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Our recent studies in galaxy evolution have revealed a surprising new

paradigm of star formation. Contrary to the notion that major mergers play

an increasingly dominant role going backwards in cosmic history, we find that

over the last ∼10 Gyr, much of star formation has been fueled by accreting cold

gas from the cosmic web. Accretion rates were presumably larger in the past, so

star forming systems may have very different properties in the early Universe

and today. Large scale astronomical surveys, such as the Herschel Multi-Tiered

Extragalactic Survey (HerMES), and the Sloan Digital Sky Survey (SDSS) have

provided a wealth of extragalactic data covering a statistically large number

of sources. Targeted, niche surveys, like our fine structure line survey of star

forming galaxies in the early Universe observed with the redshift (z) Early Uni-

verse Spectrometer (ZEUS) have provided detailed observations of high interest

sources. We have made use of this diverse set of data to study galaxy evolution

from the epoch of peak star formation at z=1-2 up to the present.

Data from HerMES is a reliable probe of infrared emission, particularly use-

ful for characterizing the far infrared dust peak, and therefore determining star

formation rates out to redshifts of a few. Deep integrations with the Herschel

SPIRE photometer rapidly reach the confusion limit, tempering its utility in

studying faint high redshift galaxies. With appropriate care taken to identify

blended sources, however, HerMES data is useful in identifying bright, red-



shifted, star forming sources. We have compiled spectral energy distributions

from HerMES and ancillary data and found that, even sources at high redshift

are well fit by local star forming galaxy templates.

In the local Universe, spectroscopic SDSS data has allowed us to estimate

crucial galaxy properties on ∼105 sources, providing an opportunity to observe

general statistical trends, and constrain theories of galaxy evolution. A toy

model of cold flow accretion powered star formation reproduces the observed

fundamental plane of galaxy stellar mass, metallicity, and star formation for

small and medium mass galaxies.

Our fine structure line survey with ZEUS detected the [CII] 157.7 µm line in

eight galaxies from the epoch of peak star formation at z=1-2. We augmented

this survey with observations of the [OI] 63 µm line and far infrared photome-

try from Herschel, as well as Spitzer IRS spectra from the literature. Most of our

sources have higher than average gas heating efficiency with L[CII]/LFIR &10−2.

We interpret the majority of them as being dominated by star formation pow-

ered PDRs, extending to kpc scales. In two sources there is evidence for en-

hanced [CII] emission due to heating by low velocity shocks. These findings

are consistent with a picture of gas accretion fueling star formation on a near

galaxy-wide scale.

In synthesizing this data we find a remarkable consistency in the nature of

star formation over the last 10 Gyr. In contrast with the model of sustained hier-

archical merging, we find that star formation since z∼2 is fueled largely by cold

flow accretion of gas from the cosmic web, which presents itself as moderate

density star formation with correspondingly moderate UV fields.
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CHAPTER 1

INTRODUCTION

The recent ability to observe large numbers of distant galaxies over vast

swaths of the electromagnetic spectrum has brought new insight to the long-

standing field of galaxy evolution. The methods used to understand galaxies

have changed over time, from the empirical cataloging of galaxy morphology by

Hubble, to the mathematical star formation / gas pressure models of Schmidt-

Kennicutt [Schmidt, 1959, Kennicutt, 1998a], to sophisticated computer particle

simulations that include dark matter and stellar feedback [c.f. Springel et al.,

2005, Bower et al., 2006, Guedes et al., 2011]. The common thread is that, to

be viable, any galaxy relationship or theoretical model must ultimately explain

current knowledge and make predictions for future tests.

Galaxy stellar mass, star formation rates, and metallicity are particularly

well defined quantities that can be readily measured through various means.

While these three data points present a rather Spartan picture of a galaxy, they

roughly encapsulate its summed history including star formation, violent merg-

ing events, and the creation of new elements. A simple collection of these data

extending back in time for a large fraction of the Universe’s history represents

the formation and subsequent evolution of galaxies. Additional data in the form

of spectral lines characterizing radiation fields, densities, and activity of a cen-

tral engine yield a richer description with a detailed view of the physics power-

ing particular galactic phenomena.

The picture of galaxy formation is complicated with various timescales and

punctuated events. Galaxies are thought to have initially formed through hi-

erarchical clustering - a process describing a ’bottom up’ formation scenario in
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which small structure emerged first from the nearly homogenous soup of the

early Universe, and this small structure gradually coalesced, merging into larger

and larger systems, eventually forming the collections of gas and stars that we

recognize today as galaxies. This picture is usually invoked to explain the ear-

liest formation of galaxies at z∼7 [Bouwens and Illingworth, 2006]. Structural

merging continues today, as shown by the occurence of major mergers between

galaxies of nearly equal mass that can be seen at various stages of relaxation. Lo-

cally, we see examples in the beautiful morphology of interacting systems such

as the Antennae, or the Mice galaxies [Whitmore and Schweizer, 1995, Burbidge

and Burbidge, 1959]. At higher redshifts we can see evidence for recent mergers

in the disturbed morphologies and obvious collisions apparent in both optical

(HST) and mm-wave interferometric images [e.g. van Dokkum et al., 1999, Tac-

coni et al., 2006, Kocevski et al., 2012].

The counterpart to major merger growth is the concept of cold flow accre-

tion, whereby large galaxies grow by accreting streams of intergalactic gas.

These two modes of galaxy growth both occur to varying degrees in individ-

ual galaxies. One of the major questions then is what are the visible effects of

these forms of galaxy growth and how has the prevalence of mergers and cold

flow accretion changed throughout the history of the Universe?

Work by S. Lilly and Piero Madau (and followed up by many others [e.g.

Lilly et al., 1996, Madau et al., 1996, Dunne et al., 2009, Magnelli et al., 2011,

Wang, 2013]) has tracked star formation rate densities of the Universe over the

last several Gyr. As shown in Figure 1.1, there is a clear order of magnitude rise

in star formation density going back in time to z∼2. The cause of this dramatic

change is not obvious, but since star formation and galaxy mass growth are in-

2



extricably linked, we might expect that a shifting dominance in the mechanism

of galaxy growth might lead to observable differences in the resulting star for-

mation. A galaxy that has recently undergone a violent merger, for instance, will

look significantly different (in terms of available gas, morphological structure,

extent and intensity of star formation, and possibly presence and activity of a

central engine,) than a galaxy that has grown quiescently through gas accretion

for the last several Gyr.

Figure 1.1 A ‘Lilly-Madau’ plot showing the comoving total infrared (8-1000
µm) energy density (left axis) and the corresponding star formation rate density
(right axis) assuming a Salpeter IMF as a function of redshift out to z∼2. The red
region represents contributions from ULIRGs (LIR >1012L�), the orange region
represents contributions from LIRGs (LIR >1011L�), the yellow region repre-
sents contributions from normal galaxies (107 <LIR/L� <1011), and the black
hashed region represents the total. There is a clear increase in the star formation
rate density moving from z=0 to z=1, as well as a trend for increasing contribu-
tions from LIRGs and ULIRGs. Figure reprinted from Figure 9 of Magnelli et al.
[2011].

Complicating the picture are the detailed roles of stellar and AGN feedback,

and the effect of changing metallicity on star formation. Observed properties

express the sum total of all these effects. Connecting those observations with
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the abstract concepts, however, requires detailed models and simulations which

must include all significant galactic influences and observed data. Only recently

are we beginning to understand the range and variation in galaxy properties

throughout the history of the Universe. We are finally able to tentatively suggest

outlines for the individual ingredients (such as a rough idea of star formation

history to z∼4, and metallicities of high redshift quasars and local host galax-

ies.) Now the challenge is putting together those ingredients to make a unifying

picture.

Technology is now coming of an age that enables us to obtain the data nec-

essary to study these questions. The advent of mega-project astronomy has al-

lowed deep iconic surveys that give ‘whole cloth’ representations of the Uni-

verse across many portions of the electromagnetic spectrum. Far infrared ob-

servations have proven particularly invaluable for their ability to probe the cool

dust peak and observe fine structure lines emanating from the hearts of other-

wise obscured dense molecular clouds. The Herschel Multi-tiered Extragalac-

tic Survey (HerMES) is a blind ‘wedding cake’ style survey covering portions

of several well known, low Galactic foreground extinction fields [Oliver et al.,

2012]. These fields have been covered at several other wavelengths, but Her-

MES represents the deepest and most resolved far infrared view yet, providing

the keystone that supports our understanding of dusty high-z galaxies. The

Sloan Digital Sky Survey (SDSS) of ∼35% of the entire sky provides the largest

optical and near infrared survey of the sky to date. Other optical surveys pro-

vide deeper views in select regions, and most of the data in the SDSS extends

only out to relatively low redshifts covering the Universe’s most recent epoch,

but it provides an amazing breadth of coverage, allowing statistical compilation

of galaxy properties over much of the Northern sky. These surveys have proven
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instrumental in discovering the global composition of our Universe.

Small, targeted surveys, often motivated by specific science research goals,

are equally crucial in understanding the Universe. They can specifically target

astrophysically interesting and accessible sources, providing necessary data to

understand an underlying physical process at work in individual sources and

therby serve as a microcosm of the processes at work in the Universe as a whole.

In this vein, the spectroscopic mini-surveys undertaken by ZEUS at redshifts

z=1-2 have been instrumental in illuminating the nature of galaxies during the

epoch of peak star formation.

In this dissertation I present work that I have undertaken in my six years at

Cornell University to understand the nature of galaxy evolution. In doing so I

have largely focused on the following questions:

• What are the defining galaxy populations at high redshift?

• How has galaxy luminosity and star formation changed in the last 10 Gyr?

• What influences the process of metal enrichment in the last 3 Gyr?

• Does star formation proceed in the early Universe through the same

modes as it does locally?

In chapter 2 I address the ability to extract meaningful properties from the

deepest and longest wavelength HerMES observations, and compare the over-

all Spectral Energy Distributions (SEDs) of high redshift galaxies to local galaxy

models. In chapter 3 I investigate the statistical relationship between galaxy

mass, size, and metal enrichment in relatively nearby galaxies (0.07 < z < 0.3.)

In chapter 4 I use the spectroscopic mini-survey results from ZEUS to analyze
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the energetics, dynamics, and ultimately the star formation in a small, but po-

tentially representative, set of star forming high redshift galaxies. The first two

chapters represent published work, while the third represents work submitted

for publication. In chapter 5, I summarize my conclusions from this work, pro-

vide updated commentary, and describe relevant extensions of this work that

are underway or that I plan to work on in the future. Note that in chapters 2

and 4 I make use of the various terms, ‘sub-millimeter,’ ‘infrared,’ ‘far infrared,’

and ‘total infrared.’ The exact meaning of the terms remains consistent and well

defined within each chapter, but changes slightly between them.
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CHAPTER 2

THE DEEP SPIRE HERMES SURVEY: SPECTRAL ENERGY

DISTRIBUTIONS AND THEIR ASTROPHYSICAL INDICATIONS AT

HIGH REDSHIFT

2.1 Introduction

The Herschel Space Observatory1 is a satellite mission launched by ESA in May

2009 [Pilbratt et al., 2010]. Herschel has three instruments: a far-infrared photo-

metric camera and imaging grating spectrometer, PACS [Poglitsch et al., 2010], a

far-infrared - sub-millimeter heterodyne receiver, HIFI [de Graauw et al., 2010],

and a sub-millimeter photometric camera and imaging Fourier transform spec-

trometer, SPIRE [Griffin et al., 2010]. Herschel’s primary aperture is 3.5 m and

the instrumentation delivers near diffraction limited performance in all modes

with very high sensitivity Herschel science observations began in September

2009 and the cryogenics lasted 3 years and 7 months, ending its mission on April

29 2013. To date more than 763 papers based on Herschel data have appeared 2.

Herschel has opened wide astronomical access to the far-infrared / submil-

limeter (FIR/SMM) spectral range. With the Spectral and Photometric Imaging

Receiver (SPIRE), deep cosmological surveys are studying galaxies out to red-

shifts of order z ∼ 3, reaching back to epochs when the Universe was only a few

∗This chapter is an adapted version of the published article Brisbin et al. (2010).
1Herschel is an ESA space observatory with science instruments provided by European-led

Principal Investigator consortia and with important participation from NASA.
2http://herschel.esac.esa.int/hpt/publicationlist.do
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billion years old.

A primary motivation for these surveys, as well as those undertaken with the

Photodetector Array Camera & Spectrometer (PACS) aboard Herschel, is to gain

improved spectral energy distributions (SEDs) of astronomical sources. With an

appropriate redshift, integration of the flux densities demarcated by the SEDs

permits derivation of rest-frame luminosities, star-formation rates, and other

physical properties of galaxies.

Among the first observations undertaken by SPIRE in the Herschel Multi-

tiered Extragalactic Survey (HerMES3) project [Oliver et al., 2010] have been

surveys of galaxies in GOODS-N and Northern portions of the Lockman Hole

(LN) field [see Oliver et al. [2010] for a description of these early observations.]

Source confusion, as defined and discussed in detail by Takeuchi and Ishii

[2004], results in blending of far-infrared sources and complicates the analysis

of survey data. In light of the large degree of source blending expected at SPIRE

wavelengths, novel options for source extraction have been pursued [[Rose-

boom et al., 2010], [Béthermin et al., 2010]]. Rather than looking for sources

based on SPIRE intensity maps alone or relying on traditional source detection

and extraction techniques for the SPIRE data, which are heavily affected by con-

fusion, Roseboom et al. [2010] measure the SPIRE flux at the position of known

24 µm sources using a linear inversion technique to account for source blend-

ing. The rationale for this is provided by the results of the Balloon-borne Large

Aperture Submillimetre Telescope (BLAST) extragalactic survey [Marsden et al.,

2009], which showed that the 24 µm and the FIR flux densities are at least sta-

tistically correlated.

3hermes.sussex.ac.uk
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2.2 Primary Aims

The aims of this paper are twofold; our primary aim is to derive spectral en-

ergy distributions for distant galaxies observed by SPIRE. Before this can be

achieved, however, a robust way of identifying sources least affected by confu-

sion and blending must be devised.

The GOODS-N catalogue of Roseboom et al. [2010] provides a cross-

identification (XID) of FIR/SMM flux density at 250, 350 and 500 µm with 1951

possible 24 µm counterparts having minimum flux densities of 20 µJy. Many of

the identified 24 µm galaxies are further cross-identified with ultraviolet, opti-

cal, near-infrared (NIR) and radio counterparts. The survey covered a 12.3×18.6

arc minute strip, corresponding to ∼230 arcmin2

The SPIRE beam diameters at full-width-half maximum (FWHM) respec-

tively measure 18.1, 25.2 and 36.9 arcsec at 250, 350 and 500 µm. For present

purposes, we take the beams to be close to circular; their ellipticity varies from

pixel to pixel, but is approximately 1.08± 0.05, the longer direction lying in the

spacecraft horizontal direction, parallel to the ecliptic plane (Bernhard Schulz,

private communication.) The beam at 500 µm thus has an area ∼0.3 arcmin2.

With 1951 possible 24 µm sources, we can expect a typical 500 µm beam to con-

tain 2.5 possible sources. At 250 µm the crowding is a factor of 4 less severe, but

still appreciable. An example of the crowded source distribution is seen in Fig-

ure 2.1 where the SPIRE beam outlines are overlaid on a patch of the GOODS-N

field centered on a 24 µm source.

In the Northern Lockman region, a 40.1’ × 36.2’ segment of the sky yielded

6316 possible 24 µm counterparts with minimum flux densities of 50 µJy in an

9



Figure 2.1 A GOODS-N SPIRE and 24 µm source with equatorial coordinates
(J2000.0) 189.1506 / 62.2824 shown as a diamond with nearby 24 µm sources.
Known ambient 24 µm sources are shown as squares with nested symbols. Plus
signs indicate sources with known redshifts and triangles indicate sources with
unknown redshift. The spatial distribution of 24 µm sources is based on the XID
information in Roseboom et al. [2010]. Solid circles represent the full-width-
half-maxima (FWHM) of the Airy profile PRF at the three SPIRE wavelengths
and dashed circles represent the second Airy minimum. Coordinates are in
J2000.

area subtending ∼1500 arcmin2 — again corresponding to more than 1 poten-

tial 500 µm source per beam. Identification of sources least affected by confu-

sion and blending is therefore important. These sources have also been cross-

identified at multiple wavelengths and assigned photometric redshifts as de-

tailed in Strazzullo et al. [2010].
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2.3 Data

Using the existing high spatial resolution Spitzer 24 µm data and the known

far-infrared instrumental point response function (PRF) as inputs, Roseboom

et al. [2010] determined best-fit 250, 350, and 500 µm fluxes by a procedure they

detail in their paper. In each SPIRE wavelength band, their tabulated cross-

identifications provide both their best estimate of the flux density Fν and the

flux density PRFν in a PRF-convolved map centered on the position of an as-

sociated 24 µm source. They make no assumptions about a proportionality be-

tween 24 µm and FIR flux densities, but assume that SPIRE sources will only be

detected at positions of 24 µm sources. For each source, ancillary data at other

wavelengths are included, as well as several flags that can be used to identify

degenerate cases. Of particular importance is the redshift of the associated 24

µm source, which enables derivation of rest-frame SEDs and thus source lumi-

nosities. Wherever we refer to Fν and PRFν in the remainder of this paper these

quantities are to be thought of as those defined by Roseboom et al. [2010].

The flux density in a PRF-convolved region centered on the position of the

24 µm galaxy associated with each far-infrared source represents the system

response not only to the flux density attributed to this source (referred to as

Fν
∣∣
λ
) but also to contributions from nearby sources. It thus provides a measure

of blending characterizing each source. We define a purity index Πλ for each

source as the ratio

Πλ = Fν/PRFν
∣∣
λ
, (2.1)

where λ specifies the wavelength band, 250, 350, or 500 µm, and PRFν
∣∣
λ
, as

1Herschel is an ESA space observatory with science instruments provided by European-led
Principal Investigator consortia and with important participation from NASA.

2hermes.sussex.ac.uk
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supplied in the XID catalogs by Roseboom et al. 2010 is the PRF-smoothed flux

density at the position of the source.3 A high value of Πλ indicates low confusion

and blending in wavelength band λ; a low value indicates high blending. The

fractional contributions by ambient sources to the PRF-convolved flux density

within a PRF is simply (1 − Πλ). In principle, the purity index must assume

values 0 . Πλ . 1. In practice, however, the value Fν has been calculated on

top of a locally determined background, whereas the PRFν values do not take

a local background variation into account. This can result in Πλ > 1 when a

negative local background or “baseline” has been used.

2.4 The Statistics of Purity Indices in GOODS-N and Lockman

North

We have found it useful to identify sources whose purity indices respectively

exceed Πλ measures of 0.7, 0.5, and 0.3 at 250, 350, and 500 µm. We say that

a source is secure at each wavelength if it meets this criterion. If the source is

found to be secure in all three wavelength bands, we call it triply secure. High-

purity sources are of special interest because their isolated nature makes them

less susceptible to blending by neighbors. It is these sources which will be espe-

cially useful for follow up studies with other instruments and also may provide

confirmation of the deblending approach used. It should be noted, however,

that a flux density estimate from a highly pure source might still be inaccurate

if there is significant contribution from an infrared source that is not observed

3Our PRFν |λ corresponds to the quantity d in equation (2) of Roseboom et al. 2010, con-
volved with the point response function centered on the primary source whose flux is Fν |λ.
The entries in the XID tables list our Fν |λ as F (λ), and our PRFν |λ flux density as PRF (λ).
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at 24 µm. Furthermore, sources with low purity do have well-defined deblend-

ing solutions and hence well-characterized flux densities and uncertainties from

Roseboom et al. [2010]. In crowded fields, the true flux density is very likely de-

scribed by this characterization, although the margins of uncertainty tend to be

large. Our choice of purity criteria is somewhat subjective but offers a reason-

able compromise for extracting relatively reliable SEDs despite source blending.

Understandably, these criteria may be expected to vary depending on the type

of information an astronomer expects to extract from the survey data.

When a reliable redshift is available, the single most important quantity that

can be determined from an SED is source luminosity. With this, one can begin

discussing the luminosity distribution at specific redshifts, as well as luminosity

evolution as a function of redshift, particularly among ultraluminous galaxies

that emit the dominant fraction of their energy in the infrared. However, to ob-

tain a reliable SED and thus a reliable luminosity, we require sources whose flux

densities are well determined at all three SPIRE wavelengths in order to opti-

mally constrain the flux density defining the broad wavelength region around

peak emission.

To explain the consequences of our choice of purity criteria in this context,

we may consider a toy model which, as pointed out in Section 2.1, will respec-

tively exhibit an average number of sources nλ ∼ 2.5, 1.225, and 0.625 per

GOODS-N beam, at 500, 350, and 250 µm. Let us inject an additional source

into such a beam and call it the primary source. If all the sources involved are

equally bright, on average, i.e., make equal contributions to the PRF-smoothed

flux density, the purity of the primary source will be Πλ = (1 + nλ)
−1, i.e. 0.29,

0.45, and 0.62, respectively at 500, 350 and 250 µm. Half the sources in each
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waveband will have purities higher than these purity cuts, and half lower.

Turning now to our preferred adoption of purity cuts of 0.3, 0.5 and 0.7 at

500, 350, and 250 µm, we see that they assure two properties: (i) that they yield

sources whose purities are above average at all three wavelengths, and (ii) that

the fraction of sources with purity above the cut is roughly comparable at all

three wavelengths — a balance, which is important to assure a well-defined

SED. Table 1, described below, confirms these traits for the GOODS-N sample.

It shows that a fraction fλ = 0.23 of the sources has purity exceeding 0.7 at 250

µm, a fraction 0.32 exceeding purity 0.5 at 350 µm, and a fraction 0.36 exceeding

purity 0.3 at 500 µm. These fractions cluster around a value of 0.3, thus lending

roughly equal weight to the flux density in each waveband in the determination

of the SED.

In Table 1, we list the fraction of sources in GOODS-N and LN whose purity

indices lie above certain cuts. We permit these indices to slightly exceed a value

of one, with a cut-off of Π = 1.1 in GOODS-N and Π = 1.2 in LN. These relaxed

upper limits are designed to allow the inclusion of detections with a significant

local background which otherwise have all the earmarks of being secure.

In the GOODS-N region the XID catalog lists 183 sources observed at all

three wavelengths and with known redshift, 16 of which are triply secure. If

we remove the upper limit Π = 1.1, the number of triply secure sources rises to

59. In LN there are 633 sources with detections in all three SPIRE bands and the

two selected PACS bands (100 and 160 µm) with known redshift, 165 of which

are triply secure; this number increases to 287 if we remove the upper limits on

purity. Although the numbers of these galaxies are quite modest, they neverthe-

less yield informative statistics on the luminosities and luminosity distributions
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Table 2.1 Fraction of detected SPIRE sources in the GOODS-N and LN with a Πλ

value greater than the threshold indicated in the top row. For the GOODS-N and
LN regions we place an upper limit cut-off on Πλ of 1.1 and 1.2 respectively. The
columns marked ‘detections’ denote the total number of SPIRE sources detected
at a given wavelength in the present HerMES project.

GOODS-N
Π > 0.9 0.7 0.5 0.3 detections
250 µm 0.106 0.231 0.348 0.493 1032
350 µm 0.069 0.199 0.316 0.451 697
500 µm 0.061 0.141 0.227 0.362 475

LN
Π > 0.9 0.7 0.5 0.3 detections
250 µm 0.275 0.435 0.579 0.703 4646
350 µm 0.184 0.343 0.500 0.670 2968
500 µm 0.144 0.281 0.419 0.570 2127

of galaxies observed out to redshifts z ∼ 3. These will be discussed in Section

2.6.

The larger aperture of the Herschel telescope and the higher spatial reso-

lution this enables have permitted the SPIRE surveys to reach depths beyond

those attained by BLAST. Nevertheless, Marsden et al. [2009] succeeded in ac-

quiring reliable measurements of stacked source flux densities at comparable

wavelengths. Their results indicate surface brightnesses of 8.60 ± 0.59, 4.93 ±

0.34, and 2.27 ± 0.20 nW m−2 sr−1 at 250, 350, and 500 µm respectively. These

stacked source flux densities represent the major component of the cosmic in-

frared background (CIB) which was measured by the Cosmic Background Ex-

plorer’s Far-Infrared Absolute Spectrometer (FIRAS) to be 10.4 ± 2.3, 5.4 ± 1.6,

and 2.4 ± 0.6 nW m−2 sr−1 at 250, 350, and 500 µm respectively [Fixsen et al.,

1998]. To investigate the extent to which this background is resolved with Her-

schel, we summed the estimated flux densities for our secure SPIRE sources in

the deepest field (GOODS-N) and then attributed this flux density to the entire

survey region of 230 arcmin2. Using the flux densities for sources contained in
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the XID catalog of Roseboom et al. [2010], our cumulative surface brightness for

GOODS-N at 250, 350, and 500 µm is 1.49, 0.70, and 0.41 nW m−2 sr−1 or 14%,

13%, and 17% of the estimated CIB. At 250 and 350 µm these values are within

1σ of those corrected for blending and incompleteness by Oliver et al. [2010].

2.5 Spectral Energy Distribution of the Secure Sources

Figures 2.2 and 2.3 exhibit SEDs for triply secure sources in LN and GOODS-N.

For LN sources, we have set an additional criterion for inclusion, namely that

they have observed flux densities also at PACS wavelengths of 100 and 160 µm.

Along with examining the observed SED, we show a fit using starburst models

developed by Siebenmorgen and Krügel [2007] (S&K). These models are based

on a nuclear concentration of massive young stars embedded in a matrix of gas

and dust referred to as “hot spots”. S&K use a five parameter SED fit which

incorporates a variable nuclear bulge size with old and new stellar components

as well as the effects of dust. They provide their models in the form of a library

of 7000 SEDs available as text files online.4 By using their models, we are able to

not only find realistic intrinsic luminosities, but also star formation rates (SFR)

for highly luminous sources at high redshift for which the Kennicut infrared -

SFR relations apply [Kennicutt, 1998a].

The S&K model fits observations quite well, although some of our SEDs ex-

hibit considerable deviations from the data at visible and near infrared wave-

lengths. This is largely due to variable shielding of starlight by dust, see Section

2.6 below.
4The S&K SED library of models is available at http://www.eso.org/∼rsiebenm/sb models/.
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Figure 2.2 Lockman N galaxy SEDs plotted with arbitrary flux density offsets.
These galaxies all met or exceeded our selection criteria of being securely iden-
tified at all three wavelengths, having a high purity index, (30%, 50%, and 70%
pure at 500, 350, and 250 µm respectively), having known PACS detections at
100 and 170µm, and having known redshifts, z > 0.5. Each tick mark on the
y-axis indicates a change by a factor of 10. Observed flux densities are indi-
cated by diamonds. For most observations the error bars are smaller than the
diamond; however for LN sources C, D, F, and G the 500 µm measurement is
compatible with zero, so we have plotted only the upper error bar. The solid line
is an S&K model fit to the 24 µm through 500 µm error-weighted observations.
We weighted the 24 µm observations only a quarter as heavily as the longer
wavelengths which play a dominant role in determining starburst luminosities.
Observational data shortward of 24 µm is plotted for reference but not used in
fitting. Source Πs are shown in Table 2.2. As with many of the examples quoted
by S&K, the visual component of the SED often needs to be fitted by hand be-
cause it bears little relation to the starburst characteristics responsible for the
mid- and far-infrared flux densities. The extent to which visible stars may or
may not contribute to the SED is determined in part by the degree to which an
older population of stars is obscured by dust without significantly contributing
to its heating or by massive young stars whose shrouding by dust has grad-
ually declined. Shrouding by dust may explain the significant drop in optical
luminosities exhibited by some of the sources at the shortest wavelengths.
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Figure 2.3 GOODS-N galaxy SEDs plotted as in Figure 2.2. The 500 µm measure-
ments for GOODS sources A, C, E, F, H, K, and L are compatible with zero, so
here we plot only the upper error bar, barely visible within the diamond symbol.
As in Figure 2.2, we weighted the 24 µm data a quarter as heavily as the longer
wavelengths. Observational data shortward of 24 µm is plotted for reference
but not used in fitting.

In Figures 2.2 and 2.3, we have focused on high redshift (z>0.5) sources as

these are of greatest interest to star formation history. Tables 2.2 and 2.3 show

the luminosities and star-formation rates of galaxies whose SEDs are shown

in Figures 2.2 and 2.3. The models appear capable of correctly representing

the galaxies we observe, most of which are highly luminous and likely to be

starbursts. Like most current models, however, vastly different dust masses and

nuclear sizes are able to yield similar SEDs, as witnessed by the large differences

in dust masses assigned to some galaxies listed in Tables 2.2 and 2.3 that have

nearly identical redshifts and luminosities. This is not surprising because the

models are only required to provide sufficient dust to convert most of the visible
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Table 2.2 Data on LN Galaxies whose SEDs appear in Figure 2.2. We list the ID
as established by Roseboom et al. [2010], right ascension and declination (J2000),
photometric redshift z > 0.5, our purity indices Πλ, total bolometric luminosity
as estimated by an S&K model, star formation rate based on the infrared lumi-
nosity relation [Kennicutt, 1998a], and dust mass estimated by the S&K model.
Along with these derived parameters, we list the model parameters: nuclear
radius, visual extinction to center (Av), and gas density within hotspots (n) in
cm−3.

ID RA Dec z Lbolo SFR Mdust Π250 Π350 Π500 Radius Av Log(n)
(L�) (M�

yr
) (M�) (kpc)

LN (A) 161.8365 59.1211 0.56 4.0×1011 66 1.6×108 0.89 0.67 0.74 3.0 35.9 3
LN (B) 161.5001 58.8732 0.60 7.9×1011 130 3.2×108 0.74 0.62 0.88 3.0 72.0 4
LN (C) 161.1277 59.1956 0.72 1.3×1012 210 3.2×108 1.10 1.00 1.07 3.0 72.0 2
LN (D) 161.3232 59.2086 0.82 1.3×1012 210 3.2×108 0.88 0.80 0.98 3.0 72.0 4
LN (E) 161.0530 59.0762 0.94 2.0×1012 330 1.6×108 0.92 0.65 0.69 3.0 35.9 3
LN (F) 161.3680 59.2242 0.96 2.5×1012 400 3.6×108 0.96 0.97 0.56 9.0 9.0 4
LN (G) 161.3429 59.2269 1.02 4.0×1012 650 1.6×108 0.89 0.87 0.64 3.0 35.9 2
LN (H) 161.4871 58.8886 1.06 2.5×1012 410 1.6×108 0.76 0.82 0.93 3.0 35.9 2
LN (I) 161.8669 58.8708 2.76 2.5×1013 4300 4.9×109 0.91 0.96 0.77 9.0 120.0 4

and ultraviolet radiation produced in the starburst into infrared radiation at the

observed temperature. If this criterion is satisfied, the models produce roughly

correct SEDs.

While these figures and tables emphasize the relatively few triply-secure

SEDs among high redshift objects, it is important to note that for many statistical

trends, triple-security is not necessary. In Figure 2.4, we show the luminosities

we have determined as a function of redshift, based on the S&K models for all

sources in GOODS-N and LN that have detections of any kind (secure or not)

at all three SPIRE bands. While some of the flux densities, especially at 500 µm,

are quite uncertain (see Figures 2.2 and 2.3), this will not greatly affect the over-

all luminosity distribution. We estimate the source luminosity uncertainty to

be ∼20%. The minimum detectable luminosities follow the expected trend of

increasing with the square of luminosity distance (which we determined based

on an Ω = 1, Λ = 0.7, H0 = 70 km s−1 Mpc−1 cosmology).
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Table 2.3 Data on GOODS-N galaxies whose SEDs appear in Figure 2.3, listed
as in Table 2.2. The redshifts here are spectroscopic.

ID RA Dec z Lbolo SFR Mdust Π250 Π350 Π500 Radius Av Log(n)
(L�) (M�

yr
) (M�) (kpc)

GOODS (A) 189.0274 62.1643 0.6380 5.0×1011 84 3.2×108 0.83 0.84 0.44 3.0 72.0 4
GOODS (B) 189.3938 62.2898 0.6402 2.0×1012 340 6.0×107 0.98 0.64 0.90 1.0 119.0 2
GOODS (C) 189.2979 62.1820 0.8549 1.3×1011 21 3.2×108 1.00 0.81 0.74 3.0 72.0 4
GOODS (D) 189.1403 62.1683 1.0160 1.6×1012 260 1.6×108 0.99 0.75 0.54 3.0 35.9 3
GOODS (E) 189.0633 62.1691 1.0270 1.3×1012 210 1.6×108 0.92 0.52 0.45 3.0 35.9 2
GOODS (F) 189.3171 62.3541 1.1440 1.0×1012 160 8.1×107 0.73 0.68 0.68 3.0 17.9 2
GOODS (G) 189.1438 62.2114 1.2242 2.5×1013 4300 6.0×107 0.88 0.89 0.98 1.0 119.0 4
GOODS (H) 189.2137 62.1810 1.2258 6.3×1011 100 1.6×108 0.71 0.83 0.31 3.0 35.9 4
GOODS (I) 189.2614 62.2338 1.2480 1.3×1012 200 3.6×108 0.98 0.93 0.97 9.0 9.0 4
GOODS (J) 189.2566 62.1962 1.7600 6.3×1012 1000 7.3×108 1.02 1.04 1.03 9.0 18.0 4
GOODS (K) 189.3036 62.1955 1.8150 2.0×1012 310 8.1×107 1.08 0.86 0.50 3.0 17.9 3.4
GOODS (L) 189.0764 62.2640 2.0000 2.0×1013 3400 6.0×107 0.82 0.71 0.33 1.0 119.0 2

Throughout this paper we refer to multiple luminosities, namely total bolo-

metric luminosity and infrared luminosity integrated over 8 - 1000 µm [as used

in star formation estimates by Kennicutt [1998a]]. For our purposes, the dif-

ference between the two is small as the majority of a luminous star-forming

galaxy’s energy is emitted in the infrared. In galaxies with LIR & 1011.5L�, Buat

et al. [2010] find that ∼95% of the total star formation rate is accounted for by

LIR. Nonetheless, we explicitly differentiate between the two when the distinc-

tion is significant.

2.6 The Nature of the Ultraluminous Sources

As Figure 2.4 attests, our surveys reveal a number of highly luminous sources,

mainly at redshifts between z = 2.5 and 3.2. Discussing all of these in de-

tail is beyond the scope of the present paper, if for no other reason than that

information on these sources is still quite modest. Nevertheless, we here dis-

cuss four of these sources to show that their luminosities appear to be intrinsic.
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Figure 2.4 Infrared source luminosities (integrated over 8-1000 µm) in GOODS-
N and LN plotted as a function of redshift for all sources detected at all three
SPIRE wavelengths. Diamonds indicate GOODS-N luminosities obtained from
SEDs fitted by S&K models, and triangles indicate similar luminosities for LN
sources. The solid line shows the growth of luminosity distance squared with z.
It serves as a rough lower bound to the luminosities in our selection of observed
sources; the scatter of data points about the curve provides a visual impression
of the uncertainties in those luminosities.

Neither gravitational lensing nor blending from neighboring sources appear to

contribute significantly to the observed luminosities. This may not be true of all

of the luminous SPIRE sources, but it appears to be so for at least those about

which we have the most information right now. A number of other uncertainties

also warrant comment.

(i) For most of the sources observed in LN only photometric redshifts are

available. For the more luminous sources shown, estimated redshift errors

range from ∼ 6 to 17% in the catalogs of Roseboom et al. [2010]. Because calcu-

lated luminosities are proportional to (1 + z)2, a 17% error at z = 2.5 can lead
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to a luminosity error in the range of ∼ 23 − 26%. For sources with established

spectroscopic redshifts, the uncertainty is far smaller and can be neglected.

(ii) A second area of concern is discrimination between intrinsically lumi-

nous sources and sources that may be lensed by foreground galaxies to merely

appear luminous. For some purposes, e.g. accounting for sources contributing

to the diffuse background, this distinction may not be of primary importance;

but for charting the luminosities of distant sources their intrinsic luminosities

need to be determined.

(iii) Because our deep surveys are highly sensitive, they reveal a large num-

ber of faint sources. This leads to potential mis-identification of sources. It can

also lead to blending. But seven of the eleven ultraluminous sources in Figure

2.5 and Table 2.4 are triply secure; the remaining four are doubly secure within

observational uncertainties. Severe blending is thus unlikely.

(iv) For some of the sources, the available data points straddle but do not

directly constrain the region where the SED reaches a maximum (see Figure 5),

so that our SED-derived luminosities could be over-estimated.

We are not in a position to account for all these uncertainties. However, for

the cited sources in GOODS-N and for a few of the sources in LN reliable spec-

troscopic redshifts are available. Among four of these we were able, below, to

search for potential lensing, assess a degree of blending, and justify our confi-

dence in their derived luminosities in some detail. These sources are referred to

by letters corresponding to their designations in Table 2.4. Note that in Table 2.4

we give bolometric luminosities whereas below we quote infrared luminosities.

The LN source (j) at equatorial position (J2000.0) 161.554052 / 58.788592, is
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characterized in the Sloan Digital Sky Survey (SDSS) as a well-isolated circular

source identified as a quasi-stellar object (QSO). The visible spectrum leaves no

doubt about the redshift z = 3.037 determined by the strong Ly-α line. The

visible continuum flux in this spectrum is ∼ 5× 10−17 erg cm−2 s−1 Å−1, equiv-

alent to ∼ 4 × 10−5 Jy, stretching down to ∼ 1, 000 Å, for a total flux of roughly

1.2 × 10−16 W m−2, approximately a factor of seven fainter than the infrared

flux observed from the source. The IPAC extragalactic data base lists the opti-

cal source as brighter, by more than a magnitude, than any other source within

a radius of an arc minute. Trouille et al. [2008] list a 0.5-2 keV X-ray flux of

38.4 × 10−18 W m−2, and a 2-8keV flux of 22.4 × 10−18W m−2 for the source,

jointly about half the visible flux. Owen and Morrison [2008] detected a 20-cm

continuum radio flux density of 64 µJy from this source, within an apparent size

< 1.5 arcsec FWHM, ruling out obvious ambient emission that might have in-

dicated lensing. The XID catalogs of Roseboom et al. [2010] show a relatively

weak neighboring SPIRE source at a distance of 26 arcsec, and a source com-

parable in infrared brightness to LN 4241 but at a separation of ∼ 34 arcsec.

Because of their relatively large displacement, these and other ambient galaxies

are unlikely to contribute appreciably to the SPIRE flux densities assigned to LN

(j) by Roseboom et al. [2010]. All this gives confidence that both the visible and

the infrared flux come from the same source, that there is no lens magnification,

and that we are indeed dealing with an un-lensed ultraluminous source with

infrared luminosity ∼ 1.8 × 1013L�. The simplest explanation for these data is

that we are viewing a QSO with a surrounding hot torus along a sightline coin-

ciding with outflowing gas. Dust heated by the QSO may contribute to the total

infrared emission, but star formation likely contributes the bulk of it.

The GOODS-N source (c), with equatorial coordinates (J2000.0) 188.990097
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/ 62.17342, is cited by Barger et al. [2008] as having spectroscopic redshift

z = 3.075. The 24 µm flux density listed in the Barger catalog is 109 µJy. The

rest-frame 2-8keV luminosity assigned to this source by Trouille et al. [2008] is

3.464 × 1036W ∼ 9.01 × 109L�, but their paper provides no rest-frame 0.5-2keV

luminosity. The nearest SPIRE source listed in the XID catalogs lies at a dis-

tance of 35 arcsec, where its contribution to our primary galaxy’s flux listed in

the XID catalog can at most be minor. Our primary source also displays weak

X-ray fluxes, but Morrison et al. [2010] list no 20-cm source within 3.5 arcmin.

Integrating the flux densities indicated by the fitted SED in Figure 2.5, leads to

an infrared luminosity of 6.0× 1012L�.

One of our ultraluminous sources [LN (f)] has previously been discussed by

Polletta et al. [2006]. They observed the Lockman SWIRE source at (J2000.0)

161.041521 / 58.87355 with Chandra and detected a flux of 2.7 ± 1.1 × 10−15

erg cm−2 s−1 in the 0.3 - 8 keV range. The Spitzer 24 µm flux is 4.0 mJy, strong

for a source at spectroscopic redshift 2.54, and much brighter than anything

within an arcminute of its location. Because of its initial detection by Spitzer,

the authors characterize the source as an infrared selected Compton-thick AGN

on the basis of the rest-frame hydrogen column density, which they estimate

to be NH ∼ 3 × 1024 cm−2 with an uncertainty envelope extending a factor of

three times lower and arbitrarily higher. The infrared luminosity derived on

the basis of our SPIRE and PACS observations (see Figure 2.5 and Table 2.4) is

2.0 × 1013L�. It appears to be fairly well isolated in the infrared, the nearest

comparably bright 250 micron source being located half an arcminute away.

Some of these ultraluminous galaxies could be lensed but a first look has

not yet revealed these in our sample. The GOODS-N source (d), with coordi-
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nates (J2000.0) 189.309509 / 62.20232, is cited by Barger et al. [2008] as having a

spectroscopic redshift z = 3.157. Again, ambient nearby sources have relatively

weak SPIRE fluxes unlikely to appreciably affect the SPIRE flux attributed to

our source of primary interest. Another source only ∼ 10 arcsec away is also

noted in the NASA/IPAC Extragalactic Database (NED). This appears not to

have a measured 24 µm flux and is not listed by Barger et al. [2008]. However,

Law et al. [2007] have included this source in their discussion of distant irregu-

lar galaxies. The object designated as BX 150 appears elongated roughly along

a north/south direction, is ∼ 0.5 arcsec long with an aspect ratio roughly 2:1,

and has a redshift z = 2.28. At optical wavelengths, it is 1.3 magnitudes fainter

than the ultraluminous infrared source and, at its rather high displacement of

∼ 10 arcsec, it is unlikely to provide significant lensing. With this proviso, the

intrinsic infrared luminosity of GOODS (d) appears to be ∼ 1.1× 1013L�.

Figure 2.5 provides the SEDs of these ultraluminous sources with their de-

tails noted in Table 2.4. Our combined surveys of GOODS-N and LN cover

∼ 0.47 square degrees, or one part in 85,000 of the sky. Given that we observe

several high-luminosity sources in the small area covered, it suggests that ap-

proximately 106 sources in the infrared luminosity range ∼ 1013L� should be

observable in the Universe, at redshifts z = 2.5 to 3 at the current epoch. The

number of comparably luminous sources observable at lower redshifts appears

to sharply decline.

Our conclusions are robust even in view of three selection effects inherent in

our data set:

(i) The first is that Figure 2.4, on which the conclusion is based, only includes

sources detected at all three SPIRE wavelengths. For highly redshifted sources,
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Figure 2.5 Spectral energy distributions of the most luminous sources in GOODS
North (a) to (d) Lockman North (e) to (k). As in Figures 2.2 and 2.3, we solely
plot the upper error bars at 500 µm for sources (a) to (e), whose lower error bars
are compatible with zero. We similarly plot an upper error bar at 170 µm for
LN (k). Luminosities and positions for these sources are presented in Table 2.4.
Seven of these eleven sources are triply secure; two of these are also included in
Figures 2.2 and 2.3. A brief description of sources (c), (d), (f) and (i) is provided
in Section 2.6. Although some of the ultraluminous sources exhibit significant
AGN activity, we have applied S&K model fits, as discussed in Section 2.7. As
in Figures 2.2 and 2.3 we have weighted the 24 µm data only one quarter as
heavily as the longer wavelengths. Observational data shortward of 24 µm is
plotted for reference but not used in fitting.

the 100 µm infrared emission peak is redshifted into the 500 µm range, favoring

the detection of galaxies at all three wavelengths, including 500 µm.

(ii) However, compensating for this effect, lower redshift sources are more

readily detected by a factor inversely proportional to luminosity distance

squared. Although these two effects partially cancel, high-luminosity sources

should be more readily detected at low rather than high redshifts.
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Table 2.4 Data on luminous galaxies whose SEDs appear in Figure 2.5, listed as
in previous tables. The GOODS sources have spectroscopic redshifts, as do LN
(f) and (j). The rest of the LN sources have photometric redshifts. The sources
GOODS (a) and LN (i) correspond to the sources GOODS (L) and LN (I) shown
in the previous figures and tables.

ID RA Dec z Lbolo SFR Mdust Π250 Π350 Π500 Radius Av Log(n)
(L�) (M�

yr
) (M�) (kpc)

GOODS (a) 189.0764 62.2640 2.0000 2.0×1013 3400 6.0×107 0.82 0.71 0.33 1.0 119.0 2.0
GOODS (b) 189.1483 62.2400 2.0050 2.5×1013 4200 3.6×107 0.69 0.24 0.38 1.0 71.0 2.0
GOODS (c) 188.9901 62.1734 3.0750 6.3×1012 1000 2.0×109 1.61 1.22 0.84 15.0 18.0 4.0
GOODS (d) 189.3096 62.2024 3.1569 1.3×1013 2000 4.0×107 0.57 0.55 0.84 3.0 9.0 2.0

LN (e) 161.7059 59.3247 1.28 1.3×1013 2100 3.2×108 0.99 0.85 0.20 3.0 72.0 2.0
LN (f) 161.0415 58.8735 2.28 2.5×1013 3400 4.1×105 0.98 1.10 1.71 0.3 6.7 2.0
LN (g) 161.5408 58.7950 2.58 1.3×1013 2000 2.0×109 0.82 0.95 0.58 15.0 18.0 4.0
LN (h) 160.9635 58.9555 2.68 2.5×1013 4300 8.8×106 0.18 0.95 0.96 0.3 144.0 2.0
LN (i) 161.8667 58.8704 2.76 2.5×1013 4300 4.9×109 0.91 0.96 0.77 9.0 120.0 4.0
LN (j) 161.5541 58.7886 2.96 2.0×1013 3100 4.0×107 0.76 0.61 0.60 3.0 9.0 3.0
LN (k) 161.8259 59.2771 3.12 1.3×1013 2000 8.0×107 0.98 0.70 0.54 3.0 17.8 2.0

(iii) The XID catalogs search for SPIRE sources solely at locations where

Spitzer 24 µm sources exhibit flux densities ≥ 20 µJy in the GOODS-N field

and ≥ 50 µJy in LN. We may thus be missing sources at redshifts at which

poorly emitting spectral regions are redshifted to 24µm. At redshifts z ∼ 1.4,

for example, the 9.7 µm silicate absorption dip shown by Spoon et al. [2007] to

be prevalent in many ULIRGS is shifted to 24 µm. This may account for the

striking absence of low-luminosity sources, at z ∼ 1.4, i.e. the lack of sources

hugging the luminosity distance curve at this redshift in Figure 2.4.

2.7 Discussion

Far-infrared surveys with Herschel need to take source confusion and source

blending into account, particularly at the longest wavelengths, 350 and 500 µm.

GOODS-N and LN are the two deepest surveys undertaken as part of the Her-

MES project as of September 2010. In these deep fields, crowding of sources

27



presents especially serious problems. In establishing a set of criteria that assess

source blending, we have taken a preliminary step toward estimating the utility

of the survey data for different purposes. This has proven itself useful in our

analysis of the ultraluminous galaxies, some of which we described in Section

2.6 and whose characteristics are exhibited in Figure 2.5 and Table 2.4. In view

of the high infrared luminosities we find, it is particularly satisfying that seven

of the eleven sources cited turn out to be triply secure, i.e. with high purities

in all three SPIRE wave-bands, and that five of the sources also are observed by

PACS where blending is not severe, particularly in the 100 µm waveband. In

this context, we have placed no upper limit on acceptable values of Π, which

are especially high for GOODS(c) and LN(f), suggesting especially low ambient

source contributions at their locations.

In compiling the SEDs for GOODS-N and LN, we have elected to work with

the S&K models because they are based on a limited set of well-defined physi-

cal parameters. The models thus make predictions that our SEDs may be able to

verify, refute, or extend. S&K do not specifically address the effects of adding an

AGN component to a starburst model. However, they do provide a starburst fit

for NGC 6240 and propose that addition of a small AGN component could pro-

vide an improved fit. Most starbursts generally also exhibit some AGN activity.

Perhaps because of this, the S&K models appear to provide reasonable fits. The

major weakness of the S&K models, as well as that of all others, tends to be

the difficulty in accounting for the seemingly random relationship between the

infrared and optical portions of the SEDs that is so apparent in Figures 2.2, 2.3,

and 2.5.

We investigated the relationship between flux-density ratios at optical and
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far-infrared wavelengths in high- and low-luminosity galaxies. Current theory

suggests that starbursts involve stellar mass distributions obeying the Salpeter

initial mass function [Zinnecker and Yorke, 2007].

The drop in luminosities from the most massive O type stars with mass

∼ 120M� to the early B type stars at 10M�, can then be shown to be roughly in a

ratio of 500:1, i.e. with a contrast considerably higher than that of the mass ratio,

roughly 12:1. The highest mass ranges will thus be depleted most rapidly, end-

ing their lives in supernova explosions in which at least some of the dust will

be destroyed or expelled from the galaxy. The most luminous galaxies found

using our SEDs and their associated redshifts would thus be expected to be the

very youngest as well as those most densely shrouded by dust, i.e. having the

lowest fractional optical luminosities. To test this hypothesis we restricted our-

selves to galaxies with total bolometric luminosities, L > 1012L�, as these have

long been considered likely starburst mergers, albeit with potential contribu-

tions from AGNs [Sanders and Mirabel, 1996]. In Table 2.5, we compare the flux

density ratios for the most and least luminous sources in three redshift bins. It is

evident that larger ratios correspond to more luminous sources at all redshifts

but that these differences greatly diminish at lower redshifts. This finding is

both new and significant. It indicates evolutionary trends that may need to be

incorporated into more advanced models of starbursts designed to yield SEDs

which not only mirror observed ratios of optical to infrared emission, but also

define a galaxy’s place in its evolutionary history.

Figure 2.4 provides a capsule history of galaxy evolution over cosmological

epochs for the sample included in our two deep surveys. The shapes of these

distributions are nearly identical in LN and GOODS-N, which motivated us to
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Table 2.5 Ratios (R ≡ FFIR/Foptical) of SPIRE flux densities (consistently mea-
sured at 250 µm to minimize source blending) to optical flux densities at a rest
wavelength ∼3000 Å, respectively measured at 4500 Å, 6100 Å, and 7600 Åfor
successively larger redshifts. These three wavelengths were chosen to represent
the visible spectra and avoid the Balmer jump at 3650 Å. For each redshift bin
we compare the flux density ratio for the N/2 most luminous galaxies (RBright)
to that of the N/2 least luminous galaxies (RDim) where N is the total number of
L > 1012L� sources.

z N RBright RDim RBright/RDim

0.95 < z < 1.05 18 64500 72000 0.90
1.9 < z < 2.1 18 62500 17600 3.6
2.4 < z < 2.8 10 62300 5920 11

plot both in the same figure. A glance confirms that sources having the highest

luminosities are found at highest redshifts, i.e. earliest epochs. Luminosities

higher than 1013L� are generally observed at redshifts z ∼ 2 − 3.2, the highest

redshifts reached in our surveys.

2.8 Conclusions

Confusion, which can be troubling at 250 µm, becomes increasingly severe at

350 and 500 µm. Yet the data at these longer wavelengths are particularly im-

portant given how important the longer wavelengths are for determining the

total FIR luminosity. We believe that the triply-secure sources listed in Tables

2.2, 2.3, and 2.4 will be in demand for follow-on studies that X-ray astronomers,

spectroscopists, and others may wish to undertake on sources known to be es-

pecially free of confusion.

With SPIRE photometry data in hand along with cross identifications at sev-

eral shorter wavelengths, we have constructed SEDs for a handful of trustwor-

thy sources in the GOODS-N and LN regions. Many of these can be fit by star-
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burst SED models, such as those created by Siebenmorgen and Krügel [2007],

which yield information on luminosity, dust mass, and size. Figures 2.2, 2.3,

and 2.5 show a number of ultraluminous galaxies with LIR ∼ 1013L�. Although

these are extreme systems, they do not appear to deviate from the general dis-

tribution at high redshift. A major strength of the deep HerMES surveys is their

ability to obtain reliable source luminosities and star-formation rates based on

flux densities in the infrared and at auxiliary wavelengths as well as redshifts

compiled in the XID catalogues.
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CHAPTER 3

GALAXY MASS, METALLICITY, RADIUS AND STAR FORMATION

RATES

3.1 Introduction

The causes and conditions surrounding star formation are highly complex. The

past few years, have witnessed many attempts to account for star formation

laws, such as the Schmidt-Kennicutt law, or extensions of them [Madore, 2010,

Shi et al., 2011]. Until recently, and even now, star formation rates have of-

ten been treated largely in terms of observable or inferred physical conditions

within well-isolated galaxies [Calzetti and Kennicutt, 2009, Krumholz et al.,

2012]. Within the past year or two, however, consideration of changing chemi-

cal abundances have begun to invoke infall and/or outflow of matter, some of

which may have observable consequences on star formation only after consid-

erable delay [Kobayashi et al., 2007, Brooks et al., 2007, Davé et al., 2011a].

Recently published observational evidence on correlations between star for-

mation rates (SFRs) and gas metallicity as a function of galaxy stellar mass is

certainly striking [Mannucci et al., 2010]. It suggests that star formation may

need to be considered in entirely new ways that emphasize infall of matter from

enveloping halos.

The Sloan Digital Sky Survey, SDSS, has made available star formation rates

∗This chapter is an adapted version of the published article Brisbin et al. (2012).
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and gas metallicities for more than a hundred thousand galaxies at red shifts

0.07 . z . 0.3 [Tremonti et al., 2004, Gallazzi et al., 2005, Ellison et al., 2008,

Kewley and Ellison, 2008, Mannucci et al., 2010, Peng et al., 2010, 2011, Aihara

et al., 2011, Yates et al., 2012]. Although these data are largely statistical and

may lack the more detailed correlations that observations on star formation in

nearby galaxies make possible, the advantage of working with SDSS data is

the ability to establish commonalities in the properties of tens of thousands of

galaxies selected from a homogeneously acquired set. In particular, Ellison et al.

[2008] noted a number of striking correlations between galaxy mass, radius, and

metallicity, as well as between mass, star formation rate (SFR) or specific star

formation rate (SSFR), and metallicity. This was complemented by a finding of

Mannucci et al. [2010] who produced a three-dimensional Cartesian plot having

galaxy mass, star formation rate, and metallicity as its orthogonal coordinates.

This clearly shows the population of star-forming galaxies out to redshifts at

least as high as z ∼ 0.3 lying on a smoothly curved surface. The range of metal-

licities at each point on this surface is narrow, revealing the surface to be a thin

curved sheet. Recent work by Yates et al. [2012] analyzes and confirms the find-

ings of Mannucci et al. [2010] in greater detail.

The persuasive correlations these studies have revealed between high star

formation rates and low metallicity, have made a compelling case for consider-

ing infall of pristine, low- or zero-metallicity gas as a primary factor governing

massive star formation.

That infall of high-velocity clouds is prevalent at least in the Galaxy has re-

cently been convincingly documented by Lehner and Howk [2011] through ob-

servations with the Hubble Space telescope. They identified the infalling gases
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through their ionized oxygen, silicon and carbon absorption lines seen against

stars at high Galactic latitudes, and estimated the rate of infalling mass to pos-

sibly be of the order of 0.5 M� yr−1. This is potentially sufficient to maintain

star formation at an expected rate for the Galaxy. Two questions, however, re-

main unanswered. The observed infall velocities are of order 100 km s−1, which

may be sufficiently low for the material to simply be gas that is falling back into

the galaxy, having been previously ejected to some appreciable height. Further,

the assumed metallicity of the infalling gas, estimated to be Z ∼ 0.2Z�, leaves

unanswered the question of whether this could be the metallicity of infalling

gas currently traversing the local halo, or again just reflect the metallicity of

previously ejected material now falling back into the Galaxy.

These questions have been given impetus by the work of Davé et al. [2011a]

and Davé et al. [2011b], who have emphasized the importance of supernova

ejection of high-metallicity material, which then may fall back into a galaxy,

depending on whether or not the ejection powers escape velocities.

Evidence for resolving these questions may soon accumulate through obser-

vations of outflows from star-bursting galaxies, as shown by recent observations

on PG1206+459 by Tripp et al. [2011]. While uncertainties about the metallicity

of the outflowing gas and the extent to which some of this gas may fall back into

the observed galaxy still prevail, observations of the attempted kind may soon

provide informative results.

Our motivation in pursuing the analyses provided in the present paper has

been to unambiguously quantify the relationship between infall of gas and star

formation rates. The data of Mannucci et al. [2010] strongly suggest that the cor-

relation between SFR and low metallicity requires the infall of low-metallicity or
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pristine extragalactic gas. But other explanations for this correlation, for exam-

ple those of Cowie et al. [2011], have not be ruled out. In these circumstances, it

appeared to us that the sheer wealth of data provided by the SDSS might serve

as a guide, which would permit a more compelling analysis.

Obtaining an empirical relationship of the type we exhibit in the following

sections, however, is not enough. Ideally one would like to have a physical

model that accounts for an observed relation, is consistent with other observa-

tional data and, where possible with extant theory. For this purpose, we have

developed a mean-field-theory toy model that indicates how the metallicity and

velocity of infalling gas may be related to SFR and to the native gas content of a

galaxy as discussed, for example, by Tremonti et al. [2004]; Dalcanton [2007]; or

Peeples and Shankar [2011]. Such a model should also take into account recent

calculations on infall of extragalactic gas into galaxy halos, to the extent that

pristine or low-metallicity gases are most likely to have accumulated in a halo.

Moreover, the velocity at which this matter traverses the halo and impacts on a

galaxy should still reflect that history.

Although a toy model cannot be as comprehensive as dedicated computer

simulations developed, e.g., by Brooks et al. [2007]; Kobayashi et al. [2007]; or

Klypin et al. [2011], it provides ready insight on the physical relations between

different parameters, and allows observers to check for potential confirmation

or refutation of hypotheses on the basis of readily apparent scaling relations.

Within these restrictions, the toy model we develop in the present paper appears

at least in rough agreement with available data, and makes specific assertions

that may be negated or verified by future observations.

A key feature of the present paper is a quantitative demonstration that
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most, if not all star-forming galaxies with M∗ < 2.0 × 1010M�, and many with

M∗ ≥ 2.0 × 1010M� and large radii appear to be fed by infall of pristine or

low-metallicity gas. More massive galaxies, however, appear to form stars also

by other means, possibly through consumption of gas injected into interstel-

lar space by outflow from low-mass evolved stars, as suggested by Leitner and

Kravtsov [2011]. The evidence we provide is chemical and based on a novel

quantitative relationship we establish between SFR, metallicity and a galaxy’s

stellar mass.

The wealth of galaxies observed in the SDSS permits our toy model to ex-

amine not only the correlations between such properties as galaxy mass, radius,

SFR, and metallicity, but, to a limited extent, also the evolution of these quan-

tities with redshift. We restrict ourselves to galaxies observed in the redshift

range z = 0.07 to 0.3, corresponding to an interval of about 2.5 Gyr spanning an

epoch that began 3.4 and ended 0.9 Gyr ago. We assume standard flat ΛCDM

cosmology, ΩCM ∼ 0.27, ΩDE ∼ 0.73, and a Hubble constant, H0 = 71 km s1

Mpc−1 [Wright, 2006].

We structure our paper as follows: Section 3.2 details our adopted data pro-

cessing methods. Section 3.3 characterizes observational results. Section 3.4

introduces our main finding, namely that the relation between metallicity and

SFRs in galaxies of fixed mass and radius is quantitatively consistent with di-

lution of native gas in these galaxies by infalling matter. Section 3.5 discusses

our findings in terms of a mean-field-theory toy model that clarifies and quan-

titatively accounts for the observations. On the basis of the SDSS observations,

section 3.6 derives mean values for the velocities 〈V 〉 and densities 〈ρ〉 of in-

falling matter. In galactic halo models, these appear to be associated with mean
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properties of clumps of gas traversing the halos. In Section 3.7, we briefly dis-

cuss the plausibly permitted range of differences between the mass infall rates

that trigger star formation and the resulting star formation rates. A final section

3.8 discusses our findings in terms of other recently published studies.

3.2 Methods

Our selection of galaxies comes from the MPA-JHU catalog compiled from SDSS

DR7 available online (http://www.mpa-garching.mpg.de/SDSS/DR7/).

To permit closer comparison of our data and those of Mannucci et al. [2010],

we have used identical selections in redshift, (between z=0.07 and 0.3), Hα sig-

nal to noise ratio (≥25), and we similarly excluded active galactic nuclei, AGNs,

using the criteria put forward by Kauffmann et al. [2003a]. We have also fol-

lowed identical procedures to find stellar mass, SFRs, and metallicities. Our stel-

lar masses are taken directly from the MPA-JHU catalog as inspired by Kauff-

mann et al. [2003b], with a correction to convert from masses based on a Kroupa

IMF [Kroupa, 2001] to a Chabrier IMF [Chabrier, 2003]. Star formation rates are

determined using Hα and are based on the work of Kennicutt [1998a] with a

correction for a Chabrier IMF.

While Hα is subject to foreground dust extinction, we correct for this using

the Balmer decrement, along the same lines as Cardelli et al. [1989]. We ex-

cluded any sources with large extinction corrections corresponding to AV > 2.5.

Metallicities are determined from the strong line diagnosticsR23 = ([OII]3727+

[OIII]4958 + [OIII]5007)/Hβ and [NII]6584/Hα as presented in Nagao et al.

[2006] and Maiolino et al. [2008]. We note that other alternatives for obtaining
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metallicities have recently been proposed by Lara-López et al. [2010]; but for

ease of comparison we have opted to follow procedures adopted by Mannucci

et al. [2010] and Ellison et al. [2008].

The bulk of our selected sources cover a galactic stellar mass range from

∼ 109 to 2 × 1011M�, with star-formation rates ranging roughly from 0.035 to

6.4M� yr−1, and oxygen abundances from ∼ 4× 10−4 to 1.4× 10−3, straddling a

Solar System abundance of∼ 8.5×10−4. Because we concentrate on the additive

properties of metallicity, rather than metallicity ratios, we express metallicities

throughout in terms of actual oxygen abundances, as opposed to their logarith-

mic values more conventionally adopted.

The redshift range covered both by Mannucci et al. [2010] and us is set at

a minimum value of z = 0.07 to ensure that the [OII]λ3727 emission line is

well within the useful spectral range and that the 3” aperture of the SDSS spec-

troscopic fiber will sample a significant fraction of a galaxy’s surface area. At

z = 0.07, an aperture of 3” corresponds to an angular diameter of 4 kpc imply-

ing that we probe only the central 2 kpc regions of a galaxy. At z = 0.3, our

observations probe galaxies out to radial distances ∼ 6.6 kpc, and thus sample

the galaxies more fully [Wright, 2006].

In addition to these selection criteria imposed by Mannucci et al. [2010] and

ourselves, we required our sample to have an observed Petrosian half-light ra-

dius in the r-color band, r50. This is required, in the spirit of Ellison et al. [2008],

to investigate the role galactic radius plays in star formation and metallicity. We

have also taken pains to eliminate duplicate observations from our SDSS sam-

ple. Where an object was observed multiple times, we averaged its properties

across the multiple entries.
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Both Mannucci et al. [2010] and Ellison et al. [2008] treated galaxies in the

redshift range we cover as though they were coeval. To examine whether or not

further insight could be gained through study of the provenance of their galax-

ies, we have divided the SDSS galaxies into individual tables corresponding to

three separate redshift ranges, 0.07 ≤ z ≤ 0.10, 0.10 ≤ z ≤ 0.15, and 0.15 ≤

z ≤ 0.30; and three Petrosian half-light radii r50 ranges, small r50 < 3.74 kpc,

medium 3.74≤r50 < 5.01, or large r50 ≥5.01. Each table divides galaxies accord-

ing to logarithmic mass and logarithmic SFR. These tables all are available as

part of our paper online.

Although many of the entries in our tables show galaxy populations that

may be quite sparse in certain galaxy mass/SFR bins, we considered our find-

ings significant only if based solely on bins that have ≥ 50 galaxies per bin.

We are aware that Chabrier [2005] has updated his initial mass function and

that it is in better agreement with current data as indicated by Parravano et al.

[2011]. However, in order to compare our observational data and analytic model

with those of Mannucci et al. [2010] and Ellison et al. [2008], in section 3.6 below,

we have chosen to adopt an initial mass function identical to theirs in order to

maintain our respective data sets as homogeneous as possible, so that a more

direct comparison of our findings and theirs may emerge. This procedure ad-

mittedly maintains inherent biases that all three data sets may propagate, but

enables a more meaningful comparison of results.

While the SDSS provides a way of studying star formation statistically in a

sample exceeding a hundred thousand galaxies, both our selection and those of

Mannucci et al. [2010] and Ellison et al. [2008] restrict themselves to observa-

tions of the central portions of galaxies, in many of which spiral arms no longer
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are well defined. Our sample thus is not adequate to addressing questions of

spiral structure or its effects on star formation, and generally obstructs direct

comparison to work studying star formation over larger portions of galaxies’

disks. Nevertheless, given the importance of processes taking place in the nu-

clear portions of galaxies, our choice of regions has a compelling interest of its

own.

3.3 The Observed Galaxy Sample

In Figure 3.1 we present our galaxy sample for the entire redshift and radial size

range divided into logarithmic SFR and stellar mass bins. In each bin where

>50 sources exist the metallicity is plotted on the vertical axis.

A full complement of nine sets of tabulations showing galaxy stellar mass,

SFR, gas metallicity and metallicity scatter, separately for each of the three red-

shift intervals and each of the three ranges of Petrosian radii, is provided online.

As an example, one of these table sets is given in Appendix A. The tables pro-

vide much of the statistical information of interest to our paper derivable from

the SDSS.

To detect whether evolutionary effects might have had an impact on previ-

ously published findings we divided the available data into the three redshift

ranges defined above. In mass/SFR bins where there were sufficient data in

all three redshift epochs our tables provide data on the evolution of metallicity

with time. There are∼ 40 overlapping mass/(SFR) bins in the three red-shift ta-

bles, in which each bin is populated by at least 50 galaxies. In all, this comprises

several thousand galaxies in each redshift range. Strikingly, galaxies with iden-
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Figure 3.1 Median metallicity for samples across our range of mass and SFR.
This includes samples across all redshift cuts and all radius cuts. Here we in-
clude only samples with at least 50 sources at a given mass and SFR. The small
grey points indicate toy model fits to our data, as detailed in section 3.5. Com-
plete numerical tables of these data as well as subsets in redshift and galactic
radius are available online.

tical mass and SFR bins have median metallicities that vary across redshift by at

most a few percent, somewhat randomly and well within standard deviations

that generally are of order 15%. This is in satisfactory accord with the findings

of Savaglio et al. [2005], who observed galaxies in the somewhat higher redshift

range, 0.4 . z . 1.0 and found no significant evolutionary trends in the galaxy

mass-metallicity relation.

Evidently, galaxies with identical masses and star formation rates, in the
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Table 3.1 Main Sequence Galaxies: Peak Populations in the Mass/SFR Tables

Redshift Coverage of Table 0.3 ≥ z ≥ 0.15 0.15 ≥ z ≥ 0.10 0.10 ≥ z ≥ 0.07

Metallicity Range Spanning all Masses
(N(O)/N(H) ×103) 0.61 - 1.37 0.51 - 1.39 0.473 - 1.34
Galaxy Mass, M∗, in Peak Population Bin
in units of 1010M� 5.62 2.82 1.41
Metallicity in Peak Population Bin
(N(O)/N(H) ×103) 1.26 1.23 1.17
SFR in Peak Population Bin
(in units of M� yr−1) 2.239 1.122 0.398
τd ≡M∗/SFR at Peak Population
(in units of 1010 yr) 2.5 2.5 3.5

mass range from ∼ 7 × 109 to ∼ 1011M�, appear to also share other sig-

nificant properties despite the ∼ 2.5 Gyr epoch spanning the redshift range

0.07 ≤ z ≤ 0.30. In this respect, the metallicities exhibited in the single table

that Mannucci et al. [2010] provided appear to be robust even though they in-

cluded data on galaxies over the entire z = 0.07 − 0.30 redshift range and

thus galaxies observed at epochs that may differ by as much as 2.5 Gyr within

individual bins.

We find that even at the highest SFRs, the galaxies in our sample could not

have gained sufficient mass during the ∼ 2.5 Gyr between epochs z = 0.3 and

0.07 to shift significant numbers of galaxies from one mass column into a neigh-

boring column. As table 1 indicates, SFRs diminish toward lower galaxy mass

but in such a way as to apparently enable all of the galaxies to accumulate mass

at a rate proportional to their own masses. In effect, the specific star formation

rate (SSFR), defined as the star formation rate per galaxy mass, remains con-

stant for this peak population component. Peng et al. [2010] have also noted

that the deviation from constancy of the SSFR is quite small across all masses

in the SDSS. Here we are finding a related result, namely that their relation
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holds even though a significant number of higher-mass galaxies are observed

at an epoch 2.5 Gyr earlier than virtually all low-mass galaxies. The time τd

galaxies at all masses would require to double their mass at their observed

SFRs is practically constant. τd is the reciprocal of SSFR, and assumes values

of τd ∼ 2.5− 3.5× 1010 yr, roughly 2 times the age of the Universe at each of the

observed epochs [Wright, 2006].

These data should, however, not be interpreted as indicating low, steady

infall rates that maintain a galaxy in a relatively stable state of mass accretion.

We envisage an individual galaxy of given mass periodically moving down or

up within its mass column in one of our tables, as infall from its surrounding

halo increases or decreases both the infall and the star formation rate within the

galaxy. As we begin to show, starting with the next section, mass infall rates into

galaxies vary across a range spanning nearly two orders of magnitude, need not

be constant in time, and appear to be consistent with episodic star formation in

the SDSS sample we have studied.

3.4 Infall and Metallicity Dilution of Native Gas

We now examine the extent to which the amount of mass Ṁiτi, which has fallen

into a galaxy before onset of star formation, dilutes the initial metallicity Z0 of

the mass of native gas, Mg, present before the onset of star formation.

If we assume that the infalling matter has metallicity Zi, and mixes thor-

oughly with the galaxy’s native gas, we expect that the observed metallicity

Zx should be given by the ratio of the aggregated mass in metals after infall,
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divided by the total aggregated gas.

Zx =
(ṀiτZi +MgZ0)

(Ṁiτ +Mg)
(3.1)

From equation (3.1) we can see that in galaxies which have an amount of in-

falling gas equal to the native gas mass, Ṁiτ = Mg, the observed metallicity will

be half the native metallicity, Zx = 1
2
Z0, if the infalling gas has zero metallicity,

Zi = 0.

To test equation (3.1) broadly, we adopt a trial function expressing mass infall

rates, Ṁi, for which we lack observations, in terms of SFRs for which we do have

observations,

Ṁi = α(SFR)2/3, equivalent to (SFR) = εṀ
3/2
i . (3.2)

Here α and ε ≡ α−3/2 are constants of proportionality having some as-yet-

unknown value but units, respectively of M1/3
� yr−1/3 and M

−1/2
� yr1/2.

We will justify the Ṁi - SFR relations of equation (3.2) in section 3.5. The

second of these relationships is the more physical. The factor ε is a measure

of star formation efficiency. But, for now, we will make use of the relationship

based on α, because (SFR) is an observationally determined quantity, whereas

Ṁi is derived. Using this relation the observed gas metallicity takes the form

Zx =
Z0

[
1 + Zi

Z0

(
α(SFR)2/3τi

Mg

)]
(

1 + α(SFR)2/3τi
Mg

) . (3.3)

44



Table 3.2 Star Formation Rates and Observed and Computed Metallicities for
low redshift, small half light radius galaxies with M∗ =0.5×1010M� in Figure
3.2.

(SFR) (SFR)2/3 103 × Zx Observed 103 × Zx Modeled
M�/yr N(O)/N(H) (Eq 3.3)

0.10 0.22 1.00 0.99
0.14 0.27 0.97 0.97
0.20 0.34 0.94 0.95
0.29 0.43 0.90 0.92
0.40 0.55 0.88 0.89
0.57 0.69 0.86 0.86
0.81 0.87 0.82 0.82
1.14 1.09 0.79 0.77
1.61 1.37 0.72 0.72

As an example, we may use the entries for low redshift (0.07 ≤ z ≤ 0.10,)

medium radius (3.74 ≤ r50 ≤ 5.01 kpc,) galaxies of mass 0.5 × 1010M� from

our tables. Adopting the observed metallicities in units of oxygen abundances

(103×N(O)/N(H)), at the available SFRs (M� yr−1), we can calculate best fit

values of Z0 and (τiα)/Mg. For these data we find a good fit with Z0=1.06×10−3

N(O)/N(H) and (τiα)/Mg = 0.414 (M�/year)−2/3. Table 3.2 shows the results of

this sample calculation and Figure 3.2 shows equation (3.3) fitted to the sample

data. Regrettably, we cannot isolate Mg from ατi with the data given, and can

derive solely their ratio (ατi)/Mg.

Online we provide our metallicity fits like those of Figure 3.2 for all stellar

masses, radii, and redshifts for which we have adequate statistics — by which

we mean > 50 galaxies per mass/SFR bin and 5 of such bins per galaxy mass

column. For each sample of galaxies we performed a χ2 analysis, testing equa-

tion (3.2) with a range of 0.1 ≤ Z0 × 103 ≤ 1.5 N(O)/N(H) and 0 ≤ ατi
Mg
≤ 5

(M�/year)−2/3 and selecting the lowest reduced χ2 fit. Observational uncertain-
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Figure 3.2 Observed gas metallicities at various SFRs for M∗ = 0.5 × 1010M�
galaxies with low redshifts and small half light radii. The fitted equation (3.3)
with Z0 = 1.064 × 10−3N(O)/N(H), (τiα)/Mg = 0.414 (M�/year)−2/3, and Zi =
0.125×10−3 is plotted as a solid line. The fit is acceptable with a χ2 value of 0.35.
Dashed and dotted lines indicate fits based on our lower and rough upper limits
on Zi, 0 and 0.25 × 10−3 respectively. Similar plots for galaxies with different
stellar masses, radii and redshifts are available online.

ties in the emission lines used in our strong line diagnostics are propagated

through to find the uncertainty in metallicity for each mass bin. Horizontal er-

ror bars represent the uncertainty in SFR due to the SFR bin width. To make

use of the SFR uncertainties in our χ2 analysis we found how much the model

metallicity varies over the range of each SFR bin and took half this variance to

add in quadrature with the metallicity uncertainty. This conversion of uncer-

tainty in SFR to uncertainty in metallicity is performed for each SFR bin in each

galaxy sample with every trial of model parameters.
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While we expect Z0 and ατi
Mg

to vary between galaxies of different mass, in

our naive picture the infalling gas should not anticipate what kind of galaxy it

is falling into and thus should not vary systematically between mass bins. As

Davé et al. [2011a] and Davé et al. [2011b] have pointed out, however, feed-

back in the form of supernova ejection may pollute extragalactic gas, raising

the possibility that infalling gas might already have significant metallicity. For

that reason, in our χ2 analysis we allow the infalling gas metallicity, Zi, to be

nonzero but fix it at the same value for each sample. Repeating the whole fit-

ting procedure many times with different fixed values of Zi we find that a value

of Zi = 0.125 × 10−3 minimizes the total χ2 of our combined fits. A range of

low metallicity solutions, spanning 0 ≤ Zi ≤ 0.20× 10−3 provide nearly equally

good fits, while for Zi ≥ 0.30 × 10−3 the fits become clearly worse and the to-

tal χ2 value sharply increases. We therefore take 0.125 × 10−3 as our infalling

gas metallicity with the caveat that our results are consistent with any very low

metallicity infalling gas Zi ∼ 0.125× 10−3 ± 0.125× 10−3.

Our metallicity fits show that 72% of the SDSS galaxy samples obey the

metallicity / star-formation relations and are well fit by equation (3.3). Given

our small number of degrees of freedom (which ranges between 3 and 13) for

each of our metal dilution samples, we used a reduced χ2 value of 2 for our

cutoff.

For the curves that provide good fits, we averaged both the Z0 andMg values

obtained for each group of galaxies with a given stellar mass M∗. For the mass

sequence from M∗ = 0.36 to 11.2 × 1010M� for which we have sufficient data,

we find a monotonic increase in metallicity going from Z0 = 0.90 to 1.37 × 10−3

N(O)/N(H). We normalize the other fitting parameter by multiplying it by stel-
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lar mass, ατiM∗/Mg. This parameter stays relatively constant over the entire

galaxy mass range, hovering around an average value of (2.3 ± 0.7) ×109 (yr2

M�)1/3. On the assumption that α and τi are constants across our sample bins,

this parameter is indicative of the stellar to gas mass ratio. If the gas fraction in

a typical galaxy were Mg/M∗ ∼ x, the corresponding fitted parameter would be

ατi ∼ 2.3× 109x (yr2 M�)1/3.

Sets of galaxies not obeying equations (3.1) and (3.3), invariably exhibit high

metallicities at high SFRs and masses M∗ ≥ 2.0 × 1010M�, suggesting that for

these galaxies star formation independent of pristine or low-metallicity mass

infall plays a significant role.

The good quality of the fits we observe convince us that the dilution we have

modeled actually takes place. Particularly interesting then is that the anticipated

dilution must take place before star formation is initiated, so that the observed

HII regions, which enable us to determine SFRs and metallicity values, reflect

the conditions that triggered the formation of the stars.

Two points may still be noted. Tremonti et al. [2004], Dalcanton [2007], and

Peeples and Shankar [2011] have evaluated a number of trends of gas mass and

metallicity in galaxies with different stellar masses. However, as the detailed

atlas of galaxies compiled by Leroy et al. [2008] makes clear, global ratios of

gas-to-stellar mass vary enormously, depending on whether one is dealing with

a narrowly defined central region of a galaxy, as defined by the SDSS spectro-

scopic aperture used throughout the present paper, or entire galaxies, as studied

by Leroy et al. [2008]. Extended galaxies generally show the ratio of gas to stellar

mass in a galaxy’s central regions to be of the order of a few percent, even when

that ratio, averaged over the entire galaxy is one or two magnitudes higher. But
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even in these central regions, the ratio Mg/M∗ can vary greatly.

For this reason, legitimate questions may be raised about our assumption

that some well-defined metallicity and fractional amount of native gas can be

defined for galaxies in a given stellar mass range, and that both parameters

may be expected to vary systematically and continuously over galaxies having

different stellar masses. In particular, one may ask what physical basis might

account for such a relationship.

The response to these questions is that, in the present investigation, both the

gas fractions and the metallicities involved are statistically determined. For each

of the galaxy masses and SFRs considered we deal with groups no smaller than

50 galaxies. For galaxies in each stellar mass range, both the derived native gas

metallicity and an assumed gas fraction derived from all the distinct SFR ranges

are averaged over hundreds if not thousands of galaxies. To the extent that the

SDSS galaxies fall into different classes, governed by distinct physical condi-

tions, there may be no single physical reason for assuming that such average

values actually exist, other than that the occurrence of each class of galaxy in the

general distribution of galaxies follows some well-defined evolutionary history,

and that the physical parameters governing these galaxies’ gaseous components

fall into a relatively restricted range.

Table 3.3 provides additional insight offered by an analysis of galaxies of dif-

ferent radii. In this table we show the fitted native gas metallicity values, Z0, at

all masses and radii where adequate statistics were available in a mass range

spanning 0.25 - 4 ×1010 M�. Note that satisfactory fits using equation (3.3) were

found for all three radii, at low and medium redshifts at galaxy masses 0.7 ≤

M∗/(1010 M�) ≤ 1.4 and 1.0 ≤ M∗/(1010 M�) ≤ 2.8, respectively. Below this
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Table 3.3 Native Gas Metallicities (Z0 × 103) as a Function of Stellar Mass and
Galaxy Radius. (For details see text.)

M∗ 0.10 ≥ z ≥ 0.07 0.15≥ z ≥ 0.10 0.3≥ z≥ 0.15
(1010M�) r50: Small Med. Large Small Med. Large Med. Large

0.36 0.90
0.50 1.06 1.06 1.36
0.71 1.18 1.13 1.06 1.32
1.00 1.25 1.17 1.18 1.30 1.20 1.14
1.41 1.30 1.24 1.24 1.39 1.28 1.22
2.00 1.39 1.33 1.24
2.82 1.37 1.33 1.30 1.30
3.98 1.31 1.35 1.34 1.41 1.29
5.62 1.27 1.34 1.31 1.31
7.94 1.37 1.30 1.36 1.31
11.2 1.37

range there were not enough data for a significant fit; above this mass range,

at the radii indicated, the data were not well fitted by equation (3.3) and are

indicated by blanks in Table 4. All the galaxy bins displayed show a trend of in-

creasing metallicity with mass and generally decreasing metallicity with radial

size.

The significance of the parameter α remains to be determined. This becomes

apparent if equation (3.2) is recast in the equivalent form (SFR) = εṀ
3/2
i , where

ε is a constant whose units are (M�/yr)
−1/2and α = ε−2/3. Seen in this form, ε

is readily interpreted as a factor determining star formation efficiency and in-

versely proportional to the cube root of the mass infall rate. In section 3.5, im-

mediately below, we will show how this efficiency relates to pressure regulated

star formation in triggered molecular cloud collapse.

Before leaving this section, we should still address the question of mass bal-

ance. Gas falling into a galaxy should either add to the galaxy’s gaseous or
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stellar mass, or add mass to a central black hole, unless an equal amount of

mass is ejected from the galaxy explosively or by means of a variety of potential

winds. Equation (3.2) thus should not be interpreted as meaning that the dura-

tion of infall is identical to the duration of star formation. As discussed in the

next several sections, we deduce that the two processes are sequential, and that

their respective durations are generally not identical.

3.5 A Mean-Field-Theory Toy Model

To account for the findings reported thus far within the larger framework of

astrophysics, we next adopt a toy model based on a mean-field-theoretic ap-

proach.

Consider a distant, highly tenuous, cold clump of gas of mean mass density

〈ρ〉 indirectly approaching a galaxy of mass M . Let the relative velocity of the

clump at large separations be V . This clump may have been previously cap-

tured into a massive halo surrounding the galaxy. We may follow the motion

of a volume element of the clump displaced by an impact parameter s from the

point on the clump that will eventually impact on the galaxy’s center. At large

distances from the galaxy, the angular momentum of a unit-mass increment of

gas about the galaxy’s center is sV . Because gas pressures within a cold tenuous

clump may be largely neglected, angular momentum conservation tells us that

the velocity v of the mass increment impacting on the galaxy at radius r is given

by

V s = vr , (3.4)
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and the infall energy of the increment is

v2

2
=
V 2

2
+
MG

r
. (3.5)

Here G is the gravitational constant and, as usual, the two equations deal

solely with the dominant azimuthal velocity components while neglecting mi-

nor helical velocity twists.

Within some radial distance rm from the galaxy’s center, infalling matter will

be captured through collision with native gas gravitationally anchored to the

galaxy. Beyond rm the galaxy’s gaseous component may be too tenuous and/or

M may be too low, and capture will cease. Solving the two equations for s and V

we obtain a capture cross section for matter falling into the galaxy within radius

rm.

πs2 = π

[
r2
m +

2rmMG

V 2

]
. (3.6)

Within a radial distance rm from a galaxy’s center, the mean infall rate de-

pends on the mean intergalactic gas density 〈ρ〉 as

〈Ṁi〉 = π〈ρ〉s2V = π〈ρ〉
[
r2
m +

2rmMG

V 2

]
V . (3.7)

Every indication given by the low metallicity of SDSS star-forming galax-

ies is that star formation at least in these galaxies is initiated by infall of low-

metallicity gas. Triggered star formation is generally thought to commence

when the pressure on a molecular cloud is sufficiently high [Krumholz et al.,

2009]. The pressure P exerted on the galaxy due to infalling gas will vary as a
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function of radial distance r, and will also depend on infall angle, i.e., whether

impact of the infalling gas is at a glancing angle or perpendicular to the gas

layer it impacts. But because our data provide only a single star formation rate

per galaxy, the parameter of immediate relevance may be some representative

pressure 〈P 〉 suitably averaged over radial distances r and angles of incidence θ.

Taking v now to be the infall velocity at radial distance r, and v〈f(θ)g(r)〉 a rep-

resentative perpendicular-impact-velocity component averaged over all radial

distances r and directions θ, we can write the pressure for infall onto an area A

within radial distance rm from a galaxy’s center as

〈P 〉 ∼ Ṁiv〈f(θ)g(r)〉
A

= 〈ρ〉πr
2
m

A

[
1 +

2MG

rmV 2

]3/2

V 2〈f(θ)g(r)〉

∼ Ṁ
3/2
i V 1/2

Arm(π〈ρ〉)1/2
〈f(θ)g(r)〉 , (3.8)

where we have made use of equations (3.4), (3.5) and (3.6) to eliminate v.

An important feature of equation (3.8) is that 〈P 〉 is solely a function of the

infall rate Ṁi, galaxy mass M , and radius rm, as well as two universal param-

eters characterizing the infalling matter, a representative velocity for clumps

traversing the halo, V , and a representative clump mass density, 〈ρ〉. Although

we have not yet derived estimates for V and 〈ρ〉 on the basis of available data,

we will do so in section 3.6, below.

Massive star formation is known to occur principally, if not solely, in giant

molecular clouds. Two recent findings regarding these clouds now enter con-

sideration:

Krumholz et al. [2012] have shown convincingly that star formation rates are
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directly proportional ρ3/2
c` ,where ρc` is the molecular cloud density, in the Galaxy,

local disk galaxies and star bursts, and high redshift disks and starbursts. The

universality of this relationship is documented by their Figure 3, which estab-

lishes a single observationally derived ratio of SFR-per-unit-area Σ̇∗ to areal-

density-divided-by-free-fall-time, Σ/tff . Within factors of order ±3, this ratio

remains constant at Σ̇∗ ∼ 10−2Σ/tff over a SFR density range of six orders of

magnitude. Here, Σ is the areal density, tff =
√

3π/32Gρ3
c`, and G is the grav-

itational constant. Two relevant factors to take away from this is that, both on

dynamic and observational grounds, (SFR) ∝ ρ
3/2
c` , and that the observed star

forming efficiency is of order 1%.

A second consideration is that calculations originally by Glassgold and

Langer [1973] and Goldsmith and Langer [1978] and extended by Juvela and

Ysard [2011] show theoretical considerations imply that molecular cloud core

temperatures should be remarkably constant. Equilibrium temperatures, at

which cosmic ray heating is balanced by spectral line cooling and cooling by

dust to which the gas is coupled, are expected to cluster around T ∼ 10 K for

clouds in the density range n(H2) = 3 × 102 to 105 cm−3. These considera-

tions are in general accord with early temperature measurements by Solomon

et al. [1987]. Gas clouds evidently undergo rapid cooling down to temperatures

of order 10K, below which the cooling becomes less efficient. The tempera-

ture constancy across such a wide density range suggests that, over sufficiently

long periods to permit heat to be radiated away, molecular clouds thus may be

isothermally compressed through application of an external pressure.

We now examine whether gas falling into a galaxy can produce the required

pressure to significantly increase the density of a molecular cloud. Using a virial
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coefficient defined as αvir ≡ 5σ2
totR/MgG, whereR is the molecular cloud radius,

Mg is its mass, and σtot is the one-dimensional thermal plus turbulent velocity

dispersion within the cloud. Krumholz et al. [2009] give the mean pressure in

a cloud as Pc` = 0.7 × 105αvirΣ
′ 2
c` kB dyn cm−2. Here Σ′c` is the areal density

of a cloud in units of Σc` ∼ 85M� pc−2 ∼ 2 × 10−2 g cm2 , kB is the Boltzmann

constant, and αvir ∼ 2 independent of galaxy environment, as found by Bolatto

et al. [2008] and revised by Krumholz et al. [2009]. A value of αvir = 1 implies

that the cloud is in self-gravitating virial equilibrium, so that the internal turbu-

lent plus thermal pressures approximately balance gravity. When αvir � 1, a

cloud undergoes free-fall collapse unless magnetic fields support it.

To exceed a cloud virial coefficient αvir ∼ 1 an external pressure needs to

typically exceed P ∼ 10−11 dyn cm−2. We can use equation (3.8) to determine the

conditions under which pressures of this magnitude may be expected. Setting

the factor 〈f(θ)g(r)〉 ∼ 1, we then obtain

P = 10−11

(
Ṁi

0.5M�/yr

)3/2(
V

170 km/s

)1/2(
13 kpc2

A

)

×
(

3.3 kpc

rm

)(
5× 10−28 g/cm3

ρ

)1/2

dyne/cm2 , (3.9)

where we have anticipated physical parameters we will justify in section 3.6

below. The point to recognize, however, is that an infall rate of ∼ 0.5M� per

year converging on a galactic area smaller than ∼ 13 kpc2 will generate a suf-

ficiently high pressure to compress typical galactic clouds and thus trigger star

formation.

The triggering process no doubt is complex. Early calculations of super-

sonic infall by Harwit et al. [1987] showed that, despite a succession of layers of

highly or partially ionized gases, and neutral components separating the tenu-
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ous, high-velocity impacting gas from a cold, relatively dense neutral layer in

a galaxy’s plane, the pressure P remains constant throughout such a layered

stack. Thus the pressure exerted on a galaxy’s impact area, if large compared

to the scale height of the gaseous component, is also the compressive pressure

on a cold cloud in the galaxy’s plane. Recent studies devoted to infall into mas-

sive cluster haloes rather than single galaxies are based on similar hydrody-

namic considerations [Birnboim and Dekel, 2011]. Roughly similar approaches

have been undertaken by Faucher-Giguère et al. [2011]. While highly interest-

ing, these studies still await observational confirmation, which may take some

years to obtain. The connection to the infall of clumps into haloes, and their

ultimate impact onto the individual galaxies observed in the SDSS survey, will

be discussed below, in sections 3.7 and 3.8.

Supersonic infall creates turbulence that intersperses infalling gas with cold

neutral components and leads both to compression and eventual diffusive mix-

ing. The rapid cooling of molecular gases, implied by the uniformly low 10 K

temperatures pointed out earlier, ultimately also dissipates turbulent structures,

leaving the cold gas compressed, at the same temperature T ∼ 10 K it had before

infall, and with a sufficiently low virial coefficient to collapse. The compression

ratio Ψ in this adiabatic sequence is & 4; its value will depend in part on the

ratio of heat capacities γ = cp/cv in the various turbulent gaseous strata, and in

part on the rate of conversion of atomic into molecular hydrogen. Even a value

of Ψ = 4, however, will diminish the free-fall collapse time by a factor of
√

8,

and thereby greatly accelerate, even if it does not initiate, collapse and star for-

mation. An acceleration by a factor of 3 in a pre-stellar free-fall collapse, which

otherwise might require & 107 yr is significant. Galactic rotational periods are

of order 108 yr, so that impact of extragalactic matter on a particular area of a
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galaxy, will generally produce pressure on this area for no more than ∼ 107 yr.

Over longer periods, the galaxy’s rotation gradually moves an impacted area

out of the infalling stream that subsequently may fall on neighboring areas.

In summary, clumps of intergalactic matter in haloes, in the density range

and with a mass-infall rate indicated by equation (3.9), appear able to both

shock-compress and turbulently mix with native cold gases in a galaxy, in times

that suffice for the gas to cool to ∼ 10 K, dissipate the turbulence, and collapse

in free-fall over times of order 107 yr.

Relevant to the discussion also is work by Elmegreen [1993], which lays the

theoretical foundation linking the pressure of the ISM, and the ambient UV radi-

ation field to the resulting fraction of hydrogen in its molecular form, predicting

a nearly linear relationship, Rmol ∝P1.2 where Rmol represents the fraction of hy-

drogen in molecular form. Recent work by other authors have refined this pre-

diction based on empirical observations and simulations, lowering the power

law index to∼0.9 [Wong and Blitz, 2002, Blitz and Rosolowsky, 2006, Robertson

and Kravtsov, 2008, Leroy et al., 2008].

None of this is meant to deny that supernovae trigger star formation as well.

The observational evidence for their propagation of star formation is clear. But

the strong correlation of low metallicity with star formation in SDSS galaxies

suggests that star formation is initiated by infall; once initiated, star formation

is then propagated further by supernova action. Hydrodynamic instabilities

have a role as well, but the additional pressures exerted by infall and/or ex-

plosive ejecta can compress and accelerate the collapse of unstable neighboring

regions to give rise to observed O and B star associations. In addition, although

it is by now well established that regions of star formation line spiral arms, the
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limited spectroscopic aperture of the present study focuses attention on the cen-

tral portions of galaxies, where spiral arms become less distinct. Our data thus

lack observations that could meaningfully add to a discussion of star formation

in spiral arms.

Finally, we note that Ellison et al. [2008] originally demonstrated a correla-

tion of higher metallicity with lower radii in galaxies of identical mass, and a

similar correlation of higher metallicity with lower star formation rates. Equa-

tion (3.7) provides a physical explanation of why infall rates should diminish

with diminishing radius; and equation (3.1) shows why lower infall rates di-

minish dilution of the intrinsic metallicities of native gas clouds and thus lead

to the observed higher metallicities. Equation (3.2) further shows that diminish-

ing infall rates result in diminishing star formation.

It may be useful, at this point, to still mention that the relation between

(SFR) ∝ Ṁ
3/2
i in equation (3.2) has a superficial resemblance to the Schmidt-

Kennicutt (SK) law, Σ(SFR) ∝ Σ1.4
gas [Kennicutt, 1998b]. Roughly equally good

fits to the metallicity dilution could be found with (SFR) ∝ Ṁ1.4
i . The SK law,

however, deals with the areal density of the native gas in a galaxy, whereas Ṁ3/2
i

refers to the pressure infalling gas may exert.

We next turn to a justification of the physical parameters given in equation

(3.9).
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3.6 Representative Values of s and V

The wealth of available SDSS data permits us to derive representative values of

s, V and 〈ρ〉 by means of relations (3.6), (3.7), and (3.2). We obtain these values

for a sampling of galaxies on the galaxy main sequence, i.e., for the most pop-

ulous and typical galaxy sample available in our data. We define our observed

main sequence as the straight line in log-log space: Log(SFR)=1.12×Log(M∗)-

11.74. Along this straight line we have picked five sets of values of galaxy mass

and SFR more or less equidistant along the most populated portion of our main

sequence. At each SFR/M∗ position we extract a set of sources within a small

Log(SFR) / Log(M∗) range of ±0.02 and take the median Petrosian half-light ra-

dius to be representative of the entire set. The five sets are summarized in Table

3.4.

We do not know precisely where the infalling material is stopped through

interaction with gas in the galaxy, or exactly what fraction of the mass within

that radius is stellar, as contrasted to dark matter. We assume in the equations

below that infalling mass is stopped at around two Petrosian radii, and that the

enclosed mass within that radius is composed largely of stellar and dark matter

with a total mass of ∼ 2×M∗. This is roughly consistent with data published by

Leier et al. [2011], who plotted the distribution of stellar mass and total grav-

itational mass in lensing galaxies (see Leier et al. [2011] Figure 5). Their total

enclosed mass, which they term lensing mass, plotted as a function of effective,

i.e., half-light radius, varies with galaxy stellar mass, but for the range of masses

we consider, their ratio of total mass to stellar mass, enclosed within two half-

light radii, is roughly 2 to 3M∗, with sizable error bars.
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Table 3.4 SFRs, Masses, and Radii for Typical Main Sequence Galaxies

Galaxy (SFR) (SFR)2/3 M∗ r50 # 〈ρ〉/α at V=170 km/s
Set M�/yr (M�/yr)2/3 M� kpc sources (g cm−3)×(s g−1)1/3

1 0.209 0.352 0.71× 1010 4.2 62 1.0×10−36

2 0.417 0.558 1.3× 1010 4.1 141 1.3×10−36

3 0.813 0.871 2.4× 1010 4.4 167 1.3×10−36

4 1.51 1.32 4.0× 1010 4.9 127 1.3×10−36

5 3.16 2.15 7.9× 1010 5.6 64 1.0×10−36

We next solve for ρ and α using equations (3.6), (3.7), and (3.2), finding

〈ρ〉/α =
1

πV

SFR2/3

r2

(
1 +

2MG

rV 2

)−1

. (3.10)

Based on the assumptions that V has some common characteristic value and

〈ρ〉 is also more or less constant when averaged over infall rates on main se-

quence galaxies, we consider a range of V values and examine the resulting

〈ρ〉/α values for each of our five sets of sources. Due to scatter in the data, some

difference in the resulting 〈ρ〉/α values for our five sets is inevitable. In figure

3.3, however, we show that there is a distinct minimum in this scatter at a V

value of 170 km/s. Specifically, this is where the standard deviation of 〈ρ〉/α

among the five source sets normalized by the mean value, reaches a minimum.

The corresponding mean 〈ρ〉/α value is 1.2×10−36 (g cm−3)(s g−1)1/3 .

That the infall velocity at large distances, V is as high as∼ 170 km s−1 may be

an indication that gas flowing into a halo containing a group of galaxies acquires

this high velocity on falling into the halo, and then impinges on the galaxies

without significant further acceleration. For a halo with radius ∼ 300 kpc and

mass ∼ 1012M�, infall velocities of this order would be expected; a more precise
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Figure 3.3 Scatter of ρ/α as a function of V

value would require knowing the radial distribution of the dark matter within

the halo. Velocities of this order may thus be compared to those obtained from

simulations of infall into haloes such as those recently calculated by Klypin et al.

[2011].

Our estimate of an approach velocity of 170 km s−1 is in rough agreement

with estimates of V based on the dispersion of line of sight velocities of galaxies

in groups and poor clusters, with a range of radial (line-of-sight) velocity dis-

persion of 100-500 km s−1 and a median radial velocity dispersion of ∼ 250 km

s−1 [Allen and Cox, 1999].

Adopting a representative mutual approach velocity V ∼ 170 km s−1 for

present purposes and setting α(SFR)2/3 equal to the mass infall rate Ṁi, we

solve for 〈ρ〉with the help of equations (3.7) and (3.2), by writing

〈ρ〉 =
Ṁi

πs2V
=
α(SFR)2/3

πs2V
. (3.11)
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With the parameters given for the five galaxies in Table 3.4, we obtain a mean

mass density 〈ρ〉 = ( α
(M�/yr)1/3

)4.8× 10−28 g cm−3.

In section 3.6, below, we seek a value of α consistent with available observa-

tions in order to obtain an actual estimate of mean clump density 〈ρ〉.

3.7 Difference Between Infall and Star Formation Rates, α

In section 3.4, we found that ατiM∗/Mg has a median value of ∼ 2.3 × 109 (yr2

M�)1/3. For a typical galaxy with Mg/M∗ = 5%, this yields ατi ∼ 1.15 × 108

(yr2 M�)1/3. We now return to our example of Figure 3.2, where we dealt with

galaxies of mass 0.5× 1010M�. It is useful to recast equation (3.1) in the form

Ṁiτi = αSFR2/3τi =
Z0 − Zx
Zx − Zi

Mg. (3.12)

Looking at the metallicities of the most vigorously star forming samples

in Figure 3.2, we find that the infalling mass of gas corresponds roughly to

57% of Mg. For Mg/M∗ = 0.05 we then obtain an infall time of τi ∼ 1.4 ×

108M�/(α(SFR)2/3) ∼ 1 × 108/

(
α

M
1/3
� yr−1/3

)
yr. A value of α = 10, would re-

duce the required infall time to ∼ 107 yr, comparable to the time that gas falling

onto a limited portion of a galaxy would impinge there before the galaxy’s rota-

tion moved neighboring regions in the galaxy into the infalling stream.

An alternative estimate of α is obtained from parameters derived in sec-

tion 3.5 that would produce a pressure sufficiently high to trigger or accelerate

free-fall collapse. For P ∼ (Ṁiv/A) ∼ α(SFR)2/3v/A and an infall velocity, as

given by equation (3.5), v = (s/r)V ∼
√

3V ∼ 294 km s−1, the infall pressure
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P (1M� yr−1 kpc−1) ∼ 1.3 × 10−10 dyn cm−2, where we have taken V = 170 km

s−1. Exceeding the internal molecular cloud pressure then would require α ≥ 1.

Another estimate of α may be suggestive: Spectra have by now been ob-

tained for approximately 6 × 105 SDSS galaxies in our redshift range. Roughly

17% of these have indications of star formation and are included in our ta-

bles. If 17% of the galaxies have measurable star formation rates, 17% of

a typical halo volume should be filled with clumps of density 〈ρ〉 = 4.8 ×

10−28

(
α

M
1/3
� yr−1/3

)
g cm−3, and the gaseous mass density of the haloes should

be 8.2 × 10−29

(
α

M
1/3
� yr−1/3

)
g cm−3. For the above-cited halo of radius 300

kpc, the total clump mass would then be ∼ 2.7 × 1044

(
α

M
1/3
� yr−1/3

)
g, or

13.7×1010( α
M�yr−1 )M�. This suggests that α should not greatly exceed α ∼ 1 to 3;

otherwise the fraction of clump mass in the halo would begin to approach that

of the total halo mass estimated above as 1012M�.

In summary, it is possible to defend α values in the range of 1-10

(M� yr−1)1/3, representing the difference between values of (SFR)2/3 and Ṁi.

This also appears roughly compatible with respective durations of Hα emission

from HII regions around massive stars formed in the collapse of a giant molec-

ular cloud and the duration of gas infall onto a particular spot of a rotating

galaxy.

Ultimately, however, the value of α will have to be established through ob-

servations. Extragalactic clumps of gas with mass densities of∼ 3×10−27 g cm−3

and α values in the range of 1 to 10 (M� yr−1)1/3, can probably not be detected

with currently available instrumentation, but should be searched for, once those

capabilities become available.
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Values of α & 1 to 10 in the indicated units also make sense when we recall

that α = ε−2/3, as discussed in section 3.4. As a coefficient for star formation

efficiency εṀ
1/2
i , one can only expect ε to exhibit values ε ≤ 1. If α is as high

as 10, ε would have to be of order 0.03. Krumholz et al. [2012] estimate star

formation rates of SFR = f(H2)εff [32Gρ3/3π]1/2, where f(H2) is the fraction

of gas in the form of molecular hydrogen. They estimate the free-fall efficiency

f(H2)εff to be of order 1%. Within reasonable uncertainties, this suggests that

an estimate of ε ∼ 0.03, and thus α ∼ 10 also lies within an acceptable range.

3.8 Summary and Discussion

We have shown that for a large fraction of the galaxies whose central regions

were observed in the Sloan Digital Sky Survey, the observed gas metallicities,

Zx, are consistent with (i) a quantitative physical relation for star formation

through episodic infall of gas devoid of heavy elements; (ii) thorough mixing

of infalling and native gas before onset of star formation; (iii) a star formation

rate proportional to the 3/2 power of the infalling mass rate, Ṁi; and (iv) inter-

mittent quiescent phases devoid of star formation during which the native gas

in a galaxy exhibits a characteristic elevated gas metallicity, Z0, dependent on

galaxy mass,M∗, and a characteristic mean ratio of stellar mass to native mass of

gas, Mg. Most if not all our SDSS star-forming galaxies with M∗ < 2.0× 1010M�,

and many with M∗ ≥ 2.0 × 1010M� and large radii appear fed by infall. Sets of

galaxies not obeying these relations invariably have masses M∗ ≥ 2.0× 1010M�

and exhibit high metallicities at high star formation rates, suggesting that for

these galaxies star formation independent of mass infall plays a significant role.
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These features are largely reproduced by a mean-field-theory toy model for

the physics of infall, which accounts for the (SFR) ∝ Ṁ
3/2
i relation in terms

of the pressure infalling gas exerts on native gas in a galaxy to trigger, or at

least accelerate, star formation. The model also permits us to estimate the mean

densities and velocities of clumps of baryonic matter traversing the dark matter

halos in which the SDSS galaxies may be embedded.

This is as much conformance to our data as can be expected from a mean-

field-theory toy model, which of necessity disregards variations in velocity V ,

variations in clump densities ρ, and selection effects that favor detection of

larger, more massive galaxies at higher redshifts, and smaller, less massive and

less luminous galaxies at lower redshifts. But it suggests that the basic features

of the model capture the essence of population distributions and metallicities

found in SDSS star forming galaxies.

A number of papers published in recent years have discussed the absolute

value of chemical enrichment in galaxies [Brooks et al., 2007, Kobayashi et al.,

2007, Finlator and Davé, 2008]; modeling the processes involved requires con-

sideration of the chemical constituents of supernova ejecta, their ejection veloc-

ities, the gravitational potentials of the parent galaxies, and thus calculations

on the rate of retention of metals in galaxies of different types and masses. As

pointed out by Genel et al. [2009], past merger history can also be an impor-

tant factor. A number of authors, most recently Leitner and Kravtsov [2011]

have also considered the extent to which winds from evolved stars may gener-

ate sufficient gas to keep up star formation within quiescent galaxies at a low

level on a continual basis, particularly in massive galaxies. While of great in-

terest, a detailed understanding of these effects will require calculations and
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detailed modeling beyond the scope of the present paper, as do recent attempts

by Bouché et al. [2010] and Shi et al. [2011] to model SFRs through new star-

formation laws. Much of this theoretical work is still tentative and will need to

be tested by accumulating observational evidence. Some theoretical predictions

could potentially be tested against the quantitative metallicity relations brought

out in the present paper.

Of particular interest to such studies may be the upper limits to the metallic-

ity of infalling material that our study indicates, ∼ 0.125 × 10−3 ± 0.125 × 10−3

N(O)/N(H). This appears to be a useful constraint on the metallicity of material

transiting galaxy halos and falling into the galaxies.
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CHAPTER 4

STRONG C+ EMISSION IN GALAXIES AT Z∼1-2: EVIDENCE FOR COLD

FLOW ACCRETION POWERED STAR FORMATION IN THE EARLY

UNIVERSE

4.1 Introduction

With recent developments in submillimeter spectroscopy including the conclu-

sion of extensive observations with the Herschel Space Observatory1 [Pilbratt

et al., 2010], the inauguration of ALMA, and the ongoing developments with

other ground-based interferometers and large single disk telescopes, the study

of the redshifted Universe in the far infrared (FIR) has come into its prime.

Emission from ionized carbon is one important tool for FIR studies of early

galaxies. Carbon is the fourth most abundant element in the Universe, and it

takes 11.3 eV photons to form C+, so the low-lying (91 K above ground) 158

µm [CII] fine-structure line was long ago predicted to be the dominant coolant

of the neutral ISM [Dalgarno and McCray, 1972]. The [CII] line is also usually

optically thin and suffers very little extinction, so it is an excellent probe of the

properties of the atomic gas heated by the far-UV (6 - 13.6 eV) flux in galaxies.

Indeed, the first [CII] detections from local galaxies revealed that the [CII] line

can be the brightest single emission line from star forming galaxies, amounting

∗This chapter is an adapted version of the submitted article, Brisbin et al. (2014).
1Herschel is an ESA space observatory with science instruments provided by European-led

Principal Investigator consortia and with important participation from NASA.
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to between 0.1 and 1% of the total FIR luminosity2 [Crawford et al., 1985, Stacey

et al., 1991].

The [CII] line luminosity is closely correlated with CO emission. Thus, while

some [CII] does arise in ionized gas, a picture has emerged where most (∼70%)

arises from the warm, dense, neutral gas of photo-dissociation regions (PDRs)

[Stacey et al., 1991, Oberst et al., 2006]. The PDR heating is dominated by far UV

(FUV) radiation from nearby early type stars. Nearly all of the UV intercepted

by dust is absorbed and converted to long wavelength thermal emission, giving

rise to the FIR continuum. A small fraction (∼1%) of the UV photons eject hot

electrons from dust and PAH grains heating the gas which, in turn, collisionally

excites the [CII] line [Tielens and Hollenbach, 1985].

For moderate gas densities (n<104 cm−3) and far-UV field strengths

(G0 <103)3 that are typical in star forming galaxies averaged over large scales,

the [CII] line will be the primary coolant for gas in PDRs. The ratio of this line

to the FIR luminosity represents the gas heating as a fraction of the total UV

power. It is a first measure of the ‘gas heating efficiency’. A more complete

measure includes the [OI] 63 µm line, which, due to its higher critical density

for thermalization (ncrit∼4.7×105 cm−3, vs. 2.8×103 cm−3 for [CII]) and greater

energy above ground for the emitting level (228 K), becomes the dominant PDR

coolant at higher densities and G0 [cf. Pound and Wolfire, 2008, Kaufman et al.,

2006]. Together, the two fine structure lines constrain n and G0 for PDRs. How-

ever, since the gas densities for most galaxies are between 100 and 104 cm−3, the

[CII]/FIR luminosity ratio is in and of itself is a good tracer of the heating effi-

2In this paper FIR refers to 42.5-122.5µm. This is one of the two most common conventions
in the literature, the other corresponding to ∼40-500µm. For most galactic spectral energy dis-
tributions (SEDs,) the integrated luminosity in these two ranges differs by a factor of ∼1.5.

3G0, the Habing flux, parameterizes the far-UV flux in terms of a typical ISM far-UV flux,
G0=FFUV /1.6×10−6 W m−2
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ciency [Stacey et al., 2010b]. In PDR models with moderate densities, [CII]/FIR

is inversely proportional to G0. ISO-based studies showed that [CII]/FIR tends

to be an order of magnitude smaller in local Ultra Luminous Infrared Galaxies

(ULIRGs; LFIR>1012L�) relative to normal star forming galaxies - a character-

istic sometimes referred to as the ‘[CII] deficit’ [Luhman et al., 2003]. This re-

lationship is surprising as it links an intrinsic galaxy trait, [CII]/FIR, with an

extrinsic trait, the total FIR luminosity.

Stacey et al. [2010b] demonstrated that in fact the [CII]/FIR ratio is not intrin-

sically anti-correlated with LFIR, and the observed [CII] deficit is only indica-

tive of the underlying star formation conditions in local ULIRGs. PDR models

demonstrate that low [CII]/FIR on a galactic scale are actually correlated with

very intense UV fields (G0 &104) in star forming media. In local galaxies the

star bursting episodes that give rise to such intense UV fields are largely in the

domain of ULIRGs. Recent major mergers leading to localized and very intense

star formation are the source of extreme luminosity in these local systems. Dur-

ing the epoch of peak star formation, ULIRGs make up a larger fraction of the to-

tal star formation activity, and thus we might expect a continuation of the locally

observed [CII] deficit. Stacey et al. [2010b] showed, however, that at z=1-2 sys-

tems with extreme (ULIRG and HyLIRG) luminosities do not have suppressed

[CII]/FIR ratios or extreme UV fields in general. Stacey et al. [2010b] instead

finds that the high luminosity star formation dominated systems in this epoch

have very extended star formation regions with more moderate FUV fields. This

has contributed to a paradigm shift in the accepted nature of star formation in

the early Universe. Rather than being powered solely by major mergers, a sig-

nificant population of ULIRGs in the early Universe are forming stars in a mode

similar to normal local galaxies. The observational data could be explained by
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star formation proceeding by cold accretion of gas from the cosmic web which

builds to surface densities ∼10-100 times that of the Milky Way. This is often

seen in sub-galactic star formation regions nearby and is adequately described

by the Schmidt-Kennicutt star formation law [Schmidt, 1959, Kennicutt, 1998a].

We postulate that in these galaxies at high redshift, similar star formation is oc-

curring on a near galaxy-wide scale leading to moderate UV field intensities

(G0 ∼100-1000,) but very large luminosities due to their very large size. This

is consistent with several recent findings by Tacconi et al. [2010], Daddi et al.

[2010], Ivison et al. [2011], and Riechers et al. [2011], which all show widespread

CO emission ∼several kpc in extent and indicate high molecular gas fractions

in normal star forming galaxies at a similar epoch. Although they are certainly

present in the early Universe [c.f. Ferkinhoff et al., 2014], major mergers are

not required to explain the very large intrinsic luminosities (L>1012L�) in this

epoch.

Motivated by the results of our previous work, we have undertaken an ex-

panded [CII] survey of z=1-2 sources with the redshift (z) Early Universe Spec-

trometer (ZEUS) on CSO; a survey which we have augmented with [OI] 63 µm

observations from the Herschel PACS instrument [Poglitsch et al., 2010]. This

survey represents the continuation of the original work by Stacey et al. [2010b]

in which an equal emphasis was placed on sources determined to be AGN dom-

inant (AGN-D), star formation dominant (SF-D), or of mixed nature. In this fol-

low up survey we have focused on SF-D systems. In this work we confirm that

the [CII] deficit is not a ubiquitous trait in star formation powered ULIRGs in

the redshift 1-2 epoch. We also find moderately intense (G0 ∼102−3) UV fields

distributed over very large (several kpc) scales within galaxies. A similar anal-

ysis of [OI] 63 µm in the sources from the original Stacey et al. [2010b] sample
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can be found in Hailey-Dunsheath et al. [2014].

The characterization of our sources as SF-D is based on evidence from the

literature without consideration of our [CII] observations. It can generally be

interpreted as a characterization of the dominant power source for the total in-

frared (TIR) (8-1000 µm). AGN dominant sources have TIR SEDs dominated

by the mid-IR (MIR), while SF-D sources have TIR SEDs dominated by the FIR

band. Due to the inhomogeneous nature of background data on our varied

source set, however, the precise criteria for characterization is not uniform.

In addition to [CII] and [OI], many of our sources have been observed pho-

tometrically with PACS [Poglitsch et al., 2010] or SPIRE [Griffin et al., 2010],

either as part of our own OT2 program, the Herschel Multi-tiered Extragalactic

Survey (HerMES) [Oliver et al., 2012], or the PACS Evolutionary Probe (PEP)

survey [Lutz et al., 2011]. We have used these data along with photometry col-

lected from the literature to provide uniformly processed SEDs. In choosing our

survey sample we emphasized sources with PAH emission detected in the MIR

observed with the Spitzer Infrared Spectrograph (IRS)4 spectrometer [Houck

et al., 2004]. This selection criteria strongly biases our sample towards SF-D

systems. We have obtained IRS spectra on seven of our sources to analyze the

presence and nature of PAHs.

The structure of the paper is as follows: in section 4.2 we present our ob-

servations, including the overall survey methodology; in section 4.3 we discuss

notes on individual sources; in section 4.4 we present our data analysis and re-

sults for our global sample and individual sources; in section 4.5 we discuss

the physical interpretation of our results and their implications for the z>1 Uni-

4The IRS was a collaborative venture between Cornell University and Ball Aerospace Corpo-
ration funded by NASA through the Jet Propulsion Laboratory and the Ames Research Center.
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verse; and finally in section 4.6 we make concluding remarks.

4.2 Instrumentation and Observations

We conducted [CII] observations using ZEUS at the 10.4m Caltech Submillime-

ter Observatory (CSO) on Mauna Kea. ZEUS is well described in the literature

[Stacey et al., 2007, Hailey-Dunsheath, 2009] so we only briefly describe it here.

ZEUS is an echelle grating spectrometer designed to operate over the 350 and

450 µm telluric transmission windows. It has a 1×32 pixel thermistor sensed

bolometer detector array that yields a 32 element spectrum split into the 350

and 450 µm bands for a single beam. The detector array and optics are designed

to maximize sensitivity to broad lines of width ∼a few hundred km s−1 - well

matched for detecting emission lines from distant galaxies. The resolving power

varies by wavelength but is ∼1000, (velocity resolution ∼300km s−1,) and each

pixel samples one spectral resolution element.

Observations took place over three observing runs in January 2010, January

2011, and March 2011. We used a standard chop-nod observing mode with a

chopper frequency of 2 Hz, and a chopper throw of 30”. Calibration, includ-

ing beam size, point-source coupling, and flux calibration, was determined by

observations of Uranus, which is assumed to emit like a blackbody with temper-

ature from 61 to 73 K within our wavelength band [Hildebrand et al., 1985]. We

spectrally flat-fielded our observations based on observations of a cold chopped

source. Source and system parameters relevant for each observation are given

in Table 4.1. The ZEUS/CSO beam size is 10.5” at 350 µm and 11.5” at 450 µm,

and we estimate that typical pointing errors are less than 3” and systematic cal-
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ibration errors are less than 30%. The wavelength calibration is good to about

half a pixel, or 100-160 km s−1.

Our [OI] 63 µm observations for six sources were taken using the PACS

spectrometer onboard the Herschel Space Observatory. We observed using line

scans in chop-nod mode with a small chopper throw. Each [OI] observation

had a full integration time (including on and off source integration but not in-

cluding instrumental overheads) of just under an hour (57.3 minutes,) except

for SWIRE 3-14 which is our faintest [CII] source, on which we integrated three

times longer (172 minutes.) We reduced the data using the standard pipeline

in the Herschel Interactive Processing Environment (HIPE v10.3.0) [Ott, 2010],

with minimal post-pipeline processing described in section 4.4.1. Observations

were carried out between May and October 2012. The [OI] line was observed

in SDSS J12 using the PACS chop-nod mapping mode as part of a cycle 2 open

time program by Sangeeta Malhotra.

All sources except for SMM J03 lie in regions surveyed by the HerMES or

PEP projects (PIs Oliver and Lutz, respectively) from which we obtained pho-

tometric measurements. We conducted photometric observations of SMM J03

using the PACS blue and green cameras (which provide simultaneous red cov-

erage resulting in observations at all three PACS wavebands - 70, 100, and 160

µm). We took two scan maps with each camera, one at an orientation of 110 and

one at 70 degrees with respect to the camera array for optimal spatial coverage

and minimal CCD latency effects after cross stitching. Scans were performed

at medium speed, with 3 arcminute scan legs, a cross scan step of 4 arcseconds

and a total of 10 scan legs. Total integration time including all four scan maps

(without instrumental overhead,) was six minutes.
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Table 4.1 ZEUS Observing log. Average line of sight transmission is indicated
by tlos. In the text we refer to sources by their names in parentheses.

Source RA Dec. z[CII] Obs. Dates tlos
MIPS 22530 17h23m03.3s 59d16m00.2s 1.9501 3/15/2011 15.4%

SWIRE3 J104343.93+571322.5 10h43m43.9s 57d13m22.5s 1.7348 3/18/11 23.9%(SWIRE 3-9)
SWIRE3 J104514.38+575708.8 10h45m14.4s 57d57m08.8s 1.7795 1/07/10, 31%(SWIRE 3-14) 3/17/11
SWIRE3 J104632.93+563530.2 10h46m32.9s 56d35m30s 1.771 12/31/10 22.5%(SWIRE 3-18)
SMM J030227.73 +000653.5 03h02m27.7s 00d06m52.0s 1.4076 1/4/11 16%(SMM J03)

SWIRE4 J104427.52+584309.6 10h44m27.52s 58d43m09.6s 1.7560 1/24/11 36%(SWIRE 4-5)
SWIRE4 J104656.46+590235.5 10h46m56.46s 59d02m35.5s 1.8544 3/16/11 30%(SWIRE 4-15)

SDSS J120602.09+514229.5 12h06m01.71s 51d42m27.6s 1.9985 3/17/11 21.5%(SDSS J12)

4.3 Notes on observations of individual systems

Several of our sources were initially discovered as part of the Spitzer Wide-area

InfraRed Extragalactic (SWIRE) survey [Lonsdale et al., 2003], which undertook

deep photometric observations of several different fields. High-z candidates

showed bumps in the 4.5, or 5.8 µm IRAC bands or the MIPS 24 µm band, in-

dicating a redshifted stellar photospheric 1.6 µm feature or PAH emission at

z∼2. Both types of features strongly suggest star formation. The 1.6 µm fea-

ture particularly selects for late type evolved stars, but it can be overwhelmed

by a strong AGN contribution, so its presence in a FIR bright galaxy suggests

star formation as the dominant power source [Farrah et al., 2006, 2008, Lonsdale

et al., 2009, Huang et al., 2009, Desai et al., 2009]. As presented in Fiolet et al.

[2009] and Farrah et al. [2008], these sources were followed up with MIR IRS

spectra to look for PAH features.

74



SWIRE 4-15 IRS observations in Fiolet et al. [2010] (source L15) showed

strong PAH features and indicated a (PAH determined) redshift, z=1.85 ± 0.01.

This, in conjunction with further photometry from Spitzer and SCUBA showing

no significant presence of hot dust, strongly indicates a SF-D system with little

to no contribution from AGN.

SWIRE 4-5 IRS follow up of this source revealed strong PAH features and a

redshift z=1.750±0.007 [source L5, Fiolet et al., 2010].

SWIRE 3-14 Farrah et al. [2008] find a PAH determined redshift of z=1.78.

SWIRE 3-9 Another SWIRE source suspected of being at z∼2, PAH spectrum

acquired by Farrah et al. [2008], showed this to have a MIR spectrum with con-

tinuum and PAHs characteristic of a SF-D system, with no contribution from an

AGN. Their PAH derived redshift is z=1.71.

SWIRE 3-18 This source was selected for MIR spectral follow up by Farrah

et al. [2008]. It’s MIR spectrum shows strong PAH features indicative of SF

dominance. Prior to our [CII] detection, only a PAH determined redshift of

z=1.76 had been established. Our [CII] detection refines this to 1.771. Although

it has been observed with IRS, little other data is known for this source. Our

interest in it arose too late to include it in our [OI] Herschel survey.

SMM J03 Based on optical and UV lines probing the ionized gas, SMM J03 is

thought to have an AGN component [Swinbank et al., 2004, Takata et al., 2006].

Looking at the UV spectral diagnostics along with the bolometric luminosity,

however, Chapman et al. [2005] found that the AGN contributes insignificantly

to the overall luminous energy. We therefore consider it to be SF-D. This is a

well studied submillimeter galaxy (SMG) with extensive photometry available
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in the literature, in the optical, NIR and the radio regime. Rest frame optical

spectroscopy reveals a redshift of z=1.4076 [Swinbank et al., 2004].

SDSS J12 (‘The Clone’) This is a UV bright lensed source with a magnification

∼ 27 [Lin et al., 2009]. It was discovered as the counterpart to the lensing galaxy

at z=0.4 in the Sloan Digital Sky Survey (SDSS). An analysis of rest frame optical

lines, [OIII], Hβ, [NII], and Hα by Hainline et al. [2009a] found SDSS J12 to share

characteristics of local star forming systems, but with stronger ionized emission,

indicating particularly vigorous star formation. MIR follow up by Fadely et al.

[2010] confirms the nature of this source, showing strong PAH features and a

lack of a hot dust component. Several spectral lines observed in emission from

SDSS J12 have indicated redshifts in the range z=1.9967-2.0026 [Lin et al., 2009,

Hainline et al., 2009a].

MIPS 22530 This source was selected as a potential z∼2 galaxy from the

Spitzer Extragalactic First Look Survey (XFLS) based on its 24 / 8 µm flux ratio,

which indicated strong redshifted PAH emission [Yan et al., 2007]. Multiwave-

length analysis by Sajina et al. [2008] finds a borderline indication of AGN pow-

ered radio emission, but shows a lack of AGN presence in optical lines. This,

along with strong PAH emission, leads them to conclude it is a SF-D system.

Keck spectroscopy by Yan et al. [2007] reveal an optical redshift of z=1.9511.

4.4 Results and analysis

Here we give an overview of the results that define several aspects of our sample

as a whole, followed by analysis of the individual systems.
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4.4.1 Line spectra

We have detected eight 1<z<2 sources in [CII] with ZEUS, representing a signif-

icant increase in the population of sources detected in this line during the epoch

of peak star formation. In Figure 4.1 we show the [CII] spectra from these eight

sources. Although several of our sources are likely to be lensed, the apparent

[CII] luminosities span a range of 1.3 - 6.7 ×1010L�.

Figure 4.1 ZEUS/CSO [CII] spectra of the eight galaxies reported here. Each
spectral bin is one resolution element of the spectrometer and is statistically
independent from its neighbors. The velocity scale is centered on the [CII] line
center.

The [OI] spectra for the six sources we observed in our Herschel PACS [OI]

survey plus one observed by Sangeeta Malhotra (reduced here from archival

data,) are plotted in Figure 4.2. The [OI] spectra were reduced through standard

methods using HIPE. In post-processing we rebinned them to resolutions ∼120
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to 350 km s−1 and removed a linear baseline where no line emission was evident.

Line fluxes are tabulated in Table 4.2.

Figure 4.2 The PACS [OI] spectra from the six sources observed in our Herschel
program and SDSS J12, observed by PI Sangeeta Malhotra. Velocities are with
respect to our [CII] line center. Region shaded in yellow indicates the area inte-
grated to determine line flux.

The [OI] line is clearly detected in six of the seven sources, and marginally

detected in SWIRE 4-5 (discussed in section 4.4.6.) In a few sources we observe

offsets from the [CII] line velocity by∼250 km s−1. The velocity resolution in our

[CII] spectrum is low, however, and a slight calibration error could introduce a

velocity error of ∼200km s−1, so the offset between [OI] and [CII] is acceptable

and does not require a physical explanation.
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Table 4.2 Fine structure lines and FIR photometry.

Source LFIR F[CII] F[OI]
F[OI]

F[CII]

S70
S100

R≡[CII]/FIR
(1012L�) (10−18 W m−2) (10−18 W m−2)

MIPS 22530 5.56 ±0.60 9.3±2.1 5.45±1.07 0.59 1.09±0.13 1.21E-2
SWIRE 3-9 2.97 ±1.46 6.4±1.4 3.75±0.78 0.59 0.85±0.2 1.16E-2
SWIRE 3-14 1.99 ±0.98 2.32±0.42 1.60±0.48 0.69 0.80±0.16 6.74E-3
SWIRE 3-18 3.3±1.2 7.3±1.3 - - 0.78±0.22 1.25E-2

SMM J03 3.74±0.40 16.9 ±3.5 5.97±0.86 0.35 1.16±0.11 1.46E-2
SWIRE 4-5 1.34 ±0.90 4.5±1.1 3.19±1.0 1 0.71 0.65±0.41 1.86E-2
SWIRE 4-15 1.78±0.33 5.0±1.3 3.55±0.90 0.71 0.73±0.12 1.79E-2

SDSS J12 3.33 ±0.40 5.6±1.4 2.52 ±0.47 0.45 1.35±0.26 1.30E-2

4.4.2 Photometry and SEDs

The photometry from our PACS program and the literature is compiled in Table

B.1 in the appendix. To estimate FIR properties such as LFIR and the 70 to 100

µm flux ratio in a uniform manner (Table 4.2) we fit star formation SED models

from Siebenmorgen and Krügel [2007] to available photometry. The SED library

consists of a set of ∼7000 SED templates constructed by radiative transfer mod-

eling of a nuclear concentration of massive young stars embedded in a matrix

of gas and dust referred to as “hot spots”. The templates vary in their stellar

input spectrum (fraction of stellar luminosity coming from O and B stars), total

luminosity, the size of active star formation, visual extinction from nucleus to

galactic edge, and dust density within star formation hot spots.

The SED models have generally performed well at modeling local star

forming galaxies. We compared each template against available photometry

weighted by error5 and formed likelihood functions to determine LFIR and

5In our sources, SPIRE photometry is affected by confusion. We apply a 30% uncertainty
to these measurements to account for this. At these redshifts the MIPS 24 µm measurement is
affected by PAH emission. Although the SED models do include PAH features, the template
grid is too coarse to allow fine distinction between PAH feature fluxes. A strong constraint on
fluxes in the affected part of the MIR spectrum can inappropriately narrow the SED template
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70/100 µm flux ratios along with their corresponding 68 percentile likelihood

range.

Initial fits showed that several of our sources demonstrated a sub-mm excess

observed in the SPIRE bands above the template model fluxes. This was most

apparent in our two sources with the highest [CII]/FIR and lowest 70 to 100

µm flux ratios, SWIRE 4-5 and SWIRE 4-15. There are other templates within

the SED library which adequately capture the sub-mm excess, however, they

all correspond to models with lower absolute luminosities (i.e. the SED profile

shape is correct but offset to lower luminosities.) Based on this finding we in-

troduced a variable scaling parameter allowing the entire SED model to shift up

or down by a multiplicative constant. As seen in Figure 4.3, the fits were much

improved with scaling factors ∼50-350, and accurately captured the long wave-

length peak in these high [CII]/FIR sources. We tested the improvement in the

fit with a likelihood ratio test and found that even with the additional statistical

burden of an extra degree of freedom, the fits with the scaling factor were better.

For both of these sources, there is a >99% likelihood that the scaled model fit

better represents the data over an unscaled model.

The physical explanation of this has to do with limitations on the star form-

ing regions in our models. The bulk of the SED models represent local systems

with active star formation region spatial scales ∼0.35-3 kpc containing young O

and B stars. The higher luminosity SEDs contain more O and B stars, but still

in small spatial regions, resulting in hotter dust and an SED peak shifting to

shorter wavelengths. There is a clear trend in the templates of increasing 70 to

100 µm flux ratios with increasing luminosity. Most of our sources lie just be-

selection, and adversely affect the fit to the FIR dust peak. We weight the 24 µm measurements
as if their errors were a factor of ten larger to prevent them from dominating the SED fit.
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Figure 4.3 SWIRE 4-5 (left) and SWIRE 4-15 (right) photometry shown with SED
fit overlaid. The thin solid line demonstrates the best fit model from the library
of Siebenmorgen and Krügel [2007], and underestimates the sub-mm flux re-
ceived in SPIRE bands. The thick solid line gives the best fit allowing for an
arbitrary scaling factor. The dashed line represents the unscaled template.

yond the boundary of LFIR and 70 to 100 µm flux ratio covered by the standard

SEDs: they must be made up of what is essentially a superposition of many

lower luminosity, lower dust temperature star formation regions.

The occurrence of highly luminous systems with cooler dust peaks at high-z

is well established [Elbaz et al., 2011, Symeonidis et al., 2013], and further con-

firms our general findings that SF-D systems at high-z can be represented as

scaled up local star forming systems. The conditions of star formation in our

z=1-2 sources give rise to cool dust peaks similar to those of local normal or

LIRG class galaxies, but scaled up spatially to account for ULIRG class lumi-

nosities. Although not explicitly demanded by all of our sources, we used the

scaling-factor-augmented SEDs for all the systems and found improved fits. The

compiled photometry and SED fits are displayed in Table B.1 in the appendix

and Figure 4.4.
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Figure 4.4 The best fit SED model from the library of Siebenmorgen and Krügel
[2007] for each of our sources. The initial SEDs (noted by dashed lines) have
been scaled up to provide better fits, consistent with our assertion that star for-
mation proceeds on larger spatial scales at redshifts 1-2. Photometry (diamonds)
is listed in Table B.1. Note that the PACS and SPIRE observations have been
color corrected in these SEDs, resulting in <10% changes in any photometric
data point and negligible change in overall LFIR.

To place these sources in context with the larger population of galaxies at

these redshifts, we consider their bulk star formation rates (SFRs) and stellar

masses. The TIR (8-1000 µm) luminosity, powered largely by dust heated by

young stars, is a convenient star formation tracer with a long history of use. We

use the TIR - SFR relationship established by Kennicutt [1998a] and adapted by

Nordon et al. [2010] to adjust for a Chabrier [2003] IMF:

SFR

M�yr−1
=
LTIR
L�

1.015× 10−10. (4.1)

Several methods of estimating galaxy stellar mass based on various pho-

tometric recipes have been used in local galaxies. These methods are generally
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based on galaxy SED modeling and rely on multiple optical/NIR measurements

to break degeneracies in star formation history. A crude but effective estimation

can be arrived at based solely on the rest frame galaxy luminosity at ∼2 µm, a

wavelength which yields surprisingly constant mass to luminosity ratios which

are less dependent on star formation histories [de Jong, 1996, Bell et al., 2003].

The effectiveness of the 2 µm luminosity for the purpose of estimating stellar

masses has already been demonstrated at z∼3 using IRAC 8 µm measurements

[Magdis et al., 2010], and here we extend the approach to z∼1.8 where the ap-

propriate rest wavelength coincides with the IRAC 5.8 µm band. We take this

IRAC band to represent the rest frame 2 µm flux and directly use the relation-

ship established by Magdis et al. [2010]:

Log(M∗/M�) = 2.01(±0.65)− 0.35(±0.03)×M2µm, (4.2)

where M2µm represents the rest frame 2 µm absolute magnitude. As is clear

from the uncertainty in the coefficients to Equation 4.2, the resulting stellar

mass estimate should only be taken as an order of magnitude approximation.

Nonetheless, we are reassured that it is an appropriate order of magnitude esti-

mate by the examples of SWIRE 4-5 and SWIRE 4-15. Both of these sources were

examined in Fiolet et al. [2009] where careful multi-band photometric stellar es-

timates yielded 1.36 and 3.21 ×1011 M� respectively. Our simple stellar mass

estimates of 1.35 and 2.05 ×1011 M� (noted in Table 4.3 along with SFRs,) are in

satisfactory agreement.

In Figure 4.5 we overplot our sources’ SFRs and stellar masses on the sam-

ple presented by Fiolet et al. [2009]. Although our sample consists of massive,

highly star forming sources, it’s clear that their relative mass and SFRs (or alter-
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Table 4.3 Stellar mass and SFR estimates for sources with IRAC measurements.

Source LTIR SFR FIRAC5.8 M∗
1012L� M� yr−1 mJy 1011M�

MIPS 22530 7.4±1.9 750±190 (4.3±1.0)×10−2 1.4
SWIRE 3-9 8.8±2.9 900±300 (1.12±0.06)×10−1 2.5
SWIRE 3-14 7.9±2.0 800±210 (7.00±0.35)×10−2 1.8
SWIRE 3-18 5.9±2.4 600±250 (6.80±0.34)×10−2 1.7

SMM J03 6.6±0.4 670±40 (8.16±0.83)×10−2 1.2
SWIRE 4-5 3.2±2.1 320±220 (5.36±0.46)×10−2 1.3
SWIRE 4-15 3.7±1.8 380±190 (7.63±0.35)×10−2 2.1

natively their specific star formation rates) fall in line with the trends exhibited

by most galaxies, very close to the stacked results of the Fiolet sample. In other

words, our sample is part of the galaxy ‘main sequence’ [Noeske et al., 2007].

4.4.3 [CII] and the FIR continuum

In Figure 4.6 we plot [CII]/FIR vs. LFIR. While the absolute [CII] line lumi-

nosity and LFIR may be amplified by gravitational lensing, the FIR continuum

and [CII] emitting regions will generally be cospatial in SF-D galaxies, so that

the [CII]/FIR ratio is not very susceptible to preferential magnification [Ser-

jeant, 2012]. Quiescent local sources (blue circles) and local ULIRGS (black stars)

clearly illustrate the historically reported [CII] deficit [Malhotra et al., 2001, Luh-

man et al., 2003].

Many of our SF-D sources from this work show [CII] emission with

[CII]/FIR ratios in excess of 1%. Although such high [CII]/FIR is unusual, it

is not unheard of, and as we show in section 4.4.6 these push models for PDR

origins of the [CII] emission to their limits. There are previous examples of
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Figure 4.5 adapted from Figure 6 of Fiolet et al. [2009]. Our sample is repre-
sented by filled green diamonds. Their x error bars have been suppressed for
clarity as we only have order of magnitude stellar mass estimates. Red triangles
represent the z∼2 sources presented by Fiolet et al. [2009], Large black symbols
represent stacked subsets of the Fiolet sample, small black symbols represent
z∼2 sources from Daddi et al. [2007], and the magenta star shows a represen-
tative high z submillimeter galaxy. Green squares trace the average trend in
GOODS-N.

sources with high [CII]/FIR ratios. For example, H-ATLAS SDP 81 [Valtchanov

et al., 2011], at z∼2.3 and the nearby spiral galaxy M51 [Nikola et al., 2001], both

show [CII]/FIR∼0.01. Spatially resolved studies of star forming regions in M33

show [CII]/FIR luminosity ratios ranging from 0.01 up to 0.034 as well [Mook-

erjea et al., 2011]. Assuming the [CII] and FIR arise in PDRs, [CII]/FIR∼1%

indicates G∼100 so that the star formation regions in our sources must be very

extended [Stacey et al., 2010b]. There are, however, hints that other mechanisms

may sometimes contribute to [CII] emission. Several resolved regions of Stefan’s
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Figure 4.6 [CII]/FIR vs. LFIR. Our SF-D sources are shown as green diamonds
with error bars. For comparison we have also included local normal sources
[Malhotra et al., 2001], local ULIRGs [Luhman et al., 2003], shock affected re-
gions from Stephan’s Quintet [Appleton et al., 2013], 1<z<2 sources from Stacey
et al. [2010b] (updated by Hailey-Dunsheath et al. [2014],) and several high red-
shift SMGs and QSOs [Pety et al., 2004, Marsden et al., 2005, Maiolino et al.,
2005, 2009, Ivison et al., 2010, Valtchanov et al., 2011, De Breuck et al., 2011,
Swinbank et al., 2012, Wagg et al., 2012, Gallerani et al., 2012, Venemans et al.,
2012, Willott et al., 2013, Wang et al., 2013, Riechers et al., 2013]. We also note
the local source M51 [Nikola et al., 2001], the z=1.786 source SDP11 [Ferkinhoff
et al., 2014], and the ratios spanned by star forming regions within M33 [Mook-
erjea et al., 2011].

Quintet, for instance, have extremely high [CII]/FIR ratios as a result of shocked

PDRs [Appleton et al., 2013].

Another useful diagnostic is the 60/100 µm FIR flux ratio: greater line

deficits as well as higher [OI]/[CII] ratios correlate with warmer FIR colors

[Malhotra et al., 2001, Dı́az-Santos et al., 2013]. From Figure 4.7 we see that

our high-z sample spans essentially the full range in FIR color that star form-
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ing HII galaxies do, with modest [OI]/[CII] ratios similar to cool star forming

galaxies. Although our sources show enhanced [CII] emission relative to LFIR,

they have proportionally enhanced [OI] 63 µm emission as well. The exception

is SMM J03 which lies to the right, with a hotter FIR temperature and decreased

[OI] relative to [CII]. The [OI]/FIR ratios for our sample, plotted in Figure 4.8,

are similar to those seen in the SMG sample by Coppin et al. [2012].

Figure 4.7 [OI] 63 µm/[CII] line flux ratio as a function of the 60 to 100 µm color
for a sample of nearby galaxies [blue circles, Malhotra et al., 2001], local ULIRGs
[stars Luhman et al., 2003], and our sources (green diamonds). Local ULIRGs
tend to have high [OI]/[CII] ratios and warmer dust temperatures. Most of our
sources are similar to local normal sources, three of them (MIPS 22530, SMM J03,
and SDSS J12,) however, have [OI]/[CII] ratios characteristic of normal galaxies,
but warm dust temperatures like local ULIRGs.
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Figure 4.8 Figure adapted from Figure 3 of Herschel-PACS observations of [OI]63
µm towards submillimetre galaxies at z∼1 Coppin et al. [2012]. Diamonds indicate
sources from this work, other symbols from Coppin et al. [2012] and references
therein [Graciá-Carpio et al., 2011, Colbert et al., 1999, Malhotra et al., 2001,
Negishi et al., 2001, Luhman et al., 2003, Dale et al., 2004, Brauher et al., 2008,
Valtchanov et al., 2011, Sturm et al., 2010, Fischer et al., 2010]. Note that Coppin
et al. [2012] define LFIR to correspond to 40-500 µm, so we have divided their
source luminosities by 1.5 to adjust to our definition of LFIR

4.4.4 PAHs

PAHs are the main source of photo-ejected electrons for neutral PDR gas heat-

ing [Weingartner and Draine, 2001]. As a simple diagnostic of heating (traced by

PAHs) vs. cooling (traced by [CII]), the ratio of [CII] to PAH emission is of inter-

est much in the same way as the [CII]/FIR ratio. The PAH features in several of
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our sources have been examined in other works, however, PAH fluxes are sensi-

tive to the fitting method used. Therefore, in order to obtain a uniform data set

in sources for which MIR IRS spectra are available, we fit the spectra ourselves

using PAHFIT [Smith et al., 2007]. The fitted spectra are shown in Figure 4.9 and

the fluxes are listed in Table 4.4. Most of the PAH spectra were acquired through

the Cornell AtlaS of Spitzer/IRS Sources (CASSIS)6 version 4 using the optimal

extraction for point sources. Since MIR spectra contain overlapping PAH and

silicate features, it is difficult to independently estimate uncertainties. To do so,

we fit each spectrum repeatedly, adding a Gaussian distributed random error to

each spectral data point in proportion to each point’s error bar. We fit each spec-

trum over a hundred times and report the mean PAH fluxes and their standard

deviations.

To capture the entire PAH spectrum and directly calculate total PAH emis-

sion would require observing the full 5-38 µm spectrum covered by the short-

low (SL) and long-low (LL) IRS modules. Our sources are all covered only by

the LL module, which at z∼1.8 samples wavelengths 5-14 µm. Although this

range misses several PAH features, based on Figure 6d in Croxall et al. [2012],

we can estimate the total PAH emission based on the 11.2 and 7.7 µm features:

PAHtot ≈
8.47(PAH11.2)2

1.73PAH11.2 − 0.197PAH7.7

. (4.3)

This PAH estimator relies on the fact that the 7.7 µm feature is representative

of the ionized PAH species, and 11.2 µm of neutral PAH species. The strength

of ionized vs. neutral PAHs can vary depending on the ambient radiation field.

6The Cornell Atlas of Spitzer/IRS Sources (CASSIS) is a product of the Infrared Science Cen-
ter at Cornell University, supported by NASA and JPL.
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The flux ratio of ionized to neutral PAH species is correlated with the intensity

of radiation fields, and presence of AGN on a galactic scale. Smith et al. [2007]

found that star forming galaxies tend to have 7.7/11.2&4 while AGN can have

much smaller ratios. By this metric all of our sources with reliable PAH esti-

mates would qualify as star forming with the possible exception of SDSS J12

(which is by no means discrepant from a star forming PAH ratio.) Equation 4.3

has only been calibrated over a modest range in the 7.7/11.2 PAH flux ratio,

roughly 2.5 to 5. Beyond these bounds, it is unlikely to provide a good estimate.

Therefore for SWIRE 3-14 which has a very high 7.7/11.2 PAH ratio, we only

consider a lower limit to the total PAH flux by adding up the flux contained in

PAH features between 6.2 and 11.2 µm. In Figure 4.10 we plot the [CII]/PAHtot

ratio with respect to the FIR color and compare to the sub-galactic sample of star

forming regions from Croxall et al. [2012]. Our sources demonstrate a [CII] ex-

cess with respect to PAH emission compared to the sub-galactic local star form-

ing regions. We have also revisited the SF-D sources with available PAH spectra

from Stacey et al. [2010b] and included their [CII]/PAHtot values, all of which

span a similar range. It is worth noting that the AGN-D and mixed systems

from Stacey et al. [2010b] for which we have IRS spectra, including IRAS F10026,

PG 1206, and 3C 368 (reclassified as AGN-D by Hailey-Dunsheath et al. [2014])

show no evidence of PAH emission despite having detectable [CII] emission.
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Table 4.4 PAH features.

PAH Flux (10−18 W m−2) (Eq. 4.3)
Source 6.2 µm 7.7 µm 8.6 µm 11.2 µm PAHtot 7.7/11.2 [CII]/PAHtot Ref. / AORkey

MIPS 22530 8.6±1.7 23.8±2.3 4.8±1.9 6.0±2.7 53.6±6.1 4.0±1.9 0.17±0.04 AOR:11865856, 23632896
SWIRE 3-9 6.1±1.3 40.6±4.8 3.9±2.4 8.0±2.4 92±17 5.1±1.6 0.07±0.02 AOR:17414656

SWIRE 3-14 6.5±1.1 34.7±2.8 7.9±1.2 4.61±0.90 >53.61 7.5±1.6 <0.044 AOR:17415424
SWIRE 3-18 6.9±3.2 22.4±5.4 4.5±2.2 6.0±2.7 51±11 3.7±1.9 0.14±0.04 AOR:17416960
SWIRE 4-5 4.15±0.28 13.240±0.076 3.59±0.47 2.39±0.47 31.6±4.0 5.5±1.1 0.14±0.04 [Fiolet et al., 2010]
SWIRE 4-15 5.48±0.46 15.9±1.4 3.26±0.63 4.53±0.67 36.8±2.8 3.52±0.60 0.14±0.04 [Fiolet et al., 2010]

SDSS J12 8.54±0.47 17.33±0.63 4.90±0.37 6.14±0.67 44.2±2.6 2.83±0.32 0.13±0.03 [Rujopakarn et al., 2012]
(Stacey et al. 2010) sources:
SMM J22471 12.9±1.8 44.6±3.8 9.7±2.7 13.6±4.7 106±15 3.3±1.2 0.09±0.02 AOR:16175616

SMM J12 12.0±1.8 54.1±2.7 7.8±2.6 9.0±2.6 139±49 6.0±1.8 0.05±0.02 [Pope et al., 2008]
MIPS J142824 25.1±3.3 111±11 25.4±6.9 23.2±5.6 249±32 4.8±1.3 0.08±0.02 AOR:12513536
SWIRE L25 5.0±1.1 13.3±2.0 3.6±2.0 4.2±2.1 32.1±7.4 3.2±1.6 0.05±0.02 [Fiolet et al., 2010]
SWIRE L17 2.95±0.37 14.9±1.8 3.62±0.64 2.84±0.79 34.2±7.1 5.2±1.6 0.08±0.02 [Fiolet et al., 2010]

Note. — AOR refers to AORkey codes used to acquire spectra from CASSIS [Lebouteiller
et al., 2011]. References refer to publications of PAH spectra. For these published spectra elec-
tronic copies of the data were acquired through private communication with publication au-
thors. 1 lower limit set by total of 6.2, 7.7, 8.6, and 11.2 µm features.

Figure 4.9 MIR IRS spectra fitted with PAHFIT [Smith et al., 2007]. The green
curve is the overall fit, blue curves are PAH contributions, and the underlying
gray curve is the continuum fit by stellar and dust contributions. Sources of
PAH spectra are noted in Table 4.4.

91



Figure 4.10 Figure adapted from Figure 8 of Croxall et al. [2012]. [CII]/PAHtot

vs. FIR color. Our sources (large green upside down filled triangles) are plotted
against sub-galactic star forming regions in NGC 1097 (light blue triangles) and
NGC 4559 (light green squares). Filled blue triangles and green squares are
those regions for which full SL+LL IRS spectra were used to directly determine
PAHtot and empty triangles are regions for which only the SL or LL module
was available and the total PAH emission was estimated by another method
(see Croxall et al. [2012].) The inset shows typical error bars for these regions.
Asterisks denote sources from Stacey et al. [2010b], green are star formation
dominant, magenta represents the poorly characterized system SMM J22471.
We have also plotted the regions from Stephan’s Quintet reported by Appleton
et al. [2013] as red filled circles.
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4.4.5 PDRs

We use the PDR toolkit [Pound and Wolfire, 2008, Kaufman et al., 2006] to an-

alyze our source properties within a PDR paradigm. The PDR models provide

estimates of several neutral and molecular gas cooling lines over a large phase

space of density and FUV irradiation. For the majority of our sources the use-

ful constraints on PDR characteristics are based on the [OI]/[CII] ratio, which

rises with increasing density and G0, and either [CII]/FIR or ([CII]+[OI])/FIR

which characterizes the gas heating efficiency. The output of the PDR models

is the intrinsic line emission from the PDR. Before we can interpret the model

outputs in terms of physical conditions we need to translate between the ob-

served and intrinsic line emission. As a simple model, we assume a dual-slab

molecular cloud geometry in which both faces of externally irradiated molecu-

lar clouds harbor PDRs. Cloud-to-cloud velocity variation generally allows us

to observe emission from multiple clumps without optical depth effects. The

[OI] line, however, is often optically thick on the surfaces of individual molecu-

lar clouds [cf. Stacey et al., 1983], so we will only detect [OI] emission from the

front surfaces of clouds. To account for this, we multiply the observed [OI] flux

by two to match the plane parallel models in the PDR toolkit. Geometry and

velocity dispersion may vary, but results from this simple approximation have

generally been consistent with observations on a galactic scale [Malhotra et al.,

2001, Vasta et al., 2010]. [CII], as previously mentioned, arises in both neutral

and ionized gas. The fraction arising from PDRs can vary, but in general it is

∼70%, and we take that as our intrinsic PDR fraction. Table 4.5 gives the PDR

parameters required by fitted models discussed below.
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4.4.6 Individual sources

Many of our sources demonstrate strong [CII] emission. Most have [CII]/FIR

in excess of 1%, and of those for which we have an IRS spectrum, most have

[CII]/PAH ratios exceeding the highest sub-galactic regions in normal local

galaxies. While the [CII] emission in normal galaxies is generally explained

in a PDR paradigm, the unusual nature of these diagnostics in our sample may

hint at additional sources of [CII] in a few cases. Below we discuss the nature of

our sample on a source by source basis.

MIPS 22530 Our [CII] and [OI] detections of this source are both some-

what blueward of the optical redshift: [CII] by ∼100 km s−1 and [OI] by ∼200

km s−1. MIPS 22530 is detected in all 3 MIPS bands and all three SPIRE

bands, providing a well determined FIR SED. Its SED-derived luminosity is

LFIR=(5.6±0.6)×1012L�. The ratio of the two fine structure lines along with the

60/100 µm flux ratio puts this source generally in the same league as normal

local galaxies shown in Figure 4.7, except with a slightly bluer infrared SED,

possibly indicating especially strong or recent star formation. The fine structure

lines in this source can be well described with a PDR model. Figure 4.11 shows

the overlapping constraints placed on our PDR model from the [OI]/[CII] ratio

and ([OI]+[CII])/FIR. As is generally the case, the PDR model for MIPS 22530

shows two regions of allowed phase space in density and G0, one with modest

density and modest G0 and one with high density and low G0. We favor the

former solution as the density is more representative of a mixed phase galaxy

average, and as we show in Section 4.5, a very low G0 value is difficult to recon-

cile with the large luminosities of our systems. The favored model phase space

constrains density, n∼103.5 and UV flux G0∼102.25.
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SWIRE 3-9 Both [CII] and [OI] are strongly detected in this source, although

there appears to be a slight offset between the line centers, likely due to cali-

bration error in the [CII] observation. Given the greater velocity resolution in

the PACS [OI] spectrum, we adopt its indicated redshift of z=1.732±0.003 with

error bars encompassing our [CII] detection. Both of the lines are significantly

redward (∼2500km s−1) of the PAH-derived redshift, however uncertainties of

this magnitude are not unexpected in redshifts determined from PAH spectra

with low signal to noise. The PAH features are also well fit using our adopted

redshift and the fitting quality is nearly equivalent to fits using the indicated

PAH redshift. The fine structure lines are again consistent with a star formation

powered PDR source. Shown in Figure 4.11, [CII], [OI], and the FIR continuum

constrain the PDR density, n∼103.5 and UV flux G0∼102.5.

SWIRE 3-14 Our [CII] line, detected at z=1.7795, is consistent with PAH ob-

servations. Our PACS observations of this source tentatively detect (∼3σ) the

[OI] line at the [CII] velocity. The FIR luminosity in this source is again based

only on a few photometric observations including SPIRE measurements with

considerable noise giving LFIR=(2±1)×1012L�. The fine structure lines and con-

tinuum are consistent with a star formation powered PDR source. As shown

in Figure 4.11, [CII], [OI], and the FIR continuum constrain the PDR density,

n∼103.25 and UV flux G0∼102.75.

SWIRE 3-18 is a strong [CII] emitter with [CII]/FIR=0.012±0.005. We

have compiled SPIRE photometry from HerMES to determine LFIR=(3.3 ±

1.2)×1012L�, and it has a cool dust temperature with (S70/S100)=0.78±0.22, sim-

ilar to SWIRE 4-5 and 4-15. This is consistent with previous claims that it is a

SF-D source. Without an [OI] observation we cannot fully disentangle density
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and G0 degeneracies in PDR parameters, but assuming a density n∼103−4 cm−3

we find G0∼101.9−2.9. (Figure 4.11.)

SMM J03 has warm dust colors as well as very strong [CII]/FIR ratio. Our

PACS observations strongly detect [OI] 63 µm with a flux of (5.6± 0.8)×10−18 W

m−2. In addition, CO 3→2 has been detected in this source, FCO(3→2)=1.55×10−20

W m−2 (Steve Hailey-Dunsheath, private communication.) Figure 4.11 shows

our PDR model for the fine structure lines ([CII], [OI]63), FIR continuum, and

CO emission. Our PACS photometry along with SCUBA data [Kovács et al.,

2006] provide a well constrained SED with LFIR=(3.74 ± 0.4)×1012L�. Our ob-

servations are nearly consistent with a standard PDR model accounting for 70%

of the observed [CII]. However, the fraction of [CII] from PDRs varies signifi-

cantly on at least sub-galactic scales, and Croxall et al. [2012] show that it is anti-

correlated with the FIR 70/100 µm flux ratio: hotter dust sources tend to have

smaller fractions of [CII] arising in PDRs. Attributing a slightly smaller fraction

of [CII] to PDRs (∼50%) allows a PDR solution truly consistent within the 1σ

error bounds of our many line ratios, and is justified given the high 60/100 µm

flux ratio and the somewhat low [OI]/[CII] ratio of this source.

A full analysis uniting the neutral and ionized gas emission is beyond the

scope of this paper, however SMM J03 does show some signs of AGN presence

and large ionized gas reserves. The rest frame optical lines and their ratios,

Hα, Hβ, NII, and OIII 5007Å, indicate this is a Seyfert-2 type galaxy [Swinbank

et al., 2004, Takata et al., 2006] (though Takata et al. [2006] ultimately suggest

star formation super-wind induced shocks as the source of ionized gas.) We

conclude ∼50% of the [CII] in this source comes from star formation powered

PDRs with a modest UV intensity, G0∼102.75, and density n∼103.5cm−3.
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SWIRE 4-5 The [CII] line is detected at z=1.756, consistent with the previous

PAH determined redshift. Available IR photometry for this source is limited to

four data points including 24µm, 1200µm, and the 250 and 350µm SPIRE mea-

surements. The source is in the HerMES fields, but not detected in the default

catalogs. We independently extracted fluxes from the SPIRE images using the

[CII] position as a prior. Moderate source blending is evident near this source

in the SPIRE images, and this limits the precision of our fluxes. We estimate the

FIR luminosity to be (1.3±0.9)× 1012L�. With [CII]/FIR=0.019±0.013, this is po-

tentially one of the most exceptional [CII] emitters known. The confused SPIRE

photometry on this source dominates the uncertainty on the [CII]/FIR ratio. The

60/100 µm flux ratio of this source, on the other hand, is completely consistent

with local sources, and is in fact the lowest 60/100 µm flux ratio in our sample.

The [OI] spectrum shows a marginal detection. The line is consistent with the

[CII] velocity and a normal local [CII]/[OI] ratio, however the spectrum is taken

from an off center PACS pixel corresponding to 9.3 arc seconds off the nominal

position. We present it here as a tentative detection.

It is reasonable to conclude that the [CII] and [OI] are coming from the same

region in this source, but their particularly high fluxes relative to the FIR make it

difficult to rectify with a classic PDR model in which UV photons dominate the

gas heating. In table 4.5 and Figure 4.11 we show that assuming a classic PDR

model implies especially low FUV fields, G0∼101.75 and high densities, n∼104.25.

If the marginal [OI] detection is treated only as an upper limit, a larger phase

space could explain the observations.

SWIRE 4-15 Our [CII] detection at z=1.8484 is well within the PAH deter-

mined redshift range. Herschel SPIRE photometry from HerMES show an
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SED dominated by a cool dust component peaking at ∼120 µm, further con-

firming the SF-D nature of the source. Based on HerMES SPIRE data and 1.2

mm MAMBO data [Fiolet et al., 2009] we find LFIR=1.78±0.33)× 1012L�. This

source is similar to SWIRE 4-5 in both [CII] emission ([CII]/FIR=1.79×10−2)

and FIR color (S60/S100=0.73.) We have a broad line detection in [OI],

(F[OI]=4.4±1.1×10−18 W m−2.) Once again, the [CII]/[OI] ratio is similar to nor-

mal galaxies, but a standard PDR paradigm requires low FUV fields and high

densities to explain the lines and continuum (G0∼101.5, n∼104.25.)

SDSS J12 This source was observed and detected in [OI] by Sangeeta Mal-

hotra and we add to the discussion our [CII], well constrained FIR photometry

from the PEP public data release, and the fitted MIR spectrum. PEP data yields

an apparent LFIR=(3.3± 0.4)×1012L�. Accounting for the system magnification,

the intrinsic luminosity suggests that SDSS J12 is a relatively modest star form-

ing source in terms of overall luminosity. SDSS J12 has a modestly warm FIR

color, S60/S100=1.35, consistent with the suggestion that this source is undergo-

ing particularly intense star formation which would cause increased abundance

of hot dust along with ionized gas reserves [Hainline et al., 2009a]. In Figure

4.11 we show that a PDR model with Log(n)∼3.5 and Log(G0)∼2.5 can explain

the [CII] and [OI] emission along with the continuum.

4.5 Discussion

Our source sample is dominated by galaxies powered by star formation which

lie along the galaxy main sequence. This is a reflection of our selection bias to-

wards star forming sources with PAH emission. The sample bears out the find-
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Figure 4.11 PDR diagnostic plots. Colored contours show constraints on n and
G0 based on the following ratios: green [OI]/[CII], cyan ([OI]+[CII])/FIR, blue
[CII]/FIR, yellow [OI]/CO(3→2). Solid lines note ratio values and shaded areas
represent ±1σ regions. For consistency in these plots we attribute 70% of ob-
served [CII] to the classic PDR model, although for the bottom row of sources
we have reason to believe the true fraction is slightly lower due to enhanced
ionized gas emission or additional shocked PDRs (see text.)

ing established by Stacey et al. [2010b] that ultra luminous star forming galaxies

at redshifts from 1 to 2 can have efficient [CII] emission unlike local ULIRGs.

Within the PDR paradigm, the relative strengths of fine structure lines such

as [CII], [OI], and the FIR continuum characterize the intensity of the local FUV

field. Essentially all of the FUV that impinges on neutral gas clouds is absorbed

by dust and reradiated in the FIR continuum. Therefore, the observed FIR inten-

sity measures the average FUV field intensity within our telescope beam. The

PDR-derived FUV field intensity, (G0,) and our beam-averaged field intensity

are thus related by the source beam filling factor.
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Table 4.5 PDR model parameters.

Source PDR parameters
Log(n cm3) Log(G0) size (kpc)

MIPS 22530 3.5±0.3
0.4 2.25±0.3

0.4 3.0-9.7
SWIRE 3-9 3.5±0.4

2.5 2.5±0.8
1.1 2.0-5.3

SWIRE 3-14 3.25±0.2
2.25 2.75±1.2

1.1 1.5-3.3
SWIRE 3-18 3-4 2.25±0.7

0.4 2.5-7.5
SMM J03 3.5±0.1

0.4 2.5±0.2
0.2 2.2-6.0

SWIRE 4-5 4.25±0
3.25 1.75±2.1

0.8 2.7-8.5
SWIRE 4-15 4.25±0.1

0.8 1.5±0.4
0.5 3.7-13

SDSS J12 3.5±0.4
0.5 2.25±0.2

0.5 2.5-7.5

Note. — The size scale represents the summed areal extent of star formation powered PDRs.
It is a representative value only and its range is based on the G0 value under the separate as-
sumptions of small and large mean free photon paths relative to cloud size as outlined in section
4.5 (and does not account for the uncertainty on G0). Representative n and G0 values give the
best PDR solution assuming 70% of observed [CII] is due to PDRs except in the case of SMM
J03 where we assume 50%. Error ranges are such that 68.27% of the power in the marginal-
ized probability distribution function of each parameter is contained within. We have assumed
G0 >10 as a prior to ignore the low G0 high density solution which, as discussed in the text,
is unrealistic for galaxy averaged properties. In SWIRE 3-18 we lack a useful [OI]/[CII] ratio
to constrain density so we have assumed n∼103-104 cm−3, consistent with other star forming
sources at high redshift [Stacey et al., 2010b]. Finally, note that in SWIRE 3-9, 3-14, and 4-5, the
large error bars on [OI]/[CII] and the relative insensitivity of that line ratio at low density leads
to a lower error bar that encompasses the full low density range of the PDR model.

Wolfire et al. [1990] found that a cloud of size D, and luminosity, LIR, should

have an average FUV field given by G0 ∝ λLIR/D
3 where λ, the mean free path

of a photon, is much smaller than the cloud extent, D; or G0 ∝ LIR/D
2 if λ & D.

If we use M82 as a model, D∼300 pc [Joy et al., 1987], G0∼1000 [Lord et al., 1996],

LFIR∼2.8×1010L� we find that (D/pc)3 ∼0.96 (LFIR/L�)/G0 or (D/pc)2 ∼3.2e-3

(LFIR/L�)/G0. As noted in Table 4.5, we find the spatial extent of star formation

in all of our sources is &2 kpc, implying that star formation is occurring over a

large fraction of the galactic disk. Note that a lower G0 ∼100.25, which often

appears as a secondary solution in our PDR models comparing [CII] and [OI]
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(see Figure 4.11), would imply spatial scales an order of magnitude larger which

is not reasonable, so we take the higher field solution. Our finding of kpc scale

star formation is consistent with the recent observations of spatially resolved

CO in high redshift sources [Tacconi et al., 2010, Daddi et al., 2010, Ivison et al.,

2011, Riechers et al., 2011]. As Tacconi et al. [2010] point out, the large spatial

distribution of molecular gas does not necessarily imply a single coherent disk

of star formation, but instead is very likely the observation of widely distributed

clumps which are not individually resolved, but are all likely undergoing star

formation obeying a Schmidt-Kennicutt law.

We have confirmed our previous result that the [CII] deficit is not a ubiqui-

tous phenomenon in star formation powered ULIRGs at redshift 1-2. The com-

bined high [CII] and FIR luminosities can only be fit within the PDR paradigm

if the source size is at least several kpc in extent and potentially much larger.

This is in sharp contrast with local ULIRGs with their intense, and localized col-

lision induced bursts of star formation. Figure 4.12 presents a cartoon schematic

of these different modes of star formation. The [OI] and PAH observations we

present here further confirm the PDR interpretation of the [CII] and FIR con-

tinuum emission, also confirming the large star formation spatial extent (which

was postulated for similar sources in Hailey-Dunsheath et al. [2010] and Stacey

et al. [2010b].)

The large spatial scales of star formation are best understood as the expected

star formation that results from large and abundant molecular reserves under

a Schmidt-Kennicutt law. The large molecular gas aggregation likely results

from cold accretion from the cosmic web, not concentration from major mergers,

which would produce very intense, but localized star formation sites resulting
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Figure 4.12 A schematic representation of star formation in local ULIRGs (left)
vs. star formation powered ULIRGs at z=1-2 (right.) Local ULIRGs may show
one or more compact regions of intense star formation activity with strong UV
fields and high dust temperatures, often powered by recent galaxy merging. At
redshifts 1-2 the modest UV fields discussed here and large observed molecu-
lar gas distribution s [Tacconi et al., 2010, Daddi et al., 2010, Ivison et al., 2011,
Riechers et al., 2011] indicate more spread out star formation occurring over a
significant fraction of the galaxy’s area. We suggest that intergalactic gas accre-
tion from the cosmic web (indicated by shaded region) fuels such widespread
star formation.

in low [CII]/FIR ratios as seen in local ULIRGs. Much of the star formation in the

epoch of peak star formation, when most of the stars in the Universe formed, resulted

from gas accretion from the cosmic web, not merger activity as had previously been

supposed.

The [OI] 63 µm line was detected in the seven sources that were observed

with the PACS spectrometer on Herschel. Another set of seven sources also

have useful IRS spectra available which we have collected and made use of here

to consider their PAH emission. In our sample the PAH features are strong, but

[CII] to PAH ratios exceed those of local star formation regions.

This accumulated wealth of data has allowed us an unprecedented look at

the nature of these galaxies, and in particular their dominant power sources

in the infrared. The standard approach, using classic PDRs to explain the ob-

served emission, can adequately produce the line and continuum emission we
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see. In several cases, however, the amount of fine structure line emission we see

relative to the FIR continuum is brushing up against the limits of what classic

PDRs are capable of. This is most notable in our two sources with the highest

[CII]/FIR ratios, SWIRE 4-5 and 4-15, which both demand low UV fields and

very extended spatial extent.

In addition to the difficulty in modeling these systems, our sources clearly

demonstrate excessive fine structure line emission relative to both FIR contin-

uum and PAH emission compared to most local sources. Our enhanced [CII]

ratios are particularly reminiscent of the work by Guillard et al. [2012] and Ap-

pleton et al. [2013] on Stephan’s Quintet. Their work shows enhanced CO and

[CII] emission as a direct result of shock heated gas. In particular, Appleton

et al. [2013] finds [CII]/FIR and [CII]/PAH ratios a factor of ∼5 higher than we

see (as shown in Figures 4.6 and 4.10.) Our sources are not as extreme in these

characteristics, but they do stand out from the general population of galaxies,

and may represent hybrid systems involving significant contributions from both

classic PDRs and shock powered regions.

We have already seen cases where microturbulence contributes significantly

to the overall heating budget of various lines on a galaxy-wide scale. In earlier

work on NGC 253 and NGC 891 we found that microturbulence was needed in

addition to classic PDRs to explain neutral and molecular gas emission [Hailey-

Dunsheath et al., 2008, Stacey et al., 2010a, Nikola et al., 2011]. Implicating mi-

croturbulence to explain [CII] emission, requires a source of radiation to ion-

ize the carbon. Lesaffre et al. [2013] showed that diffuse, lightly irradiated gas

undergoing low velocity shocks can produce significant turbulence which dis-

sipates by heating the gas and powering emission in the primary coolant lines
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including [CII]. Furthermore, this turbulent heating does not necessarily imply

violent galaxy mergers. Indeed, the low velocity shock models (∼8 km s−1)

could contribute significantly and might easily result from star formation feed-

back processes such as stellar outflow, supernovae, or simple impacting clumps

accreting from the intergalactic medium. To characterize the shock properties

and the relative contributions from shocked diffuse gas and PDRs would re-

quire observation of more emission lines, however, the very high cooling line

ratios with respect to FIR and PAHs are good indications that additional sources

of heating, such as microturbulence, are contributing to [CII] emission in high

redshift star formation powered galaxies.

4.6 Conclusions

We have detected eight new z=1-2 sources in the [CII] 157.7 µm line. Seven of

them were also observed in the [OI] 63 µm line. Far infrared photometry, made

available through our Herschel program, HerMES, and PEP, has allowed us to

establish SEDs and reliable FIR luminosity estimates.

In general we have found that the relative [CII] and [OI] emission is com-

parable to local star forming systems and can largely be explained with classic

PDR models. There is, however, very strong [CII] relative to both FIR contin-

uum and PAH emission. Seven of our eight sources exhibit [CII]/FIR>10−2, and

five exhibit [CII]/PAHtot >0.1.

We have used [CII]/FIR to determine G0 based on a PDR paradigm, and

with LFIR we determine the PDR filling factor in our beam. The extent of our

star forming regions are very large, unlike local ULIRGs. Extended, moderate
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intensity, star formation dominates their energetics, likely stimulated by large

molecular gas reservoirs, accreted from the cosmic web. This picture leads us

to a paradigm shift: much of the star formation at z∼1-2 is not driven by major

mergers, but instead by cold flow accretion. Although there are several exam-

ples of major mergers in the early Universe, cold flow accretion fueled galaxies

abound as well. Our [OI] and PAH detections further confirm this interpretation

of [CII].

While the [CII] and [OI] largely arise from classic PDRs, we must qualify

the standard PDR paradigm with the caveat that a portion of the exceptional

fine structure line emission we observe here may be powered by other heating

mechanisms in addition to classic PDRs. In SMM J03 there is probably enhanced

contribution to [CII] from ionized gas (∼50%). In SWIRE 4-5 and SWIRE 4-15,

the high [CII] ratios are approaching the limit of what PDRs can provide, and

their FIR dust temperatures are low suggesting a heating mechanism which by-

passes the UV dust absorption mechanism. This is consistent with a low velocity

shocked diffuse gas component as modeled by Lesaffre et al. [2013] and invoked

by Appleton et al. [2013] to explain high [CII] ratios in Stephan’s Quintet.

The [CII] line remains a useful probe in the z>1 Universe. It had been

presumed that large-scale mergers dominated the star formation in this epoch

which would lead to compact and intense star formation regions with relatively

weak [CII] emission like local ULIRG galaxies. The discovery of very extended

[CII] emission is a key element of the new paradigm that cold accretion from

the cosmic web fuels very high gas surface densities leading to enhanced, wide-

scale star formation following a Schmidt-Kennicutt law.

With the observational avenues that have opened in the last few years, we
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are now able to acquire more diversity of data and work with better refined

models than ever before. This presents us the welcome challenge of transition-

ing from studying broad brush characterization of star formation in general to

examining individual sources. Going forward, the [CII] line, [OI], PAHs, and

other multiwavelength data will allow us an exceptional look at the dynamics

of individual galaxies, building on the picture presented here, and allowing a

much refined and detailed model of star formation and galaxy evolution.
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CHAPTER 5

OVERVIEW, CONCLUSIONS, AND FUTURE WORK

In this thesis I have presented work concerning the evolution of galaxies over

the last ∼10 billion years of the Universe’s history. Insights gleaned on this

subject in the last decade have been possible in large part due to the multi-

wavelength, broad and deep surveys of distant galaxies enabling us to better

characterize many stages of star and galaxy formation over cosmic time. Tech-

nological advances allowing observation in the sub-millimeter have been crucial

to revealing the nature of infrared bright galaxies and dust-embedded regions

at redshifts z∼1-2 where rest frame optical and UV light suffers extremely high

extinction.

Far infrared / sub-millimeter observations have long been anticipated as a

promising avenue for observing high-z sources. Redshifted lines observed in

these bands are very strong, optically thin, nearly unaffected by extinction, and

often the primary coolant lines for the emission region and therefore useful di-

agnostic probes of the physical conditions within the emitting medium. The

FIR continuum arises from warm dust heated by star light and/or short wave-

length radiation from AGN. In dusty star forming galaxies the FIR continuum

luminosity often exceeds the optical luminosity. In the most extreme examples,

nearly all of the starlight is reprocessed by dust and emitted in the FIR bands.

The launch of Herschel in 2009 dramatically expanded the opportunity to

observe in the sub-millimeter. Its ability to quickly map regions photometrically

across a large portion of the FIR / sub-mm regime (70 - 500 µm in PACS and

SPIRE) in any region of the sky has allowed ambitious surveys to study the early

Universe in finer detail than ever before. Deep integrations in the HerMES and
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PEP projects have probed down to confusion limited scales with SPIRE, and

resolved much of the cosmic infrared background (∼50%) with PACS in the

form of infrared galaxies [Oliver et al., 2010, Berta et al., 2010]. These surveys

have also yielded new characterizations of galaxy luminosity functions and star

formation histories via the LFIR-SFR correlation.

The SDSS is an example of one of the broadest surveys in the history of as-

tronomy. Its survey footprint (as of DR10) covers ∼35% of the sky 1. Not only

has it provided photometry on∼90% of galaxies down to r magnitude 21.12, al-

lowing broad brush categorization of most large galaxies in the local Universe,

its extensive spectroscopic catalogs of galaxies allows an unprecedented sta-

tistical look at properties like extinction, star formation, metallicity, and even

AGN presence. The SDSS represents one of the most significant steps in the last

decade of characterizing the nearby Universe.

The SDSS has also detected several objects at higher redshifts (including a

handful of QSOs at z∼6 [Fan et al., 2006, Jiang et al., 2006, 2008].) While these

observations highlight some very interesting objects, the SDSS data by itself is

not especially useful for characterizing the early Universe as a whole. High

redshift objects spotted in SDSS tend to be the many-sigma stand outs which

represent the most extreme systems. Furthermore, at a redshift ∼2, the red end

of SDSS spectral coverage in the near infrared corresponds to the rest frame near

UV, which is highly susceptible to dust extinction.

Again, the far infrared / sub-millimeter regime offers new access to galaxy

properties through several extremely bright fine structure lines which can di-

rectly reveal the dynamics of dusty ISMs in high redshift galaxies. ZEUS, which

1http://www.sdss3.org/dr9/
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saw first light in April 2006 [Stacey et al., 2007] is ideally suited for studying

broad extragalactic fine structure lines, and in particular [CII] in galaxies at

z=1-2. Its spectral resolution is well matched to their velocity-broadened line

widths. Even with the obscuring effects of the atmosphere, the sensitivity to

broad emission lines of ZEUS on the CSO surpasses that of SPIRE.2 The early

ZEUS observations of [CII] in galaxies at z=1-2 were formative in determining

the nature of these sources, and ultimately led to the emerging paradigm shift

that moderate intensity, spatially extended star formation is responsible for the

much of the star formation in ULIRGs at high z. Not all star forming systems

contain intense, localized star formation fueled by major mergers as is the case

in many local ULIRGs [Stacey et al., 2010b]. The Herschel PACS spectrometer

complements the capabilities of ZEUS. ZEUS readily detects [CII] at redshifts

1-2 while PACS can detect fine structure lines from O and O++ from the same

systems. This combination of lines tightly constrains the PDR media gas den-

sity and FUV field strength and, through the O++ lines, indicates the number

of upper main sequence stars capable of emitting the required strongly ionizing

radiation.

The synergy between these instruments and surveys has allowed an un-

precedented look at galaxy evolution and the underlying physics that shape

them. Below I describe my conclusions based on this wealth of data, and also

present near term extensions of these works which spring directly and build

upon the work discussed. In section 5.3.1 I discuss future work that extends

this science to higher redshifts in an attempt to understand galaxy evolution

during the epoch of galaxy birth.

2In good weather, at 434 µm ZEUS on the CSO obtains a 5σ, 1 hour line sensitivity limit
∼2×10−18W/m−2 for a line contained within two spectral bins (556 km/s) [e.g. Ferkinhoff et al.,
2010, 2011]. The SPIRE instrument has a sensitivity of 13×10−18W/m−2 (SPIRE observers man-
ual).
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5.1 The Deep SPIRE HerMES Survey: Spectral Energy Distri-

butions and their Astrophysical Indications at High Red-

shift

We examined photometric Herschel observations of the GOODS-N and

Lockman-N fields. SPIRE observations of both fields come from the HerMES

project, and in Lockman-N we include PACS data from the PEP survey. These

fields formed the deepest blind observations of early Herschel operation, and

as such, were proving grounds for the true capability of Herschel to investigate

the early Universe.

At the depths of these surveys, source confusion becomes a major issue,

especially at the two longest SPIRE wavelengths, 350 and 500 µm. We found

that a large fraction of sources detected by automated algorithms were in fact

blended combinations of sources, as evident by their extended morphology, the

existence of multiple underlying sources at shorter wavelengths, and SEDs that

show emission uncharacteristic of a FIR dust peak. This is not surprising since

the sources we extracted from initial HerMES catalogs had 500 µm flux densities

ranging from 11 to 25 mJy, while Nguyen et al. [2010] characterized the 500 µm

confusion noise as 6.8 mJy, implying that our sources are right on the edge of

identifiability, extremely subject to the chance arrangement of nearby sources.

At 350 µm the situation is similar - our sources of interest had flux densities

ranging from 10 to 32 mJy with confusion noise estimated as 6.3 mJy, while at

250 µm the confusion noise marginally decreases to 5.8 mJy. Surveys probing

down to or beyond the confusion limit can still be useful probes of cosmology

in a statistical sense, (P(D) analysis, for instance allows source count statistics
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below the confusion limit [Patanchon et al., 2009],) but to examine individual

sources, it is crucial that one source be identifiable with one specific flux.

To this end, we established a metric, the ‘purity index’, which allowed us

to reliably identify well isolated sources based on the underlying flux map at

another wavelength with finer spatial resolution. The metric is simple to mea-

sure given a map of interest and another map with finer resolution, so invoking

it is not computationally burdensome and it could be easily adapted to future

confusion-limited surveys at other wavelengths. The Spitzer 24 µm MIPS res-

olution (5.9”), is fine enough that it can often pull apart sources that appear

blended in SPIRE or PACS. At the same time, fluxes at 24 µm are correlated with

longer wavelengths, allowing some predictive power over the relative contribu-

tions of different 24 µm sources to FIR intensity maps. We demonstrated the effi-

cacy of the metric by selecting a set of 21 sources spanning redshifts 0.5-3 based

on their high purity indices at PACS and SPIRE wavelengths. The compiled

SEDs of these sources all included broad, single peaked FIR emission character-

istic of locally observed galaxies - unlike randomly selected sources from auto-

mated detection algorithms which often resulted in ‘broken’ SEDs with multiple

local peaks in the FIR.

As we concluded in Chapter 2, Our source SEDs were generally consistent

with star forming galaxies which we fit using templates based on local galax-

ies in the [Siebenmorgen and Krügel, 2007] library. At the time of publication

we used a straight forward fitting method that simply compared the absolute

luminosity densities of the templates with the observations, as advocated by

Siebenmorgen and Krügel [2007]. Retrospectively, we note that several of the

fits were less than ideal. The sources noted as LN (D), (F), (G), (H), GOODS-N
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(B), (C), (G), and (d) all show SEDs that appear physically plausible, but demon-

strate excessive emission at &100 µm over the best-fit template. In light of the

picture that has emerged over the last several years this sub-mm excess is easily

understood. As we addressed specifically in Section 4.4.2, in the S&K SED tem-

plates (based on local star forming galaxies,) there is a clear correlation between

increasing dust temperature and increasing absolute luminosity. In the local

Universe this is borne out by observations - having a very luminous star for-

mation powered galaxy requires very intense localized star formation which in-

creases dust temperatures and shifts the FIR dust peak to shorter wavelengths.

At higher redshifts, we see numerous examples, the cited LN and GOODS-N

sources being several, in which this is not the case - leading us to conclude that

extended, modest intensity star formation is capable of powering ULIRGs with

relatively low dust temperatures. The SED fits from this chapter that show sub-

millimeter excesses can benefit from the scaling factor we introduce in chapter 4

which allows us to generate SED templates with the long wavelength FIR peak

of modest star forming galaxies at the luminosities of ULIRGs. In Figure 5.1 we

have refit the four LN and four GOODS-N sources cited above as showing a

submillimeter excess. The new fits are much better at SPIRE wavelengths, and

like our [CII] sources in chapter 4, require SEDs with cool dust peaks scaled up

by factors of 9-1300.

While this explanation is consistent with other findings and accounts for the

observed sub-mm excess, one might legitimately ask, in a blind deep field like

those studied here, if it might be yet unidentified source blending at long wave-

lengths that is responsible for the inability of our local SED models to capture

the sub-mm excess. It is difficult to give an absolute answer to this question;

certainly given free reign over the luminosity, redshift, SED, and separation an-
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Figure 5.1 Galaxy SEDs from chapter 2 refit using the Siebenmorgen & Krugel
SED library with an additional scaling factor. The intrinsic SED profile is plotted
as a dashed line and the scaled up fit is the solid line. As in Figures 2.2,2.3,
and 2.5, we fit based on photometry at 24 µm and longer, but include shorter
wavelength data for display purposes only.

gle of a nearby source one could fine tune the parameters such that the primary

source would be observed to have a sub-mm excess, and this is a possibility

we admit in chapter 2. To understand how likely this explanation is, we have

undertaken to explore the more limited question: “using unadulterated SEDs

from Siebenmorgen and Krügel [2007] (without invoking multiplicative scale

factors,) can a high luminosity, high redshift source, marginally blended with

a moderate luminosity, local source demonstrate sub-mm excesses like those

observed above?”

To explore this we selected 100 random ‘primary’ SED templates with bolo-

metric luminosites >1012L� and shifted them to z=2. We then paired each one

with a randomly selected ‘secondary’ SED with luminosity <1011L� at z=0.1

and assumed a separation from the primary source of 20”. The separation an-
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gle was chosen to give a good chance for selective source blending at SPIRE

wavelengths while leaving the PACS bands relatively untouched, and the lu-

minosities were chosen to represent the sources we were interested in at high

redshifts, paired with relatively common sources which might exist undetected

in the nearby Universe. We then calculated the simulated Herschel flux densi-

ties based on the intrinsic source SEDs and the PACS and SPIRE beam widths

relative to the separation angle. Finally we took these calculated flux densities

and attempted to fit them with a single SED at z=2 to evaluate the possibility

that a blended SED might stymie the basic SED library.

We saw three characteristic results from the blended SEDs. The first charac-

teristic result is the trivial case when the secondary source is far less luminous

than the primary source and the blended SED is essentially the same as the

primary SED. At long wavelengths the observed flux densities may be slightly

inflated over the true primary SED, but it can still be fit by standard SED tem-

plates. Sixty three out of 100 blended SEDs demonstrate this result. The second

characteristic result, which was quite common (occurring 28 times,) was the ap-

pearance of a ‘broken’ SED in which short wavelengths were clearly dominated

by the primary source and longer wavelengths suddenly transitioned to being

dominated by the secondary source. An example can be seen in Figure 5.2. This

results when the secondary source is brighter in the FIR and the primary source

SED peaks shortward of 100 µm. The resulting blended SED is distinctly unlike

most observed galaxy SEDs and can’t be well fit with a single template. The

third characteristic result, also shown in Figure 5.2, is somewhat rarer, occur-

ring 9 times when the secondary source was bright and the primary source has

a fairly cool dust component, peaking beyond 100 µm. In this result we see a

sub-mm excess like the ones we observed which are not well fit using a sin-
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gle SED template without a scaling factor. Apparently then a simple blend of

a high and low redshift source could create the profiles we have observed and

attributed to very luminous galaxies with cool dust temperatures. Note, how-

ever, that if the secondary source dominates over the primary cool dust source

in the FIR, then it almost certainly dominates at shorter wavelengths as well. The

secondary source should therefore be well known and established at shorter

wavelengths. Therefore it seems extremely unlikely that the submillimeter ex-

cesses we observe in these deep surveys could be the result of blending with

a previously unidentified local object. In this case the secondary source would

surely have been established in Spitzer 24 µm images. This is further evidence

that we should be confident in our approach relying on multiwavelength data.

Figure 5.2 Two representative blended SEDs created assuming a primary high
luminosity high redshift source and a secondary nearby lower luminosity
source. Thick solid line represents the high redshift source, thin solid line repre-
sents the local source, and the dashed line represents the best fit to the blended
Herschel observations (asterisks.) The ‘broken’ SED on the left cannot be well
fit with a single dust temperature standard SED. The SED on the right demon-
strates a sub millimeter excess similar to several of the high redshift sources
observed in HerMES.

The compiled SEDs of our highly pure sources generally confirmed the
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prevalence of ultra luminous, star formation powered, dust obscured sources

in the early Universe. The particular selection of sources chosen in the paper

may serve as a useful set of ‘low hanging fruit’ for spectroscopic follow up as

they are robustly detected with known redshifts, and in many cases are very

luminous (15 qualify as LIRGs or ULIRGs.) The overall performance of the pu-

rity index at selecting well isolated sources, along with the consistency of our

findings based on those sources with the current theory, suggest that the metric

is a useful tool.

5.2 Galaxy Mass, Metallicity, Radius and Star Formation Rates

Linked spectroscopic and photometric observations on ∼106 sources from the

SDSS are publicly available through the Max-Planck Institute for Astrophysics/

Johns Hopkins University catalog of SDSS galaxies 3. We selected a sample of

∼105 with which to examine bulk statistical relationships between mass, metal-

licity, radius, and star formation. The sample was selected to preserve sources

with the best data (those with high S/N in a set of informative lines,) and to

minimize the number of AGN present as identified by an emission line criterion

established by Kauffmann et al. [2003a] (similar in style to the work of Baldwin

et al. [1981],) with all sources confined to 0.07<z<0.3 (representing ∼2.5 Gyr of

the recent Universe.)

We characterized this sample by their stellar mass, star formation rate (as de-

termined by Hα luminosity,) radius (photometric half-light radius,) and metal-

licity (based on various metal line ratios - see chapter 3.) We confirmed previous

3http://www.mpa-garching.mpg.de/SDSS/DR7/

116



findings of a very striking anti-correlation between star formation and metallic-

ity: sources undergoing strong star formation have lower metallicity than qui-

escent sources. Furthermore, we found increased stellar mass moderated the

effect: more massive galaxies show weaker metallicity depression during star

formation episodes than less massive galaxies. The relationship can be seen at a

glance in Figure 3.1.

The observed correlation is consistent with simple dilution of the galactic

ISM by metal-poor gas accreting from pristine intergalactic reserves and simul-

taneously spurring star formation. We parameterized this toy model in the form

of an equation:

Zx =
(ṀiτZi +MgZ0)

(Ṁiτ +Mg)
, (5.1)

where Zx is the observed metallicity, Mg is the mass of native gas, Z0 is the (rela-

tively high) metallicity of native gas, Zi is the (very low) metallicity of accreting

gas, and Ṁiτ is the accumulated mass of gas that has accreted in the current

star formation episode. We linked the infalling mass to observable quantities

by assuming the native gas mass is proportional to stellar mass and postulating

that Ṁiτ=α(SFR)γ where we found good results for γ=2/3. In this form, α is the

inverse of a star formation efficiency factor, relating how much star formation

occurs given a certain amount of gas accretion.

Using our sample of 105 galaxies we were able to perform highly redundant

fits on the handful of parameters that relate the physically observed quantities,

and we found very good results for Zi <0.25×10−3 (N(O)/N(H) linear abun-

dance), and ατiM∗/Mg=2.3×109 (yr2 M�)1/3. In section 3.7 we attempt to dis-

entangle α, τi, and M∗/Mg based on other physical considerations, but due to

the form of equation 5.1 these paramaters are not separable based on our data
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alone. Of most interest is likely the finding of an upper limit to the accreting gas

metallicity. If our toy model reflects reality, this finding implies that the aver-

age metallicity of material transiting galaxy halos and falling into galaxies will

be very low, probably representing mostly pristine matter rather than heavily

processed material previously ejected from galaxy disks.

5.2.1 Extensions

This remains an active area of research. With my support, Martin Harwit is lead-

ing the effort to refine this work. Among other improvements, we are attempt-

ing to more fully describe the physical model at work, incorporating explosive

gas ejection, and the potential of galaxy magnetic fields to impede gas infall.

We are also updating the work with a more recent understanding of metallicity,

specifically considering alternate paths of nitrogen and oxygen enrichment in

galaxies of varying mass and age.

5.3 Strong C+ emission in galaxies at z∼1-2: Evidence for cold

flow accretion powered star formation in the early Universe

To extend the previous ZEUS survey of 13 galaxies at z=1 to 2 in the [CII]

line, we have detected an additional eight. These eight sources were selected

as known star formation dominated systems, seven of which have a reliable

Spitzer IRS spectrum which show PAH emission. In addition to [CII] and PAHs,

we have acquired [OI] observations on the majority of the sources and compiled

photometry covering the FIR dust peak. This set of eight sources shows strong
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[CII] emission. In several cases the [CII]/FIR ratio is in excess of 1%. Such high

ratios stand out relative to the bulk of observed galaxies, but they are not unique

outliers. There is precedent for such high ratios, observed both in local and high

redshift systems, and also in several sub-galactic star forming regions.

The synthesis of all the data indicates that these systems are efficient star

formers and lie on the galaxy ‘main sequence’ representing the proportionally

high mass, high SFR range of ‘normal’ galaxies. The strong fine structure line

emission along with the FIR continuum are consistent with PDR origins, and in-

terpreted under this paradigm imply very extended star formation spread out

over kpc scales. This may be the result of widespread infall from the cosmic web

(as presented in our toy model in chapter 3.) Two systems have particularly

high [CII]/FIR and [CII]/PAH ratios as well as cool dust temperatures, simi-

lar to several regions in Stephan’s Quintet recently spatially resolved in [CII]

observations by Appleton et al. [2013]. In these regions of Stephan’s Quintet

the major contributing source of the fine structure line emission appears to be

diffuse lightly irradiated gas which is undergoing low velocity shocks. Such a

scenario could explain the strong [CII] and [OI] emission without significantly

contributing to PAH or FIR dust emission. In Stephan’s Quintet the localized

shocked regions are clearly undergoing major bulk motion and interaction with

little to no active star formation. Our results are unique in that they apply to

high redshift unresolved galaxies that are not already known to be undergoing

an interaction with galactic neighbors. In our systems, it may be the same in-

falling gas that is powering star formation, also simultaneously leading to gas

compression and shocks, powering a enhanced [CII] and [OI] emission above

what normal PDRs explain.
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In another source, SMM J03, for which we have additional information from

a CO detection, PDR constraints are strong enough that we suggest∼50% of the

observed [CII] is coming from ionized gas, possibly indicating an especially OB

star rich chapter of star formation, elevating the ionized gas fraction contribut-

ing to [CII] above the standard ∼30% that we would otherwise assume.

The PDR parameters found in our study bear out the findings of Stacey et al.

[2010b], indicating modest UV fields (G0 ∼102−3) and therefore requiring ex-

tended star formation on ∼kpc scales to produce their (U)LIRG luminosities.

This stands in stark contrast to ULIRGs in the local Universe which often have

very low [CII]/FIR ratios, and much stronger UV fields, believed to be the result

of major mergers between large galaxies. The significance of this result is clear.

It suggests that star formation during the epoch of peak star formation at z∼1-2

occurs over extended, nearly galaxy wide scales, producing moderately intense

UV fields rather than the intense UV fields present in many local ULIRGs.

This mode of star formation is probably not triggered by major mergers as

such mergers lead to compact, and very intense star formation bursts, unlike

the extended and less intense regions we observe. The process may be a simple

extension of quiescent local star formation: cold flow accretion of gas from the

cosmic web leads to a build up of gas densities that eventually result in dense

molecular clouds which harbor star forming clusters. In the local Universe this

may happen on a smaller scale, with streams of gas accreting over localized

regions in galaxies (as supported by our work on local galaxies in the SDSS,)

whereas in the early Universe it appears that a significant area of star forming

galaxies are subject to gas accretion and star formation. In addition to reaffirm-

ing this general unifying picture of star forming galaxies in the early Universe,
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our exceptional sources, SMM J03 and the two sources with suspected shock

powered line emission, indicate that we are entering a level of sophistication

in astronomical data where general trends have been established and further

work will focus on the detailed pictures of smaller subcategories or individual

systems.

5.3.1 Extensions

ZEUS also detected the [CII] line in radio source 3C 368 [Stacey et al., 2010b].

The [OI] 63 µm line was also strongly detected in this source as part of the

Hailey-Dunsheath et al. [2014] Herschel program described. This source is un-

usual, however, in that it shows mixed signs of star formation and AGN domi-

nance, with hints that the [CII] may be coming directly from the AGN emission

region. This source is a High z Radio Galaxy (HzRG), a class of galaxies thought

to be undergoing massive star formation on the scale of tens of kpc [Papadopou-

los et al., 2000, De Breuck et al., 2003]. Although this type of source is likely to

have an active central engine powering radio emission, it is thought that star

formation dominates the infrared continuum in these sources due to the low

level of polarization in the UV spectrum (indicating a largely stellar-powered

UV emission.)

The detection of [CII] and [OI] in 3C 368 may be consistent with a star for-

mation dominant origin, however the system also shows strong ionized emis-

sion lines in the infrared indicating large reserves of ionized gas. From the same

Herschel survey that detected [OI] we also detect [OIII] 52 µm, [OIII] 88 µm, and

[OIV] 26 µm, the last of which requires very hard radiation fields and strongly

121



implicates an AGN powered origin. The mid infrared IRS spectrum adds fur-

ther evidence for very hard radiation fields. Figure 5.3 shows that the [Ne II],

[Ne III], and [S IV] lines are all detected, but PAHs are conspicuously absent.

Analysis is still in preliminary stages, however, the extremely high [CII]/PAH

ratio is a mystery that seems at odds with the standard star formation pow-

ered PDR paradigm, and suggests an AGN origin for [CII]. The wealth of data

available on this source, as well as its potentially unique nature, make it an ex-

ceptional target for in depth analysis. A unified approach modeling ionized

and neutral gas simultaneously through the Cloudy radiative transfer simula-

tion is a promising avenue for disentangling the multiple sources of emission

that may be contributing to observations. Collaborative talks with Steve Hailey-

Dunsheath and Gordon Stacey are underway.

Figure 5.3 IRS spectrum of 3C 368. Light grey lines indicate error bars. Data
from Cassis online, AORkey: 22912000 [Lebouteiller et al., 2011].
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Another logical research extension is to turn to earlier epochs of the Uni-

verse. Metallicity is a fossil record of star formation in that gas phase elemental

abundances will reflect the sum contributions of enrichment from generations

of star formation, gas outflow, and gas accretion. At high redshifts many galax-

ies are still forming their first stellar populations and offer an ideal laboratory

for studying the metal content in systems at early stages of galaxy evolution.

Cosmological surveys suggest that average galactic metallicities may be under-

going rapid change prior to z∼4. Surveys of rest-frame UV colors hint at a de-

pression in chemical enrichment beginning around z ∼ 4-5 by showing a blue-

ing of the UV spectral slope which increases in magnitude out to redshifts z∼7

[Finkelstein et al., 2012]. This spectral blueing is likely due to decreased dust

abundance at higher redshifts, but the relationship between dust extinction and

metallicity is not well understood [cf. Issa et al., 1990, Inoue, 2003, Dunne et al.,

2011]. In the rest frame UV there are also metal diagnostic lines which have been

used to some effect in high redshift quasi-stellar objects (QSOs). Contrary to the

other lines of evidence, high redshift QSO spectra indicate enhanced, usually su-

persolar, metallicity even out to z∼6 [Juarez et al., 2009]. While it is tempting

to take these observations as indications of galaxy-wide metallicities, they only

apply to the broad line region, a relatively small spatial region that may not re-

flect the state of the overall host galaxy (and, in any case, does not reflect the

broader population of non-QSO galaxies.)

I hope to begin to resolve the uncertain nature of metallicity in the early

Universe by acquiring the first unambiguous metallicity measurements of star-

forming galaxies at z>4. For a direct measurement of gas phase metallicity, we

can turn to FIR fine structure lines coming from PDRs and ionized gas around

O and B stars. Four fine structure lines are crucial to the survey: [NII] 205, [CII]
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158, [OI] 146, and [NII] 122 µm. Based on the unique observing capabilities of

ALMA, two epochs of the Universe are prime targets for this set of lines. All

four lines will be observable in sources at 4.10<z<4.35 and 4.52<z<5.39. Below

I describe the utility of these lines.

Nitrogen is generally considered a secondary element, created in the CNO

cycle and requiring the prior seeding of other metals. Its production occurrs

over multiple time-scales ranging from∼0.1 to 1 Gyr [Pilyugin et al., 2003]. Car-

bon is a primary element. Models differ on the timescales over which carbon

is produced [cf. Henry et al., 2000, Chiappini et al., 2003], but there is general

agreement that the abundance ratio, N/C, increases with overall metallicity.

Since [CII] 158 and [NII] 205 are the two brightest fine structure lines with

λrest > 150 µm they are enticing targets for ALMA at redshifts z>4. Further-

more, the lines have nearly identical critical densities when excited collisionally

by electrons (44 and 46 cm−3 for [CII] and [NII] at 8000 K respectively) [Oberst

et al., 2006]. Their ratio in HII regions will therefore be insensitive to density

variations and since C+ and N+ lie in approximately the same ionization zones

(C+:11.3 to 24.4 eV, N+: 14.5 to 29.6 eV), the [NII] 205/[CII] line ratio is a good in-

dicator of the N/C abundance ratio. Despite its utility, the ratio, [NII]205/[CII],

has only been determined in three high redshift sources [Nagao et al., 2012,

Gallerani et al., 2012, Rawle et al., 2013]. Even a small number of additional

detections would dramatically expand the sample of systems detected in both

lines.

There is a complication in determining the N/C abundance ratio, however.

The ionization energy of nitrogen is 14.5 eV so [NII] arises predominantly in

HII regions. Carbon is ionized by 11.3 eV photons, so it arises largely from
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PDRs with significant contributions from ionized gas. The fraction of bulk [CII]

coming from ionized gas is highly variable, roughly 30±30% [Vasta et al., 2010,

Oberst et al., 2011]. To precisely determine the underlying abundance ratio we

need to determine the proportion of [CII] coming from neutral vs. ionized gas

by characterizing both media. We can unravel this degeneracy by additionally

observing [NII] 122 µm and [OI] 146 µm.

The [NII] 122 µm line is another useful probe of the ionized medium, and it

has a higher critical density (∼293 cm−3) compared to [NII] 205 µm. The ratio

of these two lines is therefore a sensitive probe of electron density in ionized

regions, free of confounding abundance effects (see Figure 5.4) [Oberst et al.,

2011]. Furthermore, since N+ traces photons between 14.5 and 29.6 eV (above

which N++ forms,) in star forming galaxies the [NII] lines directly measure early

type stars, making them an excellent star formation indicator in dust obscured

regions. Modulo variations in the stellar mass function, this will allow us to de-

termine star formation rates in our high redshift sample with greater precision

than is available from only the FIR continuum. Observations with ZEUS carried

out by Ferkinhoff et al. [2011] are responsible for the only two detections of [NII]

122 µm at high redshift to date.

As explored in chapter 4, the strength of [CII] and [OI] 63 µm in conjunction

with the FIR continuum (which we will detect in our [NII] 122 observations)

can fully characterize the density and far UV (FUV) intensity in PDRs in extra-

galactic high redshift sources. In combination with the ionized gas lines, this

allows us to break the degeneracy introduced by an uncertain PDR contribution

to [CII] emission.

For the survey proposed here, the [OI] 146 µm line, (rather than the 63 µm
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Figure 5.4 Modeled [NII]122/[NII]205 (red solid line) and [CII]/[NII]205 (blue
dashed line) as a function of ionized gas electron density. Data is for the Carina
Nebula. Reproduced from Figure 13 of [Oberst et al., 2011]. If all the observed
[CII] line emission arises from ionized gas, then the [CII]/[NII] 205 µm ratio
would be given by the blue dotted line. The further data points lie above the
line, the greater the fraction of [CII] that does not arise from HII regions. This
excess fraction arises in PDRs. The scatter in the [CII]/[NII]205 data is indicative
of the variability of the fraction of [CII] coming from ionized vs. PDR gas.

line that we observed with Herschel/PACS for z∼2 sources) will be used in

conjunction with [CII]. The 146 µm line has advantages over the 63 µm line in

that we can observe it in many of the same sources we observe the [NII] and

[CII] lines, and, unlike the [OI] 63 µm line, it is optically thin [Stacey et al.,

1983]. The different critical densities of [CII] and [OI] 146 (2.8×103 and 9.5×104

cm−3 respectively with hydrogen as the collision partner [Tielens and Hollen-

bach, 1985]) allow us to simultaneously determine the PDR hydrogen density

(as seen in Figure 5.5). Furthermore, as we discuss in section 4.5, the observed

FIR intensity measures the average FUV intensity within our telescope beam.

Compared to the FUV intensity measured locally in PDRs by the fine structure
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line ratios, we can find the PDR beam filling factor. The efficient [OI] and [CII]

emission we observe at z∼1-2, implying star formation with modest local UV

fields spread over a multi-kpc extent was a major surprise in examining that

epoch of the Universe. This proposed work will study the [CII] and [OI] lines

simultaneously for the first time in galaxies at z>4.

Taken together, the four lines, [NII] 122, [OI] 146, [CII] 158, and [NII] 205,

provide an unambiguous characterization of the ionized and PDR gas, allowing

us to build a self consistent model to estimate the contribution of the ionized and

neutral gas-phase components of the ISM to the [CII] emission and to determine

a precise N/C abundance ratio. No previous high redshift work has wielded the

synergy of all four (or even three) of these fine structure lines simultaneously.

By considering sources that have already been detected in [CII] or a lower-

J CO line, we can determine a sample to confidently detect in all of our fine

structure lines. At the accessible redshift intervals there are a few tens of such

sources. For this initial foray into detailed fine structure line studies at z>4 the

brightest star forming sources are the most promising. We find four sources in

which we should detect all four fine structure lines with S/N of at least 5 in

under 5 hours of ALMA observation total per source (not counting overhead

time.) These sources are presented in Table 5.1. All of them also happen to have

low-J CO detections, which will strengthen the precision with which we can

constrain the source PDR properties.

The previous detections of [CII] or CO give confidence in detecting the other

lines. For those detected in [CII] we need only attempt to observe the other three

fine structure lines. Based on a set of ∼250 local sources in the Great Observa-

tories All-sky LIRG Survey (GOALS), in which both [CII] and [NII] 205 were
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Figure 5.5 PDR models of the [OI] 146 /[CII] ratio (green) and ([OI] 146
+ [CII])/IFIR (red). We plot the predicted line ratio contours, parameter-
ized by density (n) and FUV intensity (G0). As examples of the diagnostic
power of these two lines, we plot an example with intense UV fields (simi-
lar to local ULIRGs) (solid and dashed curves indicating [OI]/[CII]=0.2 and
([OI]+[CII])/IFIR=0.0012) and moderate UV fields (dash-dotted and dotted
curves indicating [OI]/[CII]=0.05 and ([OI]+[CII])/IFIR=0.0063). The intersec-
tions of the line ratio contours represent n and G0 values that satisfy both ratio
values. The line ratios often yield two solutions for G0 and n, but we note that
the lower UV solution would require enormous sources, many tens of kpc in
extent to account for the total UV luminosity that we observe reprocessed as
FIR continuum. We therefore take the higher UV solutions (as indicated) which
imply star formation over more reasonable scales (e.g. a few kpc for high z, high
luminosity star forming galaxies). Data from online PDR Toolbox [Pound and
Wolfire, 2008, Kaufman et al., 2006]

detected, we assume a minimum [NII] 205/[CII] line luminosity ratio of 0.04.

This cut-off encompasses ∼95% of the GOALS sample. To estimate [OI] 146 we

use an archival ISO sample from [Vasta et al., 2010]. In their sample of 28 extra-
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galactic sources detected in [CII] and [OI] 146, all but three have [OI]146/[CII]

>0.037. In the same ISO sample 12 sources were detected in both [CII] and [NII]

122. Eleven out of twelve have [NII]122/[CII]>0.06. We take these cut off ratios

to very conservatively estimate fine structure line luminosities in our sources.

There are currently five high redshift sources which have published de-

tections in [CII] and one of the other fine structure lines [Nagao et al., 2012,

Gallerani et al., 2012, Rawle et al., 2013, Ferkinhoff et al., 2011]. Note that their

ratios are above the minimum ratios used in estimating our line ratios. Therefore,

any non-detection would imply an extreme departure from the local population and have

significant implications for the high redshift population. This would provide compelling

evidence for peculiar emission mechanisms or depressed metallicity in the case of the

nitrogen lines.

In Table 5.1 we note our required sensitivities which are based on the min-

imum line flux estimates. Based on our extremely conservative line estimates

we will achieve a signal to noise of five over a spectral bin equivalent to the

FWHM of the [CII] (or CO) line used to estimate line fluxes. We will observe in

a compact configuration with spatial resolution ∼1.5” to avoid over resolving

the sources and requiring longer integration times.

From the observed [NII] lines we will directly calculate star formation rates.

Using the spectral synthesis code, Cloudy, we will create a grid of self consis-

tent line ratios for combined ionized gas and PDR models of varying densities,

UV field intensities, and N/C abundances. Comparing our model grid to ob-

served lines allows us to determine the fraction of [CII] from PDRs, PDR density

and UV field intensity, and therefore star formation spatial extent, and the N/C

abundance ratio.
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Table 5.1 Summary of proposed sample and required sensitivities for S/N=5.

Source z Type
Known ∆V

Ref.
Target Sensitivity Required

Line (km/s) Line (mJy) Time (m)

HATLAS 4.243 lensed [CII] 690 [26] [NII] 122 1.10 31
J142413.9+022304 SMM [OI] 146 0.81 30

[NII] 205 1.23 28
BR 4.6906 SMM [CII] 722 [27] [NII] 122 0.14 301

1202-0725 N [OI] 146 0.11 101
[NII] 205 0.16 37

LESS 4.7534 SMM [CII] 161 [29] [NII] 122 0.52 278
J033229.4275619 [OI] 146 0.38 38

TN 5.2 star forming CO (1-0) 300 [28] [NII] 122 0.32 85
J0924-2201 radio galaxy [OI] 146 0.24 53

[CII] 158 6.97 28
[NII] 205 0.36 36

The known line in column 4 represents the detected line which we use to estimate our minimum line luminosities. In
all cases there are additional CO lines detected which we may use in our analysis but are less appropriate for
estimating line luminosities. In column 5, ∆V is the FWHM of the [CII] (or CO) line. References refer to papers
detecting the ‘known line.’ Sensitivity (column 8) is the required sensitivity for a line detection with S/N=5 binned
over the ∆V noted in column 5. The Integration time is from the ALMA OT time estimate and includes overhead and
calibrator time.

Representing a separate proposal in the same vein, the sample could be ex-

panded to include sources which lack current [CII] line detections or spectro-

scopic redshifts, but have well constrained photometric redshifts and strong

FIR continuum. The detection of the full set of fine structure lines is then riskier,

but the sample size is larger. Spatially matching FIR surveys and photometric-

z catalogs in COSMOS and ECDFS provide at least five additional candidates

(possibly more depending on specific FIR luminosity and redshift precision cri-

teria.) Given the uncertainty in their redshifts and fine structure line emission,

this sample represents a riskier endeavor. As a companion proposal I would

like to use ALMA to search for [CII] emission in these candidates. If [CII] is de-

tected, their redshifts will be firmly established and they will be certain targets

for observing the full set of lines in future proposals.

In summary, with a small ALMA survey I will establish a set of four galax-
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ies which have well characterized densities, ionization parameters, and precise

N/C abundance ratios. This will give the first unambiguous indications of metallicity

in galactic HII regions within ∼1.5 Gyr of the birth of the Universe. All of this pro-

vides a compelling and logical extension of the star formation characterizations

I have undertaken at z=1-2, and my metallicity investigation at z<0.3, allowing

new insight into the evolution of the Universe.
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APPENDIX A

ONE EXAMPLE OF SDSS SAMPLE SUMMARY TABLES FROM CHAPTER

3. (FULL SET AVAILABLE ONLINE.)

The following set of tables represent the summarized data for our SDSS sam-

ple of the low redshift, medium radius galaxies. Each bin in any table corre-

sponds to a specific stellar mass (columns) and star formation rate (rows.) The

stellar mass and star formation rate values are given in the first row and col-

umn, respectively, with units of (1010M�) and (M�/yr). This particular set of

tables along with eight similar sets corresponding to each other permutation of

our three redshift ranges and three radius ranges are all available online at the

Astrophysical Journal html publication of Brisbin and Harwit [2012].
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Table A.1 SDSS extracted sample size as a function of SFR and M∗

M∗: 0.126 0.178 0.251 0.355 0.501 0.708 1 1.41 2 2.82 3.98 5.62 7.94 11.2 15.8 22.4
SFR

0.035 1 0 0 8 14 13 11 4 1 0 0 0 0 0 0 0
0.05 1 0 5 20 51 52 28 22 11 4 2 0 0 0 0 0

0.071 2 2 10 47 100 118 121 79 33 20 7 1 1 0 1 0
0.1 0 3 24 88 174 271 243 184 113 55 25 3 3 1 0 0

0.14 0 0 27 78 260 374 386 352 274 142 55 21 7 2 1 0
0.2 0 3 16 86 242 445 520 494 390 240 119 62 12 3 1 0

0.28 1 4 10 65 175 399 575 535 493 339 203 87 24 12 3 1
0.4 0 0 5 35 100 261 424 501 489 439 234 97 40 8 3 0

0.56 0 1 2 15 60 134 261 390 436 421 254 114 55 14 5 0
0.79 1 0 0 8 27 58 111 238 291 334 251 128 54 14 2 1
1.12 0 1 0 5 1 20 52 119 173 207 182 125 57 19 7 0
1.58 0 0 0 4 2 8 21 40 82 131 128 91 52 11 3 0
2.24 0 0 0 0 0 4 3 10 36 54 64 52 33 10 2 0
3.16 0 0 0 0 0 1 2 7 8 18 30 38 30 8 1 0
4.47 0 0 0 1 0 0 2 1 3 7 14 23 13 2 0 0
6.31 0 0 0 0 0 0 0 1 1 0 5 4 2 4 0 0
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Table A.2 SDSS sample median Petrosian half light radius (kpc).

M∗: 0.126 0.178 0.251 0.355 0.501 0.708 1 1.41 2 2.82 3.98 5.62 7.94 11.2 15.8 22.4
SFR

0.035 4.56 4.54 4.45 4.37 4.6 4.58 4.8
0.05 4.64 4.24 4.44 4.49 4.32 4.39 4.41 4.32 4.29 4.91

0.071 4.34 4.93 4.12 4.3 4.4 4.35 4.35 4.44 4.27 4.58 4.38 4.73 4.05 3.93
0.1 4.18 4.23 4.24 4.26 4.37 4.37 4.2 4.37 4.37 4.24 4.73 4.21 4.64

0.14 4.23 4.17 4.21 4.24 4.36 4.32 4.36 4.34 4.32 4.55 4.08 4.61 4.75
0.2 4.02 4.33 4.23 4.14 4.23 4.29 4.26 4.34 4.29 4.36 4.42 4.5 4.87 3.8

0.28 4.94 4.28 4.23 4.08 4.06 4.16 4.22 4.24 4.32 4.28 4.37 4.35 4.39 4.35 4.26 3.75
0.4 4.31 4.12 4.1 4.14 4.17 4.17 4.23 4.28 4.36 4.31 4.4 4.58 4.49

0.56 3.72 4.83 3.97 4 4.08 4.06 4.15 4.17 4.28 4.32 4.39 4.44 4.47 4.81
0.79 4.93 3.98 4.06 4.05 4.03 4.05 4.14 4.21 4.31 4.38 4.36 4.54 4.85 4.66
1.12 4.11 3.93 3.81 4.01 4.02 4.09 4.05 4.19 4.31 4.3 4.3 4.49 4.39
1.58 3.97 4.01 4.23 3.98 4.23 4.11 4.17 4.1 4.18 4.18 4.4 4.56
2.24 4.33 4.51 4.13 3.94 4.1 4.16 4.32 4.23 4.38 4.42
3.16 3.84 4.59 3.94 4.27 4.1 4.06 4.09 4.18 4.6 4.13
4.47 3.89 3.96 3.92 4.07 3.86 4.15 4.19 4.22 4.65
6.31 3.83 4.77 4.05 4.33 4.48 4.03
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Table A.3 SDSS sample median metallicity ((O/H)(10−3)).

M∗: 0.126 0.178 0.251 0.355 0.501 0.708 1 1.41 2 2.82 3.98 5.62 7.94 11.2 15.8 22.4
SFR

0.035 0.66 0.97 1.02 1.15 1.23 1.56 1.51
0.05 0.63 0.74 0.86 0.98 1.09 1.24 1.29 1.47 1.25 1.62

0.071 0.59 0.66 0.78 0.83 0.96 1.07 1.18 1.27 1.31 1.29 1.4 0.7 1.46 1.23
0.1 0.58 0.72 0.81 0.94 1.02 1.14 1.23 1.26 1.35 1.3 1.42 1.6 2.31

0.14 0.65 0.78 0.88 1 1.08 1.19 1.26 1.3 1.3 1.33 1.22 1.69 0.98
0.2 0.44 0.6 0.76 0.87 0.99 1.08 1.15 1.21 1.26 1.29 1.38 1.33 1.53 2.19

0.28 0.79 0.57 0.65 0.73 0.85 0.96 1.06 1.14 1.18 1.25 1.28 1.33 1.34 1.25 1.75 0.97
0.4 0.63 0.67 0.79 0.93 1.04 1.12 1.19 1.22 1.24 1.3 1.39 1.5 1.75

0.56 0.47 0.65 0.62 0.76 0.89 1.01 1.12 1.17 1.22 1.26 1.28 1.29 1.37 1.47
0.79 1.23 0.56 0.71 0.81 1.03 1.1 1.18 1.24 1.28 1.27 1.3 1.36 1.44 0.97
1.12 0.86 0.51 0.71 0.82 0.98 1.07 1.15 1.24 1.29 1.26 1.3 1.31 1.17
1.58 0.4 0.62 0.77 0.85 1.02 1.15 1.23 1.3 1.3 1.3 1.37 1.52
2.24 0.84 0.66 0.92 1.12 1.21 1.29 1.29 1.35 1.37 1.38
3.16 0.68 1.48 0.95 1.09 1.13 1.38 1.33 1.29 1.41 1.39
4.47 1.16 0.78 0.85 1.1 1.11 1.25 1.31 1.28 1.64
6.31 0.49 0.93 1.2 1.49 1.65 1.32
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Table A.4 SDSS sample metallicity standard deviation ((O/H)(10−3)).

M∗: 0.126 0.178 0.251 0.355 0.501 0.708 1 1.41 2 2.82 3.98 5.62 7.94 11.2 15.8 22.4
SFR

0.035 0.09 0.23 0.12 0.14 0.13
0.05 0.14 0.11 0.13 0.13 0.16 0.2 0.23 0.34 0.23

0.071 0.05 0.11 0.1 0.13 0.12 0.14 0.17 0.22 0.22 0.16 0.13
0.1 0.03 0.1 0.1 0.12 0.13 0.15 0.16 0.18 0.22 0.23 0.09 0.93

0.14 0.13 0.11 0.12 0.12 0.13 0.16 0.18 0.21 0.28 0.22 0.34 0.69
0.2 0.22 0.12 0.11 0.11 0.13 0.14 0.16 0.16 0.17 0.24 0.36 0.34 0.11

0.28 0.06 0.13 0.11 0.13 0.14 0.14 0.14 0.17 0.18 0.19 0.23 0.45 0.55 0.53
0.4 0.09 0.09 0.13 0.13 0.14 0.15 0.16 0.18 0.18 0.22 0.16 0.63 0.79

0.56 0.09 0.21 0.11 0.15 0.14 0.16 0.18 0.19 0.17 0.22 0.22 0.48 0.54
0.79 0.11 0.13 0.14 0.16 0.15 0.17 0.19 0.19 0.2 0.25 0.34 0.12
1.12 0.07 0.15 0.23 0.16 0.18 0.19 0.19 0.18 0.2 0.25 0.44
1.58 0.03 0.14 0.18 0.14 0.16 0.24 0.19 0.18 0.21 0.31 0.19 0.07
2.24 0.18 0.17 0.11 0.21 0.21 0.22 0.17 0.16 0.25 0.61
3.16 0.64 0.22 0.2 0.17 0.17 0.16 0.11 0.18
4.47 0.13 0.07 0.21 0.15 0.13 0.15 0.22
6.31 0.1 0.12 0.08 0.11
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APPENDIX B

PHOTOMETRY USED IN SED FITTING FOR CHAPTER 4.

The following table gives the photometry used to fit SEDs to our [CII]

sources in section 4.4.2. Each entry gives instrument and wave band on the first

line, followed by measurement and reference code on the second line. SPIRE

250, 350, and 500 µm uncertainties are set to 30% to account for potential con-

fusion noise. In fitting the 24 µm photometry we used ten times the uncer-

tainty quoted here to compensate for the inflexible treatment of PAH fluxes in

the model grid. These photometry are not color corrected. In all cases, color

correcting the PACS and SPIRE photometry resulted in changes less than 10%.

References: [1][Fiolet et al., 2009], [2][Farrah et al., 2008], [3][Fadda et al., 2006],

[4][Efstathiou and Siebenmorgen, 2009], [5][Hainline et al., 2009b], [6][Sajina

et al., 2007], [7](Data from Herschel program GT1 dlutz 4 - flux extracted using

standard HIPE methods), [8](this work), [9][Sajina et al., 2008], [10](HerMES im-

age - flux extracted using [CII] position as prior), [11](HerMES source catalog),

[12][Kovács et al., 2006], [13][Webb et al., 2003].
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Table B.1

SWIRE 4-5 SWIRE 4-15 SWIRE 3-14 SWIRE 3-18 SWIRE 3-9 MIPS 22530 SDSS J12 SMM J03
MIPS 24 MIPS 24 MIPS 24 MIPS 24 MIPS 24 MIPS 24 MIPS 24

0.550±0.015 [1] 0.419±0.018 [1] 0.874±0.087 [2] 0.761±0.076 [2] 1.0±0.1 [2] 1.23±0.06 [3] 0.23±0.02 [4]
0.47±0.05 [5]

MIPS 70 PACS 70 PACS 70
3.4±1.9 [6] 9.7±3.3 [7] 21.3±4.4 [8]

PACS 100 PACS 100
16.5±1.5 [7] 48.6±3.5 [8]

MIPS 160 PACS 160 PACS 160
38±9 [9] 39±21 [7] 64.8±6.5 [8]

SPIRE 250 SPIRE 250 SPIRE 250 SPIRE 250 SPIRE 250 SPIRE 250 SPIRE 250
19.2±5.8 [10] 21.7±6.5 [10] 56±18 [10] 42±13 [10] 51±15 [10] 61±18 [11] 30.8±9.2 [7]

SPIRE 350 SPIRE 350 SPIRE 350 SPIRE 350 SPIRE 350 SPIRE 350 SPIRE 350 SHARC2 350
17.1±5.1 [10] 31.5±9.5 [10] 61±18 [11] 49±15 [11] 48±14 [10] 53±16 [11] 15.5±4.7 [7] 42.2±9.8 [12]

SPIRE 500 SPIRE 500 SPIRE 500 SPIRE 500 SPIRE 500 SCUBA 450
40±12 [11] 32±10 [10] 29.2±8.8 [10] 26.3±7.9 [10] 14.9±4.5 [7] <63 [13]

MAMBO 1200 MAMBO 1200 MAMBO 1200 SCUBA 850
2.75±0.76 [1] 2.36±0.62 [1] 2.11±0.56 [9] 4.4±1.3 [13]
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