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EPIGRAPH

Once we overcome our fear of being tiny, we find ourselves

on the threshold of a vast and awesome Universe that

utterly dwarfs – in time, in space, and in potential – the

tidy anthropocentric proscenium of our ancestors.

—Carl Edward Sagan
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L., Mobasher, B., Davé, R., Shivaei, I., Azadi, M., Price, S. H., Leung, G., Fetherolf, T., de
Groot, L., Zick, T., Fornasini, F. M., and Barro, G. 2018, “The MOSDEF Survey: A Stellar
Mass-SFR-Metallicity Relation Exists at z∼ 2.3”, ApJ, 858, 99

Shivaei, I., Reddy, N. A., Siana, B., Shapley, A. E., Kriek, M., Mobasher, B., Freeman, W. R.,
Sanders, R. L., Coil, A. L., Price, S. H., Fetherolf, T., Azadi, M., Leung, G., and Zick, T. 2018,

“The MOSDEF Survey: Direct Observational Constraints on the Ionizing Photon Production
Efficiency, ξion, at z∼ 2”, ApJ, 855, 42

Leung, G. C. K., Coil, A. L., Azadi, M., Aird, J., Shapley, A., Kriek, M., Mobasher, B., Reddy,
N., Siana, B., Freeman, W. R., Price, S. H., Sanders, R. L., Shivaei, I. 2017, “The MOSDEF
Survey: The Prevalence and Properties of Galaxy-wide AGN-driven Outflows at z ∼ 2”, ApJ,
849, 48

Krumpe, M., Husemann, B., Tremblay, G. R., Urrutia, T., Powell, M., Davis, T. A., Scharwächter,
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This dissertation studies the properties of outflows driven by active galactic nuclei (AGNs)

and their impact on the evolution of galaxies. AGNs are predicted by theoretical models of

galaxy formation to provide the necessary feedback to produce realistic galaxies. In theoretical

models, AGNs provide feedback by driving outflows that remove gas from the host galaxy,

thereby quenching star formation in massive galaxies and producing scaling relations between

supermassive black holes and galaxies. Despite being indispensable in theory, critical open

questions remain for AGN-driven outflows from an observational perspective.

This dissertation first presents two studies using data from the MOSDEF survey, a large

spectroscopic survey of galaxies when the Universe was about 3.5 billions years old (z∼ 2). The
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first study focuses on the incidence and physical properties of AGN-driven outflows at z∼ 2. We

show that AGN-drive outflows are at least as prevalent at z∼ 2 as they are in the local Universe.

They are fast and extend to distances comparable to the size of the host galaxy. Using emission

line ratio diagnostics, we find our data consistent with the picture of negative AGN feedback,

where AGN-driven outflows suppress star formation, and find no evidence of galaxy-wide positive

AGN feedback.

The second study focuses on the demographics of galaxies hosting AGN-driven outflows

and the relation between outflow properties and the galaxy and AGN population at z∼ 2. We show

that AGN-driven outflows are a ubiquitous phenomenon occurring across the galaxy population

and in different phases of galaxy evolution, both before and after quenching. By measuring the

energetics and correlations of AGN-driven outflows, we find that the outflows are more energetic

at z ∼ 2 than in the local Universe, where AGNs are more powerful on average. We find that

the outflows remove gas at a rate comparable to or faster than gas is being converted into stars.

This shows that AGN-driven outflows at z∼ 2 are capable of regulating star formation in the host

galaxy.

The third study in this dissertation presents integral field spectroscopy of a nearby ultralu-

minous infrared galaxy (ULIRG) and AGN Mrk 273. The study focuses on the extended ionized

gas on scales of ∼ 20 kpc. We detect for the first time highly ionized gas in one of the extended

nebula surrounding the galaxy. From this, we show that shocks contribute significantly to the

ionization of the gas in the extended nebulae, mixed with AGN photoionization. Our data is com-

patible with theoretical models in which AGNs drive a multiphase outflow, and slower-moving

extended cold gas filaments form out of a more spatially confined but faster warm outflow. Our

data suggests that AGNs play an important role in ejecting gas in the ULIRG phase of galaxy

evolution.
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Chapter 1

Introduction

One hundred years ago, on 26 April 1920, a debate took place between the astronomers

Harlow Shapley and Heber Curtis at the Smithsonian Museum of Natural History. The debate, now

known as the Great Debate, concerned the size of the Universe and the nature of the perplexing

objects known as “spiral nebulae”. Shapley argued that the spiral nebulae were gas clouds that

were part of our own Milky Way Galaxy, which alone comprised the entire observable Universe.

Curtis proposed that these spiral nebulae were each a galaxy like our own, and the Universe

was composed of many such galaxies, which he called “island universes”. The debate ended

without a clear consensus. Four years later, a breakthrough occurred when Edwin Hubble used

variable stars to measure the distance to the Andromeda Galaxy, classified as a spiral nebula then.

His measurements showed that Andromeda was located at a distance far exceeding the size of

the Milky Way, and thus had to be a galaxy of its own. This momentous discovery represented

another great leap in humankind’s ancient quest to understand our place in the Universe, just as

when the likes of Galileo Galilei and Johannes Kepler showed in the seventeenth century that

Earth was only one of the several planets orbiting the Sun. Importantly, it also marked the birth

of the field of extragalactic astronomy, opening the door to the study of galaxy evolution in the

century that followed.
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1.1 Galaxies

Galaxies are collections of stars, gas, dust and dark matter bound by gravitational force.

The dark matter of a galaxy resides in a halo, which embeds the ordinary matter, or baryons,

that make up the stars, gas and dust. Galaxies come in a variety of physical properties and

environments in which they reside, and there are a large number of methods to classify them

accordingly. As one of the most readily observable properties of a galaxy, morphology has been

used to classify galaxies since the earliest galaxy studies. Hubble (1926) classified 400 galaxies by

their observed structures, producing the well-known Hubble tuning-fork diagram. This diagram

classifies galaxies into two broad categories - spiral galaxies with dominant spiral arm features

and a disk-like morphology and elliptical galaxies with a smooth and ellipsoidal morphology.

Finer classification of galaxies were based on how tightly wound the spiral arms are, whether a

bar is presence at the galactic center, and the ellipticity of elliptical galaxies. In reality, galaxies

can exhibit a combination of both spiral and elliptical features along a sequence, ranging from

purely disk-dominated spiral galaxies, to galaxies consisting of a rotating disk around a spheroidal

bulge, to purely bulge-dominated galaxies. Nevertheless, this broadly bimodal behavior of galaxy

morphology remains a useful tool to classify galaxies in the local Universe.

The bimodality of galaxies extends to aspects well beyond their morphology. A vital

quantity regarding the physical condition of a galaxy is the rate at which it is growing, measured

by the star formation rate (SFR). As young stars are known to emit high energy photons in

the bluer wavelengths, the color of a galaxy reflects the stellar population and the recent star

formation history of the galaxy. Large photometric surveys of galaxies revealed two major distinct

populations of galaxies by their colors (Strateva et al. 2001; Blanton et al. 2003). One group of

galaxies, named the “red sequence”, demonstrate redder color and slightly fainter magnitude.

Another group of galaxies, named the “blue cloud”, demonstrate bluer color and slightly brighter

magnitude. Remarkably, galaxies in the red sequence are dominated by elliptical galaxies, while
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galaxies in the blue cloud are dominated by spiral galaxies. This indicates that the morphological

bimodality of galaxies reflects an intrinsic difference in their physical properties. The color

bimodality shows that the redder elliptical galaxies consist of older stellar populations with little

recent star formation and low SFR, while the bluer spiral galaxies consist of younger stellar

populations which point to recent star formation and higher SFR. Additionally, red elliptical

galaxies are found to have higher stellar masses and a more compact structure than blue spiral

galaxies (e.g. Kauffmann et al. 2003a; Baldry et al. 2004) This bimodality in stellar mass, SFR

and morphology suggests an evolutionary picture in which quiescent, elliptical galaxies evolve

from star-forming, spiral galaxies (See Madau & Dickinson 2014, for a detailed review).

Surveys of galaxies through cosmic time revealed more information on the evolution of

galaxies. While only a small fraction of all galaxies are quiescent at the early epoch of z∼ 3, or

11 billion years ago, the number of quiescent galaxies exceed that of star-forming galaxies at the

present (e.g. Borch et al. 2006; Fontana et al. 2009; Brennan et al. 2015). Moreover, examination

of the stellar populations through cosmic time shows that the stellar mass of galaxies in the blue

cloud have been substantially constant, while the stellar mass of the galaxies in the red sequence

has been significantly rising from the early Universe to the present (e.g. Faber et al. 2007). These

temporal trends together suggest that some process “quenches” the star formation in the blue

cloud galaxies, transforming them into the quiescent red sequence galaxies. The mechanism

of the quenching of star formation in galaxies is a critical process to be understood in galaxy

evolution.

1.2 Active Galactic Nuclei

One of the greatest discoveries in astronomy in the last 30 years is that virtually every

galaxy hosts a supermassive black hole (SMBH) at its center. The notion that a compact and

massive object can exist at the center of at least some galaxies, however, dates back to the 1960s.
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In 1963, a peculiar starlike object was identified with a powerful source 3C 273 (Schmidt 1963).

Remarkably, spectroscopy of the object revealed that it was at a high resdhift of z = 0.158, making

it the second-most-distant object known at the time. The (then) vast distance to 3C 273 implied

that it was located in a distant galaxy and was∼ 10 times more luminous than the brightest galaxy

known then (Kormendy & Ho 2013). This discovery was soon followed by others, leading to

a new class of objects called “qusai-stellar radio source”, or “quasars”. It was soon realized

that some quasars exhibit variations in short timescales, indicating that they have a compact size

(Matthews & Sandage 1963). Subsequently, an array of theoretical work pushed forward the

idea that quasars are powered by the accretion of gas onto SMBHs at distant galactic centers (e.g

Salpeter 1964; Zel’dovich 1964; Lynden-Bell 1969; Lynden-Bell & Rees 1971).

This picture indeed provides an energetic feasible source for quasars. Gas falling onto a

SMBH releases an enormous amount of gravitational potential energy, and the luminosity of an

accreting SMBH is given by

L = εṀ•c2, (1.1)

where Ṁ• is the accretion rate onto the SMBH and ε is the radiative efficiency, which is typically

∼ 0.1 (e.g. Yu & Tremaine 2002; Marconi et al. 2004). It was only realized subsequently that

qualitatively similar objects, albeit with lower luminosity, had been discovered much earlier in the

nuclei of relatively nearby galaxies (Seyfert 1943). These Seyfert galaxies, along with quasars,

are nowadays understood to belong to the the same class of phenomenon known as active galactic

nuclei (AGNs).

An AGN is the bright central region of a galaxy that results when gas falls onto a SMBH

and releases strong radiation in the process. While the full structure of AGNs is complicated,

most AGNs consist of several of the following components producing radiation throughout the

electromagnetic spectrum (Heckman & Best 2014; Netzer 2015).

• SMBH: The SMBH is located at the center of an AGN. The SMBH, with a mass of
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106−1010 M�, is the central engine of an AGN.

• Accretion disk: Gas inflow onto the SMBH occurs through the accretion disk. Gas is heated

up to emit thermal radiation from the far ultraviolet to visible wavelengths.

• Hot corona: The hot corona surrounds the accretion disk. The thermal photons from the

accretion disk are up-scattered by the corona through inverse-Compton scattering, resulting

in X-ray emission.

• Broad line region: The broad line region (BLR) is a dense cloud of ionized gas at around

light days to light years from the SMBH. It travels in roughly Keplerian motion around

the SMBH. Its proximity to the SMBH results in very high velocity of > 5000 km s−1,

producing very broad emission lines.

• Torus: The torus is a dusty molecular gas structure surrounding the BLR, corona and

accretion disk. The visible to X-ray emission from the inner regions is absorbed and

re-emitted in the mid-infrared. It also obscures the view of the BLR from some lines of

sight.

• Narrow line region: The narrow line region (NLR) is a cloud of lower density ionized gas

located at hundreds to thousands of parsecs away from the SMBH. Its larger distance from

the SMBH results in lower velocity, producing narrow emission lines.

• Jets: In AGNs with lower accretion rates, the accretion flow is altered, resulting in a

configuration capable of launching two-sided jets extending from several parsecs to the

Mpc scale. The jets produce synchrotron radiation most easily detected in radio.
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1.3 Co-evolution of Galaxies and SMBHs

For several decades since the discovery of AGNs, the study of galaxies and AGNs re-

mained largely separate from each other. AGN research primarily focused on high energy

phenomena in extreme conditions. While AGNs demonstrated the existence of SMBHs at the

centers of at least some galaxies, it was unclear whether these AGN host galaxies represent a rare

subclass of galaxies or SMBHs (and AGNs) are a widespread phenomenon in the galaxy popula-

tion. Definitive evidence of the widespread existence of SMBHs came from the measurement

of the movement of stars near the center of a galaxy in the form of a rotation curve. Since stars

move under the influence of gravity, one can deduce the mass around which the stars orbit by

measuring their velocity. The first such measurement was made in the nearby M32 galaxy, where

a central black hole mass of 3−10×106 M� was inferred (Tonry 1984, 1987). The launch of

the Hubble Space Telescope, which is free from the blurring effects of the atmosphere, opened

the way to a wealth of detections of SMBHs in nearby galaxies. Nowadays, it is understood that

virtually every galaxy hosts a SMBH at its center (Kormendy & Richstone 1995; Kormendy &

Ho 2013). For these SMBHs to be almost ubiquitous, AGNs are likely an integral part of the

lifecycle of typical galaxies.

With measurements of SMBHs becoming increasingly abundant, the close connection

between galaxies and SMBHs started to gain substantial attention at the turn of the century. A

series of seminal work by Magorrian et al. (1998), Ferrarese & Merritt (2000) and Gebhardt et al.

(2000) showed that the mass of the central SMBH is tightly correlated with various properties of

the host galaxy, such as the velocity dispersion, luminosity and stellar mass of their host galaxy

bulge bulge. In particular, the correlation between the SMBH mass and the velocity dispersion

of the galactic bulge is thought to be one of the most fundamental correlations observed, with

a scatter of only 0.3 dex, or a factor of two, over three orders of magnitude in SMBH mass

(Gebhardt et al. 2000). This far-reaching influence of the SMBH on the host galaxy is remarkable
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given that the mass of the SMBH is typically only∼ 0.001−0.002 times that of the galactic bulge

(Kormendy & Ho 2013). These tight correlations between SMBH and host galaxy properties

on a galaxy-by-galaxy basis were the first strong evidence suggesting that galaxies and SMBHs

co-evolve.

The co-evolution of galaxies and SMBHs also manifests itself on substantially larger

scales, both in space and time. A striking example of such co-evolution comes from tracing the

overall buildup history of the populations of galaxies and of SMBHs through cosmic time. The

former is traced by the SFR density of galaxies, while the latter is traced by the AGN luminosity

density. Large galaxies surveys such as the Sloan Digital Sky Survey (SDSS, e.g. Baldry et al.

2005) and the Galaxy Evolution Explorer (GALEX) mission (e.g. Arnouts et al. 2005) in the

UV wavelengths, and results from the Spitzer Space Telescope (e.g. Le Floc’h et al. 2005) in

the far-infrared wavelengths enabled the accurate mapping of the cosmic star formation history

(SFH) up to z ∼ 1. The famous Hubble Ultra-Deep Field measured the cosmic SFH up to the

redshift of z∼ 6, when the Universe was less than one billion year old (Bunker et al. 2004). On

the whole, the Universe reached a phase of the most active star formation when it was about 2.5

billion years old at z∼ 2−3, during which galaxies were assembling at about 10 times the rate

they are nowadays (Hopkins & Beacom 2006).

On the other hand, cosmic X-ray surveys of AGNs provide a powerful tool to trace SMBH

growth through cosmic time, as X-ray emission is relatively unaffected by absorption, and provides

a reliable probe of the accretion rate of the SMBH (Brandt & Alexander 2015). The hard X-ray

AGN luminosity function measured by telescopes such as the Chandra X-ray Observatory shows

that the density of the most luminous X-ray AGNs peaks at z∼ 2−3, although less luminous

AGNs are more prevalent at later epochs (Ueda et al. 2003; Aird et al. 2010). Nonetheless, the

overall growth of SMBHs combining the effects of AGNs of all luminosities peaks at z∼ 2, when

SMBHs were accreting about ten times the mass they are nowadays (Aird et al. 2015). Comparing

the global SFR density and AGN luminosity density, the buildup history of galaxies and SMBHs
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Figure 1.1: Global SFR density and SMBH accretion rate density through cosmic time. The
blue points show the SFR density measured by UV observations, while the orange points show
that measured by IR observations. The red dashed line shows the best fit SFR density trend of
Madau & Dickinson (2014). The black solid line shows the SMBH accretion density traced by
X-ray surveys. The buildup history of galaxies and SMBHs followed a strikingly similar trend
for 12 billion years through cosmic time and reached a common peak at z∼ 2. The ratio of the
two remaining roughly constant at ∼ 1500. The figure is adapted from Aird et al. (2015) with
permission.

followed a strikingly similar trend for 12 billion years through cosmic time, with the ratio of the

two remaining roughly constant at ∼ 1500 (Figure 1.1). Galaxies and SMBHs, despite having

different physical extents by∼ 10000 times, seem to “know of” each other and evolve at the same

rate.

The ubiquity of SMBHs in galaxies, the tight correlations between SMBHs and the host

galaxy on a galaxy-by-galaxy basis, and the synchronized growth of SMBHs and galaxies through

cosmic time all indicate the co-evolution of SMBHs and galaxies over vastly different scales.

Such strong empirical evidence points to some underlying mechanism linking the evolution of

galaxies and SMBHs.
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1.4 AGN Feedback

The first theoretical study of the impact of a SMBH on the host galaxy during an AGN

event was explored in Silk & Rees (1998), which proposed that only a few percent of the radiative

energy of an AGN is needed to drive a wind that creates a galaxy-wide outflow. The power of

such an outflow depends on the mass of the SMBH, and if the SMBH grows above a critical

mass, the wind becomes powerful enough to remove all its surrounding gas, preventing further

growth of the SMBH. The critical mass depends on the velocity dispersion of the surrounding

materials, therefore a growing SMBH will stabilize at the critical mass, establishing the observed

correlation between SMBH mass and velocity dispersion, as well as other host galactic bulge

properties. The accretion of gas onto an AGN is known as AGN feeding, and the process of the

AGN releasing energy into and affecting the surroundings is known as AGN feedback.

A more direct and far-reaching effect connecting AGNs and their host galaxies can be

inferred from the comparison of theoretical models of galaxy evolution and observations. An

intriguing observational result of galaxies is that the stellar mass to dark matter ratio in galaxies

varies with the mass of the dark matter halo the galaxy resides in. Galaxies residing in massive

(> 1012 M�) dark matter halos have a lower stellar mass to dark matter mass ratio than those in

intermediate-mass halos, indicating that massive galaxies are less efficient in converting baryons

into stars (e.g. Behroozi et al. 2013a,b). Most theoretical models of galaxy formation invoke

AGN feedback to reduce the star formation efficiency in massive galaxies (e.g. Di Matteo et al.

2005; Croton et al. 2006; Hopkins et al. 2006). In such models, the AGN drives a galaxy-wide

outflow which expels gas, the raw ingredient of stars, from the galaxy, thereby quenching or

regulating star formation in the galaxy. In addition, AGN feedback is indispensable to theoretical

models in order to produce the observed bimodality of galaxies, and match the large number of

red, elliptical galaxies at the present. Without invoking AGN feedback to quench star formation

in galaxies, theoretical models produce unrealistic galaxies that are too massive, blue, compact
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and disk-like (e.g Hopkins et al. 2008; Dubois et al. 2013).

While AGN feedback by AGN-driven outflows is theoretically attractive in producing

the observed galaxy properties, it has to be tested by observations. Several questions are key

to understanding whether AGN-driven outflows can indeed regulate star formation in massive

galaxies.

1. How common are AGN-driven outflows? To be able to affect the galaxy population, they

have to be sufficiently prevalent.

2. What are their velocity and physical extent? To be able to expel gas and quench star

formation throughout the entire galaxy, they have to be fast and extended enough, so the

gas is expelled to a sufficiently large distance that it can no longer be used to form stars.

3. How much mass do they contain? To be able to regulate star formation, a sufficient amount

of gas has to be expelled. Outflows removing gas at rate equal to or faster than gas is being

turned into stars are expected to have a substantial impact on star formation.

4. What kind of galaxies do they live in? To put them in the context of the galaxy population,

they have to exist in the right galaxies. It is also crucial to measure how their properties

differ in different galaxies. AGN feedback is expected to reduce the star formation efficiency

of massive galaxies in particular.

We have partial answers to some of these questions. In the local Universe (z∼ 0), outflows

associated with AGNs have been detected as a blueshifted wing in emission line spectra since

the early work of Burbidge & Burbidge (1965). Using large spectroscopic surveys such as

SDSS, AGN-driven outflows with high velocity of & 500 km s−1 have been observed to be

fairly common at z∼ 0, occurring in at least 25% of AGNs (e.g Mullaney et al. 2013; Woo et al.

2016). The physical extent of AGN-driven outflows is still an open questions. The physical

extent outflows are most commonly measured by integral field spectrographs (IFS) or long-slit
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spectrographs. While some observations showed that outflows in very luminous AGNs can extend

to sizes comparable to the galaxy (e.g. Liu et al. 2013a,b; Rupke & Veilleux 2013a; Harrison

et al. 2014; Rupke et al. 2017), others have reported much more compact sizes of . 1.5 kpc using

different observation or analysis techniques, and in different samples of AGNs (e.g Husemann

et al. 2016; Karouzos et al. 2016a,b; Baron & Netzer 2019a,b). The physical extent, and thus the

mass, of AGN-driven outflows remains an open question.

Despite the observational results at z∼ 0, critical questions remain unanswered for the

role of AGN-driven outflows in the early Universe, when the present-day galaxies were being

built, and AGN feedback may be in the process of shaping the present-day galaxy properties that

theoretical models attempt to reproduce. Galaxies and SMBHs were growing the most actively at

the earlier epoch of z∼ 2, so AGNs were the most powerful at this epoch, and could potentially

have the largest impact on the evolution of the host galaxy. Observing AGN-driven outflows

at z∼ 2 is also crucial in understanding the role of AGN feedback in building the increasingly

quiescent galaxy population from the early Universe to the present.

Existing observations of AGN-driven outflows at z ∼ 2 have been limited. Several

observational studies have focused on a small number of objects carefully selected to maximize

the chance of detecting an outflow (e.g. Nesvadba et al. 2008; Cano-Dı́az et al. 2012; Harrison

et al. 2012; Brusa et al. 2015; Perna et al. 2015). While these studies demonstrate that AGN-driven

outflows exist at z ∼ 2, we cannot answer the critical questions of how common AGN-driven

outflows are, and what kind of galaxies they live in. We are also unable to generalize the findings

about the velocity, physical extents and mass of the outflows to the majority of AGN-driven

outflows at z∼ 2. The above-mentioned key questions about AGN-driven outflows remain largely

unanswered at z∼ 2.
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1.5 Overview

An overview of this dissertation is as follows. Chapter 2 presents a study using data from

the first two years of the MOSDEF survey, focusing on the incidence and physical properties

AGN-driven outflows at z∼ 2. Chapter 3 presents a study using the full dataset of the MOSDEF

survey, focusing on the demographics of AGN-dricen outflows and the relation between outflows

and the galaxy and AGN populations at z∼ 2. Chapter 4 presents a study of the extended warm

gas associated with the AGN and ultraluminous infrared galaxy Mrk 273, and its relation with the

AGN, using observations with the new KCWI IFS. Chapter 5 summarizes the main findings of

this dissertation and describes future research directions.
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Chapter 2

The MOSDEF survey: the prevalence and

properties of galaxy-wide AGN-driven

outflows at z∼ 2

2.1 Abstract

Using observations from the first two years of the MOSFIRE Deep Evolution Field

(MOSDEF) survey, we study 13 AGN-driven outflows detected from a sample of 67 X-ray, IR

and/or optically-selected AGN at z ∼ 2. The AGN have bolometric luminosities of ∼ 1044−

1046 erg s−1, including both quasars and moderate-luminosity AGN. We detect blueshifted,

ionized gas outflows in the Hβ, [OIII], Hα and/or [NII] emission lines of 19% of the AGN, while

only 1.8% of the MOSDEF galaxies have similarly-detected outflows. The outflow velocities

span ∼300 to 1000 km s−1. Eight of the 13 outflows are spatially extended on similar scales

as the host galaxies, with spatial extents of 2.5 to 11.0 kpc. Outflows are detected uniformly

across the star-forming main sequence, showing little trend with the host galaxy SFR. Line ratio

diagnostics indicate that the outflowing gas is photoionized by the AGN. We do not find evidence
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for positive AGN feedback, in either our small MOSDEF sample or a much larger SDSS sample,

using the BPT diagram. Given that a galaxy with an AGN is ten times more likely to have a

detected outflow, the outflowing gas is photoionzed by the AGN, and estimates of the mass and

energy outflow rates indicate that stellar feedback is insufficient to drive at least some of these

outflows, they are very likely to be AGN-driven. The outflows have mass-loading factors of the

order of unity, suggesting that they help regulate star formation in their host galaxies, though they

may be insufficient to fully quench it.

2.2 Introduction

Perhaps one of the most remarkable discoveries in astronomy over the last two decades is

that supermassive black holes (mass greater than ∼ 106 M�) exist in the nuclei of virtually all

galaxies (e.g. Magorrian et al. 1998; Heckman & Best 2014). Supermassive black holes grow

by accreting gas from the centers of their galaxies, which are observed as active galactic nuclei

(AGN, e.g., Antonucci 1993; Netzer 2015). The growth rates of supermassive black holes and

galaxies over cosmic time, traced by black hole accretion density and star formation density

respectively, follow a strikingly similar pattern for the last ∼ 11 billion years (e.g. Ueda et al.

2003; Hopkins & Beacom 2006; Aird et al. 2015). Furthermore, a tight relation exists between

the masses of central supermassive black holes and various properties of their galactic bulges

(e.g., Ferrarese & Merritt 2000; Gebhardt et al. 2000). Such empirical evidence clearly indicates

a co-evolution between galaxies and their supermassive black holes.

An important theoretical connection between AGN and galaxies is inferred from the

comparison between models of galaxy formation and observed galaxy properties. The observed

stellar mass function of galaxies, which traces the distribution of galaxies by stellar mass, shows

a sharp cutoff at the high mass end relative to the dark matter halo mass function. Without some

kind of feedback mechanism(s) releasing energy into the galaxy in the theoretical models, strong
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gas cooling in massive, luminous galaxies would lead to more galaxies being formed at the high

mass / high luminosity end of the luminosity function than are observed (e.g., Benson et al. 2003).

Most of the current successful models of galaxy formation (e.g. Di Matteo et al. 2005;

Hopkins et al. 2006, 2008; Debuhr et al. 2012) invoke AGN as the primary source of feedback

in massive galaxies, in order to inject energy into the interstellar medium, regulate or quench

star formation, and slow black hole growth. A key process for AGN feedback is AGN-driven

outflows, in which the AGN produces a high-velocity wind that heats or sweeps up gas and drives

them into the interstellar medium over distances comparable to the size of the galaxy, leading to

the regulation and/or quenching of star formation. Although these models successfully produce

the observed galaxy stellar mass function, they must be verified with observations. Therefore, it

is a critical area of on-going research to observe and characterize AGN-driven outflows.

It is now evident that AGN-driven outflows are common in the local Universe (z . 1).

Ionized outflows have long been known to manifest themselves in a blueshifted wing in the

emission lines of AGN spectra (e.g. Weedman 1970). The prevalence of these outflows are

revealed by large spectroscopic surveys such as the Sloan Digital Sky Survey (SDSS). Using

> 24000 AGN (L[OIII] ∼ 1040−1044 erg s−1) from SDSS, Mullaney et al. (2013) find signs of

ionized outflows in the [OIII]λ5007 emission line profile in 17% of AGN, with outflow velocities

between 600 and 2000 km s−1. Zakamska & Greene (2014) also find widespread ionized outflows

in >500 luminous AGN (L[OIII] ∼ 1042−1043 erg s−1) in SDSS, with outflow velocities of 400

to 4800 km s−1.

The fiber spectroscopy provided by SDSS does not allow for measurements of the physical

extent of the outflows, which can be determined by follow-up integral field spectroscopy (IFS)

observations. Using IFS, the physical extent of the outflows in very luminous AGN (L[OIII] &

1042 erg s−1) are shown to be ∼ 6 to 19 kpc, comparable to the size of the host galaxies (e.g. Liu

et al. 2013a; Harrison et al. 2014). These studies show that galaxy-wide ionized outflows are

relatively common among the most luminous AGN in the local Universe.
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However, the crucial epoch to observe AGN-driven outflows is z∼ 2, when the Universe

was only a quarter of its current age. The cosmic black hole accretion and star formation densities

both reach a maximum at z∼ 2, before gradually declining by about a factor of 10 to the present-

day values (e.g. Aird et al. 2015). Not only are AGN-driven outflows expected to be more

prevalent at this epoch of peak black hole accretion activity, their relation to the subsequent

decline of cosmic star formation density is of particular interest in understanding the role of AGN

feedback in the regulation and quenching of star formation. Therefore, it is a key cosmic time to

observe and characterize AGN-driven outflows and investigate their impact on their host galaxies.

Observations of AGN-driven outflows at this epoch of peak activity level in the Universe

remain limited. Many of the studies in the existing literature at z ∼ 2 are focused on small

samples of extreme sources. Some early results include Nesvadba et al. (2008), which finds

outflows in three powerful radio-loud AGN in very massive galaxies. Harrison et al. (2012)

finds energetic galaxy-wide outflows in a sample of 8 z∼ 2 AGN-hosting ultraluminous infrared

galaxies (ULIRGs), which are galaxies with elevated star formation activity. Powerful outflows

have also been found in a study of 10 z∼ 1.5 luminous quasars (Brusa et al. 2015; Perna et al.

2015), which are the most luminous members of the AGN population (Lbol & 1045 erg s−1).

These studies consist of special subclasses of AGN, which are not representative of the much

larger AGN population. In order to investigate how AGN feedback affects galaxy evolution in the

wider picture, a study using a more complete sample of AGN is necessary.

Recent studies using larger samples of a few tens of AGN report evidence of prevalent

AGN-driven outflows. Harrison et al. (2016) study [OIII] in a sample of 54 X-ray selected AGN

(LX ∼ 1042−1045 erg s−1) at somewhat lower redshifts of z∼ 1.1−1.7 and find that a second

kinematic component is detected in 35% of the [OIII]-detected AGN, while ∼ 50% have line

widths > 600km s−1, with a maximum line width of ∼1000 km s−1. The largest sample at z∼ 2

to date is from Genzel et al. (2014), where the Hα and [NII] line profiles are used to find signs

of outflows in the nuclear region (radius < 2.5 kpc) of 34 out of 110 star-forming galaxies at
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z∼ 1−3, 18 of which are confirmed AGN (LAGN ∼ 1044−1046 erg s−1). With outflow velocities

of 300 to 1300 km s−1, the estimated mass outflow rates (though very uncertain) are comparable

to the star formation rates (SFR) of the host galaxies, suggesting the outflows may be capable of

ejecting sufficient gas to quench star formation in the host galaxies.

It is important to test these results with a larger and more representative sample of AGN at

z∼ 2. Moreover, to better constrain and characterize the kinematics of the outflows, it is important

to have simultaneous measurement of Hβ, [OIII], Hα and [NII]; [OIII] is especially useful, as

it is unlikely affected by any potential AGN broad line emission. The commissioning of the

MOSFIRE multi-object spectrograph (McLean et al. 2010a,b) on the 10-meter Keck I telescope

provides great opportunities to systematically study AGN-driven outflows at high redshift. It is

now possible to simultaneously obtain rest-frame optical spectra for a large number of sources

at high redshift. In this study, we make use of data from the MOSFIRE Deep Evolution Field

(MOSDEF) survey (Kriek et al. 2015), a recently-completed four year near-infrared spectroscopic

survey using MOSFIRE. With MOSDEF, we have obtained rest-frame optical spectra of ∼ 1500

galaxies in 1.4 < z < 3.8, including more than 100 AGN. These rest-frame optical spectra cover

important emission lines for characterising AGN and AGN-driven outflows, including Hβ, [OIII],

Hα and [NII]. The spectroscopic targets in the survey are selected to a fixed H-band magnitude,

roughly corresponding to a threshold in stellar mass. These selection criteria result in a more

representative sample of galaxies that is not biased towards high SFRs. Moreover, AGN in

this study are identified using multi-wavelength data (see Section 3.3), which minimizes AGN

selection biases (Coil et al. 2015; Azadi et al. 2017). This provides us with a large sample

consisting of more typical AGN in more representative galaxies, allowing us to investigate the

effects of AGN-driven outflows in the general AGN population.

In this paper we present the results using data from the first two years of the MOSDEF

survey. In Section 3.3 we describe the survey and our AGN sample; in Section 3.4 we report our

detection and analysis of outflows among our AGN; in Section 2.5 we discuss the implications of
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our results. We conclude in Section 2.6.

2.3 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.

2.3.1 The MOSDEF Survey

In this study we use data from the first two years of the MOSDEF survey (Kriek et al.

2015), which makes use of the MOSFIRE spectrograph (McLean et al. 2010a,b) on the Keck

I telescope. In the first two years of observations, a total of 713 targets were observed, 555

of which yielded a reliable redshift. With the complete MOSDEF survey, we have obtained

moderate-resolution (R = 3000−3650) rest-frame optical spectra of ∼ 1500 galaxies and AGN

at 1.4 . z . 3.8 in three well-studied CANDELS fields (Grogin et al. 2011; Koekemoer et al.

2011): AEGIS, COSMOS and GOODS-N. Data were obtained for three masks in two additional

CANDELS fields, GOODS-S and UDS, because our primary target fields were not visible during

a portion of a few of the observed nights. All of the MOSDEF targets are covered by the 3D-HST

survey (Skelton et al. 2014). Full technical details of the design and observations of the MOSDEF

survey can be found in Kriek et al. (2015). MOSDEF targets are selected within three redshift

intervals, 1.37≤ z≤ 1.70, 2.09≤ z≤ 2.61 and 2.95≤ z≤ 3.80, such that the brightest rest-frame

optical emission lines lie within atmospheric windows. This allows coverage of the Hβ, [OIII],

Hα and [NII] emission lines in the lower and middle redshift intervals, and Hβ and [OIII] in the

higher redshift interval.

Targets are prioritized according to weights determined by their H-band (F160W) magni-

tudes and redshifts in the 3D-HST catalogs (Skelton et al. 2014), with emphasis given to brighter
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galaxies and galaxies within the middle redshift interval (2.09≤ z≤ 2.61). Targets are selected

down to limiting H-band magnitudes of 24.0, 24.5 and 25.0 for the lower, middle and higher

redshift intervals, respectively. We assign higher targeting priority to galaxies that are known to

host AGN, identified in advance by X-ray emission and/or red IRAC colors. In addition, AGN

are identified in the MOSDEF spectra using rest-frame optical diagnostics. The identification of

AGN in the MOSDEF survey is described below; full details are discussed in Azadi et al. (2017).

2.3.2 X-ray AGN Sample

X-ray AGN were identified prior to the MOSDEF slitmasks design using deep Chandra

X-ray imaging in the survey fields. The depth of the Chandra data used is 160 ks in COSMOS,

2 Ms in GOODS-N, 4 Ms in GOODS-S and 800 ks in AEGIS. These correspond 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 data from all the fields were reduced and analyzed according to the prescription

in Laird et al. (2009, see also Georgakakis et al. 2014; Nandra et al. 2015). For point source

detection, a false probability threshold of 4×10−6 was adopted. Each source must be detected

in at least one of the four bands: soft (0.5-2 keV), hard (2-7 keV), ultrahard (4-7 keV) and full

(0.5-7 keV). Then the X-ray sources were matched to sources detected at IRAC, NIR and optical

wavelengths using the likelihood ratio method (see Ciliegi et al. 2003, 2005; Brusa et al. 2007;

Luo et al. 2010) to identify secure multiwavelength counterparts. (See Aird et al. 2015 for details.)

The resulting catalogs were then matched to the closest source within 1′′ in the 3D-HST catalogs

used for MOSDEF target selection. These X-ray sources were given higher priority in MOSDEF

target selection.

For the X-ray sources observed by MOSDEF and for which a redshift was determined, the

2-10 keV rest-frame X-ray luminosity was estimated from the hard or soft band fluxes. Luminosity

estimates assume a simple power-law spectrum with photon index Γ= 1.9 and Galactic absorption
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only. Our hard band detection threshold approximately corresponds to an X-ray luminosity limit

of L2−10keV ≈ 1.3−15.1×1042 erg s−1 across the four fields. The luminosity estimates should

be reasonable since at the MOSDEF redshift range (z > 1.4), a relatively large absorption column

density (NH & 1023 cm−2) is required to significantly suppress the observed flux, even in the soft

band. Of the 28 X-ray AGN observed in the first two years of the MOSDEF survey with a secure

derived redshift, 22 are detected in the hard band, with L2−10keV spanning ∼ 1043−1045 erg s−1.

All 28 X-ray AGN are included in this study.

2.3.3 IR AGN Sample

Although deep X-ray surveys are a highly reliable means of selecting AGN, X-ray photons

can be significantly absorbed at high column densities (e.g. NH & 1023 cm−2), weakening their

efficiency in identifying heavily obscured AGN. The MIR wavelengths can potentially be used to

identify such AGN, as high-energy photons from the AGN are absorbed and re-radiated by dust

at the MIR wavelengths.

It is common to use the unique MIR colors of AGN to identify infrared AGN (IR AGN)

using IRAC data from Spitzer (e.g. Lacy et al. 2004; Stern et al. 2005). For MOSDEF, we make

use of the IRAC color criteria from Donley et al. (2012) to select IR AGN. These criteria were

designed to limit contamination from star forming galaxies at high redshift (z∼ 3), resulting in a

pure AGN sample, and were used by Azadi et al. (2017) for the MOSDEF survey.

We use IRAC fluxes reported in the 3D-HST catalogs (Skelton et al. 2014), and select IR
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AGN following the Donley et al. (2012) criteria in IRAC color-color space:

x = log10

(
f5.8µm

f3.6µm

)
, y = log10

(
f8.0µm

f4.5µm

)
(2.1)

x≥ 0.08 and y≥ 0.15 (2.2)

y≥ (1.21× x)−0.27 (2.3)

y≤ (1.21× x)+0.27 (2.4)

f4.5µm > f3.6µm (2.5)

f5.8µm > f4.5µm (2.6)

f8.0µm > f5.8µm. (2.7)

Conditions 3.5, 3.6 and 3.7 are slightly relaxed to include sources satisfying these conditions

within 1σ uncertainties of their IRAC fluxes. Condition 3.4 is also relaxed to include one source

falling marginally outside this condition but satisfying all the others and having colors far from

any star-forming galaxies in the MOSDEF sample. 27 IR AGN are selected in the data from the

first two years of MOSDEF in this way; 9 of these IR AGN are also identified through X-ray

imaging as described in Section 2.3.2.

2.3.4 Optical AGN Sample

Apart from the 46 X-ray and/or IR AGN identified prior to target selection as described

in Sections 2.3.2 and 2.3.3, we additionally identify AGN optically using emission line ratios

derived from the MOSDEF rest-frame optical spectra. For the 555 MOSDEF sources from the

first two years that have a reliable redshift, as described in Azadi et al. (2017), we simultaneously

fit the Hβ, [OIII], [NII] and Hα emission lines using a χ2-minimization method by 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 spectra do not cover the [NII] and Hα lines.
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We fit the spectra 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 and a velocity offset between

−500 and 0 km s−1, one each for the Hβ, [OIII], [NII] and Hα emission lines, representing

a potential blueshifted outflow component.

The FWHM of each Gaussian function is set to be 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 determine the minimum width of the Gaussian

functions by randomly selecting unblended sky lines in different wavelength intervals and fitting

them with a single Gaussian function. From the average width of the sky lines, we determine

a minimum width (Gaussian sigma) in observed wavelength of 2.5Å for Hβ and [OIII] and

3.5Å for Hα and [NII]. We first perform fits and evaluate the χ2 with a model consisting of the

narrow-line component (component 1) alone, then only accept additional components when the

resulting decrease in χ2 implies a p-value of < 0.01 for the simpler model.

Based on the results from the emission line fits, we use the diagnostic BPT diagram

(Baldwin et al. 1981; Veilleux & Osterbrock 1987) to identify optical AGN in the MOSDEF

sample. For this diagnostic we sum the non-broad component fluxes of the Hβ, [OIII], [NII] and

Hα emission lines, applying Balmer absorption corrections to the Hβ and Hα fluxes.

Sources above the Kauffmann et al. (2003b) demarcation line in the BPT diagram are

selected as optical AGN for the purposes of this study, as at low redshift sources above this line

are considered likely to have an AGN contribution to their optical spectra. At high redshifts,
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star-forming galaxies are known to be offset from SDSS star-forming galaxies in the BPT diagram

(e.g. Shapley et al. 2015; Sanders et al. 2016). In the MOSDEF survey, this offset is observed

only for galaxies in the lower stellar mass half of the sample (M∗ < 1010 M�) (Shapley et al.

2015), while most of the AGN identified in the MOSDEF have stellar masses of M∗ > 1010 M�.

Previous MOSDEF AGN papers (Coil et al. 2015; Azadi et al. 2017) used the Meléndez et al.

(2014) demarcation line in the BPT digram to identify optical AGN, as it balances contamination

by star-forming galaxies and completeness of the AGN sample in our survey. In this study, the

aim is to select sources with at least some AGN contribution instead of pure AGN, as the presence

of any AGN activity may suffice to drive an outflow and provide feedback. Therefore, an AGN

sample as complete as possible is preferred, even if it has some contamination. The use of the

Kauffmann et al. (2003b) line instead of the Meléndez et al. (2014) line results in nine additional

sources being identified as potential AGN. This relative increase in the total number of AGN is

consistent with the initial MOSDEF sample presented in Coil et al. (2015), who show that at z∼ 2

sources in the BPT diagram on average are offset high by ∼ 0.1 dex compared to low redshift

samples. This small shift implies that the Kauffmann et al. (2003b) demarcation line should be

fairly reliable for our sample, if possibly somewhat contaminated.

Using this criterion, we have selected 21 optical-only AGN in addition to the 46 AGN

selected through X-ray and/or IR emission. This results in a total of 67 X-ray, IR and/or optical

AGN in our sample. Details of the overlap and uniqueness of AGN identified at each wavelength

in our sample are given in Azadi et al. (2017). The detection rates of outflows in AGN subsamples

detected at different wavelengths are discussed below in Section 2.5.4. We note that only two of

the 13 AGN for which we detect outflows (presented below) are identified as AGN solely using

the BPT diagram.
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Table 2.1: Outflow Host Properties

ID Field R.A. Decl. z Identification SFR log(M∗/M�) log(L[OIII]/erg s−1)

(J2000) (J2000) Method (M� yr−1)
6055 UDS 02:17:34 -05:14:48 2.3 IR 3 10.58 43.03
20891 COSMOS 10:00:14 +02:22:57 2.19 Opt 129 10.55 43.38
15286 COSMOS 10:00:15 +02:19:44 2.45 X-ray/IR/Opt 2399 10.63 42.39
20979 COSMOS 10:00:16 +02:23:00 2.19 Opt 85 10.6 43.20
11223 COSMOS 10:00:20 +02:17:25 2.1 X-ray/Opt 209 11.2 42.55
9367 GOODS-N 12:37:04 +62:14:46 2.21 IR/Opt 6 10.49 43.39
8482 GOODS-N 12:37:07 +62:14:08 2.49 X-ray/Opt 83 11.24 42.22
6976 GOODS-N 12:37:23 +62:13:04 1.59 X-ray/Opt 2 10.59 42.92
10421 GOODS-N 12:37:23 +62:15:38 2.24 X-ray/IR/Opt 11 10.57 42.94
30014 AEGIS 14:19:21 +52:51:36 2.29 X-ray/Opt 4 10.56 41.51
31250 AEGIS 14:18:33 +52:43:13 2.14 IR 129 10.14 42.38
17754 AEGIS 14:19:35 +52:51:09 2.3 X-ray 45 11.35 42.30
17664 AEGIS 14:19:38 +52:51:38 2.19 X-ray 26 10.93 42.64

2.3.5 Stellar Masses and Star Formation Rates

We estimate the stellar masses and SFR of our sources by fitting their spectral energy

distributions (SED, full details are described in Azadi et al. 2017). We use multi-wavelength

photometric data from the 3D-HST catalogs (Skelton et al. 2014) and fit the data with the FAST

SED fitting code (Kriek et al. 2009), adopting the FSPS stellar population synthesis model

(Conroy et al. 2009) and the Chabrier (2003) initial mass function. The star formation history is

parametrized by a delayed exponentially declining model, where SFR(t) ∝ te−t/τ, τ being the

characteristic star formation timescale. Dust attenuation is described by the Calzetti et al. (2000)

attenuation curve.

The SEDs of AGN may include a red power law in the MIR and/or a blue power law in

the UV (e.g. Koratkar & Blaes 1999; Donley et al. 2012). The majority of the AGN in our sample

are type 2 (only six have a broad component), such that the optical light is dominated by the

host galaxy. To account for the potential contribution to the SED from the AGN, we subtract

a UV and/or an IR power law from the observed photometric data, as described in Azadi et al.

(2017). Power law templates spanning a range of slopes and normalizations are created and

subtracted from the observed photometric data before fitting the power-law subtracted photometry
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with FAST. We accept the fit with the smallest χ2 as the best fit. We create a blue power law

at rest-frame wavelengths < 1 µm and a red power law at rest-frame wavelengths > 1 µm. The

normalization of the blue and red power laws can vary from 0 to 1 times of the fluxes in the U and

IRAC channel 3 (5.8µm) bands, respectively. The spectral indices of the blue and red power laws

can vary from 0 to 0.5 and -5 to -0.5, respectively (slightly modified from values in Ivezić et al.

2002; Donley et al. 2012). The power law subtraction results in an average 0.13 dex decrease in

the SFR and an average 0.03 dex decrease in the stellar mass of the AGN host galaxies.

2.4 Outflow Detection and Analysis

In this section we report the methods used to detect outflows and their properties, including

their kinematics, optical line ratios, and physical extent in the MOSDEF data.

2.4.1 Detection of Outflows in AGN

First, we identify AGN with potential outflows in our sample. For 25 of the 67 AGN in

our sample, the best fit emission line model with an outflow component is preferred, with the null

hypothesis of a single component rejected at a p-value less than 0.01. Of the six AGN with a

broad-line component, we detect a significant outflow component in only one source, COSMOS

15286.

To reduce the chance of a false detection potentially due to overfitting noise in the spectra,

we further tighten our outflow selection criteria by selecting only those AGN satisfying the

following conditions:

1. S/N > 3 for both the narrow-line and outflow components for at least one of the Hβ,

[OIII]λ5008, [NII]λ6585 and/or Hα emission lines;

2. a velocity shift between the outflow and narrow-line components of > 20 km s−1, roughly
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Figure 2.1: 1D spectra showing the Hβ (left), [OIII] (middle), and Hα and [NII] (right) emission
lines of all 13 AGN outflows not identified as potential mergers. The thin gray lines show the
observed spectra; the solid blue curves show the best-fit narrow-line components; the dashed
cyan curves show the best-fit broad-line components; the red curves show the best-fit outflow
components; and the thick magenta curves show the best-fit total emission line profiles. Each
panel is scaled to arbitrary units.
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Figure 2.2: Same as Figure 2.1 but for outflow candidates identified as potential mergers.

corresponding to the spectral resolution.

The first criterion is required because of the larger number of sky lines in our observed NIR

wavelengths, so it is common for one or more sky lines to affect these emission lines. A total of

19 outflow candidates satisfy these more stringent criteria; their 1D spectra are shown in Figures

2.1 and 2.2, with the best-fit models overlaid.

On-going galaxy merger events can disturb the gas kinematics in galaxies and could result

in a second kinematic component in the spectra that appear similar to that from an outflow. While

it is entirely possible that outflows can happen during a merger phase, kinematically-disturbed

gas from the merger event can contaminate the measurement of the kinematics of the outflows

in mergers. As our aim is to use the MOSDEF spectra to characterize the outflowing gas, we

remove sources which are potentially undergoing merger events from our sample, in order to

avoid potential contamination from disturbed gas that is not outflowing. The study of outflows in
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galaxy mergers is better served using integral field spectroscopy, which is beyond the scope of

this paper.

We identify potential mergers in the sample using the HST images of each source observed

in the F160W and F606W bands. Source features suggesting the presence of double nuclei are

considered potential mergers. We consider a source to have indication of double nuclei when two

distinct peaks in brightness are separated by less than ∼ 1′′ (corresponding to ∼ 8 kpc at z∼ 2).

13 of the 19 outflow candidates are classified as non-mergers, and their HST images in

the F160W band are shown in Figure 2.3. Most of these outflow candidates exhibit a round

morphology, without multiple distinct peaks in brightness. The morphology of AEGIS 17664 is

highly elongated with some brightness variation but is not separable into multiple distinct peaks.

This specific morphology is likely produced by an edge-on disk, therefore we include this source

in our outflow sample. The elongated morphology of AEGIS 17754 also suggests an edge-on

disk. A total of six sources are found to contain possible double nuclei and are excluded from

our outflow sample; the F160W HST images of these sources are shown in Figure 2.4. Although

the F160W image of GOODS-N 9766 shows a point-like morphology, its F606W image clearly

shows a ring morphology (see Coil et al. 2015), so it is considered a potential merger. After

excluding potential mergers, there are 13 AGN with identified outflows, out of a total of 67 AGN,

corresponding to 19% of the full AGN sample.

2.4.2 Detection of Outflows in Galaxies

As all MOSDEF targets with a reliable redshift have been fit using the same emission

line fitting procedure described above to identify optical AGN, we can compare the incidence of

outflows detected in the emission line spectra of AGN and galaxies in our sample. A significant

outflow component satisfying the criteria detailed in Section 2.4.1 is detected in 21 out of the

457 galaxies used in this study. After excluding potential mergers upon inspection of their HST

images, there are a total of 8 galaxies with outflows detected in emission, corresponding to 1.8%
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AEGIS 17664                         AEGIS 17754                        AEGIS 30014                       AEGIS 31250

UDS 6055                             GOODS_N 8482                    GOODS_N_9367                  GOODS_N 10421

COSMOS 15286                    COSMOS 11223                    COSMOS 20891                   COSMOS 20979

GOODS_N_6076

Figure 2.3: HST F160W band images of all 13 AGN outflows not identified as potential mergers.
The MOSFIRE slit is shown in yellow lines, and a green circle of radius 0.5’ centered at the
source position is shown for reference. Note that the F606W band images, which are not shown
here, are also inspected.

GOODS_N 9766                    COSMOS 3106                     GOODS_N 11615                 AEGIS 5514

AEGIS 9183                          AEGIS 9501

Figure 2.4: Same as Figure 2.3 but for AGN outflow candidates identified as potential mergers.

of the total galaxy sample. These sources could potentially be AGN which are missed by our

identification. In particular, two of the galaxies with outflows do not have coverage of Hα and

[NII], preventing us from performing optical AGN identification. With an incidence rate of 19%,

outflows detected in emission are therefore identified in MOSDEF at a rate ∼10 times higher for

galaxies with a detected AGN than for inactive galaxies. While outflows are commonly detected

in absorption in star-forming galaxies at similar redshifts (e.g. Steidel et al. 2010), our results here

provide a direct comparison of the detection rate of outflows in emission in AGN and inactive
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galaxies. This factor of 10 difference indicates that the outflows are likely AGN-driven (we return

to this point in Section 2.5.5). A detailed study of outflows detected in emission in MOSDEF

galaxies is presented in Freeman et al. (2019). The slight difference in the number of galaxy

outflow detections in that paper compared to here is likely due to small differences in the fitting

procedures used in the studies.
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Figure 2.5: Left: Distribution of the velocity widths (FWHMv) and velocity offsets (∆v) for the
AGN outflows. Right: Distribution of the maximum velocity (vmax) of the AGN outflows.

2.4.3 Kinematics

By definition in our detection algorithm, all of the outflow components have a velocity

centroid that is blueshifted relative to the narrow-line component (though the outflow may have

some emission that is redshifted relative to the narrow-line emission, e.g., COSMOS 10421).

The velocity offset between the centroids of the narrow-line and outflow components ∆v ranges

from∼−30 to−500 km s−1, with a median of∼−270 km s−1, while the FWHM of the outflow

components ranges from ∼100 to 1300 km s−1, with a median of ∼ 500 km s−1. The FWHM

values reported are deconvolved with the instrumental resolution, as determined from sky lines

(see Section 2.3.4). Figure 2.5 (left panel) shows the distribution of FWHM versus ∆v. In general,

outflows with high velocity shifts (∆v) have relatively high FWHM, though outflows with high

FWHM do not necessarily have high velocity shifts. Similar findings in SDSS AGN are also
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reported in Woo et al. (2016).

The velocity shift ∆v, which shows the average projected line-of-sight velocity of the

outflowing gas, depends on the geometry of the outflow and the extinction by dust in the galaxy,

and does not directly reflect the average bulk velocity of the outflowing gas. The average velocity

of the outflow is better represented by the maximum projected velocity observed, corresponding

to the most blueshifted part of the emission line profile. As the S/N of the spectrum at this location

may be low, we estimate this maximum velocity by vmax = |∆v|+FWHM/2 (e.g. Rupke et al.

2005; Harrison et al. 2012). Figure 2.5 (right panel) shows the distribution of maximum velocity

in our sample, which ranges from ∼ 300 to 1000 km s−1, with a median of ∼ 540 km s−1.

We have also considered other kinematic measures such as the non-parametric line width

containing 80% of the flux (w80, see e.g. Zakamska & Greene 2014; Harrison et al. 2016).

However, this measure depends on the flux ratio between the narrow-line and outflow components,

which can vary among different emission lines, giving different results for different lines. While

studies that use this measure often have only one emission line available, we simultaneously fit

the [OIII], Hα, [NII] and Hβ emission lines in this study. For our dataset, the kinematic measures

from our simultaneous fit results, utilizing information in all the emission lines, provide a more

consistent and better constrained measurement of the gas kinematics. For completeness, we

compare the ratio of w80 in [OIII] to vmax in our outflow sample. Using our simultaneous fit

results to calculate w80 in [OIII], it is very consistent with vmax, having a ratio of 1.05±0.28. If

we calculate w80 in [OIII] by fitting the [OIII] line alone, the ratio slightly increases to 1.35±0.47,

but is still consistent with unity given the variance.

2.4.4 Line Ratios

The unique dataset obtained by the MOSDEF survey, which provides simultaneous

coverage of all of the required optical emission lines at z∼ 2, allows us to probe the excitation

mechanism of the narrow-line and outflow emission with the optical diagnostic BPT diagram
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Figure 2.6: [NII] BPT diagrams for gas in the narrow-line component (left) and outflow
component (right) of the AGN with outflows in our sample. The solid lines show the Kauffmann
et al. (2003b) demarcation line, while the dashed line show the Kewley et al. (2013b) demarcation
line at z = 2.3. The gray points show sources where only one line ratio is measured. Upper and
lower limits are also included in the histograms. The outflow component line ratios are generally
shifted towards the AGN region compared with the narrow line component. The sources in each
panel are labelled with the same numbers, which correspond to the row numbers in Table 2.1.
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(Baldwin et al. 1981; Veilleux & Osterbrock 1987). The excitation mechanism of the individual

gas components allows us to test the picture of the quenching of star formation by AGN-driven

outflows. If there is increased excitation by star formation in the outflowing gas component,

it will argue against the idea that the outflows are AGN-driven and these outflows quench star

formation. Figure 3.2 shows the [NII] BPT diagrams for the narrow-line (left) and outflow

(right) components of each of our AGN with outflows. The Hα and Hβ fluxes of the narrow-line

emission are corrected for Balmer absorption in the galaxy. Sources with S/N<3 in one or both

of the line ratios are shown with 3σ limits. Also shown are histograms for log([OIII]/Hβ) and

log([NII]/Hα), which include sources where only one of the line ratios is significant.

Compared with the narrow-line components, the line ratios for the outflow components

are shifted towards the AGN region in this diagram. All of the outflow component line ratios

lie above the Kauffmann et al. (2003b) line, indicating a likely contribution from AGN in their

excitation. For the narrow-line ratios, only two sources lie above the maximum starburst line of

Kewley et al. (2013b), in contrast to four sources using the outflow components. This indicates

that the excitation of the outflow emission is dominated by AGN rather than star formation

for the bulk of the AGN outflows. The outflows are unlikely excited by shocks alone, but it is

possible to explain the observed line ratios with a combination of shocks and stellar radiation (e.g.

Kewley et al. 2013a; Newman et al. 2014). Given that these sources have known AGN, it is most

likely that the gas is photoionized by the AGN. It is worth noting that many of the narrow line

components are in the “composite” region between the Kauffmann et al. (2003b) and Kewley

et al. (2013b) lines. We will return to the BPT diagram in Section 2.5.7 to discuss the lack of

positive AGN feedback observed.

2.4.5 Physical Extent

One of the key properties of AGN-driven outflows is their physical extent, which is crucial

information needed to determine the impact outflows have on their host galaxies and whether
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Figure 2.7: Spatial profiles (upper) derived from 2D spectra (lower) of the [OIII]λ5008 emission
line for AGN outflows with significant spatial extent detected in this emission line. In the 2D
spectra the solid white lines show the wavelength range used to extract the narrow-line spatial
profile, while the dashed white lines show the wavelength range used to extract the outflow
spatial profile. For COSMOS 11223, the wavelength range dominated by the additional, faster
outflow component is shown with dashed-dotted white lines. If two wavelength ranges overlap,
the overlapped region is excluded from the wider wavelength range during the extraction. (See
text for details.) In the spatial profiles the narrow-line, outflow, and continuum profiles are
shown in blue, red and green, respectively; the second, faster outflow component of COSMOS
11223 is shown in magenta. Dashed curves show the best-fit Gaussian function to each spatial
profile.
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Figure 2.8: Same as Figure 2.7 but for the Hα emission line.
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they can successfully expel gas out of the halo of the galaxy and quench star formation. With the

slit spectra from MOSDEF, we have spatial information along the slit direction, allowing us to

determine the physical extent of the outflows in one spatial direction. To investigate the potential

presence of physically-extended emission, we create spatial profiles from the 2D spectra for the

narrow-line and outflow components for the [OIII]λ5008 and Hα emission lines, as well as for

the continuum. We first select narrow-line or outflow dominated wavelength ranges, over which

the narrow-line or outflow flux from the 1D Gaussian fit is higher than the sum of all of the other

components. We also limit the wavelength range to be within 2σ of the central wavelength of the

respective component.

For AEGIS 17664, the narrow-line component is weaker than the outflow component in

all wavelengths, so only an outflow wavelength range is selected according to the criteria above.

For sources where the narrow-line wavelength range is enclosed within the outflow wavelength

range, such as COSMOS 20891, the narrow-line wavelength range is excluded from the outflow

wavelength range according to the criteria above, since it is weaker than the outflow flux. The

continuum is selected in wavelength ranges far from emission lines. We then sum the fluxes in

the 2D spectra along the wavelength axis within the specific wavelength range to create spatial

profiles for each component: narrow-line, outflow, and continuum.

To quantify the physical extent of the emission in each component, we fit a single Gaussian

function to each spatial profile. The difference between the Gaussian centroids of the narrow-line

and outflow components, |∆x|, will give the projected spatial offset between the narrow-line

region and the outflows. The width of each Gaussian is deconvolved from the seeing, measured

from the star observed on every MOSDEF mask. An outflow is resolved if the deconvolved width

of the outflow component is significantly non-zero (more than three times its uncertainty). We

combine these two measurements to estimate the full physical extent of the outflow from the

center of the narrow-line region. We define r10 as |∆x|+FWTM/2, where FWTM is the full

width at 1/10 of the maximum of the outflow component.
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The spatial profile measurements are shown in Table 2.2. Six sources have their outflow

component spatially offset from the narrow-line component in at least one of the emission lines

while seven are resolved. Eight sources have a significantly non-zero r10, ranging from 2.5 to

11.0 kpc. Figures 2.7 and 2.8 show the 2D spectra and spatial profiles of the [OIII]λ5008 and

Hα emission lines for the sources with significantly non-zero r10. We measure r10 for both the

[OIII] and Hα emission lines because often one of the lines is impacted by a sky line. In the cases

where r10 is well measured in both lines, the spatial extent in the two lines generally agrees, with

the [OIII] extent ranging from ∼ 0.7−1.5 that in Hα.

2.4.6 COSMOS 11223

Among the AGN with outflows, COSMOS 11223 is particularly interesting, as this source

has two significant outflow components at different velocities. It is the only source in our sample

where the best fit requires more than one outflow component. Figure 2.9 shows the 1D and 2D

spectra of this source, along with the HST F160W image and the spatial profile.

The slower outflow has a velocity offset of -253 km s−1and a FWHM of 580 km s−1. It

is detected in Hα (S/N=3) and at high S/N in the [OIII] lines (S/N=5 for both lines combined).

[NII] has a marginal S/N of 2.6. The faster outflow has a velocity offset of -340 km s−1and a

FWHM of 136 km s−1. It is detected at very high S/N in the [OIII] lines (S/N=13 for both lines

combined) and can be seen clearly in each of the [OIII] lines. The detection at two wavelengths

indicates that it is not a chance projection of a single emission line from a source at another

redshift. This outflow is not detected at [NII], as there is a sky line at this wavelength, but it is

detected at Hα (S/N=5). On the BPT diagram, the slower outflow is not detected in either Hβ or

[NII], such that it can not be placed on the BPT diagram. The faster outflow is detected in one

of the lines in both line ratios, resulting in a limit that lies just below the Kewley et al. (2013b)

demarcation line, and is labelled “14” in Figure 3.2.

In terms of spatial extent, the slower outflow is not significantly resolved or offset from
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Figure 2.9: (a) 1D (top) and 2D (bottom) spectra of COSMOS 11223. The 1D spectrum is
extracted from the central 13 spatial pixels. The thin black line shows the observed spectra; the
blue curve shows the best-fit narrow-line component; the red curves shows the best-fit for the
slower outflow; the red curve shows the best-fit for the faster outflow; and the thick black curve
shows the best-fit total emission line profile. (b) HST F160W band images of COSMOS 11223.
Note the nearby source at the top-right corner at a similar projected position with the offset
emission. The MOSFIRE slit is shown in yellow lines, and a green circle of radius 0.5’ centered
at the source position is shown for reference. (c) Spatial profiles for the [OIII]λ5008 (left) and
Hα (right) emission lines. Two outflow components at different velocities are detected in this
source. The faster outflow is spatially offset from the narrow-line region by 6.8 kpc while the
slower outflow is not. The spatially offset outflow is seen in the HST image as a faint emission
along the MOSDEF slit.

37



Table 2.2: Kinematic and Spatial Measurements

ID ∆v FWHM vmax Offset ([OIII]) FWHM ([OIII]) r10 ([OIII]) Offset (Hα) FWHM (Hα) r10 (Hα)
(km s−1) (km s−1) (km s−1) (kpc) (kpc) (kpc) (kpc) (kpc) (kpc)

6055 -324 410 529 0.3 ± 0.4 a 0.3 ± 0.4 b b b

20891 -35 534 302 0.2 ± 0.1 2.8 ± 0.2c 2.7 ± 0.2 0.3 ± 0.1 4.0 ± 0.2 3.9 ± 0.2
15286 -454 574 741 0.1 ± 0.1 1.6 ± 0.7 1.6 ± 0.7 b b b

20979 -63 536 331 0.4 ± 0.3 4.8 ± 0.9 4.8 ± 0.9 0.2 ± 0.1 3.6 ± 0.1 3.5 ± 0.1
11223a -250 577 538 2.1 ± 0.7 7.4 ± 0.6 8.8 ± 0.9 0.3 ± 0.5 3.6 ± 2.8 3.5 ± 2.6
11223b -335 117 394 6.8 ± 0.1 4.5 ± 0.3 11.0 ± 0.3 6.7 ± 0.7 4.5 ± 2.0 10.7 ± 1.2
9367 -522 739 891 0.5 ± 0.3 3.4 ± 1.5 3.5 ± 1.4 0.2 ± 0.3 3.5 ± 1.3 3.4 ± 1.2
8482 -272 84 314 3.5 ± 3.5 9.2 ± 12.3 11.8 ± 11.8 2.0 ± 0.4 2.9 ± 1.3 4.7 ± 1.3
6976 -366 334 533 1.4 ± 0.2 4.4 ± 0.9 5.4 ± 0.8 1.5 ± 0.5 a 1.5 ± 0.5
10421 -154 1316 812 0.0 ± 0.3 2.3 ± 1.4 2.1 ± 1.3 0.1 ± 0.1 2.6 ± 0.5 2.5 ± 0.5
30014 -252 353 429 2.1 ± 1.1 a 2.1 ± 1.1 1.6 ± 0.7 a 1.6 ± 0.7
31250 -466 998 965 0.4 ± 0.6 3.7 ± 2.2 3.8 ± 2.1 b b b

17754 -257 255 384 1.2 ± 1.0 2.0 ± 4.6 3.1 ± 4.3 2.1 ± 0.3 5.7 ± 1.0 7.3 ± 1.0
17664 -102 484 344 2.4 ± 0.5 6.1 ± 1.0 7.9 ± 1.1 1.0 ± 0.3 8.6 ± 0.6 8.8 ± 0.6
a FWHM is not larger than seeing.
b Hα measurements are unavailable in 31250, 6055 and 15286.
c Spatial measurement which are significantly non-zero are shown in bold.

the narrow-line region in this source, but the faster outflow is both resolved and offset. It has the

largest physical extent of any outflow in our sample, r10=11.0 kpc in [OIII]. The HST F160W,

F814W, and F606W images all show faint extended emission in the direction of the outflow as

detected on the MOSDEF slit. The HST images show a faint nearby source (COSMOS 10856)

located 1.6′′ away from COSMOS 11223 (see Figure 2.9). This nearby source is outside of

the MOSDEF slit, but its projected position along the MOSDEF slit is somewhat similar to the

position of the spatially extended outflow component. In the 3D-HST catalog (Momcheva et al.

2016; Brammer et al. 2012), this nearby source has a grism redshift estimate of z = 0.52−0.63

and a photometric redshift estimate of z = 0.81− 0.90, within the 95% confidence intervals.

There is no current spectroscopic redshift available for this source, such that we can not strictly

rule out the possibility of a tidal interaction between this source and COSMOS 11223, if they are

at the same redshift. We are in the process of conducting Keck/OSIRIS integral field spectroscopy

follow-up of this source, to better determine the nature of this very extended outflow.
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2.5 Discussion

2.5.1 Outflow Incidence

In our sample of 67 X-ray, IR, and/or optically-selected AGN at z ∼ 2, outflows are

identified in 13 (19%) of the AGN (after removing likely on-going mergers). In the 457 non-AGN

MOSDEF galaxies, only 8 (1.8%) outflows are detected. The outflow incidence detected in the

MOSDEF AGN sample is similar to that found at z∼ 0 by Mullaney et al. (2013) using broad

[OIII] emission, who find outflow signatures in 17% of > 24000 optically-selected AGN in SDSS.

The incidence of outflows in AGN at z∼ 2 is at least as high as that at z∼ 0. As shown below in

Section 2.5.3, the detection rate of outflows in our sample correlates with the signal-to-noise ratio

of the [OIII] emission line. Therefore, in general, the incidence rate found here should be treated

as a lower limit on the true outflow incidence.

Harrison et al. (2016) analyze the [OIII] spectra of 54 X-ray AGN at z ∼ 1.1− 1.7,

detecting a second kinematic component in 14 of the AGN, corresponding to 26% of their AGN

sample. This is comparable to the outflow incidence found in our study at z∼ 2. If only X-ray

AGN are considered in our sample, the outflow incidence is 25%, in very good agreement with

Harrison et al. (2016). At z ∼ 2, Genzel et al. (2014) finds 34 outflows in 110 star-forming

galaxies, while 18 of the star-forming galaxies are confirmed AGN. While our study first defines

a sample of AGN and searches for outflows in it, Genzel et al. (2014) searches for outflows in a

sample of galaxies. Due to the difference in the nature of the parent sample, one cannot directly

compare the outflow incidence in this study with that in Genzel et al. (2014). In particular, one

cannot directly determine the incidence of outflows among AGN at z ∼ 2 using the results of

Genzel et al. (2014).
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2.5.2 Correlation with Host Galaxy Properties

AGN-driven outflows are commonly believed to affect the evolution of their host galaxies,

in particular by quenching star formation in galaxies in the high mass end of the stellar mass

function (Di Matteo et al. 2005; Hopkins et al. 2006, 2008; Debuhr et al. 2012). Therefore, it

is informative to study the correlation between the incidence of AGN outflows with their host

galaxy properties such as stellar mass and SFR.

Figure 2.10 (left panel) shows the distribution of SFR versus stellar mass (see Section

3.3.4) for all of the galaxies (shown in contours), AGN (blue filled circles), and AGN with

outflows (red filled circles) in the sample used here. The star formation main sequence for

MOSDEF galaxies found by Shivaei et al. (2015):

log
(
SFR/M� yr−1)= 0.8 log(M∗/M�)−6.79 (2.8)

is also shown (magenta line). The upper right and lower right panels of Figure 2.10 show the

distributions of stellar mass and SFR, respectively, of all AGN and AGN with outflows in our

sample. Outflows are detected in AGN spanning stellar masses of 1010− 1011.5 M�. A two-

sample KS test on the distributions of stellar masses for AGN with and without outflows returns

a p-value of 0.4 for the null hypothesis that the two distributions are the same. Therefore, no

significant trend of outflow incidence with host stellar mass is observed. Similarly, the distribution

of SFR with respect to the main sequence is similar for AGN with and without detected outflows.

Genzel et al. (2014) use a sample of 44 star-forming galaxies at z∼ 2 to report a strong

stellar mass-dependent incidence of detected outflows observed in emission that increases with

stellar mass at least as much as the incidence of AGN within the galaxy sample. They imply

that the outflows are predominantly driven by AGN and that there is therefore a strong stellar

mass-dependence to the incidence of AGN-driven outflows. However, Genzel et al. (2014) do

not first create a sample of AGN and then identify outflows within that AGN sample; they start
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with a sample of star-forming galaxies and identify outflows and AGN within that galaxy sample.

This means that they cannot measure the incidence of AGN-driven outflows within the AGN

population, as we do here.

Additionally, there is a well-known selection bias that leads to AGN in higher mass

galaxies being more likely to be identified, while the true incidence of AGN in galaxies is

independent of stellar mass to first order (Aird et al. 2012). This implies that if outflows are more

likely to be identified in AGN (as we find here), which are preferentially identified in higher mass

galaxies (and seen by both Genzel et al. 2014 and in MOSDEF by Azadi et al. 2017), then it will

appear that outflows are more common in higher mass galaxies, many of which host AGN (as

seen by Genzel et al. 2014). However, it does not mean that AGN-driven outflows are actually

more common in high mass galaxies, and it does not imply that there is a stellar mass dependence

to the incidence of AGN-driven outflows. Therefore our result that the incidence of detected

outflows within a sample of AGN does not show a strong mass dependence is not in conflict with

the data presented in Genzel et al. (2014).

It is also interesting to note that we find that the incidence AGN outflows at z∼ 2 does

not appear to depend on the host SFR with respect to the main sequence. This suggests that

the incidence of AGN-driven outflows is uniform among high mass galaxies (M∗ > 1010 M�)

regardless of their SFR, and could be taken to imply that the presence of AGN-driven outflows

does not quench star formation. However, different methods used to estimate SFR are sensitive to

star formation on different timescales, and the method of SED fitting used in this study reflects

star formation over the relatively long timescale of the past 108 years (e.g. Kennicutt 1998), such

that the instantaneous SFR could differ. Therefore, the measured SFR may reflect the SFR in the

past rather than the immediate effect of the outflows on the galaxies.

On the other hand, theoretical work (e.g. Di Matteo et al. 2005; Antonuccio-Delogu & Silk

2010) predicts that the timescale for quenching due to AGN outflows is ∼ 108 yrs, such that there

can be a time delay for the effect of the AGN outflow on the host galaxy to become observable
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on the SFR. Moreover, AGN are known to vary significantly over a range of timescales (e.g.

Hickox et al. 2014; Gabor & Bournaud 2014), such that the AGN may not be detectable when its

effects due to feedback become observable. Such AGN variability can also introduce scatter in

any underlying correlations between outflow properties and the AGN bolometric luminosity.
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Figure 2.10: Left: SFR versus stellar mass for all galaxies (black contour), AGN (blue points)
and AGN with outflows (red points) in the current sample. The magenta solid line shows the
star formation main sequence. Upper right: Distribution of stellar mass for all AGN (blue) and
AGN with outflows (red). Lower right: Distribution of SFR/SFRMS for all AGN (blue) and
AGN with outflows (red). Outflows are detected in AGN spanning the main sequence of star
formation, with no clear dependence on the stellar mass or SFR of the host galaxy.

2.5.3 Correlation with [OIII] Luminosity and S/N

One method that may provide hints of the driving mechanism of the outflows is to look

for correlations between outflow properties and the AGN luminosity. A common proxy for the

AGN bolometric luminosity (LAGN) is the [OIII] luminosity (L[OIII]), where LAGN and L[OIII] are

related by a constant bolometric correction factor (e.g. 600 in Kauffmann & Heckman 2009). As

we have [OIII] luminosities for all AGN in our sample, but we do not necessarily have X-ray

luminosities or IR luminosities that are dominated by light from the AGN itself (as opposed to the

host galaxy), we compare the incidence of outflows with L[OIII]. While L[OIII] can be affected by

contamination from star formation in the host galaxy, Azadi et al. (2017) estimate that on average

only ∼ 30% of the [OIII] light in AGN in the MOSDEF sample may be due to star formation.
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Figure 2.11: Distribution of L[OIII] versus the signal-to-noise ratio in [OIII] for all AGN (blue)
and AGN with outflows (red). While outflows are more often found for sources with high L[OIII],
the same trend is also observed for the signal-to-noise of the spectra as well.

However, the comparison between outflow incidence and L[OIII] may be complicated by the fact

that sources with a higher L[OIII] also tend to have a higher signal-to-noise ratio, which could

potentially lead to an easier detection of an outflow in the spectra. As a result, one must take into

account the signal-to-noise ratio when looking for any such correlations with L[OIII].

The values of L[OIII] we use are corrected for dust reddening. To determine the correction

factor, we calculate the color excess from the Balmer decrement and combine this with the value

of the MOSDEF dust attenuation curve at 5008Å (Reddy et al. 2015). The corrected L[OIII] is on

average increased by ∼ 0.17 dex for the AGN in our sample (see Azadi et al. 2017).

Figure 2.11 shows the distribution of L[OIII] versus signal-to-noise ratio in the [OIII] line,

for all AGN and for AGN with outflows. There is a higher incidence rate of detected outflows in

AGN with higher L[OIII], but a similar trend is also observed in the signal-to-noise ratio. At a given

signal-to-noise ratio, outflows appear to be observed slightly more commonly in those with higher

L[OIII], but the difference is not significant. Therefore, the correlation of the incidence of AGN

outflows with L[OIII] cannot be tested in our sample due to its coupling with the signal-to-noise
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ratio. We also compare the outflow velocity with L[OIII] with no clear trend observed, which is

consistent with other AGN outflow studies (e.g. Harrison et al. 2014).

Our results show that the signal-to-noise ratio is an important factor in the detection

of outflows, which must be taken into account when comparing outflow incidence with L[OIII].

Moreover, high velocity (∼ 1000 km s−1) outflows are found to occur in AGN across a range of

L[OIII].

2.5.4 Correlation with X-ray, IR and Optical AGN Identification

In the MOSDEF survey, AGN are identified through X-ray, IR and optical selection

techniques, which are described in detail in Section 3.3. It is known that different identification

methods present biases in both the AGN and host properties, and such biases in the MOSDEF

sample are discussed in Azadi et al. (2017). In particular, they show that optical AGN identification

is possibly biased towards galaxies with higher dust content, while IR AGN identification may

be biased towards galaxies with lower dust content in the MOSDEF sample. This selection

bias may help constrain the driver of the outflow since it has been proposed that the radiation

pressure on dust grains can lead to galaxy-wide outflows and boost the outflow velocity to

∼ 1000−2000 km s−1for both AGN or starburst-driven winds (e.g. Murray et al. 2005; Thompson

et al. 2015). Therefore, the incidence of outflows in AGN identified at different wavelengths may

reveal information about the potential mechanism(s) driving these outflows.

We analyze the dependence of the incidence of outflows detected in our sample and the

identification wavelength of the AGN. Outflows are somewhat more commonly detected among

X-ray AGN (9/36, 25%±8%), compared to non-X-ray AGN (4/31, 13%±6%). Similarly, the

outflow detection rate is higher among optical AGN (11/45, 24%±7%) than non-optical AGN

(2/22, 9%±6%). There is no difference in the outflow detection rate between IR AGN (5/27,

19%±8%) and non-IR AGN (8/40, 20%±7%). We note that AGN can be identified at multiple

wavelengths; Azadi et al. (2017) report the overlap and uniqueness of AGN selection at each
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wavelength in the MOSDEF survey.

The slightly higher outflow incidence in X-ray and/or optical AGN may be due to their

bias towards being detected more often in higher mass galaxies. It is interesting to note that

optically-selected AGN, which reside in more dusty host galaxies in the MOSDEF survey, have

a slightly higher outflow incidence than non-optical AGN. However, no difference is observed

between IR AGN and non-IR AGN. Therefore, we cannot establish a significant relation between

the incidence of outflows and the dust content of the galaxy or near the AGN, which may be

expected if radiation pressure on dust grains is a key component of the physical driving mechanism

of these winds. We note that IR AGN in MOSDEF are found to reside in host galaxies which are

less dusty on the whole, although there may be more dust in the vicinity of the AGN to allow for

IR detection. Nevertheless, one should be cautious about these conclusions as the current sample

size is small. The full MOSDEF sample will provide better statistics to further investigate these

questions.

2.5.5 Mass and Energy Outflow Rates
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Figure 2.12: Left: Mass outflow rates estimated for the ionized gas (shown as lower limits on
the total mass outflow rate) versus the bolometric AGN luminosity. Right: Energy outflow rate
of the ionized gas (shown as lower limits on the total energy outflow rate) versus the bolometric
AGN luminosity.
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To understand the drivers of these outflows and their potential impact on the evolution of

their host galaxies, it is crucial to estimate the mass and energy carried by the outflows. Unfortu-

nately, deriving accurate estimates of the mass and energy of the outflows can be challenging as it

requires precise knowledge of the outflow geometry and kinematics, as well as the properties of

the interstellar medium and the physical state of the gas in the outflow. Nevertheless, first-order

estimates of the mass and energy of the outflows are informative to verify the consistency of the

proposed picture of AGN-driven outflows quenching star formation.

We estimate the mass of the ionized outflowing gas by counting the number of recombining

hydrogen atoms. Assuming purely photoionized gas with ‘Case B’ recombination 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
, (2.9)

where LHα,out is the outflow Hα luminosity and ne is the electron density of the ionized gas. Equiv-

alently, 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
, (2.10)

where LHβ,out is the outflow Hβ luminosity. As noted in Nesvadba et al. (2017), these updated

equations are a factor of 3 smaller than in some previous studies (e.g. Nesvadba et al. 2006, 2011).

In 11 of the 14 outflows (we separate the two outflows detected in COSMOS 11223, such that

we have a total of 14 outflows), both Hα and Hβ are measured. For all of these outflows, the

signal-to-noise in Hα is higher than that in Hβ, so Equation 3.8 is used. Equation 3.8 is also

used for GOODS-N 8482, where only Hα is measured. Only Hβ is available in UDS 6055, and

equation 3.9 is used. Neither Hα nor Hβ is measured in AEGIS 31250, so no mass estimate is

calculated. In our sample, the ionized masses for the same source obtained from Equations 3.8
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and 3.9 are in good agreement, differing by at most a factor of five.

The electron density of the outflow is not directly measured in MOSDEF as the outflow

component is not detectable in the relatively faint [SII] doublet. However, the median electron

density in the star-forming regions of MOSDEF galaxies at z∼ 2.3 is ne = 250+128
−29 cm−3 (Sanders

et al. 2016). A recent study (Newman et al. 2012) suggests that the outflowing gas density is

probably a factor of a few smaller than that of the star-forming gas. Therefore, we take the

electron density of the outflow as ne = 100 cm−3 when calculating the ionized outflow mass in

Equations 3.8 and 3.9. While there is uncertainty in this value, this is similar to the electron

densities used in other studies of AGN outflows (e.g. Nesvadba et al. 2006, 2008; Liu et al. 2013b;

Genzel et al. 2014; Harrison et al. 2014), which lie between 80 and 500 cm−3. Using this method,

we obtain ionized outflowing gas masses of Mion = (0.5−34)×107 M�, with a median mass of

4.3×107 M�.

The kinetic energy of the ionized outflow can be estimated by

Ekin =
1
2

Moutv2
out. (2.11)

We use vout = vmax as defined in Section 3.4.3 for the outflow velocity. And from here onwards,

we use Mout = Mion. For our sources we find Ekin = (0.07−5.6)×1056 erg, with a median energy

of 1.2×1056 erg.

Then the mass outflow rate is obtained by

Ṁout = Mout×
vout

Rout
. (2.12)

The value of Rout is taken to be r10 as defined in Section 3.4.5, which is the distance where the

flux of the outflow as seen in emission drops to one tenth of the maximum value. The kinetic
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energy outflow rate and momentum flux are then given by

Ėkin =
1
2

Ṁoutv2
out (2.13)

and

Ṗout = Ṁoutvout, (2.14)

respectively. We find Ṁout = 0.1−80.0 M� yr−1, with a median mass outflow rate of 6.5 M� yr−1.

The kinetic energy outflow rate is Ėkin = (0.06−70.9)×1041 erg s−1, with a median of 4.3×

1041 erg s−1. The momentum flux is Ṗout = (0.03− 27)× 1034 dyn, with a median of 2.3×

1034 dyn. Values of the mass and energy outflow rates as a function of bolometric AGN luminos-

ity are shown in Figure 2.12 and listed in Table 2.3.

These estimates provide lower limits on the actual outflow rates as they consider only

the ionized phase of the outflowing gas, ignoring outflowing gas in other phases (e.g. molecular

and neutral). For example, Nesvadba et al. (2017) find that that there is ∼ 5− 50 times more

molecular gas than ionized gas in high-redshift radio galaxies with outflows. Moreover, the

observed Hα or Hβ flux does not account for the entire mass of the ionized outflows, since we

observe only the blueshifted wing in the emission line. Additionally, our estimates are derived

assuming ne = 100 cm−3. Since the ionized gas mass is inversely proportional to the value of ne,

any change in the value of ne will inversely change both the mass and energy outflow rates. For

example, if the value of ne decreases by a factor of ten, the mass and energy outflow rates will

increase by a factor of ten. Therefore, it is reasonable that the actual outflow mass is a factor of

at least a few to ten times larger the the ionized gas mass estimated here, and these number can

serve as a conservative lower limit.

Another method commonly used in the literature to estimate mass and energy outflow

rates is to consider an energy conserving bubble expanding into a uniform medium (e.g. Heckman

et al. 1990; Veilleux et al. 2005; Nesvadba et al. 2006, 2008; Harrison et al. 2012, 2014). In this
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Table 2.3: Ionized Outflow Energetics Measurements

ID Ṁa Ṁ/Ṁstellar,max
b Ṁ/SFRc Ėd Ė/LAGN

e Ṗf Ṗc/LAGN
g

6055 80.04 13.56 30.43 7.06×1042 0.11% 2.67×1035 1.24
20891 39.04 0.43 0.30 1.12×1042 0.01% 7.43×1034 0.16
15286 26.13 0.04 0.01 4.52×1042 0.31% 1.22×1035 2.51
20979 18.56 0.28 0.22 6.41×1041 0.01% 3.87×1034 0.12
11223.2 1.30 0.01 0.01 1.18×1041 0.01% 4.40×1033 0.06
11223.3 0.12 0.00 0.00 5.91×1039 0.00% 3.00×1032 0.00
9367 6.06 0.57 0.98 1.52×1042 0.01% 3.41×1034 0.07
8482 0.62 0.01 0.01 1.94×1040 0.00% 1.23×1033 0.04
6976 1.13 0.25 0.64 1.01×1041 0.00% 3.80×1033 0.02
10421 34.12 2.06 2.97 7.09×1042 0.14% 1.75×1035 1.00
30014 4.20 0.54 1.08 2.44×1041 0.13% 1.14×1034 1.75
17754 9.34 0.22 0.21 4.34×1041 0.04% 2.26×1034 0.57
17664 6.50 0.22 0.25 2.42×1041 0.01% 1.41×1034 0.16
a Ionized mass outflow rates, in units of M� yr−1.
b Ratios of the estimated ionized mass outflow rate to the maximum theoretically-predicted

value from stellar feedback.
c Ionized mass-loading factors of the outflows.
d Energy outflow rates of the ionized outflow, in units of erg s−1.
e Ratios of the measured energy outflow rate to the bolometric luminosity of the AGN.
f Momentum flux, in units of dyn.
g Ratios of the measured momentum flux to the radiation pressure of the AGN.

scenario, the energy outflow rate is estimated by

Ėout = 1.5×1035
(

r
kpc

)2( v
km s−1

)3

n0.5 erg s−1, (2.15)

where n0.5 is the ambient density in units of 0.5 cm−3. If we use the observed values of r and

v for our outflows and assume n0.5 to be unity, we obtain energy injection rates that are ∼ 200

times higher than those obtained above by counting recombining hydrogen atoms. As this energy-

conserving method results in unreasonably large estimates of the mass and energy outflow rates,

we do not employ it further in this paper.

As a sanity check of the outflow masses estimated above by counting recombining
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hydrogen atoms, we compare the derived cooling luminosity of the outflows (Lcool) to the AGN

luminosity. A realistic outflow mass should produce a cooling luminosity that does not exceed

the AGN luminosity, if the gas in the outflows is indeed photoionized by the AGN. The cooling

luminosity is given by

Lcool =
∫

Λ(T )n2
edV

= 1.19×1044 erg s−1ne,2Mout,8Λ−23(T ),
(2.16)

where ne,2 is the electron density in units of 100 cm−3, Mout,8 is the outflow mass in units of

108 M� and Λ−23(T ) is the cooling function in units of 10−23 erg cm3 s−1, taken to be 1 at 104 K,

the likely temperature of the ionized gas. We find that the cooling luminosity is much less than

the AGN luminosity for all the outflows from our estimates, with an average ratio of & 0.03. The

ratios obtained using the energy conserving approximation (Eq. 2.15), however, have a median

value of ∼ 60, indicating that the mass outflow rates estimated using this method are physically

unrealistic.

2.5.6 Physical Driver of Outflows and Impact on Host Galaxies

To investigate the possible drivers of the outflows, it is common to compare the mass

and energy available from potential drivers with that carried by the outflows. The bolometric

luminosity of the AGN (LAGN) provides a measurement of the energy available from the AGN to

drive the outflows. The bolometric luminosity of the AGN is estimated by applying a bolometric

correction of 600 times the [OIII]λ5008 luminosity (Kauffmann & Heckman 2009). We also con-

sider another important driver of galaxy-wide outflows, stellar feedback, and the mass potentially

available from it. Hopkins et al. (2012) provides a mass loss rate by stellar feedback as a function
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Figure 2.13: The ratio of the kinetic energy rates in the outflow to the AGN luminosity versus
the ratio of the observed mass outflow rates to the maximum mass outflow rates that could
be provided by stellar feedback, given the SFR of the host galaxy (see Hopkins et al. 2012).
The shaded area at the top indicates where the kinetic energy outflow rates exceed the AGN
luminosity (such that AGN could not drive the outflows), while the shaded area on the right
indicates where the observed mass outflow rates exceed the maximum mass outflow rates that
could be due to stellar feedback (such that stars could not drive the outflows).

of star formation rate given by

Ṁstellar,max = 3M� yr−1
(

SFR
M� yr−1

)0.7

. (2.17)

This mass loss rate improves on earlier work, in that it considers not only direct mass loss from

supernovae and stellar winds, but also the subsequent entrainment of the interstellar medium.

Moreover, it includes all material that is being ejected out of the galaxy, in all phases, locations

and directions, which tends to overestimate what is actually observed. Therefore, it can be

considered as an upper limit to the observed mass outflow rates. This maximum mass loading

factors of stellar feedback (Ṁstellar,max/SFR) for our AGN host galaxies are of the order of unity.

In Figure 2.13 we compare the kinetic energy rates of the ionized outflows with LAGN

and the ionized mass outflow rates to the maximum possible from stellar feedback. The energy

outflow rates range from > 0.0003− 0.3% of LAGN, with a median of > 0.009%. This shows

that the AGN are energetically capable of driving the outflows. The ionized mass outflow rates
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range from > 0.1−1400% of the maximum mass loss rate from stellar feedback, with a median

of > 25%. Two of the outflows have mass outflow rates lower limits exceeding the maximum

mass loss rates of stellar feedback, indicating that stellar feedback must not be the sole driver

of these two outflows, and an alternative driver is required. It is important to note that the value

of Ṁstellar,max represents an upper limit to the observed mass outflow rate from stellar feedback,

while the value of Ṁout is a strict lower limit to the total mass outflow rate. The actual values of

Ṁout/Ṁstellar,max are likely larger by an order of magnitude; this is a conservative indicator of

the need of an alternative driver. Therefore, stellar feedback is likely not the sole driver of these

outflows, and an alternative driver, such as AGN, is required.
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Figure 2.14: The ratio of the momentum flux of the outflow to the radiation pressure of the
AGN versus the luminosity of the AGN. The outflow momentum flux exceeds the radiation
pressure of the AGN for a considerable number of sources, suggesting radiation pressure alone is
insufficient to drive the outflows. The mass loading factors of the outflows versus the bolometric
AGN luminosity. The median mass loading factor lower limit is > 0.24.

One possible mechanism for the AGN to drive the outflow is by its radiation pressure on

dust grains in the surrounding material (e.g. Murray et al. 2005; Thompson et al. 2015). In this

case, the outflow is momentum-driven, and it is useful to compare the momentum flux of the

outflow to the radiation pressure of the AGN to test this scenario. In the left panel of Figure 2.14,

we plot the ratio of the momentum flux of the outflow (Ṗ = Ṁv) to the radiation pressure of the

AGN (LAGN/c) as a function of the AGN bolometric luminosity. Three of the outflows have lower
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limits of the momentum ratio greater than unity, with a median momentum ratio of > 0.16. This

shows that most of these outflows can be driven by radiation pressure alone. However, given that

the measured momentum fluxes are strict lower limits, as we are observing the ionized phase only,

if the total values are an order of magnitude higher then another mechanism must be involved.

Additionally, the momentum flux of the outflows could be boosted by a factor of ∼ 15 by work

done by the hot post-shock gas during the energy-conserving phase (Faucher-Giguère & Quataert

2012). This suggests that for at least some of these sources, radiation pressure on dust grains may

be insufficient to drive these outflows.

An important measure of the power and impact of the outflow on the host galaxy is the

mass loading factor, η = Ṁout/SFR, which compares the mass outflow rate of gas being ejected

from the galaxy to the rate at which gas is being converted into stars within the galaxy. For our

soures, lower limits on η range from > 0.01 to > 30, with a median of > 0.24. The large mass

loading factor for UDS 6055 is due to the low SFR measured for this galaxy. The mass loading

factors of the outflows are shown in the right panel of Figure 2.14. Given that these estimates are

strict lower limits, the actual mass loading factor is likely a factor of a few to ten times higher,

equal to or higher than unity. Such high mass loading factors imply that these outflows are at

least capable of regulating star formation in the host galaxies, although it is unclear whether they

can remove sufficient gas to quench star formation. This figure shows that there may by an AGN

luminosity threshold of 1045.5 erg s−1, above which the mass loading factor is greater than unity,

though a larger sample is required to determine whether this is significant.

2.5.7 Positive AGN Feedback in MOSDEF and SDSS

AGN feedback is typically invoked as a possible mechanism to quench star formation in

galaxies. This is referred to as “negative” feedback, in that star formation is reduced or shut off

entirely. Another possibility has been raised, which is that AGN feedback may instead trigger

star formation; this is referred to as “positive” feedback, as it leads to an enhancement in star
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Figure 2.15: BPT diagrams for optically-selected AGN with outflows in SDSS using line ratios
from Mullaney et al. (2013). Only sources with signal-to-noise greater than 3 in all four of the
relevant lines used for this diagram are shown here. The left panel shows the line ratios for the
narrow-line component only, containing 4881 sources. The middle panel shows the line ratios
for gas in the outflow component only, containing 2705 sources. The right panel shows the line
ratios for the outflow component only for sources from the middle panel which are also detected
in the radio, using the FIRST survey, containing 759 sources. There is no increase in the fraction
of sources below the Kauffmann et al. (2003b) line for the outflow component in radio-loud
sources compared with the middle panel, as may be expected if positive AGN feedback is a
widespread phenomenon.

formation.

The motivation for positive AGN feedback originated in observations of a handful of

elliptical galaxies at low redshift that have clear radio jets from AGN, for which regions of star

formation are clearly seen along the jet (e.g., Croton et al. 2006; Feain et al. 2007; Inskip et al.

2008). Additionally, at high redshift it has been observed that the axis of radio AGN jets was

often aligned with an elongation in the surface density of star formation (e.g., Bicknell et al.

2000, and references therein). Recently, several theoretical papers have studied this idea using

hydrodynamical simulations of galaxies, in which an AGN-driven jet is seen to be able to induce

star formation in a ring in the host galaxy, which propagates outward (e.g., Silk 2005; Gaibler

et al. 2012; Ishibashi & Fabian 2012). It has been speculated that such triggered star formation

could substantially affect the growth of galaxies (Ishibashi et al. 2013).

A clear observational signature of such positive AGN feedback would be investigating

radio AGN with jets and using the BPT diagram to detect star formation in the outflowing gas,

54



along the jet. Indeed, for the well-studied source known as Minkowski’s Object, the gas that

appears to be compressed by the jet does have line ratios in the BPT diagram in the location of

the star-forming sequence, well below the AGN region of the diagram (Croton et al. 2006). This

argues that the jet has induced star formation in this gas.

In the MOSDEF sample, we present the locations of outflowing gas from eight sources in

the right panel of Figure 3.2 and find that the locations lie in the AGN region; this outflowing gas

does not appear to be photoionized by star formation. This would argue against positive AGN

feedback being a widespread phenomenon at z∼ 2. However, our sample size is very small, and

only two of our sources are known to be radio-loud, which in the observations at both low and

high redshift appears to be a prerequisite for positive AGN feedback. Clearly, a much larger

sample of radio AGN would be required to robustly test this scenario.

The SDSS provides such a sample at low redshift. To investigate this, we use the publicly-

available optical AGN sample of Mullaney et al. (2013), who use the BPT diagram to identify

∼25,000 AGN in SDSS, using the line ratios from the SDSS spectral pipeline. This pipeline

does not include multiple kinematic components for each line, which Mullaney et al. (2013)

subsequently perform. They identify 9,637 sources with a significant (S/N>3) blueshifted

kinematic component in the [OIII] 5007 Å line, in addition to the narrow line observed at the

systemic redshift of the galaxy.

In Figure 2.15, we show in the left panel the narrow-line only line ratios for these optical

AGN with outflows, while the middle panel shows the line ratios for the outflow component only.

The narrow-line ratios almost exclusively lie above the Kauffmann et al. (2003b) line (only 3% of

sources are below this), while the outflow component line ratios lie somewhat lower, with 6% of

the outflow line ratios below the Kauffmann et al. (2003b) line. The difference between these

panels may argue that positive AGN feedback occurs in a few percent of these sources, however,

the more important test is whether the line ratios shift downward for AGN with jets, i.e., radio

AGN. In the right panel, therefore, we show the line ratios for the AGN in the Mullaney et al.

55



(2013) sample that have outflows detected in the [OIII] line and are also detected in the FIRST

survey (Becker et al. 1995). Here we find that only 3% of these sources lie below the Kauffmann

et al. (2003b) line, consistent with the left panel. This argues that positive AGN feedback is not

observed to be a widespread phenomenon at z∼ 0.1. For it to be a common phenomenon, it must

then occur only over a relatively short timescale, or it may just be a rare phenomenon.

2.6 Conclusions

Using data from the first two years of the MOSDEF survey, we analyze the rest frame

optical spectra of 67 X-ray, IR and/or optically-selected AGN at z∼ 2 to identify and characterize

AGN-driven outflows at z∼ 2. We identify outflows from the presence of an additional blueshifted

component in the profiles of the Hβ, [OIII], Hα and [NII] emission lines, and we remove sources

which appear to be ongoing mergers from their HST morphologies. The bolometric luminosities

of the AGN in this study span 1044−1046 erg s−1, including both quasars and more common,

moderate-luminosity AGN. Our main conclusions are as follows.

1. The velocities of the outflows range from 300 to 1000 km s−1. Eight out of the 13

detected outflows are spatially extended, having spatial extents of 2.5 to 11.0 kpc along the

MOSFIRE slits.

2. Outflows are detected in 13 (19%) out of 67 AGN. This can be considered a lower limit

on the true incidence as relatively high signal-to-noise spectra are required to detect the

outflows. By contrast, using the same analysis procedures, outflows are detected in only

eight (1.8%) out of the 457 MOSDEF galaxies. The outflow detection rate increases with

the [OIII] luminosity of the AGN, but the same trend is also observed as the signal-to-

noise ratio of the spectra increases, as there is a strong correlation between L[OIII] and the

signal-to-noise of the spectra.
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3. Outflows are detected across the galaxy star forming main sequence spanning stellar masses

of 1010−1011.5 M�. No significant trend of incidence with stellar mass is observed. The

incidence of outflows also does not depend on the SFR of the host galaxy with respect to

the main sequence.

4. Using line ratio diagnostics in the BPT diagram for the narrow-line and outflow components

separately, we find that the line ratios of the outflowing gas are shifted towards the AGN

region of the BPT diagram. This indicates the the outflowing gas is photoionized by the

AGN.

5. The line ratio diagnostics in the outflows argues against “positive” AGN feedback, in which

the presence of the outflow triggers, as opposed to suppresses, star formation. As the

MOSDEF AGN outflow sample is small, we also analyzed line ratios for AGN outflows

in SDSS, specifically investigating radio-loud AGN, and again found little evidence for

positive AGN feedback being a widespread or long-lasting phenomenon.

6. The typical ionized mass outflow rate of our sources is & 10M� yr−1, while the typical

energy rate of the ionzied gas is & 1042 erg s−1. These lower limits on the total mass

outflow rates are typically at least comparable to the theoretically-predicted maximum

values from stellar feedback, while the energy outflow rates are ∼ 0.01% the bolometric

AGN luminosities. This indicates the stellar feedback is likely insufficient to drive all of

these outflows, while the energetic output of the AGN is more than sufficient to drive them.

Taken together with our finding that a galaxy is 10 times more likely to have a detected

outflow if it hosts an AGN, it appears very likely that these outflows are AGN-driven.

7. The mass loading factors of these outflows are on the order of unity, which suggests that the

outflows likely help to regulate star formation in the host galaxies but may not be sufficient

to fully quench star formation.
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Our results show that galaxy-wide AGN-driven outflows are common not only for quasars

but also for moderate-luminosity AGN at z ∼ 2. Theoretical studies of galaxy formation and

evolution should therefore account for AGN feedback from moderate-luminosity AGN, in addition

to feedback from quasars. In the future, the full MOSDEF data will provide a larger sample to

better study correlations between AGN outflow properties and host galaxy or AGN properties at

z∼ 2. This study and future similar AGN outflow studies from large galaxy samples also provide

targets for more detailed IFU investigations into the physical nature of AGN-driven outflows at

the peak of cosmic galaxy growth.
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Chapter 3

The MOSDEF survey: a census of

AGN-driven ionized outflows at

z = 1.4−3.8

3.1 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
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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 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.

3.2 Introduction

It is well established that supermassive black holes (SMBHs) are virtually ubiquitous at

the centers of galaxies (e.g. Magorrian et al. 1998; Heckman & Best 2014; Aird et al. 2018).

When SMBHs accrete, they are observed as active galactic nuclei (AGNs) (e.g. Antonucci 1993;

Netzer 2015). AGNs are believed to play a crucial role in galaxy evolution as various properties

of host galaxies and their SMBHs are observed to be closely connected. 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, respectively, 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; Azadi

et al. 2015; Yang et al. 2018; Aird et al. 2019).

While such empirical evidence strongly suggests that the evolution of SMBHs and their

host galaxies are intimately 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
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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 momentum into the surrounding gas in high mass galaxies in order for their results to

match the observed galaxy population (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 quiescent 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 mechanism 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. King et al. 2011; Debuhr et al. 2012; Faucher-Giguère & Quataert

2012). This has sparked a wealth of observational 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; Cicone et al. 2014; Harrison et al. 2014; Zakamska & Greene

2014; McElroy et al. 2015; Woo et al. 2016; Rupke et al. 2017; Perna et al. 2017b,a; Mingozzi

et al. 2019), though some studies suggest that outflows are more compact (Husemann et al. 2016;

Karouzos et al. 2016a,b; Baron & Netzer 2019a,b). 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 declining by

about an order of magnitude to the present day values (e.g. Madau & Dickinson 2014; Aird et al.
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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 sample of AGNs with complete spectro-

scopic coverage of the brightest rest-frame optical emission lines are limited. Early results at this

redshift (e.g. Nesvadba et al. 2008; Cano-Dı́az et al. 2012; Harrison et al. 2012; Perna et al. 2015;

Brusa et al. 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 samples of AGNs at z∼ 1−3 have been

made possible by the commissioning of multi-object near-infrared (NIR) spectrographs such as

MOSFIRE (McLean et al. 2010b) and KMOS (Sharples et al. 2013). The observed NIR waveband

covers several important rest-frame optical emission 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 relations 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 includes 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 relations obtained. Selection biases can
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also exist since the sample is compiled from multiple studies.

A larger sample of ionized outflows in AGNs at z∼ 1−3 is presented in 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 perform diagnostics using the BPT diagram.

The [OIII] forbidden line in particular 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. More recently, Coatman et al. (2019) study an even larger sample

of luminous z = 1−4 quasars in detail, using the [OIII] and CIV line profiles to investigate how

small scale outflows correlate with larger scale winds.

To better understand the role of AGN-driven outflows in galaxy evolution and explore

their physical characteristics 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

spectroscopic coverage of the important rest-frame optical emission lines. We achieve this using

data from the recently-completed MOSFIRE Deep Evolution Field (MOSDEF) survey (Kriek

et al. 2015). Targets in the MOSDEF survey 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 survey 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 determine 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
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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

outflows, 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 3.3 describes the MOSDEF survey and the

AGN sample. Section 3.4 presents methods used for detection and characterization of the outflows.

Section 3.5 discusses the relation between the incidence of outflows and AGN and host galaxy

properties. Section 3.6 presents the relation between the physical properties of the outflows and

properties of the AGN and host galaxies. We summarize our conclusions in Section 3.7.

3.3 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.

3.3.1 The MOSDEF Survey

The MOSDEF survey was a four and a half year program using the MOSFIRE spectro-

graph (McLean et al. 2010b) 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 photomet-

ric 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, respectively,
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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 intervals, 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).

3.3.2 Emission Line Measurements

In this section, we describe the procedures to measure emission line fluxes and kinematics

in this study. We perform 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. Tying the kinematics among different lines is a requirement of the restricted

signal-noise ratio (S/N) in observations at high redshifts. It assumes that the emission lines
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originate from the same gas, undergoing the same kinematics, which is not necessarily true.

Nonetheless, it is a common practice in studies of high-redshift galaxies and AGN due to limited

S/N (see Harrison et al. 2016 and references therein). 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 hypothesis that the simpler model is true. We further require that all the components have

S/N greater than 3 in at least one line.

3.3.3 AGN Sample

AGNs were identified before targeting by X-ray imaging 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 target 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 wavelengths

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 simple 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
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through X-ray imaging, 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 wavelengths.

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

)
(3.1)

x≥ 0.08 and y≥ 0.15 (3.2)

y≥ (1.21× x)−0.27 (3.3)

y≤ (1.21× x)+0.27 (3.4)

f4.5µm > f3.6µm (3.5)

f5.8µm > f4.5µm (3.6)

f8.0µm > f5.8µm. (3.7)

In our modification, we do not require Equation 3.4 and include sources within 1σ

uncertainties of Equations 3.5, 3.6 and 3.7. 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 & Osterbrock 1987) to identify optical AGN. Emission line fluxes are obtained in the

procedures described in Section 3.3.2. 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).
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We adopt a more restrictive criterion of log([NII]/Hα)>−0.3 to identify optical AGNs in this

study to reduce contamination from star formation. In addition, we identify sources above the

redshift-dependent maximum starburst demarcation line in Kewley et al. (2013a) 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 identified 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, resulting

in a total of 118 AGNs identified in X-ray and/or IR. 79 sources are found to satisfy the optical

AGN identification 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.

3.3.4 Stellar Masses and Star Formation Rates

Stellar masses and SFR are measured by spectral energy 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 population 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 delayed exponentially declining star formation history and the Calzetti et al.

(2000) dust attenuation curve. Combined 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).

3.4 Outflow Detection and Characterization

In this section we report the methods used to detect outflows and characterize their

properties, including kinematics, optical emission line ratios, physical extent, and mass and
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energy outflow rates in the MOSDEF dataset.

3.4.1 Detection of Outflows in AGNs

We identify potential outflows in the AGN sample using the emission line fitting proce-

dures described in Section 3.3.2. 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 outflows (i.e., a second

kinematic component). While outflows 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 define double nuclei as having two distinct peaks in

brightness separated by less than 1′′ (corresponding to ∼ 8 kpc at z∼ 2). 16 of the 43 potential

outflows show features 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 Appendix. Among these 27 AGNs,

14 are identified in both X-ray and IR emission, 10 are identified in X-ray emission only, one is

identified in IR emission only, and two are identified in optical emission only.

While we identify outflows from the decomposition of an asymmetric emission line

profile, outflows can potentially result in single broad symmetric line profiles with widths & 600

km s−1 (e.g. Mullaney et al. 2013; Harrison et al. 2016; Woo et al. 2016). In this study, we only
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include sources with an asymmetric line profile decomposed into two Gaussian components as

outflows because many of the derived quantities used in our analysis, such as velocity, spatial

extent, and outflow mass, require the detection of a separate outflow component. The outflow

mass, in particular, requires measuring the luminosity of the outflow component alone. This

cannot be achieved with sources modelled with a single broad line profile. Among the AGNs

that are modelled as a well-constrained single Gaussian component, only three have a FWHM of

600 km s−1 or greater. These three sources with broad symmetric line profiles are not identified

as outflows in the analysis below, and are very unlikely to affect the conclusions about outflow

incidence in this study.

3.4.2 Detection of Outflows in Inactive Galaxies

In this study all MOSDEF targets with a reliable redshift have been fit using the emission-

line fitting procedures described in Section 3.3.2. We can therefore compare the incidence of

outflows detected in the emission-line spectra of AGNs and of inactive galaxies in our sample.

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 Section 3.4.1. After excluding

potential mergers by inspecting 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 difference in the stellar mass distributions of the AGNs and galaxies in our sample.

Since AGNs at a given Eddington 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 observational 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 necessary to match the stellar mass distributions of
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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 computed 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 galaxies. Applying these weights to the inactive

galaxy sample leads to a total of 30 outflows, corresponding to 2.5% of inactive galaxies. We

also explore the effect of SFR on outflow detection in inactive galaxies by applying the same

procedures above to SFR instead of stellar mass. The weighted outflow incidence in inactive

galaxies after accounting for their SFR distribution is 3.2%. This is very similar to the unweighted

value, showing that the SFR distributions of the AGN and inactive galaxy sample are sufficiently

alike that weighting by SFR is not necessary.

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 galaxies. While outflows

are known to be detected in absorption 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 inactive galaxies using the same methodology for both samples. 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 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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Figure 3.1: 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 (2013b). 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).
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Figure 3.2: 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. (2003b) and Kewley et al. (2013a) 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. 2017a). This is not observed in our sample, suggesting
that the ouflowing gas is excited by the photoionizing radiation of the AGN rather than shocks.
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3.4.3 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 3.1 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 account 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 velocities that are lower than the actual bulk outflow velocity. 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 velocity shift between

the narrow and outflow components plus two times the dispersion of the outflow component, i.e.

vmax = |∆v|+2σout (Rupke & Veilleux 2013b). 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.
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Another kinematic measure widely used in the literature 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 parameters. This non-parametric measure can give rise to different results for

different emission lines, due to differences 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 better 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.

3.4.4 Emission Line Ratios

Emission line ratio diagnostics, such as the BPT diagram (Baldwin et al. 1981; Veilleux

& Osterbrock 1987), provide crucial information about the excitation mechanisms of the gas

producing the emission. The unique data set in the MOSDEF survey at z∼ 2 provides coverage

for all the required optical emission lines for the BPT diagram. Our multi-component emission

line fitting 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 formation, if we

observe increased excitation by star formation in the outflow components compared with the

narrow-line components (Leung et al. 2017).

Figure 3.2 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
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components are corrected for Balmer absorption as determined by SED modelling (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. (2003b) demarcation line, while all the

outflow component line ratios are above this line, indicating 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. (2013a) 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 diagram 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 formation.

We also consider the possibility of shock excitation by examining the relationship between

the velocity dispersion and the [NII]/Hα line ratio of the outflow component, 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. 2017a). Figure 3.2 (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 correlation coefficient in this space for sources with S/N > 3

in both line fluxes in the outflow component, and cannot 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 evidence 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 on the galaxy scale in our sample.
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3.4.5 Physical Extent

The physical extent of the outflows is a crucial measurement, 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 wavelength 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 (with no very broad components in the Hα or Hβ emission

lines) 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
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to calculate the spatial offset, the resulting 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.
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Figure 3.3: 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.

In the MOSDEF survey, a star was observed simultaneously 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 profile from the seeing for that slitmask in quadrature. The

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 or

|∆x|+0.911 FWHMx. 19 of the 27 outflows are significantly extended in [OIII] and/or Hα with

r10 ranging from 0.3 to 11.0 kpc, with a median of 4.5 kpc. We measure r10 for both [OIII] and
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Hα as often one of the lines is impacted by a sky line. A robust measurement of r10 is obtained in

both lines in three sources. The spatial extents in [OIII] and Hα differ by 0.1, 0.3 and 2.3 kpc in

these sources, corresponding to 1.2%, 2.8% and 29.6% of the radius in Hα, respectively.

Our outflow size measurements of a few kpc are consistent with multiple studies in the

local Universe (e.g. Greene et al. 2011; Harrison et al. 2014; McElroy et al. 2015; Rupke et al.

2017; Mingozzi et al. 2019) and are larger than those of some recent studies reporting outflow

sizes . 1 kpc (e.g. Rose et al. 2018; Baron & Netzer 2019a).

We note that certain caveats exist with the measurement of outflow extents. The actual

outflows almost certainly have complex three dimensional structures (e.g. Rupke et al. 2017) and

representing the spatial extent of the outflow with a single number such as r10 is likely incomplete.

Moreover, projection effects can on average affect the measured extent by a factor of 2/π≈ 0.64.

Nonetheless, r10 provides a lower limit to the actual spatial extent of the outflows.

3.4.6 Mass and Energy Outflow Rates

The mass and energy carried by the outflows are crucial 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 recombination 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
, (3.8)

where LHα,out is the outflow Hα luminosity and ne is the electron density of the ionized out-
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flowing gas. The electron density is taken to be 150 cm−3; the rationale for this is discussed

below. Equivalently, 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
, (3.9)

where LHβ,out is the outflow Hβ luminosity.

To calculate the intrinsic Hα and Hβ luminosity of the outflow corrected for extinction,

we use the Balmer correction for the narrow line luminosity determined by SED modelling (see

Reddy et al. 2015) and apply this correction factor to compute the intrinsic outflow luminosity,

preserving the observed outflow to narrow flux ratio. This introduces a source of uncertainty

due to differential extinction in the outflowing and narrow line gas, but very likely provides a

conservative lower limit to the intrinsic luminosity (see Förster Schreiber et al. 2019). 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 (e.g. Vayner

et al. 2017; Brusa et al. 2018; Herrera-Camus et al. 2019).

Then the mass outflow rate is obtained by

Ṁout = B
Moutvout

Rout
. (3.10)

The value of vout is taken to be vmax as defined in Section 3.4.3 for the outflow velocity, while

Rout is taken to be r10 as defined in Section 3.4.5. 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.
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The kinetic energy outflow rate and momentum flux are then given by

Ėout =
1
2

Ṁoutv2
out (3.11)

and

Ṗout = Ṁoutvout, (3.12)

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.

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 typically 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 3.4.7). 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 sample 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. Mingozzi et al. (2019) present a high resolution map

of electron density in nearby AGNs with outflows and find a wide range of densities from 50 to

1000 cm−3, with a median of 250 cm−3 in the outflow. At higher redshifts, 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. Measurements using other diagnostics yield an even wider range of values.

Studies of extended AGN scattered light infer very low densities of < 1 cm−3 (Zakamska et al.

2006; Greene et al. 2011). Diagnostics with trans-auroral [SII] and [OII] emission line ratios yield

densities of 103−4.8 cm−3 (Holt et al. 2011; Rose et al. 2018), while SED and photoionization

modelling infers density estimates of ∼ 104.5 cm−3 (Baron & Netzer 2019a,b).
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Figure 3.4: 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.

82



Additionally, spatially-resolved analyses of electron density show that regions of elevated

electron densities (& 1000 cm−3) are concentrated in very localized regions, while most of the

other regions have much lower electron densities (. 100 cm−3, e.g. Rupke et al. 2017; Kakkad

et al. 2018; Mingozzi et al. 2019). For instance, electron density maps of the outflowing gas in

Kakkad et al. (2018) show that regions of dense gas are located 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. Therefore, higher values of ne near∼ 1000 cm−3 reported from spatially-averaged

analyses can be biased towards high density regions which dominates the total flux, as shown in

Mingozzi et al. (2019). This bias can potentially lead to overestimation of the electron density

over the large spatial volume of the outflows present in this study, which extend over several

kpc in physical size. While most of the high density gas in the outflows is concentrated in the

most luminous compact region, substantial mass can reside in lower density regions with a much

higher volume filling factors. For instance, in a spherically symmetric mass-conserving free wind,

i.e. the mass outflow rate and velocity is conserved at any radius, the density profile has to follow

n(r) ∝ r−2 (e.g. Rupke et al. 2005; Liu et al. 2013a; Genzel et al. 2014; Förster Schreiber et al.

2019). In such a profile, a compact inner region dominates the density and luminosity, but the

mass, which is distributed uniformly in radius, resides mostly in low density regions over a much

larger volume outside this compact inner region. Therefore, in our calculation, we take r10 as

the radius of the outflow and ne = 150 cm−3. r10 represents the maximum extent of the outflow

including the most extended but low surface brightness region, and the choice of ne is similar to

the median electron densities in the spatially-resolved maps of Rupke et al. (2017) and Kakkad

et al. (2018).

Furthermore, Ṁout scales with (neRout)
−1. If, alternatively, a small radius and a high

electron density is adopted to represent the densest compact region, one will obtain a similar

outflow rate. For example, the 0.5−1 kpc radius of the dense compact region in Kakkad et al.

(2018) is a factor of a few lower than the typical r10 of 4.5 kpc in our outflows, while the electron
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density therein of ∼ 1000 cm−3 is a factor of a few higher than the adopted median value of

150 cm−3 here, such that the product neRout, and thus Ṁout, is largely consistent with our value.

As these two sets of values represent the outflow rates at two different radii, this result is to be

expected if the mass-conserving free wind scenario is a good approximation over the range of

radius concerned. We note that outflow rate estimates based on different assumptions of the

distribution of the outflowing gas can lead to different results.

3.4.7 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 contamination to

the [SII] doublet. Seven outflows are excluded by this criterion. We also exclude two outflows

with a positive ∆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 3.3.2 to the stacked spectrum. The resulting stacked spectrum

and its best-fit model are shown in Figure 3.3. 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, including weighting by ∆v and outflow fluxes in [OIII] or Hα.

The outflow component of the [SII] doublet is undetected in all of these stacked spectra.
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3.5 Outflow Incidence and Host Properties

In this section we study the relation between outflow incidence and the properties of the

AGN or host galaxy.

3.5.1 Host Galaxy Properties

9 10 11 12
log(M * /M )

1

10

100

Nu
m

be
r

9 10 11
log(M * /M )

0.01

0.03

0.1

0.3

1
Fr

ac
tio

n
nAGN/ngal

nAGN, out/ngal

9 10 11
log(M * /M )

0.0

0.2

0.4

0.6

Fr
ac

tio
n

nAGN, out/nAGN

Figure 3.5: Left panel: Stellar mass histogram for all galaxies (black), all AGNs (green), and
AGNs with outflows (orange) in the MOSDEF survey. Middle panel: The fraction of galaxies
that host an AGN (green) and the fraction of galaxies that host an AGN and an outflow 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∗.

Since AGN-driven outflows are widely believed to impact 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 3.4 shows the distribution of SFR versus stellar mass for all MOSDEF galaxies

(black contours), all MOSDEF AGNs (green points) and all AGNs with a detected outflow (orange

points). The star-forming main sequence for SED-based SFR in MOSDEF galaxies found by
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Shivaei et al. (2015):

logSFR[M� yr−1] = 0.8 log(M∗/M�)−6.79 (3.13)

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),
(3.14)

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 3.4 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 stellar 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 identical 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 detected 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
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1998). The outflows in our sample have dynamical timescales, defined by r10/vmax, of 105−7

years. Therefore, the currently observed outflows are not expected to have an impact on the

measured SFR. The independence of outflow incidence rate with both stellar mass and SFR,

shows that AGN-driven outflows are a widespread and common phenomenon that occur uniformly

among galaxies both along and across the star-forming main sequence, and across different phases

of galaxy evolution.
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Figure 3.6: 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.

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 increases with stellar mass, while here we are
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showing that the incidence of outflows among AGNs is independent of stellar mass. In Figure 3.5,

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

increasing 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 detected (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 galaxies 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 outflow, shown in the right panel of Figure 3.5, is constant with stellar mass, showing

that given the presence of an AGN, the presence of an outflow is independent of stellar mass.

Our results indicate that after removing the selection bias of AGN identification, the underlying

incidence of AGN outflows is independent of stellar mass, and that AGN-driven outflows are

equally probable in galaxies across the stellar mass range probed here.

3.5.2 [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. We note that the AGN [OIII] luminosity in our sample is corrected
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uminosity (left), galaxy stellar mass (middle) and SFR (right).] Top: Maximum outflow velocity

(vmax) versus [OIII] luminosity (left), galaxy stellar mass (middle) and SFR (right). Bottom:
Outflow radius (r10) versus [OIII] luminosity (left), galaxy stellar mass (middle) and SFR (right).
Radius measurements with high significance (S/N > 3) are shown in blue while those with an

absolute uncertainty < 1 kpc are shown in gray. The solid line shows the best-fit log-linear
relation for significant correlations, while the dashed lines show the 90% confidence intervals.

vmax is significantly correlated with L[OIII]. Although the high significance measurements of r10
are anti-correlated with L[OIII], this is a selection effect, and this trend is absent if measurements
with an absolute uncertainty < 1 kpc are included (see text for details). There are no significant

correlations with stellar mass or SFR.
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for dust reddening. To determine the correction factor, we calculate the color excess from the

Balmer decrement and combine this with the value of the MOSDEF dust attenuation curve at

5008 Å(Reddy et al. 2015). This correction results in an average increase of ∼ 0.17 dex in [OIII]

luminosity for the AGNs in our sample.

Figure 3.6 shows the the distribution of L[OIII] and S/N[OIII] of all AGNs and AGNs with

a detected outflow 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 correlation

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 outflow 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 components 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 II AGNs at z < 0.3 in Woo et al. (2016).

They detect an outflow component in over 50% of the AGN and composite sources at L[OIII] above

∼ 1040.5 ergs−1, while the fraction approaches 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 luminosity thresholds for outflow

detection have been shifted to lower values in the lower redshift sample of Woo et al. (2016).

Similar results among X-ray AGN in SDSS are also reported in Perna et al. (2017b).

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 identified as potential mergers in HST imaging, following the
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procedures described in Section 3.4.1. Taking this into account, 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 3.6 is primarily driven by

S/N or L[OIII], we perform a linear regression analysis to the S/N-L[OIII] diagram. 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 between the distributions of AGNs with and without outflows 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 correlated 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.

3.6 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 reveal crucial information about the impact these outflows have on

their host galaxies and help clarify their role in galaxy evolution. As discussed in Section 3.4.6,

the calculation 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.
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3.6.1 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 3.7, 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 3.1.

Table 3.1: 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 % -

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 ultrafast outflows, of LAGN ∝ v4.6±1.5
max , i.e.

vmax ∝ L0.22±0.07
AGN . Moreover, these results are consistent with the theoretical model for an energy

conserving outflow in Costa et al. (2014), which predicts a relation between LAGN and vmax with

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

The bottom panels of Figure 3.7 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 introduce a selection effect

which results in an artificial negative correlation between outflow radius and L[OIII](lower left

panel). There is a selection effect because small radius 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 uncertainty < 1 kpc, we do not find a significant correlation

between radius and L[OIII]. Similarly, no significant correlation 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 positive size-luminosity relation between outflow radius and LAGN (e.g.

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 insufficient 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 sample 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
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Figure 3.8: 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).
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study the relation between L[OIII] and ∆v and σout separately. The results are shown in the top

panels of Figure 3.8 and in Table 3.1. 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] ∝ σ
0.41±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 correlation 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 3.8 and in Table 3.1.

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±0.12
10 and σout ∝ r−0.33±0.16

10 . When studying the relation

between radius and L[OIII], using only radius measurements with S/N > 3 results in a significant

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 extinction. 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
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former can be explained by a deceleration of the outflowing 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 between extinction and outflow radius. We explore the possibility of

a deceleration of the outflowing gas as an explanation to our observed anti-correlation between

radius 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 3.8, we overlay these analytic solutions on our observed relation

between vmax and radius. The energy-driven solutions 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 with the observed data, lying within the

90% confidence interval of the best-fit observed relation of vmax and radius. 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 consistent with analytic solutions of an energy-conserving outflow,

while that of a momentum-conserving outflow predicts lower velocities than observed.

3.6.2 Mass and Energy Outflow Rates

Figure 3.9 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

96



10 1

100

101

102

103

104

M
ou

t
(M

yr
1 )

systematic

Star-forming
Quiescent

1044 1045 1046 1047

LAGN (erg s 1)

1039

1040

1041

1042

1043

1044

1045

1046

E o
ut

(e
rg

s
1 )

100% LAGN

1% LAGN

0.01% LAGN
systematic

9.5 10.0 10.5 11.0 11.5
log(M * /M )

Max. SF

10% SF

10 2 10 1 100 101 102 103

SFR (M yr 1)

Figure 3.9: 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 black arrows in
the left panels show the systematic effect due to the uncertainty in the value of ne, which can
range from 50−1000cm−3. 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.
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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

bolometric 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

3.5.1) 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 physical properties,

from the rest of the sample, we perform the correlation analysis on the entire outflow sample

containing both star-forming and quiescent galaxies, as well as on the sub-sample of outflows in

star-forming galaxies only. Table 3.2 shows the Spearman rank correlation coefficients, 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 luminosity, with p-values of 0.05% and 0.006%, respectively. The best-

fit relations are Ṁout ∝ L1.34±0.37
AGN and Ėout ∝ L1.87±0.51

AGN . The typical value of Ėout is between

0.01−1% of LAGN, with a median of 0.1%. Such kinetic coupling efficiencies are similar to those

in low redshift studies (Harrison et al. 2018, and references therein). The log-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. The similarity

of the kinetic coupling efficiency with that at low redshift and the luminosity dependence of Ėout

suggest that outflows can be more energetic at z∼ 2, where luminous AGNs are more prevalent.

The marginally steeper dependence of Ėout on LAGN may hint that the efficiency of very luminous

AGNs in driving outflows are slightly enhanced at z ∼ 2. 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.
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There is no significant correlation between mass or energy outflow rate and stellar mass

for the full sample, which includes both star-forming and quiescent galaxies. However, in the

sub-sample of star-forming galaxies only, there is a marginally significant negative correlation

between Ṁout and M∗ with a p-value of 1.57%. 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 negative correlation with a p-value of 6.4%. There is also

a negative correlation between Ėout and M∗ with a p-value of 1.0%. The best-fit relations for

star-forming galaxies are Ṁout ∝ M−0.97±0.41
∗ and Ėout ∝ M−1.34±0.56

∗ . If these two correlations

are robust, the negative slope indicates 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 correlations. This correlation could imply that at higher

stellar masses (M∗ > 1010.5 M�), quiescent galaxies host more powerful AGN-driven outflows

than star-forming galaxies. There is no significant correlation between the outflow rates and SFR

of the host galaxy.

Table 3.2: 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 0.666 0.053 % 1.34 ± 0.37 0.703 0.17 % 1.26 ± 0.38
Ėout vs LAGN 0.735 0.006 % 1.87 ± 0.51 0.765 0.034 % 1.78 ± 0.50
Ṁout vs M∗ -0.217 32 % - -0.575 1.57 % -0.97 ± 0.41
Ėout vs M∗ -0.242 27 % - -0.606 1.00 % -1.34 ± 0.56
Ṁout vs SFR -0.303 16 % - -0.070 79 % -
Ėout vs SFR -0.236 28 % - 0.025 93 % -
η vs LAGN 0.655 0.070 % 1.83 ± 0.94 0.658 0.41 % 1.46 ± 0.55
η vs M∗ -0.067 76 % - -0.514 3.5 % -1.08 ± 0.51
η vs SFR -0.723 0.010 % -1.35 ± 0.21 -0.499 4.1 % -1.09 ± 0.70
η̃ vs LAGN 0.641 0.10 % 1.89 ± 0.50 0.690 0.22 % 1.93 ± 0.60
η̃ vs M∗ -0.507 1.35 % -1.19 ± 0.46 -0.798 0.012 % -1.84 ± 0.44
η̃ vs SFR -0.173 43 % - -0.075 78 % -
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3.6.3 Physical Driver of the Outflows

Our measurements of mass and energy outflow rates allow us to constrain the physical

drivers of these outflows. For example, the ratio of Ėout/LAGN compares the kinetic energy carried

by the outflows to the bolometric 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 galactic 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 = 3M� yr−1
(

SFR
M� yr−1

)0.7

. (3.15)

This mass loss rate includes not only direct mass loss from supernovae and stellar winds but also

the subsequent entrainment of the interstellar medium. Moreover, 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 function of SFR is shown in the upper right panel of Figure 3.9 in the gray dashed line.

Nine of the outflows have mass outflow rates exceeding the predicted maximum mass loss

rate from stellar feedback, meaning that stellar feedback is decidedly insufficient to drive these

ten outflows. Moreover, it should be noted that the observed Ṁout here only includes ionized

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 order of magnitude greater than the ionized gas mass in AGN outflows (e.g.

Herrera-Camus et al. 2019). 17 of the 22 outflows have mass outflow rates exceeding 10% of the

expected maximum 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
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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.
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Figure 3.10: 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.

3.6.4 Mass Loading Factor

To quantify the potential impact of the outflows in the context of their host galaxies, it

is common to calculate the mass-loading factor of the outflows, defined as η = Ṁout/SFR. The
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mass-loading factors of outflows in our sample span a wide range from ∼ 10−3− 105, with a

median of 0.8. 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 galaxies, the maximum mass-loading factor is ∼ 50, and the median is

≈ 0.2.

Figure 3.10 (upper panel) shows the mass-loading factors of the outflows versus LAGN,

M∗, and SFR. A strong correlation is observed in η versus LAGN with a p-value of 0.07% for

all galaxies and 0.41% for star-forming galaxies only. While the mass-loading factor in star-

forming galaxies follows a tight correlation with η ∝ L1.46±0.55
AGN , the values in quiescent galaxies

deviate systematically upward of this trend, and the best-fit relation for quiescent and star-forming

galaxies combined is η ∝ L1.83±0.94
AGN . This is due to the systematically 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. However, 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 formation in the host galaxy.

There is a weak negative correlation in star-forming galaxies between η and M∗, with a

p-value of 3.5%. The best-fit relation is η ∝ M−1.08±0.51
∗ . There is no correlation between η and

M∗ when combining star-forming and quiescent galaxies. This is similar to the trend observed

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 Ṁout. Fiore et al. (2017) also find a

weak negative correlation between the mass-loading factor and stellar mass in outflows in their

sample.
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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 particular, this makes it clear that star-forming

and quiescent galaxies should generally be separated in such analyses, which is not often done.

Figure 3.11 shows the distribution of LAGN versus M∗ and SFR for our outflow sample. We 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 3.4). Therefore,

the correlations between η and LAGN and M∗ are not driven by underlying correlations with SFR.
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Figure 3.11: 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.

For quiescent galaxies, the mass-loading factor is relevant 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 answer 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
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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 artifact between

η and SFR mentioned above. The lower panel of Figure 3.10 shows the re-scaled mass-loading

factor versus LAGN, M∗, and SFR.

The re-scaled mass-loading factors are no longer elevated for quiescent galaxies. The

re-scaled mass-loading factor is above 0.1 for the majority of the outflows, and has a median of 0.4.

The values of η̃ of quiescent galaxies fall along the main trend observed for star-forming galaxies.

A correlation between the re-scaled mass-loading factor and AGN luminosity is observed at a p-

value of 0.10% for all galaxies and 0.22% for star-forming galaxies only. An analysis combining

star-forming and quiescent galaxies yields a best-fit relation of η̃ ∝ L1.89±0.50
AGN , consistent with

that of star-forming galaxies only, which follows a power of 1.93±0.60.

The artificial correlation between η and SFR is eliminated 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 proportional 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 standard definition (η) in star-forming galaxies and in the re-scaled definition (η̃) in

star-forming and quiescent galaxies. 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 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 forming galaxies. Studies of AGN-driven molecular outflows show that the mass outflow

rate in the molecular phase can be comparable to or an order of magnitude greater than that in
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the ionized phase in z ∼ 2 (Vayner et al. 2017; Brusa et al. 2018; Herrera-Camus et al. 2019)

AGNs. If 10% of the outflowing mass is ionized, the combined ionized and molecular outflows

in these systems would have significant impact on the star formation of the host galaxy. The

mass loading factor in star-forming galaxies is positively correlated with LAGN, and is capable

of exceeding unity at LAGN & 1046 erg s−1. This shows that more luminous AGNs drive more

powerful outflows that have higher impact 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 outflows. This shows that the current outflows in these quiescent galaxies would likely

have been sufficient to regulate 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. We note that some caution should

be exercised when interpreting the impacts of these outflows, considering systematic uncertainties

in the outflow rates as discussed above.

3.6.5 Momentum Flux

The momentum flux carried by the outflows can provide 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
, (3.16)

where τIR is the optical depth in IR. For energy-driven models, the fast, small-scale winds transport

a momentum comparable to LAGN/c, and do work to the surrounding material, increasing the
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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
, (3.17)

and thus

Ṗout ≈
1
2

vin

vout

LAGN

c
, (3.18)

where Ṗin = LAGN/c and vin are the momentum flux and velocity of the small-scale wind, respec-

tively, and vout is the velocity of large-scale wind constituted by the swept up material.

In Figure 3.12 we show the ratio of Ṗout to LAGN/c versus vmax. We also show the expected

momentum flux ratio 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 velocities

are comparable to those observed in the ultrafast 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 either 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 outflows 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 outflows. 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 outflow

depending on the actual outflow geometry in each source. Moreover, when calculating outflow
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Figure 3.12: The ratio of the momentum flux carried by the outflows to that produced by the
radiation of the AGN versus vmax. Star-forming galaxies are shown in blue while quiescent
galaxies are shown in red. The horizontal dashed line shows the predicted 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.

rates, a single electron density of ne = 150 cm s−1 is assumed for all the outflows in our sample

as an average, but the values 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

assumed average, which can lead to overestimation of the momentum ratios and velocities seen

in this diagram.

3.7 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 uniform 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
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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. (§3.4.1, §3.4.2)

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 extended, with sizes extending

0.3−11.0 kpc, with a median of 4.5 kpc. These are therefore fast, galaxy-wide outflows.

(§3.4.3, §3.4.5)

3. In the BPT diagram, the line ratios of the outflowing 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 correlated with the velocity dispersion, showing no evidence of shock excitation.

The outflowing gas is consistent with being photoionized by the AGN. (§3.4.4)

4. The incidence of outflows is largely uniform in stellar mass and SFR of the host galaxy.

While the incidence of outflows among all galaxies increases with stellar mass, the inci-

dence 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

outflows is constant with respect to stellar mass. Outflows are detected in both star-forming

and quiescent galaxies, reflecting that they exist across different phases of galaxy evolution.

(§3.5.1)

5. While the incidence of outflows increases with the [OIII] luminosity of the AGN, it also
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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. (§3.5.2)

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 cor-

relation is observed between the outflow size and L[OIII]. As our sample spans L[OIII] >

1042 erg s−1, our results 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. (§3.6.1)

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

luminosity dependence of Ėout and the similarity of the kinetic coupling efficiency with

that at low redshift suggest that outflows can be more energetic at z∼ 2, where luminous

AGNs are more prevalent. 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 outflow 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. (§3.6.2, §3.6.3)

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 galaxy, capable of

producing mass-loading factors larger than unity at LAGN & 1046 erg s−1. The mass-loading

factor in quiescent galaxies is systematically elevated due to the very low SFR of the host
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galaxy and can only show whether the outflow may keep the galaxy quenched, but does not

indicate the potential role of the outflow in the initial quenching of star formation in the

host galaxy. (§3.6.4)

9. The momentum flux of the outflows is typically between 0.1−10 times the momentum

flux output 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. (§3.6.5)

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 electron 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 electron 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 observations of the ionized, neutral and

molecular content of AGN-driven outflows in representative samples of galaxies at high redshift.
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3.9 Appendix

3.9.1 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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Figure 3.13: 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. Note that the wavelength ranges of
the [OIII] and Hα panels are slightly different, so that the widths of the emission lines in the
two panels may appear different.
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Figure 3.14: Continuation of Figure 3.13.
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Table 3.3: 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.

114



Chapter 4

KCWI observations of the extended

nebulae in Mrk 273

4.1 Abstract

Ultraluminous infrared galaxies (ULIRGs) represent a critical stage in the merger-driven

evolution of galaxies when AGN activity is common and AGN feedback is expected. We present

high sensitivity and large field of view intergral field spectroscopy of the ULIRG Mrk 273 using

new data from the Keck Cosmic Web Imager (KWCI). The KCWI data captures the complex

nuclear region and the two extended nebulae in the northeast (NE) and southwest (SW) to ∼ 20

kpc. Kinematics in the nuclear region show that the previously reported nuclear superbubbles

extend to ∼ 5 kpc, two to three times greater than the previously reported size. The larger

scale extended nebulae show fairly uniform kinematics with FWHM ∼ 300 km s−1 in the SW

nebula and FWHM ∼ 120 km s−1 in the NE nebula. We detect for the first time high ionization

[NeV]3426, [OIII]4363 and HeII4684 emission lines in the extended NE nebula. Emission line

ratios in the nuclear region correlate with the kinematic structures, with the superbubbles and the

less collimated outflow regions showing distinct line ratio trends. Line ratio diagnostics of high
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ionization emission lines reveal significant contribution from shock plus precursor ionization in

the NE nebula and the nuclear region, mixed with AGN photoionization. We compare our data

with theoretical models where kinematically quiescent extended cold gas filaments can form out

of the warm phase of an AGN-driven outflow.

4.2 Introduction

A critical unresolved problem in galaxy formation is the co-evolution of supermassive

black holes (SMBHs) and their host galaxies. Theoretical models of galaxy formation invoke

feedback from active galactic nuclei (AGNs), by means of launching fast gas outflows, to quench

star formation in the host galaxy and produce various observed galaxy properties (e.g. Di Matteo

et al. 2005; Croton et al. 2006; Hopkins et al. 2006; Kaviraj et al. 2017; Pillepich et al. 2018). In

many evolutionary scenarios of galaxies and SMBHs, AGNs represent a key stage following a

galaxy merger in an evolutionary sequence (e.g Sanders et al. 1988). In such scenarios, a major

merger event triggers a rapid episode of accretion onto the central region of the galaxy, fueling a

burst of star formation activity and a dust-obscured AGN. The AGN then drives outflows that

couple with the surrounding interstellar medium and eventually removes the obscuring gas and

dust in a “blowout”, exposing the nucleus resulting in a luminous quasar. These outflows are

predicted to be the most powerful in the final stages of the merger, and are potentially sufficient

to quench star formation in the environment (e.g Debuhr et al. 2012).

Ultra-luminous infrared galaxies (ULIRGs) are characterized by their extreme far-infrared

luminosities exceeding 1012L�, which is believed to originate from dust heated by a starburst

and/or AGN in the center of the galaxy (e.g Sanders et al. 1988). Moreover, morphological

features consistent with major merging events, such as tidal tails or double nuclei, are almost

ubiquitous among ULIRGs (e.g Kim et al. 2002; Veilleux et al. 2002). Therefore, ULIRGs

represent a population of galaxies at a critical evolutionary stage when the “blowout” is in action,
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and AGN-driven outflows are likely to be powerful. As such, ULIRGs provide an ideal laboratory

to observationally test this evolutionary picture, and, in particular, to understand the role of

AGN-driven outflows in the evolution of galaxies.

AGN-driven outflows are known to be prevalent in ULIRGs in the ionized (e.g. Harrison

et al. 2012; Rodrı́guez Zaurı́n et al. 2013; Rupke & Veilleux 2013a, hereafter RV13), molecular

(e.g Veilleux et al. 2013; Cicone et al. 2012, 2014; Rupke & Veilleux 2013c; González-Alfonso

et al. 2017; Herrera-Camus et al. 2020) and neutral (Rupke & Veilleux 2011, RV13) phases.

The physical extent of the outflow is key to quantifying the impact of AGN-driven outflows in

ULIRGs, as outflows extending to scales comparable to the size of the galaxy can have substantial

impact on the star formation of the host galaxy, and the physical extent is required to determine

the mass and energy outflow rate. The physical extent of outflows remains uncertain despite their

prevalence. For ionized outflows, integral field unit (IFU) observations in the local Universe have

revealed kiloparsec-scale outflows in ULIRGs extending ∼ 2− 5 kpc (e.g. Rupke & Veilleux

2011; RV13), while at high redshift (z∼ 2), galaxy-wide outflows in ULIRGs have been observed

to reach∼ 4−14 kpc (e.g Alexander et al. 2010; Harrison et al. 2012). In contrast, recent long-slit

and/or imaging studies of local ULIRGs have revealed more compact outflows with sizes . 1.5

kpc (e.g Rose et al. 2018; Tadhunter et al. 2018; Spence et al. 2018; Tadhunter et al. 2019).

Long-slit spectroscopy can potentially underestimate the size of the outflow, as spatial in-

formation is only available along the slit while collimated outflows (e.g. RV13) can be misaligned

with the slit orientation. IFU data can reveal the two-dimensional extent, however a critical

uncertainty in IFU measurements of outflow extents at low redshift is often the limited field of

view (FOV) of the instrument, as outflows often extend across much of the FOV (e.g. RV13). For

example, the two-slit mode of the Gemini Multi-Object Spectrograph (GMOS; Allington-Smith

et al. 2002; Hook et al. 2004) has a FOV of 5′′×7′′, limiting the measurement of the projected

galactocentric outflow extent to ∼ 2.5−3.5 kpc at z = 0.05. Therefore, long-slit or FOV-limited

IFU measurements of outflow extents in local ULIRGs are in principle lower limits and may
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underestimate the true extent.

The commissioning of the Keck Cosmic Web Imager (KCWI; Morrissey et al. 2018) on

the Keck II Telescope presents new opportunities to advance the understanding of AGN-driven

outflows in galaxy evolution with its large FOV and high throughput. KCWI is a general purpose

optical IFU optimized for observations of faint, diffuse objects. In the medium slicer configured,

KCWI has a FOV of 16′′×20′′, capable of mapping outflowing gas extending to a galactocentric

radius of 8−10 kpc at z = 0.05, and covering an area over 9 times larger GMOS in one pointing.

In this paper, we present a pilot study of a program to probe the true extent of AGN-driven

outflows in low redshift galaxies with KCWI.

Mrk 273, a luminous local ULIRGs and the second closest at z = 0.0373, represents a

unique target for this study. It has a total star formation rate of 139 M� yr −1 (Cicone et al. 2014).

It exhibits prominent tidal features which indicate it is a late-stage merger (e.g Kim et al. 2002). It

has a complex nuclear structure hosting at least two to possibly three AGNs (see Rodrı́guez Zaurı́n

et al. 2014, hereafter RZ14; Liu et al. 2019 for recent discussions). The two AGNs detected

in X-ray are heavily obscured, with a combined bolometric luminosity of ∼ 5× 1044 erg s−1

(Iwasawa et al. 2011, 2018). Mrk 273 is known to host multi-phase high velocity AGN-driven

outflows of various scales with a complex kinematic structure in the central ∼ 5 kpc region.

On the sub-kiloparsec scale, compact molecular outflows have been observed with velocities of

> 400 km s−1 travelling towards the north up to ∼ 600 pc from the nucleus (e.g U et al. 2013;

González-Alfonso et al. 2017; Aladro et al. 2018). Long-slit spectroscopy has revealed ionized

outflows in the E-W direction about the nucleus with velocity widths (FWHM) > 500 km s−1

within a distance of ∼ 6 kpc (Rodrı́guez Zaurı́n et al. 2013, RZ14; Spence et al. 2016, hereafter

S16). IFU observation of the central 4.5×6 kpc shows a separate bipolar superbubble of fast

outflowing ionized gas in the N-S direction extending 2 kpc on either side, reaching velocities of

∼ 1500 km s−1 (RV13).

Apart from the fast ionized outflows in the central region, a striking feature of Mrk 273 are
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two extended nebulae of ionized gas stretching > 20 kpc in the NE and SW directions, revealed by

ground- and space-based imaging studies combined with long-slit spectroscopy (RZ14; S16). The

nature of these extended nebulae is not completely clear. Given the presence of the multiple AGNs

and fast central outflows in Mrk 273, it is of interest to determine the relation of the extended

nebulae to the AGNs, such as whether they represent present or past episodes of outflows, or gas

impacted by such outflows. Long-slit spectroscopy of selected apertures in the extended nebulae

by RZ14 and S16 suggests relatively narrow kinematics, which can be associated with tidal debris,

but the majority of the nebulae was not sampled. The two extended nebulae are also detected in

X-ray (Iwasawa et al. 2011; Liu et al. 2019). Liu et al. (2019) argue that the high temperature

and high α/Fe ratio in the SW nebula suggests that it is a reservoir of gas accumulated from past

episodes of outflows on a timescale of . 0.1 Gyr, where the turbulence in the gas has dissipated

away. IFU observations are required to robustly determine the nature of these extended nebulae,

as they can map the full kinematic structure, and yield line ratio maps essential in understanding

the physical conditions of the ionized gas.

In this paper, we analyze IFU observations of Mrk 273 using KCWI, with a focus on

the nature of the extended nebulae. In Section 4.3, we describe the KCWI observations and the

reduction and analysis of the data. In Section 4.4, we present our main results. We discuss the

implications of our results in Section 4.5 and summarize our findings in 4.6.

4.3 Observations and Data

4.3.1 KCWI Observations

We observed Mrk 273 with KCWI on the Keck II telescope on June 14 and 15, 2018.

We used the blue low-dispersion (BL) grating and medium slicer with KCWI, which provides

a spectral resolution of R = 1800, a spaxel size of 0.29× 0.69′′, and a field of view (FoV) of

20′′×16′′ per pointing. We configured the articulating camera to a central wavelength of 4500Å
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and used a detector binning of 2×2, yielding wavelength coverage of 3435–5525Å. The seeing

was 0.8′′, corresponding to a projected distance of 0.62 kpc at the redshift of our target. Since the

angular size of Mrk 273 exceeds the FoV of the IFU, we defined six pointing areas to cover the

galaxy. Each pointing area was observed for 30 to 60 minutes, consisting of individual exposures

of 10 minutes for the nuclear region, and 15 minutes for the extended regions. Individual

exposures in each pointing area were dithered 0.35′′ along slices to subsample the output spaxels.

For the nuclear region, we took a 1-minute exposure for each dither position to sample pixels

saturated in the 10-minute exposure.

4.3.2 Data Reduction

We reduced the data using the KCWI Data Extraction and Reduction Pipeline v1.1.0 and

the IFSRED library (Rupke 2014a). We first performed a correction to saturated pixels in raw

frames of the nuclear region using the routine IFSR KCWISATCOR. This routine searches for

saturated pixels in the 10-minute exposure of the nuclear region, and replaces them with pixels in

its corresponding 1-minute exposure after scaling for the exposure time difference. The corrected

frames of the nuclear pointing region and raw frames of other pointing regions are then passed

to the pipeline. The default wavelength calibration produced large residuals of ≈ 1Å, resulting

from a mismatch with the pipeline thorium-argon (ThAr) atlas, so we selected DISPLAY mode

3 to manually accept and reject lines matched by the pipeline. The residuals of the resulting

wavelength solutions were reduced to ≈ 0.3Å. Sky subtraction was performed using the pipeline

with manual selection of a sky mask region in each frame. For pointings in the nuclear region,

where the source occupies the entire FoV, we used a sky frame from a nearby pointing that was

observed immediately before or after the nuclear pointing. Following the full pipeline stages, we

resampled the data onto 0.29′′×0.29′′ spaxel grids using the routine IFSR KCWIRESAMPLE,

and generated a mosaic of the data using the routine IFSR MOSAIC. The resulting stacked data

cube has dimensions of 166×215 spaxels.

120



4.3.3 Data Analysis

Voronoi Binning

To enhance the signal-to-noise (S/N) for spectroscopic analysis of low surface brightness

diffuse emission, we constructed Vorinoi bins (Cappellari & Copin 2003) of the data using the IDL

routine VORONOI 2D BINNING 1. The Voronoi binning technique is an optimal method to bin

two-dimensional data to achieve a minimum S/N in each bin while maximally preserving spatial

resolution, and is commonly used in the analysis of IFU data (Cappellari 2009). An emission

line flux and error map is required to construct the Voronoi bins. The two strongest emission

line features in our data are the [OII]3726,9 doublet and [OIII]5007. We created initial emission

line maps of each line by integrating over the emission line and subtracting nearby continuum at

wavelengths on either side. The relative emission line strengths of [OIII]5007 and [OII]3726,9

vary widely across different regions of the galaxy. For example, the [OIII]5007 emission line is

several times stronger than the [OII]3726,9 doublet in the northeast region of the galaxy, but is

several times weaker in the southwest. To minimize binning bias towards one particular emission

line, and thus a particular region of the galaxy, we created a combined line map of both emission

lines by multiplying the [OII]3726,9 map by two and adding it to the [OIII]5007 map. The factor

of two was introduced to avoid bias towards [OIII]5007, which is, on average, approximately two

times stronger than [OII]3726,9 across the galaxy. We used the combined line flux and error maps

to construct Voronoi bins with a target S/N of 25 and a threshold S/N of 1. The 12184 spaxels

above the S/N threshold are grouped into 1588 Voronoi bins, with 1026 unbinned spaxels.

This Voronoi-binned data cube constructed from bright emission lines traces the distribu-

tion of ionized gas in the galaxy, but it does not necessarily trace the distribution of the stellar

continuum. For example, Voronoi bins in regions with strong line emission but weak continuum

emission will have a high S/N in emission lines but low S/N in the continuum. While this is likely

1https://www-astro.physics.ox.ac.uk/˜mxc/software/#binning
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sufficient for obtaining an accurate continuum flux level near emission lines to measure emission

line fluxes and kinematics, other continuum parameters such as stellar kinematics may potentially

have suboptimal accuracy. Therefore, for the purpose of measuring continuum kinematics only,

we constructed a separate set of Voronoi bins using flux and error maps of the continuum with

emission lines masked, and a target S/N of 100 and a threshold S/N of 3. A total of 14664 spaxels

were above the S/N threshold, among which 1875 Voronoi bins were constructed, with 1204

unbinned spaxels.

Emission-line Fitting

We use the combined [OII] and [OIII] Voronoi-binned data cube for emission line fitting.

We modelled the spectrum in each Voronoi bin using the IFSFIT library (Rupke 2014b) in IDL. It

uses incorporates PPXF (Cappellari 2012) to fit the stellar continuum, and MPFIT (Markwardt

2009) to fit a user-defined number of Gaussian profiles to the emission lines. IFSFIT first masks

emission line regions and fits the stellar continuum, then simultaneously fits the emission lines in

the continuum-subtracted spectrum. The continuum spectrum is fit with the González Delgado

et al. (2005) high-resolution stellar population synthesis model assuming solar metallicity, and

Legendre polynomials to account for residuals from imperfect calibration such as scattered-light

or residual sky background. A maximum of three Gaussian components are allowed in each spaxel

for each emisison line, where the kinematics of each component is tied to that of [OIII]5007.

Model line profiles were convolved with the spectral resolution before fitting. The [OII] doublet

is unresolved in our observation, and the [OII]3729/3726 flux ratio is fixed to 1.2, corresponding

to an electron density of 400 cm−3 (Pradhan et al. 2006). An additional component is included

only when it has a significance above 3σ in at least one emission line, and emission lines with

a total significance of less than 3σ after fitting are set to zero. From this we created flux and

kinematics maps for each emission line.

To measure stellar kinematics, we additionally performed a continuum-only fit to the
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continuum Voronoi-binned data cube. Emission lines were masked and the continuum was fit

with the same SPS model and Legendre polynomials described above.

4.4 Results

4.4.1 Morphology
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Figure 4.1: Left: Continuum image of Mrk 273 showing stellar emission. A tidal tail extends
to the south of the galaxy. Middle: Continuum-subtracted [OIII]4959+5007 image showing
emission of ionized gas. Two extended nubulae are observed in the NE and SW directions. The
NE nebula contains several bright regions around its edge, and is hollow at the center. Right:
Composite image of [OIII]4959+5007 in red and the continuum in blue. In the left and middle
panels, the green-dashed circles denote the locations of the outflow regions reported in RZ14,
the red-dashed circles denote location of the bipolar superbubble reported in RV13, and the
blue circles denote the two AGNs with X-ray detections. In the middle panel, the white-dashed
rectangles indicate the regions used in our line ratio analysis for the extended nebulae and the
nuclear region in Section 4.4.5.

KCWI has a remarkable capability to map low surface brightness extended emission. The

left panel of Figure 4.1 shows the mosaic image of the stellar continuum emission at 3600−5000Å

(wavelengths near emission lines have been masked). We also mark the locations of the two

known AGNs, the nuclear superbubble in RV13 and the outflow regions in RZ14. A prominent

feature is the well-known tidal tail (e.g. Kim et al. 2002; RZ14; S16) extending to the south of
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Figure 4.2: From left to right: Continuum-subtracted images of [NeV]3426, [OII]3726,9,
[OIII]4363 and HeII4684. High ionization line emission in [NeV]3426, [OIII]4363 and HeII4684
is observed in not only the nuclear region, but also the NE nebula.

the galaxy. This image covers ∼ 12 kpc of the tidal tail; the full extent is up to ∼ 36 kpc (e.g Kim

et al. 2002). We also observe weak diffuse continuum emission in the northeast of the galaxy

reported in RZ14.

The middle panel of Figure 4.1 shows the continuum-subtracted [OIII]4959+5007 mosaic

image. The emission image was constructed by integrating ±675 km s−1around the doublet and

subtracting nearby continuum on both sides. The brightest [OIII] emission is in the central 10

kpc of the galaxy, which we call the nuclear region in this paper. We also detected in [OIII]

the two previously-reported extended nebulae (e.g. RZ14; S16). A bright nebula of ionized

gas is seen extending at least 20 kpc from the nucleus in the northeast of the galaxy. This NE

nebula contains several bright regions around its edge, and is hollow at the center, resembling a

bubble or a loop. While it is in the general direction of the diffuse continuum emission, the line

and stellar emission regions do not completely overlap, particularly in the northern part of the

nebula. Another extended nebula is detected in [OIII] for the first time towards the southwest of

the galaxy, west of the tidal tail. This SW nebula extends ∼ 20 kpc from the nucleus. It is less

luminous in [OIII] compared with the NE nebula. It approximately follows the direction of the
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tidal tail, but they are offset by ∼ 1−3 kpc. A composite continuum and [OIII] image is shown

in the right panel of Figure 4.1 for comparison.

4.4.2 Emission Lines
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Figure 4.3: Left: Voronoi-binned model flux map of [OIII]5007. [OIII]5007 velocity profiles
of representative Voronoi bins in the NE nebula, nuclear region and SW nebula are shown in
the insets. Right: Spectra of each representative Voronoi bin from top to bottom. The emission
lines are fitted with a maximum of three kinematic components. In the velocity profiles and
spectra, the black line is the continuum-subtracted spectrum, the magenta dotted line is the error
spectrum, the red line is the total emission line model, the blue, orange and green dashed lines
are the emission line models for individual kinematic components. The nuclear bin has the
broadest velocity profile, followed by the SW bin, while the NE bin has the narrowest profile.

Our wide-field IFU data allows us to map the flux and spatial distribution of numerous

emission lines apart from the [OIII] doublet detected with KCWI. A key result of this paper is the

detection and spatial mapping of the faint, high-ionization emission lines [NeV]3426, [OIII]4363

and [HeII]4686, which are useful as shock diagnostics. In addition, we map the emission from the

low-ionization [OII]3726,9 doublet. Figure 4.2 shows the continuum-subtracted mosaic images of

these emisison lines, integrating ±675 km s−1 around the systemic velocity. The high-ionization

[NeV]3426, [OIII]4363 and HeII4686 lines show the strongest emission in the nuclear region.
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Figure 4.4: Voronoi-binned model flux map of [OII]3726,9, [NeIII]3869, Hβ, [NeV]3426,
[OIII]4363 and HeII4684. The color bars show the flux in units of 10−16 erg s−1 cm−2. The
high ionization [NeV]3426, [OIII]4363 and HeII4684 lines are detected in the NE nebula.
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Remarkably, these high-ionization lines are all observed to have extended emission in the NE

nebula, in regions tracing the emission of the [OIII] doublet, but they are not detected in the SW

nebula. On the other hand, the morphology of the low-ionization [OII] doublet emission is similar

to that of the [OIII] doublet, but it is enhanced in the SW nebula.

Quantitative measurements of emission line fluxes are obtained using the emission-line

fitting procedures on the Voronoi-binned data cube described in Section 4.3.3. The left panel of

Figure 4.3 shows the resulting Voronoi-binned model flux map of [OIII]5007, and the velocity

profiles of three representative Voronoi bins from the nuclear region, NE nebula, and SW nebula.

The nuclear bin has the broadest velocity profile, followed by the SW bin, while the NE bin has

the narrowest profile. The detailed kinematic properties of the ionized gas are discussed below

in Section 4.4.3. In the right panel of Figure 4.3 we show the emission line spectra and best-fit

multi-component models for the [NeV]3426, [OII]3726,9, Hγ, [OIII]4363, HeII4686, Hβ, and

[OIII]5007 emission lines. The [OII] doublet, Balmer lines, and [OIII]5007 emission lines are

detected in all three spatial bins shown in the left panel, while the higher-ionization [NeV]3426,

[OIII]4363 and HeII4686 are only detected in the nuclear and NE bins, and not in the SW bin.

For [OIII]5007, three components are required in the nuclear bin, two in the SW bin and one in

the NE bin. This is generally true for most Voronoi bins in each region.

In the SW region, large variances are observed in the flux, and the S/N is low, for the

wavelengths at the bluest end of the wavelength coverage of our observation, possibly due to

differential observing conditions during the exposures in this pointing. The [NeV]3426 emission

line, which is within the wavelengths affected, is not detected in the SW bin. Two other high-

ionization lines, [OIII]4363 and HeII4686, have lower ionization potentials than [NeV]3426

and are thus potentially more prominent. However, they are also undetected in the SW bin,

even though they are not within the affected wavelengths. This forms a consistent picture that

high-ionization lines are absent in the SW region. Therefore, the undetection of the [NeV]3426

emission line in the SW bin is likely due to an intrinsic absence of the line rather than the large
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flux variance observed in that region.

Figure 4.4 presents a more complete spatial view of each emission line by showing the

model flux maps of the [OII]3726,9 doublet, and the [NeIII]3869, Hβ, [NeV]3426, [OIII]4363

and HeII4686 emission lines, using the emission line fits above. The [OII]3726,9 doublet, and

the [NeIII]3869 and Hβ emission lines are generally detected in the nuclear, NE and SW regions.

However, the high-ionization [NeV]3426, [OIII]4363 and HeII4686 emission liens are detected

in only the nuclear and NE regions, and not in the SW region.
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Figure 4.5: The central velocity (v50), velocity dispersion (σ), maximum redshifted velocity
(v02) and maximum blueshifted velocity (v98) of [OIII]5007. The black dashed circles show the
location of the outflow regions, and the black solid circles show the location of the supperbubble.
Regions of high σ > 250 km s−1 are observed along the direction of the bipolar superbubbles,
but extend to∼ 5 kpc, approximately two to three times the previously-reported size. Moderately
broad emission with σ∼ 150−250 km s−1 is observed in the outflow regions extending ∼ 5
kpc in the NE and SW directions. The larger scale extended nebulae have fairly uniform velocity
dispersion, σ∼ 100−150 km s−1 in the SW nebula and σ∼ 50 km s−1 in the NE nebula.
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Figure 4.6: Left: Voronoi-binned model flux map for the contiuum. The color bar shows flux in
units of 10−16 erg s−1 cm−2. Middle: Stellar velocity map. Right: Map of [OIII]5007 emission
central velocity relative to stellar velocity. The color bars of the middle and right panels show
the velocity in km s−1. The black dashed circles show the location of the outflow regions, and
the black solid circles show the location of the supperbubbles.

4.4.3 Kinematics

With the integral field KCWI data, we are able to map out the kinematics of the ionized

gas in the galaxy and identify distinct kinematic structures within the system. An important result

of this paper is the kinematics of the large scale ionized gas, i.e. the NE and SW nebulae. The

upper left panel of Figure 4.5 shows the central velocity v50, which is the 50th percentile of the

velocity profile, traced by [OIII]5007. The systemic velocity is set to be the central velocity of

the stellar continuum. The nuclear region has a complex kinematic structure, with a redshifted

region towards the southeast and north of the nucleus, and a blueshifted region towards the west

and northeast. The large-scale SW nebula is generally blueshifted by ∼ 200−300 km s−1. The

NE nebula has a mild redshift of ∼ 30−100 km s−1 in the eastern part of the nebula (seen as the

left half in the figure), and is mildly blueshifted by ∼ 40−100 km s−1 in the western part (seen

as the right half in the figure).

The upper right panel of Figure 4.5 shows the velocity dispersion σ of [OIII]5007 across

the galaxy. In the nuclear region, very broad emission with σ > 250 km s−1 is observed along the

direction of the bipolar superbubbles in RV13 (marked here as open black circles outlined with a
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solid line), but extends to∼ 5 kpc, approximately two to three times the previously-reported size of

the superbubbles. The regions with the highest velocity dispersion (& 600km s−1) lie beyond the

known extent superbubbles in the north and east directions. This suggests that the high-velocity

outflowing gas in the superbubbles is substantially more extended that previously measured.

Moderately broad emission with σ∼ 150−250 km s−1 is observed in the outflow regions defined

in RZ14, which extend ∼ 5 kpc in both directions perpendicular to the superbubbles (marked

here with open circles with dashed outlines). The larger scale extended nebulae have fairly

uniform velocity dispersion, with the SW nebula showing σ ∼ 100− 150 km s−1and the NE

nebula showing a smaller dispersion of σ∼ 50 km s−1.

The lower left and lower right panels of Figure 4.5 show the “maximum” redshifted

and blueshifted velocities v02 and v98, which are the velocity that encompasses 2% and 98%

of the cumulative velocity distribution, respectively. The southern superbubble contains highly

redshifted emission with v02 between 800 and 1400 km s−1, while the northern superbubble

contains highly blueshifted emission with v98 bewteen −1800 and −800 km s−1, consistent with

a bipolar superbubble of fast moving outflows. Additionally, fast moving, redshifted gas with

v02 & 900 km s−1 extends beyond the known superbubble towards a wedge-shaped region in the

south up to ∼ 5 kpc. Similarly, there is a wedge-shaped region of high-velocity blueshifted gas

extending north up to ∼ 4 kpc. This, combined with the velocity dispersion map, suggests that

fast moving gas from the superbubbles extends two to three times beyond the previously-known

extent. On larger scales, the NE nebula has “maximum” velocities up to −200 and 200 km s−1,

while the SW nebula generally has velocities between −50 and 500 km s−1.

The kinematics of the stellar emission is measured by fitting the continuum Voronoi-

binned data cube described in Section 4.3.3. The left panel of Figure 4.6 shows the resulting

model flux map of the continuum, while the middle panel shows the central velocity of the stellar

continuum v∗. On large scales, apart from the tidal tail, weak continuum in the NE is also detected.

The stellar continuum near the nucleus is redshifted in the north-south direction, and blueshifted
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Figure 4.7: Extinction map computed from the Balmer decrement of the Hβ and Hγ emission
lines. The square shows the median extinction value of 0.19. Relatively strong reddening of
E(B−V )& 0.5 is observed in the the SW nebula as well as the inner nuclear region, while the
NE nebula has weaker reddening of ∼ 0.2.

in the east-west direction. In addition, the weak continuum in the NE is generally blueshifted

by ∼ 100 km s−1. To quantify how much the kinematics of the ionized gas decouples from

the continuum, the right panel of Figure 4.6 shows the central velocity of [OIII]5007 relative

to that of the stellar continuum, measured by v50− v∗. The ionized gas north of the nucleus

is generally blueshifted relative to the stellar continuum, and generally redshifted in the south,

despite the complex kinematic structure in [OIII]5007 alone. In addition, the NE nebula is

generally redshifted from the stellar continuum by ∼ 50−100 km s−1, instead of displaying the

two distinct redshifted and blueshifted halves as seen in [OIII]5007 alone.

4.4.4 Emission Line Ratio Maps

An important goal of this paper is to investigate the origin of the ionized gas that produces

the observed emission. From the numerous emission line maps presented for Mrk 273, one can

obtain line ratio maps, which are crucial in diagnosing the physical conditions of the ionized gas

in different regions of the galaxy. To obtain accurate line ratios, we first account for extinction

across the galaxy. We calculated the reddening E(B−V ) in each Voronoi bin from the Balmer
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Figure 4.8: Maps of the [OIII]5007/Hβ, [OII]3726,9/[OIII]5007, HeII/Hβ, and
[OIII]4363/[OIII]5007 line ratios before (top row) and after (bottom row) extinction correction.
Each column shows a line ratio. The black dashed circles show the location of the outflow
regions, and the black solid circles show the location of the supperbubbles. The line ratios
in the central region differ at the locations of the outflows and superbubbles, with the two
regions showing opposite line ratio trends. In the outflow region, high line ratios are mea-
sured for [OIII]5007/Hβ and HeII/Hβ. In the superbubbles, high line ratios are measured for
[OII]3726,9/[OIII]5007 and [OIII]4363/[OIII]5007. A remarkable feature is that the NE nebula
displays similar line ratios as the outflow regions.
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decrement of the total Hβ and Hγ emission line fluxes. We assumed Case B recombination at

104 K and the Cardelli et al. (1989) extinction curve. The resulting reddening map is shown in

Figure 4.7. Relatively strong reddening of E(B−V )& 0.5 is observed in the the SW nebula as

well as the inner nuclear region, while the NE nebula has weaker reddening of ∼ 0.2. The median

reddening of the galaxy is 0.19.

We constructed maps of line ratios commonly used as diagnostics before and after

extinction correction, and show them in Figure 4.8. To correct for extinction, line fluxes in

each Voronoi bin are calculated using the reddening map. For Voronoi bins without significant

detection of the Balmer lines, the median reddening value across the galaxy is used to calculate the

corrected flux. Extinction corrections lead to a median change in the line ratios of [OIII]5007/Hβ,

[OII]3726,9/[OIII]5007, HeII/Hβ, and [OIII]4363/[OIII]5007 of -0.01, 0.09, 0.01, and 0.05 dex,

respectively. We note that the change in the numerical values of the line ratios are modest, and

the spatial trends seen in the line ratio maps are unchanged by extinction correction. Numerical

values of line ratios in the rest of this subsection refer to the extinction-corrected values.

The NE nebula has high log([OIII]5007/Hβ) line ratios of ∼ 1 to 1.2, while these

line line ratios are substantially lower in the SW nebula, with values of ∼ 0.2 to 0.6. The

log([OIII]5007/Hβ) line ratios in the nuclear region have a complex structure. An interesting fea-

ture is that regions of high log([OIII]5007/Hβ) line ratios extend in the northeast and southwest

directions, coinciding with the outflow region (dotted circles), while regions of low line ratios

extend in the north and south directions, aligning with the axis of the supperbubbles (circles with

solid outlines).

The distribution of the log([OII]3726,9/[OIII]5007) line ratio generally displays opposite

trends to that of log([OIII]5007/Hβ). While this is not entirely unexpected because of the inverse

dependence on [OIII]5007 of the two line ratios, the different dynamic range of the line ratios

indicates that this is also driven by differences in [OII]3726,9. log([OII]3726,9/[OIII]5007) is

the highest in the SW nebula, at ∼ 0.5 to 1, and the lowest in the NE nebula, at ∼−0.7 to −0.3.
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In the nuclear region, the log([OII]3726,9/[OIII]5007) line ratios are elevated along the direction

of the superbubbles, and are lower in the outflow regions.

The log(HeII4686/Hβ) line ratio exhibits similar trends to log([OIII]5007/Hβ). The NE

nebula and the outflow region display enhanced line ratios, while the superbubbles have lower line

ratios. The HeII4686 emission line is undetected in the SW nebula. For log([OIII]4363/[OIII]5007),

higher line ratios are observed along the superbubbles, and lower line ratios are observed in the

outflow region and the NE nebula. The [OIII]4363 emission line is also undetected in the SW

nebula.

4.4.5 Ionization Mechanism

In this subsection, we use line ratio diagnostic diagrams to investigate the nature of the

ionizing sources of the gas in different regions of Mrk 273. Figures 4.9 to 4.12 show the observed

line ratios and predictions of ionization models on diagnostic diagrams. Line ratios are chosen

to be either close in wavelength so that extinction effects are minimized, e.g. HeII4686/Hβand

[OIII]5007/Hβ, or from the same species so that effects of an unknown metallicity are minimized,

e.g. [OII]3726,9/[OIII]5007, [OIII]4363/[OIII5007] and [NeV]3426/[NeIII]3869 (Baldwin et al.

1981). In each diagnostic diagram, we denote line ratios of spaxels in the nuclear region, the

NE nebula, and the SW nebula with different colors to analyze the ionization mechanism in

each region. When an emission line is undetected in a region, we show the median value of

the 3σ upper limit in the spaxels of that region. For line ratios in the nuclear region, we further

separate the spaxels in the slow, medium, and fast regions according to their velocity dispersion

(σ < 200 km s−1, 200 km s−1 < σ < 400 km s−1 and σ > 400 km s−1), and denote them with

different colors. In the following, we use the IDL Tool for Emission-line Ratio Analysis (ITERA;

Groves & Allen 2010) to explore models of different ionization mechanisms and compare them

with the observed line ratios.
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Figure 4.9: Diagnostic diagram of [OIII]5007/Hβ vs. [OII]3726,9/[OIII]5007. Left panel: Line
ratios before extinction correction overplotted with model grids. The red diamonds correspond
to the SW nebula, the orange points correspond to the NE nebula, the cyan, violet and blue
points correspond to the high, medium and low velocity spaxels in the nuclear region. The green
grids show a shock+precursor ionization model with solar metallicity and a pre-shock density
of 100 cm−3. The solid grid lines correspond to five shock velocity values (100, 325, 550, 775
and 1000 km s−1, thin to thick), while the dashed grid lines correspond to four magnetic field
values (0.001, 1, 20 and 100 µG, thin to thick). The black grids show a dusty AGN ionization
model with solar metallicity and a density of 100 cm−3. The the solid grid lines correspond to
five values of ionization parameter log(U) (-4, -3, -2, -1 and 0, thin to thick), while dashed grids
lines correspond to four values of the power law index (-2, -1.7, -1.4 and -1.2, thin to thick). The
brown grids show a starburst ionization model assuming standard mass loss and continuous star
formation, with solar metallicity and a density of 100 cm−3. The solid grids lines correspond
to five values of ionization parameter q (0.2, 0.4, 0.8, 1 and 4×108, thin to thick), while the
dashed grid lines correspond to four values of age (0, 3.5, 7 and 10 Myr, thin to thick). The black
arrow in the left panel represents the median magnitude and direction of extinction correction
on the line ratios. Middle panel: Extinction-corrected line ratios overplotted with model grids.
Right panel: To allow for easier visualization of the trends of model parameters, we show model
sequences without the observed data. The shock+precursor model is shown at a fixed magnetic
field strength of 32 µG, and the AGN photoionization model is shown at a fixed power law index
of −1.4. The shock and AGN models overlap with each other, and both align with the observed
line ratios. The starburst model cannot reproduce the observed line ratios in any regions of the
galaxy.
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Figure 4.10: Same as Figure 4.9, but for [OIII]4363/[OIII]5007 vs. HeII4686/Hβ line ratios.
The shock+precursor model (green grids) successfully reproduces most of the observed line
ratios, while the AGN photoionization model fails to account for most of the spaxels in the
galaxy. The red arrow shows the median value of the 3σ upper limit in the SW nebula.

Starburst Photoionization

Since ULIRGs are known to have vigorous starburst activity, and Mrk 273 has a SFR

of 139 M� yr−1, we first study the possibility of starburst photoionization driving the observed

emission. We use the continuous star formation model at standard mass loss rate of Levesque

et al. (2010), assuming solar metallicity and an electron density of 100 cm−3. The Levesque

et al. (2010) model uses the MAPPINGS III code for radiative transfer, and the Starburst99 code

of Vázquez & Leitherer (2005). The free parameters are the age and ionization parameter q ,

and they vary between 0−10 Myr and 2−40×107 cm s−1, respectively. The model grids are

overplotted in brown with the observed line ratios in Figure 4.9. The starburst model grids do

not overlap with the observed line ratios in any of the regions of Mrk 273. Some of the spaxels

in the nuclear regions are the closest to the models, but the predicted model [OIII]5007/Hβ and

[OII]3726,9/[OIII]5007 line ratios are at least 0.3 dex lower than observed. For the line ratios of

higher ionization lines, the starburst model predicts [OIII]4363/[OIII]5007 line ratios of <−2.4

and HeII4686/Hβ line ratios of <−3.3, while the lowest observed values are &−2.2 for both

line ratios. The model grids are not shown in these diagnostic diagrams since they reside mostly

outside of the range of the plot. We also explored the starburst model assuming twice solar
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metallicity or a density of 10cm−3, and it resulted in a larger disagreement between the model

predictions and the observed data. This rules out starburst photoionization in all spatial regions of

Mrk 273, consistent with previous findings using the standard BPT diagram (RZ14; S16).
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Figure 4.11: Same as Figure 4.9, but for [OII]3726,9/[OIII]5007 vs. [OIII]4363/[OIII]5007 line
ratios. The shock plus precursor model grids overlap with most of the observed line ratios in all
the regions, while the AGN photoionization model only matches a fraction of the spaxels in the
NE nebula and the slow spaxels in the nuclear region.

AGN Photoionization

Since Mrk 273 is known to host at least two AGN in its central region, we next explore

the possibility of AGN photoionization. We apply the dusty, radiation pressure dominated AGN

model of Groves et al. (2004), assuming solar metallicity and an electron density of 100 cm−3.

The model assumes a simple power-law radiation field to represent the AGN ionizing spectrum

and a constant gas pressure, and includes dust and the effect of radiation pressure on dust. The

free parameters are the AGN power law index (α) and ionization parameter (log(U)), which vary

between −2 to −1.2 and −4 to 0, respectively. We overplot the model grids in black with the

observed line ratios in Figures 4.9 to 4.12, and in the right panels, plot a model sequence of

varying ionization parameter at a fixed power law index of α =−1.4 for easier visualization of

the model dependence in each line ratio space. We also explore AGN photoionization models

with twice solar metallicity and an electron density of 1000 cm−3, holding the other parameter
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constant, and find that both models produce a larger disagreement with the observed data.

The AGN model grids reproduce the observed line ratios in all three spatial regions in the

[OIII]5007/Hβ vs. [OII]3726,9/[OIII]5007 plane (Figure 4.9). The spaxels in the nuclear region

occupy the sequence of model line ratios with ionization parameter ranging from −3 to 0. The

fast (σ > 400 km s−1) spaxels lie in the grids of log(U)∼−3, while the slow (σ < 200 km s−1)

spaxels reside in those of log(U) ∼ −2 to 0. The medium (200 km s−1 < σ < 400 km s−1)

spaxels occupy the entire range of log(U)∼−3 to 0. The spaxels in the NE nebula occupy model

grids at high ionization parameters of log(U) between−2 and 0, similar to the slow spaxels in the

nuclear region. The spaxels in the SW nebula reside in model grids at low ionization parameters

of log(U)∼−3.

However, the AGN model grids cannot reproduce the observed line ratios in the nu-

clear and NE regions in diagnostics plots involving higher ionization lines. This is the most

prominent in Figure 4.10, where the medium and fast spaxels in the nuclear region have high

log([OIII]4363/[OIII]5007) line ratios of >−1.5, which are too high to be fit by the AGN model

even at the highest ionization parameter. The slow spaxels in the nuclear regions and spaxels in the

NE nebula occupy line ratios somewhat closer to the model predictions with log(U)∼−2, but the

majority of the spaxels are still ∼ 0.3 dex higher than the model in log([OIII]4363/[OIII]5007).

Since both the [OIII]4363 and HeII4686 emission lines are undetected in the SW nebula, only

upper limits are available in this diagnostic diagram. We show the median upper limit of the

spaxels in the SW region. The upper limit in HeII4686/Hβ in the SW nebula is consistent with

AGN photoionization with log(U)∼−3.

Similar results are observed in Figures 4.11 and 4.12. The fast and medium spaxels

in the nuclear region deviate the most from the AGN photoionization model predictions. The

slow spaxels in the nuclear region and the spaxels in the NE nebula deviate less from the model

predictions, but at least half of these spaxels in Figure 4.11 and the majority of these spaxels

in Figure 4.12 cannot be reproduced by the AGN photoionization model. We also show the
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median upper limit of [OIII]4363/[OIII]5007 in Figure 4.11, and it is consistent with AGN

photoinoization with log(U)∼−3.

Our results rule out pure AGN photoionization in the fast and medium spaxels in the

nuclear region. While the slow nuclear spaxels and the NE spaxels are closer to the predictions

of the AGN photoionization model, our results indicate that AGN photoionization can at most

produce a minority of the emission, and a significant alternative source of ionization is responsible

for most, if not all, of the emission in these regions. Moreover, for these two regions, the model

predictions in different diagnostic diagrams suggest somewhat inconsistent values of ionization

parameters of −2 to 0, which further disfavors the picture of pure AGN photoionization in these

two regions.
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Figure 4.12: Same as Figure 4.9, but for [OII]3726,9/[OIII]5007 vs. [NeV]3426/[NeIII]3869
line ratios and different grid values for the shock velocity. The shock and precursor model grids
show five shock velocities of 200, 400, 600, 800 and 1000 km s−1, as model grids for shock
velocities below 200 km s−1 extend far beyond the axes limits. The shock+precursor model
successfully reproduces most of the observed line ratios, while the AGN photoionization model
fails to account for most of the spaxels in the galaxy. The red arrow shows the median value of
the 3σ upper limit in the SW nebula.

Shock Ionization

An alternative ionization mechanism for the gas in Mrk 273 is radiative shocks. Shocks

excitation has been observed in galaxies impacted by galaxy-galaxy interactions and/or outflows
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(e.g. Rich et al. 2015). We apply the shock+precursor ionization model of Allen et al. (2008),

assuming solar metallicity and a pre-shock electron density of 100 cm−3. The model includes

emission from both the post-shock region, where gas is shock-excited, and the pre-shock region,

where gas is photoionized by the radiation from the pre-shock region. The free parameters are the

shock velocity (vs) and magnetic field strength (B), which vary between 100−1000 km s−1 and

0.001−100µG, respectively. For a pre-shock density of 100 cm−3, a magnetic field strength of

B∼ 32µG corresponds to equipartition between thermal and magnetic pressures (B/n1/2 ∼ 3−5;

Allen et al. 2008). We also explore a shock-only model and find that a high pre-shock density

of 1000 cm−3 is required to produce satisfactory agreement with the observed data. This would

imply a post-shock density of 10000 cm−3 (Dopita & Sutherland 1995), which is an extreme

assumption. Therefore, the shock and precursor model is preferred and shown here. We overplot

the model grids in green with the observed line ratios in Figures 4.9 to 4.12, and in the right

panels, plot a model sequence of varying shock velocity at a fixed magnetic field strength of

B = 32µG for easier visualization of the models.

All four diagnostic diagrams produces consistent results when comparing the observed

line ratios with the shock and precursor model grids. The observed line ratios of spaxels in both

the nuclear region and the NE nebula generally reside within the model grids. The medium

velocity spaxels in the nuclear region occupy a wide range of model grids along shock velocity

values of 100− 1000 km s−1. A peculiar result is that in the nuclear region, the fast spaxels

occupy the low shock velocity grids (vs . 300km s−1), while the slow spaxels occupy the high

shock velocity grids (vs & 300km s−1). The spaxels in the NE region occupy a similar space

in line ratios with the slow spaxels in the nuclear region, in the high vs grids. For the SW

nebula, the line ratios in Figure 4.9 and the upper limits in Figure 4.11 agree with the model

grids at vs ∼ 100−400km s−1. The upper limits in Figure 4.10 provides a stricter constraint of

vs ∼ 200km s−1.

Another test relevant for shock ionization is the energy budget of the observed emission.
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The self-consistent model of radiative shocks with precursor preionization presented in Dopita &

Sutherland (2017) shows that radiative shocks with vs & 110km s−1 and a preshock density of

100 cm−3 can produce emission with Hβ surface brightness of∼ 7×10−15 erg cm−2 s−1 arcsec−2.

In Mrk 273, the peak extinction-corrected Hβ surface brightness in the nuclear region, NE neb-

ula and SW nebula are ∼ 10, 0.15 and 0.1× 10−15 erg cm−2 s−1 arcsec−2, respectively. The

observed surface brightness is broadly in agreement with the theoretical predictions, indicating

that shocks are an energetically feasible ionization mechanism for the gas in the nuclear region,

NE nebula, and SW nebula.

The surface brightness profile of the NE nebula also provides information on its excitation

mechanism. For AGN photoionization, a surface brightness profile declining with distance from

the nucleus would be expected, as the ionization photons from the AGN decline as r−2. On the

other hand, shock emission is produced in-situ, and can produce strong emission at the location

of the shock, independent of its distance from the nucleus. The observed surface brightness of the

NE nebula is not strongly dependent on the distance from the nucleus, with various clumps with

similar peak brightness along the NE direction.

Our results indicate that significant shock and precursor ionization is responsible for

the emission in the nuclear region and the NE nebula. The reversed relation between the

measured velocity dispersion of spaxels and the shock velocity implied by the model predictions

suggests that a combination of ionization mechanisms may be present. As starburst models fail

to produce the high line ratios observed, the most likely scenario is the co-existence of shock

and AGN ionization in the nuclear region and NE nebula. The larger deviation from the AGN

photoionization model predictions of the fast spaxels in the nuclear region suggests a relatively

low contribution from AGN photoionization, and a higher contribution from shocks, which is

expected from the higher measured velocity dispersion in these spaxels. The slow spaxels in the

nuclear region and the spaxels in the NE nebula have a smaller deviation from the AGN model

predictions, suggesting a relatively higher AGN contribution and lower shock contribution than
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the fast spaxels. Our current observations cannot conclusively determine the contribution of AGN

photoionization and shock ionization in the SW region.

4.5 Discussion

One of the most striking features in the KCWI data is the extended NE nebula detected

in multiple emission lines spanning over 20 kpc in extent. The NE nebula displays a hollow

morphology, which resembles a bubble originating from one of the nuclei. A particularly

remarkable result from the line ratio diagnostics presented here is that the slow spaxels in the

compact, nuclear region and the spaxels in the extended NE nebula reside in a very similar line

ratio space in all of the diagnostic diagrams. Another clear correlation is that not only do both sets

of spaxels have similar kinematics (σ < 200km s−1), they are also located in the same projected

physical direction from the nuclei. The slow spaxels in the nuclear region are primarily located in

the outflow regions ∼ 1−5 kpc northeast and southwest of the nucleus. The NE nebula is located

∼ 5−15 kpc ahead of the NE outflow region northeast of the nucleus. The similar line ratios,

kinematics, and physical direction suggest a common source of ionization for the outflow regions

and the extended NE nebula.

In the following, we explore a scenario where the NE nebula is produced by the cooling

of warm ionized gas driven by AGN outflows. A prominent feature of the NE nebula is its

clumpy and filamentary morphology. Filaments of ionized gas extending tens of kpc have been

observed in the Perseus Cluster central galaxy NGC 1275 (e.g Conselice et al. 2001; Fabian et al.

2008; Gendron-Marsolais et al. 2018). The NE nebula in Mrk 273 is similar in terms of having

filaments with both similar morphology and kinematics of ∼ 100 km s−1. Filaments of cold gas

extending tens of kiloparsecs from AGN outflows have been explored in radiation-hydrodynamic

simulations of AGN feedback (Qiu et al. 2020). In simulations, an AGN drives multiphase

outflows containing hot (T > 107 K), warm (104 < T ≤ 107 K), and cold (T ≤ 104 K) gas. As
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the outflowing gas travels outwards, the temperature decreases primarily from radiative cooling.

The outflows experience ram pressure from the ambient materials, which have a larger effect on

the hot gas than the warm gas, as the latter has a shorter cooling timescale leading to a decreased

cross section. As a result, outflows in the hot phase are confined in the central ∼ 2 kpc, while

outflows in the warm phase are confined in the region between 2−4 kpc. Cold gas forming out

of the warm outflows due to radiative cooling is least affected by ram pressure can travel beyond

distances of 20 kpc. As a result, ram pressure promotes the formation of cold filaments over tens

of kpc from warm outflows.

In the KCWI data of Mrk 273, outflows with σ∼ 200 km s−1 are observed in the outflow

regions spanning the NE and SW directions for ∼ 5 kpc. The NE nebula, with σ∼ 50 km s−1,

lies ahead of the NE outflow region and extends ∼ 20 kpc. The kinematic distribution of the

outflow region and the NE nebula is similar to the extended Hα filaments observed in NGC 1275,

where the gas dislpays a velocity dispersion of ∼ 200 km s−1 in the central few kpc, and declines

to . 100 km s−1 beyond∼ 10 kpc (Gendron-Marsolais et al. 2018). The NE outflow region could

represent the initial warm outflows launched by the AGN. The outflow regions and the NE nebula

both display similar line ratios suggesting a mixing of shock and AGN ionization. The shocks

can result from the interaction between the warm outflows and the ambient materials, when ram

pressure gradually suppresses the warm outflows while dynamically less turbulent, cooler gas

survives and forms the NE nebula.

4.6 Conclusions

In this paper we present new KCWI observations of the ULIRG Mrk 273. We analyze

the morphology, kinematics, and ionization of the ionized gas in the system. We examine the

properties of the ionized gas in three regions: the nuclear region, the NE nebula and the SW

nebula. We detect emission in multiple emission lines in the two extended nebulae up to ∼ 20
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kpc from the center of the galaxy. Our main findings are summarized below:

1. We detect high ionization [NeV]3426, [OIII]4363, and HeII4684 emission in the NE nebula,

tracing the morphology of the nebula as seen in [OIII]5007 emission. These high ionization

lines are not detected in the SW nebula.

2. In the center of the galaxy we detect high velocity gas with σ > 250 km s−1 along the

direction of the previously-detected bipolar superbubbles, but to a distance of ∼ 5 kpc,

approximately two to three times the previously-reported size. Moderately broad emis-

sion with σ ∼ 150− 250 km s−1 is observed in the previously reported outflow regions,

extending ∼ 5 kpc in the NE and SW directions.

3. The larger scale extended nebulae have fairly uniform velocity dispersion, σ ∼ 100−

150 km s−1 in the SW nebula and σ∼ 50 km s−1 in the NE nebula.

4. The ratios of various emission lines within the nuclear region are correlated with the kine-

matic structures. In the outflow region, high line ratios are measured for [OIII]5007/Hβ and

HeII/Hβ. In the superbubbles, high line ratios are measured for [OII]3726,9/[OIII]5007

and [OIII]4363/[OIII]5007.

5. Line ratio diagnostics of high ionization emission lines show significant shock plus precur-

sor excitation in the NE nebula and the nuclear region. There appears to be mixing between

AGN photoionization and shock excitation in both regions. Stronger shock contribution

is observed in the nuclear superbubbles, while relatively strong AGN photoionzation is

observed in the outflow regions and the NE nebula.

6. The NE outflow region and NE nebula display similarity in kinematics and line ratios, and

are spatially connected.

7. We explore a possible scenario in which the warm (104−107 K) gas in the AGN-driven out-

flows in the outflow regions cools and forms extended filaments of kinematically quiescent
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gas in the NE nebula on scales of ∼ 20 kpc.

Mrk 273 is a unique source at a critical stage of evolution with potentially powerful

feedback in action. Our results present new observations with extensive spatial and wavelength

coverage of Mrk 273. We reveal in detail the complex two-dimensional kinematics in the nuclear

region as well as in the extended large-scale nebulae. Maps of multiple high ionization emission

lines allow for spatially-resolved diagnostics of ionized gas in the galaxy. Our results demonstrate

the power of IFU observations in uncovering the complex features of ULIRGs and AGN-driven

outflows, vital to our understanding of the process of mergers and feedback in the evolution of

galaxies.
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Chapter 5

Conclusions and Future Work

In this dissertation, I use results from large surveys as well as detailed observations of

individual objects to study the properties, demographics and impact of AGN-driven outflows in

the early and contemporary Universe.

In Chapter 2, I present a study using data from the first two years of the MOSDEF survey,

focusing on the incidence and physical properties AGN-driven outflows at z ∼ 2. I use this

dataset to lead one of the first efforts to systematically identify and characterize AGN-driven

ionized outflows at z ∼ 2. I first determine the prevalence of AGN outflows at z ∼ 2. I show

that ionized outflows in emission are common in AGN at z∼ 2, with an incidence rate of 17%,

at least as high as in similar datasets in the local Universe. I find that there is a seven-fold

increase in the incidence rate of outflows in AGN than in a stellar mass-matched control sample

of inactive galaxies, showing that these outflows are driven by AGN activity. Moreover, I find

that these outflows are fast (∼ 1000 km s−1) and extended (∼ 5 kpc), reaching similar scales as

their host galaxies. By comparing the observed kinematics and physical extent of these outflows

with analytic solutions, I show that these outflows are in the energy-conserving phase, while

the momentum-conserving solutions underestimate the observed velocities . I determine the

excitation mechanisms of the outflows using rest-frame optical emission line ratio diagnostics,
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showing that the outflowing gas has enhanced photonionization contribution from AGN relative

to star formation, and that shock excitation is unlikely. This is consistent with the picture of

negative AGN feedback, in which AGN outflows regulate or quench star formation, and shows

that the impact of positive AGN feedback, in which AGN outflows stimulate star formation, is

not prominent on galaxy scales.

In Chapter 3, I present a study using the full dataset of the MOSDEF survey, focusing on

the demographics of AGN-dricen outflows and the relation between outflows and the galaxy and

AGN populations. With the statistical AGN sample and uniform galaxy sample in the MOSDEF

survey, I show that, after accounting for the common AGN observational selection bias in M∗,

AGN-driven outflows occur equally frequently in virtually all galaxies probed by MOSDEF,

independent of M∗ and SFR, in both star-forming and quiescent galaxies. This shows that AGN-

driven outflows are a widespread phenomenon that occur uniformly among galaxies both along

and across the SF main sequence, and across different phases of galaxy evolution. I show that the

kinetic power of the outflows at z∼ 2 are∼ 0.01−1% of the AGN bolometric luminosity (LAGN),

similar to that found in the local Universe. Moreover, I show for the first time in a uniform

sample of AGN at z ∼ 2 that the mass and energy outflow rates depends most strongly on the

LAGN but not significantly on M∗ or SFR. Since the power of the outflows is primarily determined

by LAGN and the kinetic coupling efficiency is largely unchanged over cosmic time, AGN-driven

outflows are more energetic at z ∼ 2, where luminous AGN are the most prevalent. The mass

outflow rate observed is typically a substantial fraction of, or comparable to, the SFR of the host

galaxy, and increases with LAGN. This shows that luminous AGN are capable of driving powerful

outflows that at least regulate, and may quench, star formation in their host galaxies.

In Chapter 4, I present high sensitivity and large field of view IFU observations of the

ULIRG and AGN Mrk 273 using KCWI. This study focuses on the fast outflows near the AGN,

as well as the properties and origin extended nebulae of ionized gas on scales of & 20 kpc. I show

that the previously reported nuclear superbubbles extend to ∼ 5 kpc, two to three times greater
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than the previously reported size. High ionization [NeV]3426, [OIII]4363 and HeII4684 emission

lines are detected in the extended NE nebula for the first time. Analysis of flux ratios of high

ionization emission lines reveal significant contribution from shock plus precursor ionization in

the NE nebula and the nuclear region, mixed with AGN photoionization. I discuss the KCWI

data and its relation to theoretical models where the warm phase of an AGN-driven outflow can

lead to the formation of extended and kinematically quiescent cold gas at scales of tens of kpc.

The data suggests that AGNs are capable of ejecting gas to large distances through the cooling of

outflows during the critical ULIRG phase of galaxy evolution.

5.1 Unveiling the Impact of Molecular AGN-Driven Outflows

at z∼ 2

In the local Universe (z∼ 0.1), outflows in AGNs have been observed to be ubiquitous and

extend to kpc scales in both ionized and molecular phases (e.g. Mullaney et al. 2013; Cicone et al.

2014). In order to ascertain the importance of AGN outflows, however, it is crucial to study them

at z∼ 2, when both galaxies and SMBHs are undergoing peak growth, and when AGN outflows

should be the most prevalent, powerful, and impactful. Unfortunately, observations of molecular

outflows at this crucial epoch are sorely lacking, with current studies including only a few sources

(e.g. Vayner et al. 2017; Herrera-Camus et al. 2019). Studies at lower redshift (e.g. Fiore et al.

2017) have revealed large and massive molecular outflows that carry gas roughly 10 times more

massive and 3 times more extended than the ionized outflows in these sources. As such, tracing the

outflows in the ionized phase alone can substantially underestimate the full impact of the outflow

on the host galaxy. To fully quantify the impact of AGN outflows, it is crucial to simultaneously

characterize their multi-phase content, which includes both molecular and ionized gas. This can

be achieved at z∼ 2 by combining new observations from the Atacama Large Millimeter Array

(ALMA) with existing rest-frame optical spectra, observed at NIR wavelengths.
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In the future, I aim to capitalize on the success of the MOSDEF survey, in which I lead

one of the first efforts to systematically identify and characterize AGN-driven ionized outflows

at z ∼ 2. A key measure of the impact of AGN-driven outflows is the mass-loading factor η

= Ṁ/SFR. I show in this dissertation that η of these ionized outflows observed is typically

∼ 0.1− 1. It is currently unclear from these modest η values whether these ionized outflows

alone can fully quench star formation in their host galaxies or only regulate it. Observations

of molecular outflows is the missing link in determining the full impact of AGN outflows to

the evolution of their host galaxy in these systems. The unique MOSDEF dataset provides a

statistical sample of known ionized outflows with robust kinematic, spatial, energetic, and mass

measurements in a representative sample of AGNs at z∼ 2.

I plan to select targets from this ideal parent sample for ALMA observations to identify

and characterize molecular outflows, obtain robust constraints on the total outflow mass in these

systems, and quantify their full impact on galaxy evolution at the peak of galaxy and AGN growth.

The AGN in this parent sample mostly reside in the star-forming main sequence, providing a

sample that is representative of the typical star-forming galaxy population. Unlike in previous

ALMA observations of molecular outflows in AGN at z∼ 2, which were focused on the most

luminous quasars, the AGN in the MOSDEF parent sample span a wide luminosity range which is

largely unexplored territory in the literature. This will result in the first uniform statistical sample

of AGN-driven outflows with simultaneous measurements of their ionized and molecular contents

at z∼ 2. The sample will cover a comprehensive range of AGN, galaxy, and outflow properties,

providing superb laboratories for studying the impact of AGN-driven molecular outflows on the

evolution of galaxies in a broader context at z∼ 2.
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5.2 Revealing the Full Physical Extent of AGN Outflows

An actively-debated question in studies of AGN-driven outflows is how far they extend.

The physical extent is key to understanding the impact outflows have on their host galaxies, as it

determines the mass and energy outflow rates, and whether the outflowing gas escapes the host

dark matter halos, populating not only the CGM but also the IGM. While I have shown in this

dissertation that at z∼ 2 , similar to that in the local Universe, AGN-driven outflows can extend

to the galaxy disk scale length (1-10 kpc), these extents are lower limits, restricted by instrument

sensitivity to low surface brightness emission as well as the FOV of existing IFS. However, it

has been observed that substantial outflowing gas mass often resides in low density, and thus

low surface brightness, regions of outflows that account for a substantial fraction of the known

physical extent (Mingozzi et al. 2019), such that current measurements likely underestimate the

actual mass in outflows.

The new Keck/KCWI IFS provides has an order of magnitude increase in sensitivity and

FOV compared to previous instruments. In the pilot program presented in this dissertation, I used

KCWI to observe outflows in a nearby IR-luminous, obscured quasar, Mrk 273. In collaboration

with Prof. David Rupke and Prof. Alison Coil, I have obtained KCWI data on eight more

nearby quasars with known ionized outflows. I plan to to use this statistical sample of quasar

outflows to robustly determine the physical extent as well as spatially-resolved kinematics and

ionization of outflows in AGN. I will compare the robustly measurements of physical extents

from new observations with those from existing observations, and establish a relation between

the two as a function of the depth of the observations, as well as AGN properties. This will

allow us to estimate the actual physical extents of the wealth of existing measurements of

AGN outflows, potentially updating our understanding of the impact of the outflows in galaxy

evolution. Moreover, the driving mechanism of AGN outflows are currently hotly debated, with

contradicting evidence supporting a radiation-driven momentum-conserving wind scenario and
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an energy-conserving wind scenario with a momentum boost. Such an inconsistency is likely

due to the large uncertainty in the measured outflowing momentum flux obtained from physical

extent measurements of heterogeneous observation depths or instrumental limits. I will use these

new observations to construct a homogeneous sample of AGN-driven outflows with reliable

measurements, and determine the driving mechanism of these outflows. Such detailed studies are

required to robustly determine the importance of AGN-driven outflows in galaxy evolution and

the origin of AGN-driven outflows.

5.3 Quantifying AGN-driven Outflows with Very Large Sam-

ples

To reveal the role of AGN-driven outflows in galaxy evolution and determine their physical

characteristics in the context of the galaxy and AGN populations, it is necessary to have a statistical

sample of AGN selected from a uniform sample of galaxies. In this dissertation, I use the full

MOSDEF dataset and construct the largest uniform spectroscopic sample of AGN at z ∼ 2 to

study the relation between outflows and the galaxy and AGN populations. I show that, after

accounting for the common AGN observational selection bias in M∗, AGN-driven outflows occur

equally frequently in virtually all galaxies probed by MOSDEF, independent of M∗ and SFR.

This shows that careful treatment of selection biases are crucial in such statistical studies in order

to make correct conclusions about the sample. Moreover, I show for the first time in a uniform

sample of AGN at z∼ 2 that the mass and energy outflow rates depend primarily on LAGN but not

significantly on M∗ or SFR.

While this dissertation presented a census of AGN-driven outflows with the largest sample

at z∼ 2, studies at high redshift are inevitably limited in terms of signal-to-noise ratio (S/N) and

sample size compared with those in the local Universe. The local Universe provides an ideal

testing ground for studying outflow incidence or properties and host galaxy or AGN properties,
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benefiting from a wealth of spectroscopic data available in very large surveys such as the SDSS,

where ∼ 104 AGN have been observed. Such a large sample is currently unachievable at high

redshift.

In the future, I plan to take advantage of the very large samples of AGN in SDSS to

robustly determine which galaxies or AGN host outflows and the major deciding factor of outflow

properties. While many successful studies of AGN-driven outflows have been conducted using

SDSS data (e.g. Mullaney et al. 2013; Woo et al. 2016; Perna et al. 2017b,a), these studies study

AGN samples only, and the relation between outflows and the host galaxy population has not been

examined. I will use sources in the public catalog of multicomponent emission line fits of over

20,000 optical SDSS AGN in presented in Mullaney et al. (2013), which provides the outflow

velocity and mass from the [OIII] and Hβ emission lines, while obtaining host galaxy properties

from the MPA-JHU catalog. With this sample, I will disentangle the complex convolution among

galaxy and AGN properties, as well as observational biases due to S/N, which is not currently

possible using relatively small samples at high redshift. Only such a sample enables one to answer

the critical open question of what drives both the incidence and impact of AGN outflows within

the galaxy population.
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Radovich M., Rich R. M., Scaramella R., Scodeggio M., Seibert M., Siegmund O., Small T.,
Szalay A. S., Welsh B., Xu C. K., Zamorani G., Zanichelli A. 2005, The GALEX VIMOS-VLT
Deep Survey Measurement of the Evolution of the 1500 Å Luminosity Function, ApJ, 619,
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Förster Schreiber N. M., Übler H., Davies R. L., Genzel R., Wisnioski E., Belli S., Shimizu T.,
Lutz D., Fossati M., Herrera-Camus R., Mendel J. T., Tacconi L. J., Wilman D., Beifiori A.,
Brammer G. B., Burkert A., Carollo C. M., Davies R. I., Eisenhauer F., Fabricius M., Lilly
S. J., Momcheva I., Naab T., Nelson E. J., Price S. H., Renzini A., Saglia R., Sternberg A., van
Dokkum P., Wuyts S. 2019, The KMOS3D Survey: Demographics and Properties of Galactic
Outflows at z = 0.6-2.7, ApJ, 875, 21, doi: 10.3847/1538-4357/ab0ca2

159

http://doi.org/10.1093/mnras/stt997
http://doi.org/10.1093/mnras/stt997
http://doi.org/10.1111/j.1365-2966.2010.16620.x
http://doi.org/10.1111/j.1365-2966.2010.16620.x
http://doi.org/10.1086/519294
http://doi.org/10.1038/nature07169
http://doi.org/10.1111/j.1365-2966.2012.21512.x
http://doi.org/10.1086/518027
http://doi.org/10.1086/312838
http://doi.org/10.1051/0004-6361/201629478
http://doi.org/10.1051/0004-6361/200911650
http://doi.org/10.3847/1538-4357/ab0ca2


Freeman W. R., Siana B., Kriek M., Shapley A. E., Reddy N., Coil A. L., Mobasher B., Muratov
A. L., Azadi M., Leung G., Sanders R., Shivaei I., Price S. H., DeGroot L., Kereš D. 2019,
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Lawrence J. S., López-Sánchez Á. R., Owers M. S., Richards S., Sharp R. 2014, The SAMI
Galaxy Survey: shocks and outflows in a normal star-forming galaxy, MNRAS, 444, 3894,
doi: 10.1093/mnras/stu1653

Holt J., Tadhunter C. N., Morganti R., Emonts B. H. C. 2011, The impact of the warm outflow
in the young (GPS) radio source and ULIRG PKS 1345+12 (4C 12.50), MNRAS, 410, 1527,
doi: 10.1111/j.1365-2966.2010.17535.x

Hook I. M., Jørgensen I., Allington-Smith J. R., Davies R. L., Metcalfe N., Murowinski R. G.,
Crampton D. 2004, The Gemini-North Multi-Object Spectrograph: Performance in Imaging,
Long-Slit, and Multi-Object Spectroscopic Modes, PASP, 116, 425, doi: 10.1086/383624

Hopkins A. M., Beacom J. F. 2006, On the Normalization of the Cosmic Star Formation History,
ApJ, 651, 142, doi: 10.1086/506610

162

http://doi.org/10.1111/j.1365-2966.2012.21723.x
http://doi.org/10.1111/j.1365-2966.2012.21723.x
http://doi.org/10.1093/mnras/stv2727
http://doi.org/10.1086/191522
http://doi.org/10.1146/annurev-astro-081913-035722
http://doi.org/10.1146/annurev-astro-081913-035722
http://doi.org/10.3847/1538-4357/aaf6a7
http://doi.org/10.1051/0004-6361/201937109
http://doi.org/10.1088/0004-637X/782/1/9
http://doi.org/10.1093/mnras/stu1653
http://doi.org/10.1111/j.1365-2966.2010.17535.x
http://doi.org/10.1086/383624
http://doi.org/10.1086/506610
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Davé R., Kereš D., Krumholz M. 2015, The MOSFIRE Deep Evolution Field (MOSDEF)
Survey: Rest-frame Optical Spectroscopy for ˜1500 H-selected Galaxies at 1.37 ¡ z ¡ 3.8, ApJS,
218, 15, doi: 10.1088/0067-0049/218/2/15

Lacy M., Storrie-Lombardi L. J., Sajina A., Appleton P. N., Armus L., Chapman S. C., Choi
P. I., Fadda D., Fang F., Frayer D. T., Heinrichsen I., Helou G., Im M., Marleau F. R., Masci

165

http://doi.org/10.1111/j.1745-3933.2011.01067.x
http://doi.org/10.1088/0067-0049/197/2/36
http://doi.org/10.1086/316294
http://doi.org/10.1146/annurev-astro-082708-101811
http://doi.org/10.1146/annurev.aa.33.090195.003053
http://doi.org/10.1088/0004-637X/700/1/221
http://doi.org/10.1088/0067-0049/218/2/15


F., Shupe D. L., Soifer B. T., Surace J., Teplitz H. I., Wilson G., Yan L. 2004, Obscured and
Unobscured Active Galactic Nuclei in the Spitzer Space Telescope First Look Survey, ApJS,
154, 166, doi: 10.1086/422816

Laird E. S., Nandra K., Georgakakis A., Aird J. A., Barmby P., Conselice C. J., Coil A. L., Davis
M., Faber S. M., Fazio G. G., Guhathakurta P., Koo D. C., Sarajedini V., Willmer C. N. A.
2009, AEGIS-X: the Chandra Deep Survey of the Extended Groth Strip, ApJS, 180, 102,
doi: 10.1088/0067-0049/180/1/102

Le Floc’h E., Papovich C., Dole H., Bell E. F., Lagache G., Rieke G. H., Egami E., Pérez-González
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Selected Sample of Seyfert Galaxies: Results, ApJ, 597, 768, doi: 10.1086/381224

Seyfert C. K. 1943, Nuclear Emission in Spiral Nebulae., ApJ, 97, 28, doi: 10.1086/144488

Shapley A. E., Reddy N. A., Kriek M., Freeman W. R., Sanders R. L., Siana B., Coil A. L.,
Mobasher B., Shivaei I., Price S. H., de Groot L. 2015, The MOSDEF Survey: Excitation
Properties of z∼ 2.3 Star-forming Galaxies, ApJ, 801, 88, doi: 10.1088/0004-637X/801/2/
88

Sharples R., Bender R., Agudo Berbel A., Bezawada N., Castillo R., Cirasuolo M., Davidson G.,
Davies R., Dubbeldam M., Fairley A., Finger G., Förster Schreiber N., Gonte F., Hess A., Jung
I., Lewis I., Lizon J. L., Muschielok B., Pasquini L., Pirard J., Popovic D., Ramsay S., Rees P.,
Richter J., Riquelme M., Rodrigues M., Saviane I., Schlichter J., Schmidtobreick L., Segovia
A., Smette A., Szeifert T., van Kesteren A., Wegner M., Wiezorrek E. 2013, First Light for the
KMOS Multi-Object Integral-Field Spectrometer, The Messenger, 151, 21

Shivaei I., Reddy N. A., Shapley A. E., Kriek M., Siana B., Mobasher B., Coil A. L., Freeman
W. R., Sanders R., Price S. H., de Groot L., Azadi M. 2015, The MOSDEF Survey: Dissecting
the Star Formation Rate versus Stellar Mass Relation Using Hα and Hβ Emission Lines at z ∼
2, ApJ, 815, 98, doi: 10.1088/0004-637X/815/2/98

Shivaei I., Reddy N. A., Siana B., Shapley A. E., Kriek M., Mobasher B., Freeman W. R., Sanders
R. L., Coil A. L., Price S. H., Fetherolf T., Azadi M., Leung G., Zick T. 2018, The MOSDEF
Survey: Direct Observational Constraints on the Ionizing Photon Production Efficiency, ξ ion,
at z∼ 2, ApJ, 855, 42, doi: 10.3847/1538-4357/aaad62

171

http://doi.org/10.1086/147973
http://doi.org/10.1086/147973
http://doi.org/10.1086/165983
http://doi.org/10.1086/165983
http://doi.org/10.3847/0004-637X/816/1/23
http://doi.org/10.1093/mnras/stu2058
http://doi.org/10.1038/1971040a0
http://doi.org/10.1086/381224
http://doi.org/10.1086/144488
http://doi.org/10.1088/0004-637X/801/2/88
http://doi.org/10.1088/0004-637X/801/2/88
http://doi.org/10.1088/0004-637X/815/2/98
http://doi.org/10.3847/1538-4357/aaad62


Silk J. 2005, Ultraluminous starbursts from supermassive black hole-induced outflows, MNRAS,
364, 1337, doi: 10.1111/j.1365-2966.2005.09672.x

Silk J., Rees M. J. 1998, Quasars and galaxy formation, A&A, 331, L1. https://arxiv.org/
abs/astro-ph/9801013

Silva L., Maiolino R., Granato G. L. 2004, Connecting the cosmic infrared background to the
X-ray background, MNRAS, 355, 973, doi: 10.1111/j.1365-2966.2004.08380.x

Skelton R. E., Whitaker K. E., Momcheva I. G., Brammer G. B., van Dokkum P. G., Labbé I.,
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