagnostics, such as the BPT dia-
gram (Baldwin et al. 1981; Veilleux & Osterbrock 1987),
provide crucial information about the excitation mech-
anisms of the gas producing the emission. The unique
data set in the MOSDEF survey at z ∼ 2 provides cov-
erage for all the required optical emission lines for the
BPT diagram. Our multi-component emission line fit-
ting procedure allows us to simultaneously measure the
fluxes of both the narrow and outflow components for all
the required emission lines. Therefore, we can study the
excitation mechanisms of the narrow and outflowing gas
with the BPT diagram separately, allowing us to address
important questions about the physical properties and
impact of these outflows. For example, we can test the
picture of positive AGN feedback stimulating star forma-
tion, if we observe increased excitation by star formation
in the outflow components compared with the narrow-
line components (Leung et al. 2017).

Figure 2 shows [NII] BPT diagrams for the narrow-line
(left) and outflow (middle) components for the AGNs
with a detected outflow. The Hα and Hβ fluxes for the
narrow-line components are corrected for Balmer absorp-
tion (see Reddy et al. 2015). Sources with S/N < 3 in
one or both of the line ratios are shown with 3σ limits.
Sources where only one of the two line ratios is available
are shown as gray points.

The line ratios of the outflow components are shifted
towards the AGN region in the BPT diagram (upper
right) compared with the narrow-line components. Three
of the narrow-line component line ratios lie below the
Kauffmann et al. (2003) demarcation line, while all the
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Fig. 2.— Left: BPT diagram for the narrow-line component of each AGN with an outflow in our sample. 3σ limits are shown when one
emission line flux is not significant above 3σ. Sources where only one line ratio is available are shown as gray points. Middle: Same as left
panel, but for the outflow components in our sample. The line ratios of the outflow components are shifted systematically away from the
star formation excitation region. The black solid and dashed lines show the Kauffmann et al. (2003) and Kewley et al. (2013) demarcation
lines, respectively. Right: Velocity dispersion of the outflow component versus the [NII] to Hα line ratio. If shock excitation is present, a
positive correlation should be expected (e.g. Ho et al. 2014; McElroy et al. 2015; Perna et al. 2017). This is not observed in our sample,
suggesting that the ouflowing gas is excited by the photoionizing radiation of the AGN rather than shocks.

outflow component line ratios are above this line, indi-
cating a contribution from AGNs in the photoionization
of the outflowing gas. In addition, two more outflow
component line ratios lie above the Kewley et al. (2013)
demarcation line of a maximum starburst compared to
the narrow-line component line ratios. This trend of the
outflowing gas shifting to the AGN region of this dia-
gram is also observed in Leung et al. (2017). This shows
that there is an increased contribution from AGNs to the
excitation of the outflowing gas rather than from star for-
mation.

We also consider the possibility of shock excitation by
examining the relationship between the velocity disper-
sion and the [NII]/Hα line ratio of the outflow compo-
nent, as a positive correlation between the two is often
interpreted as a strong tracer for shock excitation (e.g.
Ho et al. 2014; McElroy et al. 2015; Perna et al. 2017).
Figure 2 (right panel) shows the distribution of velocity
dispersion and the [NII]/Hα line ratio for the outflows
in our sample. We compute the Spearman’s rank corre-
lation coefficient in this space for sources with S/N > 3
in both line fluxes in the outflow component, and can-
not reject the null hypothesis that there is no correlation
between the two quantities, with a p-value of 0.35 for
the null hypothesis of non-correlation. The absence of
a significant correlation between velocity dispersion and
the [NII]/Hα line ratio suggests that as there is no ev-
idence for shock excitation in these outflows, they are
likely photoionized by the AGNs. The increased relative
contribution from AGN rather than star formation in the
outflow component also suggests there is no evidence for
positive AGN feedback in our sample.

3.5. Physical Extent

The physical extent of the outflows is a crucial mea-
surement, needed to determine both the impact of AGN-
driven outflows on the future SFR of the host galaxy and
whether these outflows can expel gas over the scale of the
host galaxy. With the long-slit spectroscopic data in the
MOSDEF survey, we can measure the physical extent of
these AGN outflows along the slit direction. From the
2D spectra, we create spatial profiles for the narrow-line
and outflow components for the [OIII] and Hα emission

lines, as well as for the continuum emission. Using results
from the 1D emission line fitting, we select narrow-line or
outflow dominated wavelength ranges where the narrow-
line or outflow component flux is higher than the sum
of all of the other components. We also limit the wave-
length ranges to be within 2σ of the central wavelength
of the respective component. The continuum range is
selected far from emission lines. We then sum the fluxes
in the 2D spectra along the wavelength axis within each
wavelength range to create spatial profiles for the narrow-
line, outflow, and continuum components. If the flux of
one component is weaker than other components in all
wavelengths, no spatial profile is created for the weaker
component.

To measure the physical extent of the emission in each
component, we fit a Gaussian function to each of the
spatial profiles. We take the centroid of the narrow-line
component as the fiducial location of the central black
hole, and take the difference between the centroids of
the narrow-line and outflow components, |∆x|, as the
projected spatial offset between the bulk of the outflow
and the central black hole. While a broad-line component
can provide an accurate measurement of the location of
the central black hole (e.g. Husemann et al. 2016), most
of the AGNs in our sample are Type II, so this approach
is not applicable here. The centroid of the continuum
component can also provide an approximate location of
the center of the galaxy, but the continuum emission in
our sample is substantially weaker than the narrow-line
emission, providing a less accurate measurement than the
narrow-line component. If we, instead, use the centroid
of the continuum to calculate the spatial offset, the re-
sulting values only differ by 0.15 kpc on average, with a
maximum of 1.05 kpc. This difference is within the 1σ
uncertainty of |∆x| for 79% of the sources. Therefore,
the centroid of the narrow-line component is a reliable
proxy for the location of the central black hole in our
sample.

In the MOSDEF survey, a star was observed simul-
taneously with galaxies on every slitmask, providing a
real-time measurement of the seeing for each target. We
deconvolve the width of the Gaussian of each spatial pro-
file from the seeing for that slitmask in quadrature. The



7

4840 4860 4880

0

1

2

3
Fl

ux
 (a

.u
.)

H

4950 4990 5030
                                     Rest Wavelength (Å)

[O III]

6540 6570 6600

[N II] + H

6700 6730 6760

[S II]

Fig. 3.— Stacked emission line spectrum of 23 AGNs with blueshifted outflows and no BLR emission, weighted by vmax. The flux is
shown in arbitrary units. The black line shows the observed spectrum and the green dotted line shows the error spectrum. The magenta
line shows the best-fit model, while the blue and red lines show the best-fit narrow-line and outflow components, respectively. The [SII]
doublet is undetected in the outflow component, with S/N of 1.1 and 0.0 for [SII]λ6716 and [SII]λ6731, respectively.

deconvolved width of the spatial profile of the outflow
component (σx) is significant (greater than three times
the uncertainty) in [OIII] and/or Hα in 17 out of the 27
outflows in our sample.

We then combine these two measurements, the spatial
offset and width of the spatial profile, to estimate the
full physical extent of the outflow from the central black
hole. We define the radius of the outflow as the distance
between the central black hole to the edge of the outflow
where the outflow emission flux is 1/10 the strength of
the maximum, i.e. r10 = |∆x| + 2.146σx. 19 of the
27 outflows are significantly extended in [OIII] and/or
Hα with r10 ranging from 0.3 to 11.0 kpc. We measure
r10 for both [OIII] and Hα as often one of the lines is
impacted by a sky line. In the sources where r10 is well
measured in both lines, the spatial extents are different
by a mean of 0.9 kpc.

3.6. Mass and Energy Outflow Rates

The mass and energy carried by the outflows are cru-
cial parameters that determine the impact these AGN-
driven outflows have on their host galaxies. Correlations
between the mass and energy outflow rates with both
AGN and host galaxy properties reveal their effects on
the galaxy population as a whole, as well as constrain
the physical mechanisms driving the outflows.

We estimate the mass of the ionized outflowing gas
by calculating the mass of recombining hydrogen atoms.
Assuming purely photoionized gas with Case B recombi-
nation with an intrinsic line ratio of Hα/Hβ= 2.9 and an
electron temperature of T = 104K, following Osterbrock
& Ferland (2006) and Nesvadba et al. (2017), the mass
of the ionized gas in the outflow can be expressed as

Mion

3.3× 108 M�
=

(
LHα,out

1043 erg s−1

)( ne
100 cm−3

)−1
, (8)

where LHα,out is the outflow Hα luminosity and ne is the
electron density of the ionized outflowing gas. Equiva-
lently, the mass of the ionized gas in the outflow can be
expressed in terms of the Hβ luminosity as

Mion

9.5× 108 M�
=

(
LHβ,out

1043 erg s−1

)( ne
100 cm−3

)−1
, (9)

where LHβ,out is the outflow Hβ luminosity. For the rest
of this paper we use Mout = Mion, while noting that this
is a strict lower limit as the total mass in the outflow will
include molecular and neutral gas as well, which can be
substantial (see e.g. Fiore et al. 2017).

The largest systematic uncertainty in the calculation of
the mass and energy outflow rates is the electron density
ne. The value of ne is difficult to measure as it requires
detection of the outflow in a density-sensitive line such
as the [SII] doublet. This doublet is not detected in the
outflows in MOSDEF (see Section 3.7). Measurements of
ne in AGN-driven outflows in the literature span a wide
range of values and often have very large uncertainties.
Harrison et al. (2014) find ne ≈ 200−1000 cm−3 in a sam-
ple of z < 0.2 luminous AGNs, Kakkad et al. (2018) find
spatially-resolved electron densities of ≈ 50− 2000 cm−3

in z < 0.02 radio AGNs, and Rupke et al. (2017) find
spatially-averaged electron densities of 50 − 400 cm−3,
with a median of 150 cm−3 in a sample of z < 0.3 quasars.
Förster Schreiber et al. (2019) report ne ∼ 1000 cm−3 in
a stacked analysis of the spatially integrated spectra of
AGN outflows at z = 0.6−2.7, while Vayner et al. (2017)
report a lower ne of 272 cm−3 in the outflow of a z = 1.5
quasar.

Additionally, spatially-resolved electron density maps
in Rupke et al. (2017) and Kakkad et al. (2018) show
that regions of elevated electron densities (& 1000 cm−3)
are concentrated in small spatial regions at radii < 0.5
kpc, while the electron density drops quickly with radius,
reaching < 50 cm−3 beyond 1 kpc from the AGN. There-
fore, higher values of ne near ∼ 1000 cm−3 reported from
spatially-averaged analyses can potentially overestimate
the electron density over the large spatial volume of the
outflows present in this study, which extend over several
kpc in physical size. Here we adopt ne = 150 cm−3,
similar to the median electron densities in the spatially-
resolved maps of Rupke et al. (2017) and Kakkad et al.
(2018). Since Mout scales directly with n−1e , changing
the value of ne will cause the value of Mout to change
by the same factor in the opposite direction. Adopting a
lower ne of 50 cm−3 will increase the outflow rates by a
factor of three, while a higher ne of 1000 cm−3 will lower
the outflow rates by a factor of six.
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Fig. 4.— Left panel: Distribution of SFR and M∗ for all AGNs in the MOSDEF survey (blue points) and the AGNS with detected
outflows in our sample (red points). Black contours show the distribution of all galaxies in the MOSDEF survey. The solid magenta line is
the best-fit star-forming main sequence by Shivaei et al. (2015), while the dashed magenta line shows the redshift-dependent demarcation
line between star-forming and quiescent galaxies by Aird et al. (2018), shown here for z = 2.3. Lower middle panel: Histogram of M∗
for all AGNs (green) and AGNs with outflows (orange). Lower right panel: Same as the lower middle panel, but for SFR relative to the
main sequence. Upper middle panel: Fraction of AGNs that host an outflow as a function of M∗. Outflows are found to be distributed
uniformly with M∗ among AGNs. However, the incidence of outflows among all galaxies can be different, since AGNs are detected more
easily in higher mass galaxies (see text for details). Upper right panel: Same as the upper middle panel, but for SFR/SFRMS. Outflows
are detected uniformly with SFR/SFRMS among AGNs.

Then the mass outflow rate is obtained by

Ṁout = B
Moutvout
Rout

. (10)

The value of vout is taken to be vmax as defined in Section
3.3 for the outflow velocity, while Rout is taken to be r10
as defined in Section 3.5. An overall factor B of 1− 3 is
typically applied (Harrison et al. 2018) depending on the
assumed geometry of the outflows. A spherical outflow
implies a factor of 3 while an outflow covering 1/3 of
the entire sphere gives a factor of 1. In this study, we
use a fiducial value of B = 1. Using a different factor
would simply change the overall mass and energy outflow
rates by that factor. In our sample, we find Ṁout ∼
0.1− 104 M� yr−1, with a median of 13 M� yr−1.

The kinetic energy outflow rate and momentum flux
are then given by

Ėout =
1

2
Ṁoutv

2
out (11)

and
Ṗout = Ṁoutvout, (12)

respectively. We find Ėout ∼ 1040 − 1046 erg s−1, with a
median of 4× 1042 erg s−1, and Ṗout ∼ 1032 − 1038 dyn,
with a median of 8× 1034 dyn.

3.7. Stacked Spectrum Analysis

We attempt to constrain the electron density in the
outflow through measurements of the [SII] doublet using
a stacking analysis of the outflow emission line spectra.
We select from our outflow sample sources with no BLR
emission in Hα and Hβ in order to avoid contamina-
tion to the [SII] doublet. Seven outflows are excluded by
this criterion. We also exclude two outflows with a pos-
itive ∆v, i.e. a redshifted outflow component, to boost

the blueshifted outflow signal in the stacked spectrum.
These criteria result in a sample of 23 AGN outflows.
We then assign weights to each source according to the
magnitude of the measured vmax. A stacked spectrum
is constructed using the method described in Shivaei et
al. (2018). We perform the same line-fitting procedures
described in Section 2.2 to the stacked spectrum. The re-
sulting stacked spectrum and its best-fit model are shown
in Figure 3. The Hβ, [OIII], Hα and [NII] emission lines
all display a significant outflow component. For the [SII]
doublet, a narrow-line component is detected at S/N of
8.8 and 9.9 for [SII]λ6718 and [SII]λ6732, respectively.
However, the outflow component is undetected in both
lines, yielding S/N of 1.1 and 0.0 in the best-fit model for
the two emission [SII] lines. No meaningful line ratios can
be calculated from the line fluxes to place constraints on
the electron density of these outflows. We also construct
stacked spectra using different weighting algorithms, in-
cluding weighting by ∆v and outflow fluxes in [OIII] or
Hα. The outflow component of the [SII] doublet is un-
detected in all of these stacked spectra.

4. OUTFLOW INCIDENCE AND HOST PROPERTIES

In this section we study the relation between outflow
incidence and the properties of the AGN or host galaxy.

4.1. Host Galaxy Properties

Since AGN-driven outflows are widely believed to im-
pact the evolution of their host galaxies, especially as a
form of AGN feedback appears to be needed to quench
or regulate star formation in high mass galaxies, here we
examine the relation between the incidence rate of AGN-
driven outflows and the properties of their host galaxies.

Figure 4 shows the distribution of SFR versus stel-
lar mass for all MOSDEF galaxies (black contours), all
MOSDEF AGNs (green points) and all AGNs with a de-
tected outflow (orange points). The star-forming main
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Fig. 5.— Left panel: Stellar mass histogram for all galaxies (black), all AGNs (green), and AGNs with outflows (orange) in the MOSDEF
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as a function of stellar mass. Right panel: the fraction of AGNs that host an outflow as a function of stellar mass. Both the fraction of
galaxies that host an AGN and the fraction of galaxies that host an AGN and an outflow increase with M∗. However, the fraction of AGNs
that host an outflow is uniform with M∗. The increasing trend seen in the middle panel is due to an observational AGN selection bias (see
text for details). The right panel shows that given the presence of an AGN, the presence of an outflow is independent of stellar mass. The
intrinsic incidence of AGN outflows is thus also independent of M∗.

sequence for SED-based SFR in MOSDEF galaxies found
by Shivaei et al. (2015):

log SFR[ M� yr−1] = 0.8 log(M∗/M�)− 6.79 (13)

is shown with a solid magenta line. We adopt the
redshift-dependent minimum SFR relative to the main
sequence defined in Aird et al. (2018):

log SFRmin[ M� yr−1]

= 0.76 log(M∗/M�)− 8.9 + 2.95 log(1 + z),
(14)

where z = 2.3, shown with a dashed magenta line. In
this study we classify galaxies that lie below this line
as quiescent and galaxies above the line as star-forming.
The lower and upper right panels of Figure 4 show the
distributions and fractions with stellar mass and SFR,
respectively, for all AGNs and AGNs with outflows in
our sample.

AGNs in MOSDEF are detected in galaxies with stel-
lar masses of 108.5−12 M�, while outflows are detected
in AGN host galaxies with 109−12 M�. A two-sample
KS test of the stellar mass distributions of all AGNs
and AGNs with outflows results in a KS statistic of 0.11
and a p-value of 0.89 for the null hypothesis of identi-
cal distributions. This shows that there is no significant
difference between the two distributions. The incidence
of AGN-driven outflows is independent of stellar mass,
within the errors (upper middle panel). Outflows are de-
tected in AGNs above and below the star forming main
sequence, in both star forming galaxies and quiescent
galaxies. There is no significant difference between the
distributions of log(SFR/SFRMS) (defined as the SFR
relative to the main sequence) of AGNs with outflows
and all AGNs, with a KS statistic of 0.11 and a p-value
of 0.90.

It should be noted that, as discussed in Leung et al.
(2017), the independence of outflow incidence with SFR
should not be interpreted as a it lack of negative AGN
feedback. The SFR in this study are obtained by SED
fitting, which reflects the SFR over the past 108 years
(Kennicutt 1998). The outflows in our sample have dy-
namical timescales, defined by r10/vmax, of 105−7 years.

Therefore, the currently observed outflows are not ex-
pected to have an impact on the measured SFR. The
independence of outflow incidence rate with both stel-
lar mass and SFR, shows that AGN-driven outflows are
a widespread and common phenomenon that occur uni-
formly among galaxies both along and across the star-
forming main sequence, and across different phases of
galaxy evolution.

There has been reported in the literature an increasing
incidence of AGN outflows with stellar mass (Genzel et
al. 2014; Förster Schreiber et al. 2019), which appears
to be contradictory to our results. However, Genzel et
al. (2014) and Förster Schreiber et al. (2019) show that
the incidence of AGN outflows among all galaxies in-
creases with stellar mass, while here we are showing that
the incidence of outflows among AGNs is independent
of stellar mass. In Figure 5, the left panel shows the
stellar mass distribution of galaxies, AGNs, and AGNs
with outflows in the MOSDEF survey, while the middle
panel shows the fraction of galaxies that host an AGN
and the fraction of galaxies that host an AGN and an
outflow. Both of these fractions show a strong increas-
ing trend with stellar mass, which is consistent with the
findings of Genzel et al. (2014) and Förster Schreiber et
al. (2019). While less than 10% of galaxies host an AGN
at M∗ ∼ 109 M�, this fraction increases to over 60% at
M∗ ∼ 1011.5 M�. This is a well-known selection effect,
as AGNs of the same Eddington ratio are more luminous
at higher stellar mass and thus are more likely to be de-
tected (Aird et al. 2012). The intrinsic probability that
a galaxy hosts an AGN does rise with increasing stellar
mass but is not nearly as steep as the observed fraction
shown here (Aird et al. 2018). The fraction of galax-
ies that host an AGN and an outflow shows a similar
increasing trend as the trend caused by AGN selection
effects. However, the fraction of AGNs that host an out-
flow, shown in the right panel of Figure 5, is constant
with stellar mass, showing that given the presence of an
AGN, the presence of an outflow is independent of stel-
lar mass. Our results indicate that after removing the
selection bias of AGN identification, the underlying in-
cidence of AGN outflows is independent of stellar mass,
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Fig. 6.— Distribution of signal to noise (S/N) in [OIII] and L[OIII] for all AGNs in the MOSDEF survey (green points) and AGNs with

outflows (orange squares). Upper panel: The fraction of AGNs which host an outflow as a function of L[OIII]. Right panel: Same as the

upper panel, but as a function of S/N in [OIII]. The distribution of L[OIII] and S/N[OIII] are strongly correlated, and the fraction of AGNs

with an outflow increases with both L[OIII] and S/N[OIII]. The increasing fraction cannot be independently associated with either L[OIII] or

S/N[OIII] in this sample.

and that AGN-driven outflows are equally probable in
galaxies across the stellar mass range probed here.

4.2. [OIII] Luminosity

The [OIII] luminosity (L[OIII]) is a common proxy for
the AGN bolometric luminosity (LAGN) (e.g. Heckman &
Best 2014), where LAGN is estimated by a constant factor
times L[OIII] (a constant of 600 is found in Kauffmann &
Heckman 2009). A correlation between the incidence rate
of outflows and L[OIII] may therefore be interpreted as
evidence that more powerful AGNs drive outflows more
frequently. However, as noted in Leung et al. (2017),
L[OIII] scales directly with the S/N of the [OIII] emission
line (S/N[OIII]), which directly determines whether an
outflow is detectable in emission.

Figure 6 shows the the distribution of L[OIII] and
S/N[OIII] of all AGNs and AGNs with a detected out-
flow in our sample. L[OIII] here includes emission from
both the narrow-line and outflow components, which are
both photoionized by the AGN. There is an obvious cor-
relation between L[OIII] and S/N[OIII], as expected. The
fraction of AGNs with a detected outflow increases with
both L[OIII] and S/N[OIII]. More than 50% of the AGNs
have an outflow component detected at L[OIII] above

∼ 1043 ergs−1, which corresponds to S/N[OIII] above
∼ 100. The fraction of AGNs with a detected out-
flow approaches 100% at L[OIII] ∼ 1043.8 ergs−1 and at
S/N[OIII] ∼ 250. On the other hand, no AGNs have an
outflow detected with S/N[OIII] below 3, corresponding

to L[OIII] ∼ 1041.5 ergs−1. In our analysis, we require
a S/N of > 3 in both the narrow-line and outflow com-
ponents individually, so any potential outflows in AGNs
below this threshold are undetectable by definition.

A similar increasing trend between the fraction of
AGNs with a detected outflow and L[OIII] was reported
in the study of ∼ 39, 000 nearby type 2 AGNs at z < 0.3
in Woo et al. (2016). They detect an outflow compo-
nent in over 50% of the AGN and composite sources
at L[OIII] above ∼ 1040.5 ergs−1, while the fraction ap-

proaches unity at∼ 1042 ergs−1. At the latter luminosity,
AGNs in our sample at z ∼ 2 have a typical S/N[OIII] of
only ∼ 5, such that detecting an outflow is challenging.
Their trend is similar to ours, except that the luminos-
ity thresholds for outflow detection have been shifted to
lower values in the lower redshift sample of Woo et al.
(2016). We note that among the three sources without an
outflow detection at S/N above 100 in our sample, two of
them have a second kinematic component detected but
are removed from our outflow sample as they are identi-
fied as potential mergers in HST imaging, following the
procedures described in Section 3.1. Taking this into ac-
count, a second kinematic component is detected in 7
out of 8 of the AGNs with S/N > 100 in our sample. As
noted above, the lower overall incidence of AGN outflows
we report here is in part due to the removal of potential
mergers in our analysis.

In an effort to distinguish whether the trend seen in
Figure 6 is primarily driven by S/N or L[OIII], we perform
a linear regression analysis to the S/N-L[OIII] diagram.
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We fit a linear function in logarithmic space to the AGNs
with outflows, AGNs without outflows, and all AGNs
separately, and obtained slopes of 0.75±0.11, 0.72±0.05
and 0.72 ± 0.04, respectively. There is no difference be-
tween the distributions of AGNs with and without out-
flows within uncertainties. We also use the best-fit model
for all AGNs to obtain the mean L[OIII] as a function of
S/N, and compare the offset of L[OIII] from the mean for
AGNs with and without outflows, and find no significant
difference in the distribution of L[OIII] offset between the
two samples. Our results show that L[OIII] is highly cor-
related with S/N in our sample, which directly affects
the detection of outflows. The effects of L[OIII] and S/N
cannot be separated in the correlation between outflow
incidence rate and L[OIII] seen here.

5. OUTFLOW PARAMETERS AND HOST GALAXY
PROPERTIES

With our statistical sample of AGN outflows at z ∼
1 − 3, it is possible to study the relationship between
outflow properties and AGN or host galaxy properties
at these high redshifts. Such analysis can potentially re-
veal crucial information about the impact these outflows
have on their host galaxies and help clarify their role in
galaxy evolution. As discussed in Section 3.6, the cal-
culation of the mass and energy outflow rates contains
a systematic uncertainty due to the assumption of the
electron density in the outflows; however, this does not

affect the trends studied in this section, as all sources are
affected uniformly.

5.1. Outflow Velocity and Radius

First we study the relationship between the outflow
velocity vmax and outflow radius r10 and properties of
the AGN and host galaxy. In Figure 7, the top row
shows vmax against L[OIII], M∗ and SFR. We search for
correlations between the outflow parameters and AGN
or host galaxy parameters by computing the Spearman
rank correlation coefficient and the associated p-value for
the null hypothesis of non-correlation. For correlations
with a p-value of < 5%, we perform a Bayesian linear
regression analysis as described in Kelly (2007) to fit a
linear function with an intrinsic scatter in logarithmic
space and obtain the best-fit slope and its error. The
results are shown in Table 1.

The maximum velocity vmax is correlated with L[OIII],
with a p-value of 0.04% and a best-fit relation of vmax ∝
L0.27±0.09
[OIII] . Our results agree with the findings of Fiore et

al. (2017), who report a common scaling between LAGN

and vmax in an analysis of AGN-driven outflows across
different phases, namely ionized, molecular, and ultra-
fast outflows, of LAGN ∝ v4.6±1.5max , i.e. vmax ∝ L0.22±0.07

AGN .
Moreover, these results are consistent with the theoret-
ical model for an energy conserving outflow in Costa et
al. (2014), which predicts a relation between LAGN and
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TABLE 1
Correlations of Outflow Velocity and Radius with

AGN and Host Galaxy Properties

Correlation Spearman rank p-value Slope

vmaxvs L[OIII] 0.624 0.04 % 0.27 ± 0.09
σv vs L[OIII] 0.667 0.01 % 0.41 ± 0.11
∆v vs L[OIII] 0.227 25 % -
vmaxvs M∗ -0.186 34 % -
vmaxvs SFR -0.030 88 % -
r10 vs L[OIII] -0.361 14 % -
r10 vs M∗ 0.045 86 % -
r10 vs SFR 0.447 6.3 % -
vmaxvs r10 -0.521 2.7 % -0.24 ± 0.12
σv vs r10 -0.569 1.4 % -0.33 ± 0.16
∆v vs r10 0.253 31 % -

vmax with a power to the fifth order. There is no sig-
nificant correlation between vmax and M∗ or SFR in our
sample.

The bottom panels of Figure 7 show outflow radius r10
in [OIII] versus L[OIII], M∗, and SFR. The blue points
show radius measurements with S/N > 3, while the grey
points show radius measurements with S/N < 3 and an
absolute uncertainty < 1 kpc. The reason for showing
the grey points is that while some of these measurements
have fairly large relative uncertainties, if we only show
measurements with S/N > 3 (blue points), then we intro-
duce a selection effect which results in an artificial nega-
tive correlation between outflow radius and L[OIII](lower
left panel). There is a selection effect because small ra-
dius measurements with high S/N would imply a very
small absolute uncertainty, which is only achievable with
very high L[OIII]. It is therefore not possible to observe
high S/N (blue) points in the lower left region of this plot.
Including the grey points, which have an absolute uncer-
tainty < 1 kpc, we do not find a significant correlation
between radius and L[OIII]. Similarly, no significant cor-
relation is found between outflow radius and host galaxy
M∗ or SFR.

Studies of AGN-driven outflows (and extended narrow-
line regions) in low-redshift galaxies have revealed a pos-
itive size-luminosity relation between outflow radius and
LAGN (e.g. Husemann et al. 2014; Kang, & Woo 2018).
This is not observed in our sample. However, it has
also been reported that an upper limit in radius may
exist above a certain luminosity, likely due to insuffi-
cient gas beyond such a radius or the over-ionization of
gas, which reduces [OIII] emission (e.g. Hainline et al.
2013, 2014; Sun et al. 2017). For example, Sun et al.
(2017) report a flattening in the size-luminosity relation
at R ∼ 10 kpc and LAGN > 1046 ergs−1, corresponding
to L[OIII] ∼ 1043 erg s−1, while Hainline et al. (2013) and
Hainline et al. (2014) suggest that this limit can be as
low as 6 − 8 kpc and L[OIII] ∼ 1042 erg s−1. Our sam-

ple only spans L[OIII] > 1042 erg s−1, therefore we are
likely probing the flattened part of the size-luminosity
relation. Our results support the existence of an upper
limit in outflow size of ∼5-10 kpc at high luminosities.

While vmax depends on L[OIII], the definition of
vmax encompasses two different kinematic parameters,
namely the velocity shift (∆v) and the outflow velocity
dispersion (σout). We next study the relation between
L[OIII] and ∆v and σout separately. The results are shown

in the top panels of Figure 8 and in Table 1. We find
that σout is significantly correlated with L[OIII], with the
Spearman rank correlation coefficient giving a p-value of
0.01%. Interestingly, the correlation between σout and
L[OIII] is more significant than that between vmax and

L[OIII]. The best-fit relation is L[OIII] ∝ σ0.41±0.11
out , which

is steeper than the relation between vmax and L[OIII].
There is no correlation between ∆v or |∆v| and L[OIII].
We consider the absolute value of ∆v since it can have
negative or positive values. While a monotonic correla-
tion is not observed, it does appear that only AGNs with
higher L[OIII] are capable of producing higher |∆v|, while
AGNs with any L[OIII] can produce small |∆v|. Since
vmax is the sum of ∆v and σout, the monotonic relation
between vmax and L[OIII] is mainly driven by σout.

We also examine the relation between these outflow
kinematic parameters and the outflow radius r10 in
[OIII]. The results are shown in the bottom panels of
Figure 8 and in Table 1. With the inclusion of radius
measurements with a threshold in absolute uncertainty
of < 1 kpc (grey points), there is a weak anti-correlation
between radius and vmax as well as radius and σout, with
the Spearman rank correlation coefficient giving a p-value
of 2.7% and 1.4%, respectively. The best-fit relations are
vmax ∝ r−0.24±0.1210 and σout ∝ r−0.33±0.1610 . When study-
ing the relation between radius and L[OIII], using only
radius measurements with S/N > 3 results in a signif-
icant anti-correlation which is due to a selection effect.
However, doing the same with radius and vmax or σout
does not lead to a significantly different result in terms
of either the Spearman rank correlation coefficient or the
log-linear slope. This suggests that the weak correlation
seen here between radius and vmax or σout is unlikely due
to the same selection effect, and is more likely a genuine
correlation. There is no significant correlation between
radius and ∆v.

Bae, & Woo (2016) study a biconical outflow model
that includes dust extinction and show that σout is
mostly driven by the intrinsic velocity and inclination
of the outflow, while ∆v is primarily produced by ex-
tinction. Using this model, our results show that either
the intrinsic velocity or the inclination of the outflow, or
both, is anti-correlated with the outflow radius. The for-
mer can be explained by a deceleration of the outflow-
ing gas as it expands, while the latter can potentially
be understood as a projection effect, since the velocity
is measured along the line of sight while the radius is
measured perpendicular to it. On the other hand, our
data show that there is, reasonably, no correlation be-
tween extinction and outflow radius. We explore the
possibility of a deceleration of the outflowing gas as an
explanation to our observed anti-correlation between ra-
dius and velocity. Costa et al. (2014) present analytic
solutions to the velocity and radius of an energy- or
momentum-driven outflow for three different black hole
masses, 5× 107 M�, 108 M�, and 3× 108 M�. In Figure
8, we overlay these analytic solutions on our observed re-
lation between vmax and radius. The energy-driven solu-
tions for all three black hole masses and the momentum-
driven solutions for the two highest black hole masses all
produce a velocity that decreases with radius between 1
and 10 kpc. The energy-driven solutions for black hole
masses of 5×107 M� and 108 M� are the most consistent
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Fig. 8.— Top: The outflow maximum velocity (vmax, left), velocity dispersion (σout, middle), and velocity offset (∆v, right) versus [OIII]

luminosity. Bottom: The same kinematic parameters as the top panel plotted against the outflow radius r10. Radius measurements with
S/N > 3 are shown in blue while those with lower S/N and an absolute uncertainty < 1 kpc are shown in grey. The solid black line is the
best-fit log-linear relation, while the dashed lines show the 90% confidence intervals. Both vmaxand σv are correlated with L[OIII], though
the correlation is stronger with σout than with vmax. Both vmaxand σout are anti-correlated with r10. The dotted lines in the lower left
panel show the analytic solutions of Costa et al. (2014) for energy-driven (red) and momentum-driven (green) outflows for three different
black hole masses, 5× 107 M� (M1), 108 M� (M2), and 3× 108 M� (M3).

with the observed data, lying within the 90% confidence
interval of the best-fit observed relation of vmax and ra-
dius. The energy-driven solution for a black hole mass of
3×108 M� is higher than the observed relation, while the
momentum-driven solutions for all the black hole masses
are lower than the observed velocity.

To summarize, in this section we explored correlations
between outflow velocity, outflow size, and AGN and host
galaxy properties. We find that the outflow velocity is
proportional to L0.27±0.09

[OIII] , in agreement with theoretical

models of an energy-conserving outflow. The outflow size
is independent of L[OIII], supporting the existence of an
upper limit in outflow size of ∼ 5 − 10 kpc at L[OIII] >

1042erg s−1. The outflow velocity is inversely correlated
with the outflow size, and the observed relation is con-
sistent with analytic solutions of an energy-conserving
outflow, while that of a momentum-conserving outflow
predicts lower velocities than observed.

5.2. Mass and Energy Outflow Rates

Figure 9 shows the mass and energy outflow rates of
the outflows in the sample versus LAGN, M∗, and SFR.
The error bars are the combined 1σ uncertainties from
the errors on the velocity, radius, and flux. We search
for correlations between the outflow rates and LAGN, M∗,

and SFR by computing the Spearman rank correlation
coefficient. LAGN is obtained by applying a bolomet-
ric correction factor of 600 to the total [OIII] luminosity
(Kauffmann & Heckman 2009). For correlations with
a p-value of < 5%, we fit a log-linear relation with an
intrinsic scatter and obtain the best-fit slope and its
error. Six of the outflow host galaxies in our sample
lie far enough below the star-forming main sequence to
be classified as quiescent galaxies (see Section 4.1) and
are shown as red points, while star-forming galaxies are
shown as blue points. Since quiescent galaxies have very
different SFR, and therefore potentially different physi-
cal properties, from the rest of the sample, we perform
the correlation analysis on the entire outflow sample con-
taining both star-forming and quiescent galaxies, as well
as on the sub-sample of outflows in star-forming galaxies
only. Table 2 shows the Spearman rank correlation co-
efficients, p-value, and the best-fit slope in the case of a
p-value < 5%.

Both the mass outflow rate and energy outflow rate
are significantly correlated with the AGN bolometric lu-
minosity, with p-values of 0.03% and 0.003%, respec-
tively. The best-fit relations are Ṁout ∝ L1.28±0.36

AGN and

Ėout ∝ L1.81±0.50
AGN . The typical value of Ėout is between

0.01 − 1% of LAGN, with a median of 0.05%. The log-
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Fig. 9.— Top: Mass outflow rates versus LAGN (left), M∗ (middle), and SFR (right). Star-forming galaxies are shown in blue points
while quiescent galaxies are shown in red points. Bottom: Same as the top panel but for the kinetic power of the outflow. The solid lines
show the best-fit log-linear slopes for significant correlations with p-values < 1%. The dotted lines in the top right panel show 100% and
10% of the expected maximum mass-loss rate from stellar feedback by Hopkins et al. (2012). This includes mass loss in all phases, including
ionized, neutral and molecular gas, while the measurements in this study only include ionized gas. The dotted lines in the bottom left
panel show the kinetic power equating 100%, 1% and 0.01% of LAGN. The kinetic power of all the outflows are below 100% of LAGN, and
are energetically consistent with being AGN-driven. The mass outflow rates of most AGNs exceed are above 10% of expected maximum
mass-loss rate from stellar feedback. Assuming 10% of the total outflow mass is ionized, these outflows cannot be produced by stellar
feedback.

linear slope of Ėout versus LAGN is > 1, meaning outflows
in higher luminosity AGNs have a higher kinetic coupling
efficiency. This finding is consistent with that of Fiore et
al. (2017), who find a somewhat lower but greater than
unity log-normal slope of 1.29± 0.38 in ionized outflows
in AGNs. Outflows in both star-forming and quiescent
galaxies follow the same trend with LAGN. This shows
that at a given LAGN outflows are not significantly more
powerful in either quiescent or star-forming galaxies.

There is no significant correlation between mass or en-
ergy outflow rate and stellar mass for the full sample,
which includes both star-forming and quiescent galax-
ies. However, in the sub-sample of star-forming galaxies
only, there is a significant negative correlation between
Ṁout and M∗ with a p-value of 0.68%. We note that this
correlation could potentially be driven by two outlying
points with the highest and lowest mass outflow rates.
If we remove those two points, we obtain a weak nega-
tive correlation with a p-value of 3.1%. There is also a
negative correlation between Ėout and M∗ with a p-value
of 0.73%. The best-fit relations for star-forming galax-
ies are Ṁout ∝ M−0.96±0.40∗ and Ėout ∝ M−1.35±0.55∗ . If
these two correlations are robust , the negative slope indi-
cates that along the star-forming main sequence, higher
mass galaxies produce less powerful AGN outflows. On
the other hand, this trend is not observed in quiescent

galaxies, where higher mass galaxies appear to have more
powerful outflows at a given stellar mass. However, the
small number of outflows in quiescent galaxies in our
sample prevents the detection of any potential correla-
tions. This correlation could imply that at higher stellar
masses (M∗ > 1010.5 M�), quiescent galaxies host more
powerful AGN-driven outflows than star-forming galax-
ies. There is no significant correlation between the out-
flow rates and SFR of the host galaxy.

5.3. Physical Driver of the Outflows

Our measurements of mass and energy outflow rates
allow us to constrain the physical drivers of these out-
flows. For example, the ratio of Ėout/LAGN compares
the kinetic energy carried by the outflows to the bolo-
metric luminosity of the AGN. For all of the outflows in
our sample, Ėout is less than 100% of LAGN, while most
are between 0.01− 1% of LAGN, meaning that the AGN
is energetically sufficient to drive these outflows.

On the other hand, another possible driver of galac-
tic outflows is stellar feedback. Hopkins et al. (2012)
estimate a mass loss rate in outflows driven by stellar
feedback as a function of SFR given by

Ṁstellar,max = 3 M� yr−1
(

SFR

M� yr−1

)0.7

. (15)
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TABLE 2
Correlations of Outflow Parameters with AGN and Host Galaxy Properties

Star-forming and quiescent galaxies Star-forming galaxies only

Correlation Spearman rank p-value Slope Spearman rank p-value Slope

Ṁout vs LAGN 0.686 0.030 % 1.28 ± 0.36 0.722 0.11 % 1.19 ± 0.36
Ėout vs LAGN 0.756 0.003 % 1.81 ± 0.50 0.804 0.010 % 1.71 ± 0.49
Ṁout vs M∗ -0.233 29 % - -0.629 0.68 % -0.96 ± 0.40
Ėout vs M∗ -0.251 25 % - -0.625 0.73 % -1.35 ± 0.55
Ṁout vs SFR -0.329 13 % - -0.075 78 % -
Ėout vs SFR -0.237 28 % - 0.022 93 % -
η vs LAGN 0.645 0.089 % 1.74 ± 0.92 0.651 0.46 % 1.36 ± 0.53
η vs M∗ -0.075 74 % - -0.538 2.6 % -1.08 ± 0.49
η vs SFR -0.733 0.007 % -1.36 ± 0.20 -0.497 4.3 % -1.10 ± 0.68
η̃ vs LAGN 0.627 0.14 % 1.82 ± 0.50 0.673 0.31 % 1.85 ± 0.60
η̃ vs M∗ -0.544 0.73 % -1.18 ± 0.44 -0.867 0.001 % -1.84 ± 0.40
η̃ vs SFR -0.175 42 % - -0.077 77 % -

This mass loss rate includes not only direct mass loss
from supernovae and stellar winds but also the subse-
quent entrainment of the interstellar medium. More-
over, it includes all material that is being ejected out of
the galaxy, in all phases, locations, and directions, which
will generally be larger than what is directly observed.
Therefore it can be considered as an upper limit on the
observed mass outflow rates that could be due to stellar
feedback alone. This maximum mass loss rate as a func-
tion of SFR is shown in the upper right panel of Figure
9 in the gray dashed line.

Nine of the outflows have mass outflow rates exceed-
ing the predicted maximum mass loss rate from stellar
feedback, meaning that stellar feedback is decidedly in-
sufficient to drive these ten outflows. Moreover, it should
be noted that the observed Ṁout here only includes ion-
ized outflows, while Ṁstellar,max accounts for mass loss
in all phases, such that more sources could potentially
have a total mass loss rate greater than Ṁstellar,max. In
particular, the molecular gas mass can easily be an or-
der of magnitude greater than the ionized gas mass in
AGN outflows locally (Fiore et al. 2017) and at z ∼ 2
(Herrera-Camus et al. 2019). 17 of the 22 outflows have
mass outflow rates exceeding 10% of the expected max-
imum mass-loss rate from stellar feedback. Assuming
ionized gas makes up 10% of the total outflowing mass,
the majority of the outflows in our sample cannot be
driven by stellar feedback. Combined with the fact that
the kinetic power of all the outflows is less than LAGN,
the outflows lie in the AGN region in the BPT diagram,
and the seven-fold increase in outflow incidence among
AGNs relative to inactive galaxies, AGN are the likely
drivers of the outflows in our sample.

5.4. Mass Loading Factor

To quantify the potential impact of the outflows in the
context of their host galaxies, it is common to calcu-
late the mass-loading factor of the outflows, defined as
η = Ṁout/SFR. The mass-loading factors of outflows in
our sample span a wide range from ∼ 10−3 − 105, with
a median of 0.5. Outflows residing in quiescent galaxies
have systematically elevated mass-loading factors due to
their very small SFRs and the fact that η is defined as
Ṁout/SFR. Among the outflows in star-forming galax-
ies, the maximum mass-loading factor is ∼ 50, and the

median is ≈ 0.2.
Figure 10 (upper panel) shows the mass-loading fac-

tors of the outflows versus LAGN, M∗, and SFR. A
strong correlation is observed in η versus LAGN with
a p-value of 0.09% for all galaxies and 0.46% for star-
forming galaxies only. While the mass-loading factor
in star-forming galaxies follows a tight correlation with
η ∝ L1.36±0.53

AGN , the values in quiescent galaxies devi-
ate systematically upward of this trend, and the best-
fit relation for quiescent and star-forming galaxies com-
bined is η ∝ L1.74±0.92

AGN . This is due to the systemati-
cally lower SFR of quiescent galaxies which elevate their
mass-loading factors. In star-forming galaxies, the mass-
loading factor reveals the impact of the outflows on the
host galaxy while it is still in the process of forming
stars, and can therefore provide information on whether
the outflow can quench or regulate star formation. How-
ever, in quiescent galaxies the mass-loading factor reveals
the impact of the outflows after star formation in the
host galaxies has been quenched, and therefore can only
indicate whether the outflow can keep the host galaxy
quenched. Therefore, the correlation observed in star-
forming galaxies alone is more relevant to the potential
role of the outflows in the initial quenching of star for-
mation in the host galaxy.

There is a weak negative correlation in star-forming
galaxies between η and M∗, with a p-value of 2.6%. The
best-fit relation is η ∝ M−1.08±0.49∗ . There is no corre-
lation between η and M∗ when combining star-forming
and quiescent galaxies. This is similar to the trend ob-
served between Ṁout and M∗. However, the correlation
in η is less significant, and the slope is somewhat lower,
though it is within the 1σ uncertainty of the slope with
M∗. Fiore et al. (2017) also find a weak negative corre-
lation between the mass-loading factor and stellar mass
in outflows in their sample.

A strong artifact is observed in the plot of η and SFR,
as η is proportional to 1/SFR by definition. This artifact
makes it apparent that η is heavily affected by the SFR
of the host galaxy, and any interpretation of correlations
between η and other quantities must take into account
any potential underlying correlation with SFR. In partic-
ular, this makes it clear that star-forming and quiescent
galaxies should generally be separated in such analyses,
which is not often done. Figure 11 shows the distribution
of LAGN versus M∗ and SFR for our outflow sample. We
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Fig. 10.— Top: Mass-loading factors of the outflows versus LAGN (left), M∗ (middle), and SFR (right). Star-forming galaxies are shown
in blue points while quiescent galaxies are shown in red points. Bottom: Same as the top panel but for a re-scaled mass-loading factor
η̃ = Ṁout/SFRMS, which represents the mass-loading factor of the outflow if the galaxy is on the star-forming main sequence. The dotted
lines show mass-loading factors of unity and 0.1. The mass-loading factors are greater than 0.1 for most of the outflows. If 10% of the
outflowing mass is ionized, these outflows would have significant impact on the star formation of the host galaxy. The re-scaled mass-loading
factor of quiescent galaxies are & 0.1, showing that the current outflows would be sufficient to regulate the past SFR of the host galaxy.

do not observe any correlations between LAGN and either
M∗ or SFR. There is also no correlation between M∗ and
SFR among the outflow host galaxies in our sample (see
Figure 4). Therefore, the correlations between η and
LAGN and M∗ are not driven by underlying correlations
with SFR.

For quiescent galaxies, the mass-loading factor is rel-
evant for understanding whether the outflow might
keep star formation quenched, but it does not indicate
whether the outflows could have initially quenched star
formation, since it compares the mass outflow rate with
the SFR after quenching has already occurred. To an-
swer the question of whether these outflows could have
quenched the star formation initially in these galaxies,
it is informative to compare the outflow rate with an
approximate past SFR of the host galaxy while it was
still forming stars at a high rate. To do this we use the
stellar mass of the galaxy and the corresponding SFR of
the star-forming main sequence. We define a re-scaled
mass-loading factor η̃ as Ṁout/SFRMS, where SFRMS is
the SFR the galaxy would have if it was on the star-
forming main sequence, given the current stellar mass of
the galaxy. This effectively compares the outflow rate
with the stellar mass of the host galaxy instead of the
current SFR. Such a definition can also eliminate the ar-
tifact between η and SFR mentioned above. The lower
panel of Figure 10 shows the re-scaled mass-loading fac-
tor versus LAGN, M∗, and SFR.

The re-scaled mass-loading factors are no longer ele-
vated for quiescent galaxies. The re-scaled mass-loading
factor is above 0.1 for the majority of the outflows, and
has a median of 0.3. The values of η̃ of quiescent galaxies
fall along the main trend observed for star-forming galax-
ies. A correlation between the re-scaled mass-loading fac-
tor and AGN luminosity is observed at a p-value of 0.14%
for all galaxies and 0.31% for star-forming galaxies only.
An analysis combining star-forming and quiescent galax-
ies yields a best-fit relation of η̃ ∝ L1.82±0.50

AGN , consistent
with that of star-forming galaxies only, which follows a
power of 1.85± 0.60.

The artificial correlation between η and SFR is elim-
inated with the re-scaled definition of η̃. However, this
introduces another artificial negative correlation between
η̃ and M∗, as the re-scaled mass-loading factor is propor-
tional to the inverse of SFRMS, which is proportional to
M∗ by definition. This highlights that extra caution is
necessary when interpreting correlations between mass-
loading factors and host galaxy properties.

On the other hand, the correlation between mass-
loading factor and LAGN is significant both in the stan-
dard definition (η) in star-forming galaxies and in the re-
scaled definition (η̃) in star-forming and quiescent galax-
ies. This indicates that the correlation between mass-
loading factor and LAGN is a truly physical correlation
and is not due to systematic effects. More luminous AGN
therefore drive outflows that have greater potential to
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Fig. 11.— Left: AGN bolometric luminosity versus stellar mass. Right: AGN bolometric lumiosity versus SFR. Outflows in star-forming
galaxies are shown in blue points, while outflows in quiescent galaxies are shown in red points. There is no significant correlation between
LAGN and M∗ or SFR in our outflow sample.

impact their host galaxy.
The mass-loading factors in ionized gas are greater

than 0.1 for 11 out of 17 of the outflows in star form-
ing galaxies. Studies of AGN-driven molecular outflows
show that the mass outflow rate in the molecular phase
can be an order of magnitude greater than that in the
ionized phase in local (Fiore et al. 2017) and z ∼ 2
(Herrera-Camus et al. 2019) AGNs. If 10% of the out-
flowing mass is ionized, the combined ionized and molec-
ular outflows in these systems would have significant im-
pact on the star formation of the host galaxy. The mass
loading factor in star-forming galaxies is positively cor-
related with LAGN, and is capable of exceeding unity at
LAGN & 1046.3 erg s−1. This shows that more luminous
AGNs drive more powerful outflows that have higher im-
pact to the host star-forming galaxy. For outflows in
quiescent galaxies, the re-scaled mass loading factor is
greater than 0.1 in four out of six detected ionized out-
flows. This shows that the current outflows in these qui-
escent galaxies would likely have been sufficient to reg-
ulate the past SFR of the host galaxy. Moreover, the
current outflows in these quiescent galaxies have mass-
loading factor greater than unity, implying that they
are capable of keeping star formation quenched in these
galaxies.

5.5. Momentum flux

The momentum flux carried by the outflows can pro-
vide useful information for models of AGN-driven winds.
Two common models of large-scale AGN-driven winds
are momentum-conserving winds driven by radiation
pressure on dust (e.g. Thompson et al. 2015; Costa et al.
2018) and energy-conserving winds driven by fast, small-
scale winds (e.g. Faucher-Giguère & Quataert 2012;
Costa et al. 2014). According to the radiation pressure-
driven models, the momentum flux of the outflows is
given by

Ṗout = τIR
LAGN

c
, (16)

where τIR is the optical depth in IR. For energy-driven
models, the fast, small-scale winds transport a mo-
mentum comparable to LAGN/c, and do work to the
surrounding material, increasing the momentum of the

large-scale wind. Assuming half of the kinetic energy of
the small-scale wind is transferred to the large-scale wind
(Faucher-Giguère & Quataert 2012),

Ṗout

Ṗin

≈ 1

2

vin
vout

, (17)

and thus

Ṗout ≈
1

2

vin
vout

LAGN

c
, (18)

where Ṗin = LAGN/c and vin are the momentum flux and
velocity of the small-scale wind, respectively, and vout is
the velocity of large-scale wind constituted by the swept
up material.

In Figure 12 we show the ratio of Ṗout to LAGN/c ver-
sus vmax. We also show the expected momentum flux ra-
tio for a momentum conserving radiation pressure-driven
wind model with τIR = 1 and for an energy conserving
wind model for vin = 0.03c, 0.1c, and 0.3c. These ve-
locities are comparable to those observed in the ultra-
fast outflows in X-rays reported in Fiore et al. (2017).
The typical observed momentum ratios of the outflows
are between 0.1 and 10. About 40% of the outflows
have momentum ratios above unity, meaning that ei-
ther an IR optical depth higher than unity is needed
for a momentum-conserving wind, or a momentum boost
from an energy-conserving wind is required. Three out-
flows have momentum ratios within the prediction of an
energy-conserving wind with vin between 0.01c and 0.3c.
This shows that for these outflows, they can be driven by
small-scale winds similar to typical X-ray ultrafast out-
flows. However, the majority of outflows lie below the
predicted momentum ratio by energy-conserving winds,
such that either these outflows are not strictly energy
conserving or some momentum is carried by outflows in
other phases, since only ionized outflows are probed here.

Two outflows have momentum ratios higher than the
prediction for vin = 0.3c. It should be noted that, as
vmax is used to estimate the 3-dimensional velocity of
the outflows from the measured 1-dimensional velocity
in general, it may not be strictly accurate for every out-
flow depending on the actual outflow geometry in each
source. Moreover, when calculating outflow rates, a sin-
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Fig. 12.— The ratio of the momentum flux carried by the out-
flows to that produced by the radiation of the AGN versus vmax.
Star-forming galaxies are shown in blue while quiescent galax-
ies are shown in red. The horizontal dashed line shows the pre-
dicted momentum ratio for a momentum-conserving wind driven
by radiation pressure on dust, with an IR optical depth of unity.
The dotted lines show the predicted momentum ratios for an
energy-conserving wind driven by a fast, small scale wind with
vin = 0.01c, 0.03c, 0.1c, and 0.3c.
gle electron density of ne = 150 cm s−1 is assumed for
all the outflows in our sample as an average, but the val-
ues of ne in individual sources can vary. For these two
outflows, they possibly have smaller actual velocity than
vmax and/or higher actual electron density than the as-
sumed average, which can lead to overestimation of the
momentum ratios and velocities seen in this diagram.

6. CONCLUSIONS

We use data from the complete MOSDEF survey to
analyze the rest-frame optical spectra of a sample of
159 X-ray, IR and/or optical AGNs at 1.4 < z < 3.8.
This dataset triples the previous MOSDEF sample size
in Leung et al. (2017) and is the largest sample of AGNs
for outflow studies with coverage of multiple important
rest-frame optical emission lines at this redshift to date.
The AGNs in our sample have bolometric luminosities of
1044−47 erg s−1 and reside in both quiescent galaxies and
star-forming galaxies along and across the star-forming
main sequence, with stellar masses of 109−11.7 M�. We
identify outflows from additional, typically broadened,
kinematic components in the Hβ, [OIII], Hα and [N II]
emission line profiles beyond the narrow-line component.
Our main findings are as follows:

1. We detect ionized outflows at S/N > 3 in 17%
of the 159 AGNs. By contrast, using the same
analysis procedures, ionized outflows are detected
in emission in only 2.5% out of a mass-matched
sample of 1179 inactive MOSDEF galaxies. The
∼ 7 times higher incidence of outflows in AGNs
strongly suggests that these outflows are AGN-
driven.

2. The typical velocity of the outflows is ≈ 940 km
s−1, ranging from 400−3500 km s−1. 22 out of the
31 detected outflows are significantly spatially ex-
tended, with sizes extending 0.3− 11.0 kpc. These
are therefore fast, galaxy-wide outflows.

3. In the BPT diagram, the line ratios of the out-
flowing gas are shifted towards the AGN region
compared to the narrow-line region gas. The [N
II]/Hα line ratios of the outflowing gas are not cor-
related with the velocity dispersion, showing no ev-
idence of shock excitation. The outflowing gas is
consistent with being photoionized by the AGN.

4. The incidence of outflows is largely uniform in stel-
lar mass and SFR of the host galaxy. While the
incidence of outflows among all galaxies increases
with stellar mass, the incidence of outflows among
detected AGNs remains constant in stellar mass.
The former trend increases at a rate similar to
the increasing incidence of AGNs with stellar mass
and likely results from the known selection bias of
AGNs with stellar mass. The true incidence of out-
flows is constant with respect to stellar mass. Out-
flows are detected in both star-forming and quies-
cent galaxies, reflecting that they exist across dif-
ferent phases of galaxy evolution.

5. While the incidence of outflows increases with the
[OIII] luminosity of the AGN, it also increases with
the S/N in the [OIII] emission line spectrum, as
luminosity and S/N are highly correlated. At a
given S/N, there is no difference in the distribution
of the offset from the mean L[OIII] between AGNs
with and without outflows.

6. The outflow velocity is correlated with L[OIII],

following a power law with vmax ∝ L0.27±0.09
[OIII] ,

consistent with theoretical models of an energy-
conserving outflow. No significant correlation is
observed between the outflow size and L[OIII]. As

our sample spans L[OIII] > 1042 erg s−1, our re-
sults support the existence of an upper limit in
outflow size of ∼ 5− 10 kpc above this luminosity.
The outflow velocity is inversely correlated with the
outflow size. This is consistent with an energy-
conserving solution of an expanding outflow, while
the momentum-conserving solution underestimates
the observed velocities.

7. The mass outflow rate and kinetic power of
the outflow are positively correlated with LAGN.
The kinetic coupling efficiency of the outflow
(Ėout/LAGN) is typically 0.01 − 1%. The AGN
are energetically sufficient to drive these outflows,
while stellar feedback is insufficient. This suggests
that these outflows are very likely AGN driven.
There is a weak anti-correlation between mass out-
flow rate and stellar mass for outflows in star-
forming galaxies, while the mass outflow rate in
quiescent galaxies deviates upwards of this trend.
This suggests that at a given stellar mass, outflows
in quiescent galaxies are more powerful than those
in star-forming galaxies.

8. The mass-loading factor of the outflows is typically
between 0.1 − 1 and is positively correlated with
LAGN in star-forming galaxies. This shows that
more luminous AGNs drive more powerful outflows
that have higher impact to the host star-forming
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galaxy, capable of producing mass-loading factors
larger than unity at LAGN & 1046.3 erg s−1. The
mass-loading factor in quiescent galaxies is system-
atically elevated due to the very low SFR of the
host galaxy and can only show whether the out-
flow may keep the galaxy quenched, but does not
indicate the potential role of the outflow in the ini-
tial quenching of star formation in the host galaxy.

9. The momentum flux of the outflows is typically
between 0.1 − 10 times the momentum flux out-
put from the radiation pressure of the AGN. This
ratio is greater than unity for about 40% of the
outflows. For these sources, the outflow can be
produced either by a momentum-boost from an
energy-conserving wind with an initial velocity of
0.01−0.3c or large optical depths at IR wavelengths
due to dust around the AGN.

Our results provide a census of AGN-driven ionized
outflows in the galaxy population at z ∼ 1−3, but much
remains to be understood. Key observational challenges
remain in terms of determining the electron density of
the outflows as well as a simultaneous characterization
of the multi-phase content of the outflows. The elec-
tron density is crucial in the computation of the outflow
rates, but the [S II] emission line ratio from which it is
inferred is typically too weak to be significantly detected
in outflows at z ∼ 2. The systematic uncertainty in elec-
tron density can change the measured outflow rates and
mass-loading factors by a factor of a few. While we find
that luminous AGNs are capable of producing ionized
outflows with mass-loading factors above unity and can
potentially bring substantial impact to the host galaxy,
a large scatter exists in this trend and the mass-loading
factor is modest in most sources. Combined with the
uncertainty in electron density, it is unclear whether for

the majority of the AGNs the ionized outflows alone are
sufficient to quench or only regulate the star formation
of the host galaxy. To account for the full impact of
the outflows, it is necessary to characterize the multi-
phase content of the outflows, including molecular and
neutral gas. Only a few examples of molecular AGN
outflows currently exist at z ∼ 2 (e.g. Vayner et al. 2017;
Brusa et al. 2018; Herrera-Camus et al. 2019). Future
progress will greatly benefit from high sensitivity obser-
vations of the ionized, neutral and molecular content of
AGN-driven outflows in representative samples of galax-
ies at high redshift.
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221
Kriek, M., Shapley, A. E., Reddy, N. A., et al. 2015, ApJS, 218, 15
Laird, E. S., Nandra, K., Georgakakis, A., et al. 2009, ApJS, 180,

102
Leung, G. C. K., Coil, A. L., Azadi, M., et al. 2017, ApJ, 849, 48.
Liu, G., Zakamska, N. L., Greene, J. E., et al. 2013, MNRAS,

430, 2327
Liu, G., Zakamska, N. L., Greene, J. E., Nesvadba, N. P. H., &

Liu, X. 2013, MNRAS, 436, 2576
Luo, B., Brandt, W. N., Xue, Y. Q., et al. 2010, ApJS, 187, 560
Madau, P., Ferguson, H. C., Dickinson, M. E., et al. 1996,

MNRAS, 283, 1388.
Madau, P., & Dickinson, M. 2014, Annual Review of Astronomy

and Astrophysics, 52, 415.
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ, 115,

2285
Markwardt, C. B. 2009, Astronomical Data Analysis Software

and Systems XVIII, 411, 251

Meléndez, M., Heckman, T. M., Mart́ınez-Paredes, M., Kraemer,
S. B., & Mendoza, C. 2014, MNRAS, 443, 1358

McElroy, R., Croom, S. M., Pracy, M., et al. 2015, MNRAS, 446,
2186.

McLean, I. S., Steidel, C. C., Epps, H. W., et al. 2012,
Proc. SPIE, 8446, 84460J

Mullaney, J. R., Alexander, D. M., Fine, S., et al. 2013, MNRAS,
433, 622

Nandra, K., Laird, E. S., Aird, J. A., et al. 2015, ApJS, 220, 10
Nesvadba, N. P. H., Lehnert, M. D., De Breuck, C., Gilbert,

A. M., & van Breugel, W. 2008, A&A, 491, 407
Nesvadba, N. P. H., De Breuck, C., Lehnert, M. D., Best, P. N.,

& Collet, C. 2017, A&A, 599, A123
Netzer, H. 2015, ARA&A, 53, 365
Osterbrock, D. E., & Ferland, G. J. 2006, Astrophysics of gaseous

nebulae and active galactic nuclei, 2nd. ed. by D.E. Osterbrock
and G.J. Ferland. Sausalito, CA: University Science Books

Perna, M., Brusa, M., Cresci, G., et al. 2015, A&A, 574, A82
Perna, M., Lanzuisi, G., Brusa, M., et al. 2017, A&A, 606, A96.
Pillepich, A., Springel, V., Nelson, D., et al. 2018, MNRAS, 473,

4077.
Polletta, M., Tajer, M., Maraschi, L., et al. 2007, ApJ, 663, 81.
Reddy, N. A., Kriek, M., Shapley, A. E., et al. 2015, ApJ, 806, 259
Rupke, D. S. N., & Veilleux, S. 2013, ApJ, 768, 75.
Rupke, D. S. N., Gültekin, K., & Veilleux, S. 2017, ApJ, 850, 40.

Schaye, J., Crain, R. A., Bower, R. G., et al. 2015, MNRAS, 446,
521.

Schmitt, H. R., Donley, J. L., Antonucci, R. R. J., et al. 2003,
ApJ, 597, 768.

Sharples, R., Bender, R., Agudo Berbel, A., et al. 2013, The
Messenger, 151, 21.

Shivaei, I., Reddy, N. A., Shapley, A. E., et al. 2015, ApJ, 815, 98
Shivaei, I., Reddy, N. A., Siana, B., et al. 2018, ApJ, 855, 42.
Silva, L., Maiolino, R., & Granato, G. L. 2004, MNRAS, 355, 973.
Skelton, R. E., Whitaker, K. E., Momcheva, I. G., et al. 2014,

ApJS, 214, 24
Steidel, C. C., Erb, D. K., Shapley, A. E., et al. 2010, ApJ, 717,

289
Sun, A.-L., Greene, J. E., & Zakamska, N. L. 2017, ApJ, 835, 222.
Thompson, T. A., Fabian, A. C., Quataert, E., & Murray, N.

2015, MNRAS, 449, 147
Vayner, A., Wright, S. A., Murray, N., et al. 2017, ApJ, 851, 126.
Veilleux, S., & Osterbrock, D. E. 1987, ApJS, 63, 295
Veilleux, S., Meléndez, M., Sturm, E., et al. 2013, ApJ, 776, 27.
Woo, J.-H., Bae, H.-J., Son, D., & Karouzos, M. 2016, ApJ, 817,

108
Zakamska, N. L., & Greene, J. E. 2014, MNRAS, 442, 784

APPENDIX

EMISSION LINE SPECTRA AND TABULATED DATA

In this Appendix, we we provide the emission line spectra of the AGN with detected outflows and tabulated data of
the AGN, host galaxy and outflow properties in our sample.
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TABLE A1
AGN, host galaxy and outflow properties

IDa z log(L[OIII]) M∗ SFR vmax r10,[OIII] Ṁ Ė
(erg s−1) ( M�) ( M� yr−1) (km s−1) (kpc) ( M� yr−1) (erg s−1)

1606 2.475 43.04 10.77 105 -2605 ±194 1.66 ±1.33 7.1 ±54.7 (1.5±11.7)× 1043

5095 2.295 42.62 10.12 355 -1706 ±78 2 ±0.88 60.9 ±7.6 (5.6±1.0)× 1043

5130 2.377 42.88 10.96 7 -534 ±11 2.02 ±1.74 8.8 ±0.6 (7.9±0.7)× 1041

5224 2.151 42.65 10.81 < 1 -490 ±23 0.28 ±0.17 62.9 ±41.8 (4.8±3.2)× 1042

6743 2.487 43.79 9.66 155 -2731 ±46 0.06 ±0.03 8050.4 ±4839.2 (1.9±1.1)× 1046

8388 2.198 42.74 11.03 < 1 -1513 ±161 0.05 ±0.34 55.8 ±60.1 (4.0±4.5)× 1043

10769-1 2.103 42.58 11.18 219 -742 ±60 8.83 ±0.89 1.2 ±0.4 (2.1±0.9)× 1041

10769-2 2.103 42.58 11.18 219 -446 ±11 11 ±0.3 0.1 ±0.1 (8.1±5.5)× 1039

11487 3.408 43.62 10.36 6 -1807 ±141 0.09 ±0.1 1973.1 ±2423.2 (2.0±2.5)× 1045

12302 2.276 42.75 10.10 170 -981 ±66 0.99 ±0.37 11.0 ±2.5 (3.3±1.0)× 1042

12615 3.179 43.53 10.86 51 1056 ±35 4.5 ±0.37 26.9 ±9.0 (9.5±3.3)× 1042

13429 3.475 43.36 10.80 87 -816 ±135 0.97 ±2.58 78.5 ±212.6 (1.6±4.5)× 1043

14596 2.447 42.84 11.63 < 1 -3481 ±257 1.34 ±0.36 768.8 ±251.0 (2.9±1.1)× 1045

15359 1.594 42.92 10.59 2 -667 ±35 4.58 ±0.47 4.4 ±0.7 (6.2±1.4)× 1041

17664 2.187 42.65 10.77 26 -678 ±117 5.57 ±1.67 5.4 ±1.9 (7.9±4.7)× 1041

17754 2.297 42.30 11.24 35 -498 ±49 2.63 ±4.71 3.2 ±1.0 (2.5±1.0)× 1041

19082 2.487 42.27 11.20 158 -583 ±103 9.21 ±4.14 3.6 ±1.6 (3.8±2.5)× 1041

21290 2.215 43.36 9.45 6 -1046 ±36 3.02 ±0.91 18.4 ±6.2 (6.4±2.2)× 1042

21492 2.472 43.53 11.20 1 -1292 ±45 0.31 ±0.1 1805.5 ±593.1 (9.5±3.3)× 1044

22995 2.468 43.01 11.11 21 -988 ±49 2.45 ±1.06 7.9 ±5.0 (2.4±1.6)× 1042

24192 2.243 42.92 9.63 63 -1353 ±59 2.22 ±1.16 44.4 ±9.6 (2.6±0.6)× 1043

26009 3.434 43.86 10.13 78 -894 ±38 1.35 ±0.35 361.3 ±106.0 (9.1±2.9)× 1043

26304 1.632 42.30 10.72 23 -557 ±41 0.53 ±0.47 3.7 ±1.0 (3.6±1.2)× 1041

30014 2.291 41.55 10.36 25 -388 ±45 1.89 ±1.32 3.4 ±2.0 (1.6±1.1)× 1041

30274 2.225 43.19 10.47 355 -1432 ±68 1.77 ±3.3 81.8 ±152.8 (5.3±9.9)× 1043

32856 2.270 43.15 10.76 3 1060 ±43 2.83 ±0.8 16.2 ±5.1 (5.7±1.9)× 1042

33691 2.243 42.35 10.32 8 -687 ±47 4.38 ±2.3 15.5 ±5.2 (2.3±0.9)× 1042

38195 1.487 42.72 9.64 129 -608 ±9 8.67 ±0.44 3.4 ±0.2 (4.0±0.3)× 1041

a 3D-HST v4 catalog ID.
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Fig. A1.— Emission line spectra of the AGN with outflows. For each source, the left panel shows the Hβ and [OIII] emission lines
while the right panel shows the [N II] and Hα emission lines. The black line shows the observed spectrum and the green dotted line shows
the error spectrum. The magenta line shows the best-fit model, while the blue and red lines shows the best-fit narrow-line and outflow
components, respectively.
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Fig. A1.— continued
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