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The Arecibo Legacy Fast ALFA (ALFALFA) survey is a blind, extragalactic

survey in the 21cm emission line of atomic hydrogen (HI). Presently, sources

have been cataloged over ≈4 000 deg2 of sky (∼60% of its final area), resulting

in the largest HI-selected sample to date. We use the rich ALFALFA dataset

to measure the statistical properties of HI-bearing galaxies, such as their mass

distribution and clustering characteristics. These statistical distributions are de-

termined by the properties of dark matter on galactic scales, and by the complex

baryonic processes through which galaxies form over cosmic time. As a result,

detailed studies of these distributions can lead to important insights in galaxy

formation & evolution and near-field cosmology.

In particular, we measure the space density of HI-bearing galaxies as a func-

tion of the width of their HI profile (i.e. the velocity width function of galaxies),

and find substantial disagreement with the distribution expected in a lambda

cold dark matter (ΛCDM) universe. In particular, the number of galaxies with

maximum rotational velocities vrot ≈ 35 km s−1 (as judged by their HI veloc-

ity width) is about an order of magnitude lower than what predicted based on

populating ΛCDM halos with modeled galaxies. We identify two possible so-

lutions to the discrepancy: First, an alternative dark matter scenario in which

the formation of low-mass halos is heavily suppressed (e.g. a warm dark mat-

ter universe with keV-scale dark matter particles). Secondly, we consider the



possibility that rotational velocitites of dwarf galaxies derived from HI velocity

widths may systematically underestimate the true mass of the host halo, due to

the shape of their rotation curves.In this latter scenario, quantitative predictions

for the internal kinematics of dwarf galaxies can be made, which can be checked

in the future to probe the nature of dark matter.

Furthermore, we take advantage of the overlap of ALFALFA with the Sloan

Digital Sky Survey (SDSS), to measure the number density of galaxies as a func-

tion of their “baryonic” mass (stars + atomic gas). In the context of a ΛCDM

cosmological model, the measured distribution reveals that low-mass halos are

heavily “baryon depleted”, i.e. their baryonic-to-dark mass ratio is much lower

than the cosmological value. These baryon deficits are usually attributed to stel-

lar feedback (e.g. supernova-driven gas outflows), but the efficiency implied by

our measurement is extremely high. Whether such efficient feedback can be ac-

commodated in a consistent picture of galaxy formation is an open question,

and remains one of the principle scientific drivers for hydrodynamic simula-

tions of galaxy formation.

Lastly, we measure the clustering properties of HI-selected samples, through

the two-point correlation function of ALFALFA galaxies. We find no compelling

evidence for a dependence of clustering on HI mass, suggesting that the rela-

tionship between galactic gas mass and host halo mass is not tight. We further-

more find that HI galaxies cluster more weakly than optically selected ones,

when no color selection is applied. However, SDSS galaxies with blue col-

ors have very similar clustering characteristics with ALFALFA galaxies, both

in real as well as in redshift space. On the other hand, HI galaxies cluster much

more weakly than optical galaxies with red colors, and in fact “avoid” being

located within ≈3 Mpc from the latter. By considering the clustering properties



of ΛCDM halos, we confirm our previous intuition for an MHI-Mh relation with

large scatter, and find that spin parameter may be a key halo property related to

the gas content of present-day galaxies.
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CHAPTER 1

INTRODUCTION

The advent of large-scale galaxy surveys in recent years has revolutionized our

understanding of how galaxies form and evolve, and has proven a powerful tool

for determining the properties of our Universe. Most of the effort in this area

has focused on optical surveys, where projects such as the Two-Degree Field

Galaxy Redshift Survey (2dFGRS; Colless et al., 2001) and Sloan Digital Sky Sur-

vey (SDSS; York et al., 2000), have scanned large areas of the sky in a systematic

fashion, measuring the light and spectra of >1 million galaxies. With such sam-

ple sizes, statistics have become an indispensable tool for learning about the

present and past properties of galaxies.

For example, by measuring the distribution of galaxy stellar masses (i.e. the

number density of galaxies as a function of their stellar mass, referred to as the

stellar mass function of galaxies) one can learn that no galaxy is able to turn its

“cosmic share” of baryons into stars. In fact, Milky Way-sized galaxies (M∗ ≈

1010.5 M⊙) are the most efficient in turning baryons into stars, albeit with an

unimpressive star formation efficiency1 of .30%. The situation is even bleaker

for dwarf galaxies, having star formation efficiencies η∗ . 1% at M∗ ≈ 107.5 M⊙

[e.g. Guo et al., 2010, Moster et al., 2010, Behroozi et al., 2010, Leauthaud et al.,

2010].

The study of the clustering properties of galaxies, mostly through the mea-

surement of the galaxy correlation function, constitutes yet another example

where statistical analyses play a key role in furthering our knowledge of extra-

1The galaxy star formation efficiency, η∗, is defined as the ratio of the stellar mass of the
galaxy to the total mass of its host halo, normalized to the cosmic baryon fraction fb ≡ Ωb/Ωm.
In other words, η∗ = (M∗/Mh) / fb, where fb ≈ 0.16.
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galactic astronomy and cosmology. Galaxies have been found to cluster more

strongly with increasing luminosity or stellar mass [e.g. Norberg et al., 2002, Ze-

havi et al., 2011, Li et al., 2012b, Marulli et al., 2013], giving us observational con-

firmation for the theoretical expectation that more massive galaxies are hosted

by more massive halos. In addition, galaxies with red optical colors and early-

type morphologies are found to cluster much more strongly than galaxies with

blue colors and late-type morphologies [e.g. Norberg et al., 2002, Zehavi et al.,

2011, Christodoulou et al., 2012], showing that red galaxies have a higher chance

of being hosted by a subhalo, i.e. a bound dark matter structure that is located

within the virial radius2 of a larger halo.

In both preceding examples the cosmological model was assumed to be

known, and the statistical properties of galaxies were used to learn about their

formation and evolution in the cosmological context. However, similar tech-

niques can be used in the reverse direction: galaxies can be used as tracers of

the underlying distribution of matter, in order to test the concordance ΛCDM

cosmological model and measure its parameters to high precision. For exam-

ple, the large-scale correlation function of galaxies bears the imprint of pressure

waves traveling through the cosmic plasma at around the time of recombination

(≈ 400 000 years after the big bang), the same ones that produce the characteris-

tic anisotropy pattern in the Cosmic Microwave Background (CMB). This phe-

nomenon manifests itself in a broad peak in the correlation function, referred

to as the Baryon Acoustic Oscillation (BAO) feature, and is located at a well

known physical length scale of ≈150 Mpc. The BAO peak can therefore be used

2The virial radius of a halo is a measure of its spatial extent. The exact definition of the virial
radius is a matter of convention, but generically it refers to the radius at which the average
density of enclosed matter is some factor larger than a reference background density. Some of
the most common definitions set this threshold at 200 times the critical density (R200c), or 200
or 360 times the cosmic matter density (R200m, R360m).

2



as a “standard ruler” to measure the expansion history of the Universe. In fact,

recent measurements of the BAO peak from a variety of redshift surveys [e.g.

Blake et al., 2011, Beutler et al., 2011, Anderson et al., 2012, Busca et al., 2013]

have been able to provide an independent verification of ΛCDM using only the

CMB as an external dataset, and without the need to include any other astro-

physical probes (e.g. supernovae Ia, galaxy clusters, etc.).

Unlike in the case of optical galaxy samples, similar studies of galaxies se-

lected by their 21cm atomic hydrogen (HI) emission have historically been at

a much less developed stage. Until recently, HI-selected galaxy samples have

been just too small to give us a representative view of the gas-rich galactic pop-

ulation. The advent of multi-feed radio receivers, however, made possible the

execution of blind HI surveys, covering volumes comparable to those of optical

surveys. The first generation 21cm HI Parkes All Sky Survey (HIPASS; Meyer

et al., 2004), surveyed ≈ 30 000 deg2 of sky (including the entire southern ce-

lestial hemisphere) and detected 5 317 sources3. This dataset enabled the first

reliable measurements of the number density of galaxies as a function of their

HI mass (HI mass function) and as a function of their HI linewidth (velocity

width function), as well as their basic clustering properties and mass-velocity

scaling relations. The main drawback of the HIPASS survey was its limited

sensitivity: For example, the median redshift of the HIPASS sample was only

czmed ≈ 2 500 km s−1, meaning that most HIPASS studies had to be confined to

the very local Universe and thus cosmic variance was a major source of error.

The limited sensitivity of HIPASS also meant that their sample contained a small

number of low HI-mass and low-width sources (e.g. no HIPASS galaxies have

MHI < 107 M⊙), limiting the survey’s power to study the low-mass end of the

3



galaxy population.

The Arecibo Legacy Fast ALFA4 (ALFALFA; Giovanelli et al., 2005) survey

was designed to address these limitations, and sample the gas-rich galactic pop-

ulation over a cosmologically significantly volume. The ALFALFA survey is

conducted with the Arecibo 305m radio telescope, and as of November 2012 has

completed data acquisition over an area of ≈ 6 300 deg2. Despite the fact that

the nominal volume of the ALFALFA survey is smaller than that of HIPASS,

ALFALFA’s increased sensitivity will allow it to detect almost an order of mag-

nitude more HI sources. In fact, with its latest public data release –which covers

the first ≈ 2 800 deg2– ALFALFA has already produced the largest HI-selected

sample to date (“α.40” catalog; Haynes et al., 2011), with a median redshift of

czmed ≈ 7 500 km s−1. The α.40 catalog contains already ≈ 40 high signal-to-

noise detections with MHI < 107 M⊙ (and ≈ 300 with MHI < 108 M⊙), making

the ALFALFA dataset a powerful tool for studying the properties of the lowest-

mass field galaxies.

This dissertation presents the research I conducted while a graduate student

at the Astronomy Department of Cornell University, which is mostly focused

on the statistical analysis of the unique ALFALFA dataset. The main goal of the

presented research has been to shed light on the properties of dark matter on

small scales and to reveal the physical mechanisms responsible for the collective

properties of present-day galaxies, by analyzing the richest HI-selected galaxy

sample sample available to date.

3Quoted numbers include the northern extension of HIPASS [Wong et al., 2006].
4The Arecibo L-band Feed Array (ALFA) is a 7-feed receiver operating in the L-band (≈ 1420

MHz), installed at the Arecibo Observatory.
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In Chapter 2 we present the measurement of the velocity width function

(WF) of galaxies from the 40% ALFALFA survey, which we compare with the

expected distribution in a ΛCDM Universe. We report on the observed order-of-

magnitude discrepancy at low velocity widths, and consider possible solutions

related to the small-scale properties of dark matter and the internal kinematics

of dwarf galaxies. In Chapter 3 we present the measurement of the baryonic

mass function (BMF) of galaxies, i.e. the number density of galaxies as a func-

tion of their stellar and atomic gas mass, from ALFALFA and SDSS data. We

combine the measured BMF with the ΛCDM halo mass function (HMF) through

abundance matching, to show that low-mass halos are heavily baryon depleted

even when their dominant atomic gas component is taken into account. Chapter

4 presents a detailed analysis of the clustering properties of the HI-selected AL-

FALFA sample. In particular, we study the dependence of clustering on galac-

tic HI mass and we compare the clustering properties of HI-selected galaxies

to those of optically selected samples from the SDSS. In addition, we use the

clustering of ALFALFA galaxies to gain insight about the properties of halos

hosting gas-rich galaxies. In Chapter 5 we summarize our main conclusions,

and in Chapter 6 we end by discussing the future potential of similar studies

in addressing open questions in galaxy formation and evolution, as well as in

“near-field” cosmology.

In the Appendix we provide a detailed description of the “1/Veff” statis-

tical method used to measure the velocity width and baryonic mass function

of galaxies, presented in Chapters 2 & 3. All distance-dependent quantities

throughout this manuscript assume a present-day Hubble constant of H0 = 70

km s−1 Mpc−1, unless otherwise specified.
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CHAPTER 2

THE VELOCITY WIDTH FUNCTION OF GALAXIES FROM THE 40%

ALFALFA SURVEY: SHEDDING LIGHT ON THE COLD DARK MATTER

OVERABUNDANCE PROBLEM

2.1 Introduction

The current “standard” ΛCDM cosmological model has been extremely success-

ful at reproducing the bulk of the observed properties of our universe on large

scales [Komatsu et al., 2011]. However, given the current lack of a firm theoret-

ical understanding of dark energy and the lack of a direct or indirect detection

of the dark matter (DM) particle [Ahmed et al., 2009, Angle et al., 2008a,b, Abdo

et al., 2010a,b, Adriani et al., 2009], it is important to test in detail the astrophys-

ical implications of the established cosmological paradigm.

One of the most interesting consequences of assuming a cold dark matter

(CDM) model is that substructure forms first on small scales, resulting in a

present-day universe populated by a multitude of low-mass halos. More for-

mally, the mass distribution of DM halos is described by the halo mass function

(HMF), which is defined as the number density of halos as a function of their

virial mass; it can be analytically predicted [Press and Schechter, 1974, Sheth

and Tormen, 2002] that the HMF displays a power-law behavior at low halo

masses, n ∝ Mα, with a relatively steep exponent of α ≈ −1.9 in the standard

CDM context. This analytical expectation, confirmed to great accuracy by N-

∗This chapter is an adapted version of the published article Papastergis et al. (2011).
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body simulations of structure formation [Warren et al., 2006, Boylan-Kolchin

et al., 2009, Klypin et al., 2010], leads to the prediction of a large number of low

mass halos for every Milky Way-sized (MW-sized) halo found in the present

epoch.

This firmly established theoretical result has led to a number of observational

challenges, such as the “missing satellites problem” [Klypin et al., 1999, Moore

et al., 1999, Diemand et al., 2007, Strigari et al., 2007, Simon and Geha, 2007],

the “void phenomenon” [Peebles, 2001, Tinker and Conroy, 2009], as well as the

discrepancy between the sizes of mini-voids observed in the local universe and

those produced in CDM simulations [Tikhonov and Klypin, 2009]. Additional

concerns, again closely related to the distribution of halo masses predicted by

CDM, are raised by the flatness of the galactic luminosity function [LF, Blanton

et al., 2005a, Montero-Dorta and Prada, 2009], HI mass function [HIMF, Martin

et al., 2010] and galactic stellar mass function [SMF, Baldry et al., 2008, Li and

White, 2009] at their faint/low-mass end. These observational distributions dis-

play power-laws with α ≈ −1.3, much shallower than expected from the com-

bination of a CDM universe plus a naive linear relationship between halo mass

and luminosity/baryonic mass. Despite their apparent diversity, all statements

described above are just different aspects of the same fundamental issue: CDM

structure formation predicts large numbers of low mass halos, seemingly in con-

tradiction with the relative paucity of visible low-mass galaxies. Hereafter, we

refer to this discrepancy as the CDM overabundance problem1.

The main caveat regards the proper interpretation of these observational re-

sults. All phenomena mentioned so far rely on the measurement of quanti-

1This statement does not aim at including a second class of potential observational challenges
to CDM, related to the density profile of halos in their central regions (known as the “cusp versus
core” problem).
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ties indirectly related to the mass of the hosting DM halo (e.g. luminosity or

HI/stellar mass) and, as a result, do not provide a direct means of comparing

the HMF expected for CDM with the HMF realized in nature. In fact, a num-

ber of environmental and feedback effects (see §2.5.2) are expected to affect the

baryonic content of halos, with low mass ones being the most impacted.

Ideally, one would need a large sample of galaxies with directly measured

dynamical masses (e.g. through lensing or satellite kinematics), extending all

the way to the low mass regime. Unfortunately, current datasets are restricted

to relatively massive galaxies. The best practical alternative would consist of a

rich sample of resolved HI-interferometric rotation curves of galaxies, spanning

a wide range in dynamical mass. Atomic hydrogen is usually the most spa-

tially extended baryonic component in a galaxy, and therefore the best tracer of

the rotation curve at large galactic radii. Such a sample could be used to de-

termine the space density of galaxies as a function of their measured maximum

rotational velocity, vrot. This observational statistic, which is referred to as the

velocity function (VF) of galaxies, is more directly related to the halo dynamics

than statistics based on luminosity/baryonic mass and has a largely different

set of systematic issues. However, current datasets are very limited, mostly be-

cause HI interferometry is time consuming (especially for low HI-mass targets),

and requires large telescope arrays.

A more economical approach is to rely on wide-area, single-dish 21 cm sur-

veys. Thanks to their intrinsic spectroscopic nature, HI surveys automatically

obtain the spectral HI-line profile of every detected source. The velocity width

of each detected galaxy, w, can thus be readily extracted, and the associated

dataset can be used to measure the velocity width function (WF) of galaxies.
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One can furthermore apply inclination corrections to the measured widths in

order to retrieve intrinsic rotational velocities (vrot), and then estimate the galac-

tic VF. Correcting for inclination requires however the use of external datasets,

usually optical/NIR photometric surveys.

Before this work, the most accurate WF and VF for late-type galaxies have

been based on 4 315 and 2 646 HI-selected galaxies respectively, detected by the

HIPASS survey [Zwaan et al., 2010, hereafter Zw10]. Their measurement of the

VF extends over the velocity range 30 km s−1< vrot < 300 km s−1, and suggests

a dramatic departure from the CDM expectation at low velocities (vrot . 100

km s−1). Recent determinations of the VF for massive early-type galaxies (which

are mostly absent from HI-selected samples) have been obtained using the Sloan

Digital Sky Survey (SDSS) and Two-degree Field Galaxy Redshift Survey (2dF-

GRS) datasets by Choi et al. [2007] and Chae [2010]. Both the late-type and

early-type distributions are needed in order to derive the “total” galactic VF ,

since massive early-type galaxies are the dominant population at high veloc-

ities (250 km s−1. vrot . 450 km s−1) while late-types dominate the counts at

lower velocities (vrot . 250 km s−1).

In this chapter we present the Arecibo Legacy Fast ALFA (ALFALFA) mea-

surement of the velocity width function of HI-bearing galaxies. The decision not

to correct the measured widths for inclination is intentional, as the WF main-

tains all the advantages of the VF as a probe of the halo mass distribution, while

featuring a number of observational advantages over the latter (see Sec. 2.3 for

more details). The ALFALFA WF is based on 10 744 HI-selected galaxies (a more

than twofold increase over previous datasets) and extends to widths as low as

w = 20 km s−1.
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This chapter is organized as follows: in Section 2.2 we present the ALFALFA

survey and the associated dataset; in Section 2.3 we discuss the observational

advantages of the WF with respect to the inclination-corrected VF and present

the ALFALFA measurement of the WF for HI-bearing galaxies; in Section 2.4

we address possible observational biases on the determination of the ALFALFA

WF; in Section 2.5 we compare the ALFALFA measurement with the expecta-

tions in a CDM universe, and describe the possible solutions to the observed

discrepancy at low widths; in Section 2.6 we derive the relation between vrot

(measured observationally) and vhalo (calculated from N-body simulations), that

would be needed to reconcile the velocity distributions of CDM halos and ob-

served galaxies. We conclude with Section 2.7 by summarizing our results.

We remind the reader that throughout this chapter we use a Hubble con-

stant of H0 = 70 km s−1Mpc−1; h70 refers to the Hubble constant in units of 70

km s−1 Mpc−1, while h refers to the Hubble constant in units of 100 km s−1Mpc−1.

2.2 ALFALFA dataset

2.2.1 The survey

The ALFALFA survey is a wide-area, blind 21 cm emission-line survey that

takes advantage of the increased survey speed offered by the 7-feed Arecibo

L-band Feed Array (ALFA) receiver at the Arecibo Observatory. The ALFALFA

data are acquired in a minimally invasive drift-scan mode in two passes, ide-

ally separated by several months in order to enable the discrimination between

narrow-band radio frequency interference (RFI) and small spectral width cos-
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mic signals. As of November 2012, the survey has completed data acquisition

over ≈ 6 300 deg2 of sky and out to cz ≈ 18 000 km s−1. Upon completion of

data reduction and source extraction, ALFALFA is projected to detect > 30 000

extragalactic sources. ALFALFA is more sensitive than the previous generation

HIPASS survey [Meyer et al., 2004, Zwaan et al., 2004], with a 5σ detection limit

of 0.72 Jy km s−1 for a source with a profile width of 200 km s−1 as compared to

a 5σ sensitivity of 5.6 Jy km s−1 for the same source in HIPASS [Giovanelli et al.,

2005]. In addition to greater sensitivity, ALFALFA has a finer velocity resolution

(11.2 km s−1 versus 26.4 km s−1 for smoothed data) and better angular resolution

(3.6′ vs. 13′ FWHM), resulting in a more accurate identification of optical coun-

terparts.

2.2.2 The sample

The work presented in this chapter makes use of the ALFALFA data sample

available prior to December 2010. In particular, catalogs had up to then been

extracted for a total area of 2 934 deg2 [Giovanelli et al., 2007, Saintonge et al.,

2008, Kent et al., 2008, Stierwalt et al., 2009, Martin et al., 2009, Haynes et al.,

2011]. At that time, the ALFALFA footprint consisted of four distinct regions:

two in the northern Galactic hemisphere, referred to as the Virgo direction re-

gion for the remainder of this chapter (VdR: 07h30m < α < 16h30m, 4◦ < δ < 16◦

and 24◦ < δ < 28◦), and two in the southern Galactic hemisphere, referred to

as the anti-Virgo direction region (aVdR: 22h < α < 03h, 14◦ < δ < 16◦ and

24◦ < δ < 32◦). From this primary dataset we only selected extragalactic objects

detected at high significance (S/N > 6.5, designated “Code 1”), and we fur-

ther restricted ourselves to the redshift range cz 6 15 000 km s−1, beyond which

11



interference from the nearby San Juan airport causes a significant drop of the

ALFALFA detection efficiency. The final sample used in this work, correspond-

ing to slightly less than 40% of the ALFALFA survey area (hereafter “α.40−”

sample), contains thus a total of 11 086 galaxies.

Figure 2.1 shows the spatial distribution of the α.40− sources in the Virgo and

anti-Virgo directions respectively, and puts in evidence the complex large-scale

structure present in both volumes. Density fluctuations in the survey volume

can be the dominant source of statistical uncertainty in surveys like ALFALFA,

where the large sample size ensures small counting errors. Our statistical esti-

mator, described in §2.3.1, in chosen to minimize this structure-induced bias.

Figure 2.1 Spatial distribution of 5 868 sources in the Virgo direction region (VdR, left
panel) and 2 055 sources in the anti-Virgo direction region (aVdR, right panel). The
Virgo Cluster and the “Great Wall” are the most conspicuous structures in the VdR
(located at a distance of ≈ 17 Mpc and ≈ 100 Mpc respectively). In the aVdR, the Pisces-
Perseus Supercluster (clearly visible at ≈ 70 Mpc) as well as the void in its foreground
dominate the large-scale structure. Distances are assigned through a combination of
a flow model for the nearby universe [Masters, 2005] and Hubble distances for more
distant galaxies (see §2.2.2).

Figure 2.2 displays some statistical properties of the α.40− sample. His-

tograms (a) and (b) represent the distribution of heliocentric velocity, v⊙, and

of signal profile width, w50, which are both directly measured quantities [Gio-

vanelli et al., 2007, Saintonge, 2007]. The signal profile width is measured at the
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50% flux level of each of the two peaks of the typical double-horned HI profile

(or at 50% of the single peak flux, for single-peaked profiles). The value of w50

reported in the ALFALFA catalogs is further corrected for instrumental broad-

ening. Histogram (c) displays the distribution of galaxy HI mass, MHI , which

is a distance dependent (and hence derived) quantity. Unlike previous HI sur-

veys, we assign distances to nearby galaxies through a peculiar velocity flow

model of Masters [2005], and use Hubble flow distances only for galaxies with

cz > 6 000 km s−1 (see §2.4.2 for a detailed discussion on the impact of distance

uncertainties on ALFALFA results).

Figure 2.3 displays the distribution of α.40− sources in the velocity width

(w50) versus integrated-flux (Sint) plane. As expected, the detection limit of the

survey is a function of signal profile width and correctly scales as Sint,lim ∼ w
1/2
50 .

Due to the large density of sources near the detection limit, we evaluate the

completeness limit of the survey (red dashed line in Figure 2.3) based on the

actual data rather than on simulations using synthetic sources.

2.3 The Velocity Width Function

We obtain rest-frame galaxy velocity widths, w, by correcting the cataloged pro-

file widths (w50) for Doppler broadening. It is customary to apply additional in-

clination corrections to w, in order to recover intrinsic rotational velocities, vrot.

However, since most extragalactic sources are unresolved at centimeter wave-

lengths, such corrections rely on external datasets (usually optical or NIR pho-

tometric surveys) for the determination of galaxy inclinations. Here, we choose

to make no further corrections to w and measure the velocity width function
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Figure 2.2 Histogram (a) represents the distribution in heliocentric velocity (v⊙), while
the red solid line represents the distribution expected in a homogeneous universe ac-
cording to the selection function of the survey; the complex large-scale structure in the
survey volume is apparent. Histogram (b) represents the distribution of velocity width
(w50); note the large number of very low-width galaxies (w50 < 30 km s−1) detected.
Histogram (c) represents the distribution of galaxy HI mass (MHI ); again note the de-
tections at very low HI mass (MHI < 108 M⊙).
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Figure 2.3 Distribution of the α.40− sources in the velocity width vs. integrated flux
(w50 − Sint) plane. The dashed red line is the survey completeness limit adopted in this
work (Sint,lim/1 Jy km s−1) = 0.06 (w50/1 km s−1)0.51, which follows very closely the

theoretically expected Sint,lim ∝ w1/2.

(WF) of galaxies, denoted by φ(w).

Even though the WF does not directly represent the distribution of any

fundamental galaxy property, it is observationally superior to the (inclination-

corrected) VF. In particular, it is free of the restrictions and systematics that

arise from cross-matching HI and optical catalogs and correcting for galaxy in-

clination. For example, the HIPASS primary sample contains 4 315 sources of

which only 2 646 have unambiguous optical counterparts [Doyle et al., 2005].

Another 30% of the sources in this restricted subsample have low inclination

values (i < 45◦), and are thus subject to large inclination-correction errors. As

a result, only ≈ 43% of the galaxies in the HIPASS primary sample were used

for their determination of the VF. Furthermore, obtaining accurate estimates of

the true orientation of irregularly-shaped dwarf galaxies is challenging, and the

process may introduce biases in the measurement of the low-velocity end of the

VF.
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Nonetheless, a measurement of the galactic WF would not be useful if it did

not provide an accurate means of comparing the outcome of N-body simula-

tions with the observed universe. Fortunately, it is relatively straightforward

to project a given theoretical rotational velocity distribution and transform it

into its corresponding width distribution (see §2.5.1). We conclude that the WF

should be regarded as the prime observational distribution for single-dish HI sur-

veys, against which to compare theoretical expectations.

2.3.1 The ALFALFA Velocity Width Function

In Figure 2.4 we present the ALFALFA width function, based on 10 744 galaxies

drawn from the α.40− sample. For the calculation of the WF we restrict our-

selves to α.40− galaxies which are positioned in the portion of the flux-width

plane where the ALFALFA survey is complete (i.e. above the red dashed line

in Figure 2.3) and have profile widths broader than w50 & 18 km s−1. This cut

results in the elimination of ≈ 330 galaxies from the calculation. An additional

13 very nearby sources are eliminated, for which the flow model assigned dis-

tances are subject to large uncertainty.

The WF is calculated in logarithmic width bins, according to the Σ1/Veff

method [Zwaan et al., 2005]. The Σ1/Veff method is a non-parametric maxi-

mum likelihood method and, as such, it is insensitive to the presence of large-

scale structure in the survey volume. As its name suggests, it closely resembles

the traditional Σ1/Vmax method [Schmidt, 1968] and consists of summing the

number of detections in each width bin, weighted by the inverse of the “ef-

fective” volume available to each source. More precisely, the space density of
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Figure 2.4 Datapoints represent the space density of HI-bearing galaxies as a function
of velocity width (corrected for Doppler and instrumental broadening, but uncorrected
for inclination), as inferred from 10 744 galaxies detected by the 40% ALFALFA survey.
The errors are 1σ Poisson errors due to galaxy counts in individual width bins. The
red dotted line corresponds to a modified Schechter fit to the ALFALFA WF (see §2.3.1).
The green solid line represents the fit to the HIPASS WF based on 4 315 galaxies [Zwaan
et al., 2010], over its measured range.
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galaxies belonging to width bin k (k = 1, 2, ..., Nw) is

φk =
∑

i

1

Veff,i
for all galaxies i in width bin k . (2.1)

In the case of a spatially homogeneous survey volume, Veff,i would coincide

with Vmax,i, the latter defined as the volume within which galaxy i could be

placed and still be detectable by the survey. On the other hand, if the survey vol-

ume displays significant density variations, Veff,i takes into account the relative

density of the volume available to galaxy i with respect to the mean density of

the total survey volume. As with all density-independent estimators, the over-

all normalization is lost, and has to be calculated afterwards. The normalization

is fixed by matching the integral of the distribution to the average number den-

sity of galaxies in the survey volume (a full description of the method can be

found in the Appendix).

Due to its spectral resolution and sensitivity, ALFALFA can push the low-

width limit of the WF to w ≈ 20 km s−1, a factor of 2 lower than the HIPASS sur-

vey. Over the full measured range (20 km s−1< w < 800 km s−1) the ALFALFA

WF is very well described by a modified Schechter function of the form2

φ(w) =
dn

d logw
= ln(10) φ∗

(

w

w∗

)α

e−( w
w∗

)β . (2.2)

The least squares parameters3 are φ∗ = 0.011 ± 0.002 h3
70 Mpc−3dex−1,

logw∗ = 2.58 ± 0.03, α = −0.85 ± 0.10 and β = 2.7 ± 0.3 (uncertainties are

statistical 1σ errors due to Poisson errors on the individual bin values). Note,

2The parameterization used here is equivalent to the parameterization φ(w) dw =
φ∗ (w/w∗)

α exp−(w/w∗)
β (β/Γ(α/β)) dw/w presented by other authors, except for the nor-

malization factor β/Γ(α/β).
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however, that the final sample contains 163 sources that lack a confidently iden-

tified optical counterpart. Some of these sources correspond to tidal debris from

nearby interacting galaxies and may not be hosted by individual DM halos. Ex-

cluding these galaxies from the WF calculation leads to a somewhat shallower

narrow-end slope of α = −0.68 ± 0.11.

ALFALFA finds significantly more high-width galaxies than HIPASS (a fac-

tor of ∼ 3 at w ≈ 400 km s−1, growing to a factor of ∼ 10 at w ≈ 800 km s−1),

which is also evident from the marked difference in the value of the position of

the “knee” of the WF for the two surveys (logw∗ = 2.58 ± 0.03 for ALFALFA

versus logw∗ = 2.21 ± 0.10 for HIPASS4, in disagreement at the > 3σ level).

Despite the fact that the nominal HIPASS volume is a factor of ∼ 5 larger than

the α.40− volume, ALFALFA is able to find more high-width galaxies thanks to

its better sensitivity (see Figure 2.5). The same effect can be seen in the HIMFs

published by the two surveys, with ALFALFA [Martin et al., 2010] finding a fac-

tor of a few more of the highest HI-mass galaxies compared to HIPASS [Zwaan

et al., 2005].

On the low-width end, ALFALFA finds a rising slope (α < 0) which is, how-

ever, by no means steep enough to match the CDM prediction (see Sec. 2.5).

Despite the vastly different value for the narrow-end slope reported by the two

surveys (α = 0.10 ± 0.39 for HIPASS versus α = −0.85 ± 0.10 for ALFALFA) the

HIPASS and ALFALFA datapoints are consistent in the width range 40 km s−1

. w . 200 km s−1. The HIPASS α parameter is not well constrained, as their WF

does not extend to low enough widths and suffers from considerable counting

3The least squares parameters and their statistical errors were determined by the MPFITFUN
procedure, written in the IDL programming language.

4No errors are reported for the published fit parameters to the HIPASS WF. In order to com-
pare with ALFALFA, we derive errors by performing a least squares fit to the HIPASS WF dat-
apoints.
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Figure 2.5 The figure shows the “velocity width Spanhauer” diagrams for ALFALFA
(lower panel) and HIPASS (upper panel) on the same scale. The region above the hor-
izontal orange line marks the range over which the two width functions disagree. De-
spite the fact that the nominal value of the HIPASS volume is a factor of ∼5 larger than
the α.40 volume, ALFALFA detects more very broad profile galaxies. This is due to the
limited sensitivity of HIPASS, which leads to a “thinning” of detections beyond ≈ 100
Mpc and out to the survey boundary (area enclosed by vertical cyan lines).
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error in the low-width bins.

2.4 Biases

2.4.1 Linewidth measurement errors

Measurement errors on w50 can shift galaxies among width bins, altering the

bin counts and therefore the inferred space density. The w50 value for ALFALFA

sources is subject to two separate sources of error: one is statistical in nature and

present for all sources, while the other is systematic and concerns only a frac-

tion of the α.40− sample. The former is due to the distortion of the signal pro-

file shape by noise; the latter results from the fact that the measurement of the

spectral width of a signal relies on the accurate visual identification of its spec-

tral boundaries, which is non-trivial for a number of sources (especially those

found in the vicinity of RFI). The final width error reported in the ALFALFA

catalogs, ∆w50, is the sum in quadrature of the random and systematic error

terms described above. Owing to the fact that all α.40− galaxies are detected

with high signal to noise and have a clean spectral profile in the vast majority of

cases, the typical α.40− width error is relatively small and its distribution well

behaved. The median error is ∆w50,median ≈ 8 km s−1 and ∼70% of the sources

have a fractional error of ∆w50/w50 6 10%.

In order to assess the effect of ∆w50 on the WF, we create 50 mock galaxy sam-

ples by re-assigning widths to every galaxy i in the primary ALFALFA dataset

according to their individual measured width (w50,i) and error (∆w50,i). Each

mock sample is subject to the same cuts as the α.40− sample and a new real-
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ization of the WF is calculated (“1x” set). In order to illustrate the systematic

trends introduced, we also perform an additional set of WF realizations with ar-

tificially inflated width errors (twice the reported ALFALFA width errors, “2x”

set).

Figure 2.6 Filled circles with errorbars and the black solid line represent the ALFALFA
WF and the best-fitting modified Schechter function (same as Figure 2.4). The red solid
line corresponds to the distribution obtained by taking into account the ALFALFA mea-
surement error on w50. The WF remains mostly unchanged, except perhaps for a slight
increase at the high width end. The red dashed line corresponds to artificially inflated
width errors (twice the α.40 errors) and is plotted in order to illustrate the general sys-
tematic trend introduced by width errors on the WF (see §2.4.1 for more details).

The results are shown in Figure 2.6: overplotted to the original ALFALFA

WF (datapoints and solid black line) are a modified Schechter fit to the mean WF

corresponding to the 1x (red solid line) and 2x (dashed red line) realizations. As

evidenced by the 2x run, width errors generally lead to a rise of the high-width

end of the WF, due to a net “diffusion” of galaxies from intermediate-width

bins with large number counts to high-width bins with low number counts.

However, width errors at the ALFALFA error levels (1x set) seem to have a

relatively minor effect on the WF.
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2.4.2 Distance Uncertainties

Since velocity width is a distance-independent quantity, galaxy counts in width

bins are not altered by distance errors. However, the weights (1/Veff,i) that each

galaxy contributes to its bin depend on HI-mass (see Eqn. A.14 and discus-

sion in §2.3.1), and therefore on the assumed distance. Masters et al. [2004] have

shown that ignoring the local peculiar velocity field can lead to biased estimates

of galaxy statistical distributions, especially for surveys drawing a large fraction

of their sample from the Virgo direction (VdR). To avoid this bias ALFALFA uses

redshift distances only for distant (cz > 6 000 km s−1) galaxies and assigns dis-

tances to nearby galaxies through a parametric flow model developed by Mas-

ters [2005]. The model includes two attractors (Virgo Cluster & Great Attrac-

tor), a dipole component (Local Group peculiar velocity), a quadrupole com-

ponent (Local Group asymmetric expansion) and a random thermal residual of

σlocal ≈ 160 km s−1. Here we assume that most of the coherent motion of nearby

galaxies is correctly described by the flow model, and no significant bias results

from this systematic component of galaxy peculiar velocities. Contrary to intu-

ition however, even the random component σlocal can induce a systematic bias

through the “Eddington effect” [see for example Figure 6 in Zwaan et al., 2003].

In order to asses the effect of σlocal on the WF, we proceed as in §2.4.1 and

create 50 mock samples by adding Gaussian noise on the cataloged distance of

each α.40− galaxy. We calculate the WF corresponding to each sample realiza-

tion, and use the obtained average distribution to investigate the effect of dis-

tance uncertainties on the WF. We adopt the Masters [2005] value of σlocal ≈ 160

km s−1 for our distance noise, but we also perform simulations with double the

fiducial dispersion (σlocal ≈ 320 km s−1).
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Figure 2.7 Filled circles with error bars and black solid line as in Figure 2.4. The
blue solid line corresponds to the result of adding a random velocity dispersion of
σlocal = 160 km s−1 [Masters, 2005] to the α.40 galaxy distances. The dashed blue line
corresponds to twice the fiducial velocity dispersion, σlocal = 320 km s−1. Note the rel-
ative immunity of the WF against distance uncertainties. The main effect appears to be
an overall increase in amplitude, while (in contrast to the case of the HIMF) no clear
trend for a steepening of the low-end slope seems to exist (see §2.4.2 for more details).
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The results are displayed graphically in Figure 2.7, where the datapoints and

solid line correspond to the original ALFALFA WF, and the blue solid and dot-

ted lines correspond respectively to the results of the σlocal = 160 km s−1 and

σlocal = 320 km s−1 simulation sets. The largest effect is an overall increase in

the amplitude of the WF. This is probably due to the fact that distance errors

will preferentially move sources to distances smaller than their true value; this

will bias a number of sources towards lower HI masses, which then translates

into larger values for their 1/Veff weights. On the other hand, and unlike in the

case of the HIMF, the low end slope α does not seem to be heavily affected. We

conclude that, apart from a mild increase in amplitude at intermediate widths,

the WF is relatively insensitive to distance uncertainties due to galaxy peculiar

motions.

2.4.3 Cosmic Variance

The WF presented in Figure 2.4 aspires to represent the distribution in a cosmo-

logically representative volume. The sensitivity of ALFALFA allows ∼ w∗ and

broader galaxies to be detected throughout the full survey volume (Vsurvey ≈

3.1 · 106 h3
70Mpc3), which ensures a cosmologically fair sampling of the MW-

sized galaxy population. On the other hand, low-width galaxies tend to be faint

systems that can only be detected locally. As a result, the low-width bins of the

WF are subject to increased uncertainty caused by the deviation of the galaxy

distribution from homogeneity on small scales, which is referred to as cosmic

variance (see Figure 2.8 for a graphical illustration).

In order to quantitatively asses the effects of cosmic variance on the AL-
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Figure 2.8 Datapoints with error bars and black solid line as in Figure 2.4. The red and
blue solid lines represent the WF in the Virgo direction Region (VdR: 07h30m < α <
16h30m, 4◦ < δ < 16◦ and 24◦ < δ < 28◦) and the anti-Virgo direction Region (aVdR:
22h < α < 03h, 14◦ < δ < 16◦ and 24◦ < δ < 32◦), respectively. The VdR is a locally
overdense region while the aVdR is locally underdense, a fact that is reflected by the
difference between the the two WFs at intermediate and low widths (see §2.4.3).

FALFA WF, we jackknife resample the α.40− sample, by splitting it into 14 parts

equally spaced in R.A. Then, we reevaluate the WF excluding each part in turn.

The resulting scatter for each fit parameter, x, is given by

σ2
x =

N − 1

N

∑

i

(xi − x)2 , i = 1, . . . , 14. (2.3)

The scatter calculated by Eqn. 2.3 would be equal to the purely statistical error if

the survey volume were homogeneous, and so any excess noise results from the

presence of inhomogeneities. The method described above provides a measure-

ment of cosmic variance on linear scales smaller than those probed by the full

survey, and hence yields a conservative estimate of the true uncertainty (cosmic

variance generally increases with decreasing scale).
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The full uncertainties on the fit parameters (including cosmic variance) are

φ∗ = 0.011 ± 0.003 (0.002) h3
70 Mpc−3dex−1, logw∗ = 2.58 ± 0.04 (0.03), α =

−0.85 ± 0.19 (0.10) and β = 2.7 ± 0.3 (0.3), where the term in parentheses

represents the purely Poisson error reported in §2.3.1. Indeed, parameters w∗,

φ∗ and β, which dictate the shape of the WF mostly at high widths, show a

very modest increase in their uncertainty due to cosmic variance. On the other

hand, the narrow end slope α is significantly affected, with cosmic variance

contributing a large fraction of the full error.

2.4.4 Beam confusion

Beam confusion arises from the fact that the ALFA 3.3′ x 3.8′ beam occasionally

produces blends of close pairs of galaxies or small galaxy groups, especially

when individual galaxies are poorly separated in redshift space. The qualitative

effect of such blends is to transform two or more independent sources into a

single HI profile of larger w50 than each of its constituents. We do not attempt to

quantify the effect of confusion bias, but we anticipate it to be more pronounced

at the high-width end of the WF. This is because galaxies with large widths

usually correspond to HI massive objects, which are rare and thus preferentially

found at large distances.It is worth noting that this bias, even though present,

cannot account for the discrepancy between the ALFALFA and HIPASS WFs at

high widths, since the latter suffers from more confusion due to its larger beam

size (13′ FWHM).
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2.5 Comparison with Theory and Simulations

The velocity function of halos in a CDM universe scales as dn ∝ v−4 dv, where v

refers to the halo maximum rotational velocity. Even though a straightforward

comparison of the CDM VF with the ALFALFA WF is not possible, such a steep

scaling suggests a substantial discrepancy between the theoretical and observed

distributions at low velocities.

In order to make a meaningful comparison between the theoretical predic-

tion and the ALFALFA measurement, it is necessary to take into account a num-

ber of important effects:

1. In general, a one-to-one correspondence between simulated halos and vis-

ible galaxies is not always possible. For example, massive halos (Mhalo &

1013 h−1M⊙) typically host groups or clusters of galaxies, rather than a

single astronomical object.

2. The collapse of baryons to the central region of DM halos affects the galac-

tic potential and leads to a modification of the true galactic rotation curves

compared to the ones obtained in dissipationless DM simulations.

3. The detectability of a galaxy in an HI survey depends on its atomic hydro-

gen content. Galaxies that are deficient in HI will be underrepresented in

an HI-selected sample.

4. The relationship between the maximum of the rotation curve of a galaxy

and its HI velocity width is non-trivial. Apart from the obvious depen-

dence on disk inclination, the measured width depends on the spatial dis-

tribution of atomic hydrogen in the galactic potential. In particular, HI

disks do not always extend far enough to sample the asymptotic outer
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part of the galactic rotation curve, and may underestimate the mass of the

host halo.

It is, thus, necessary to populate the DM halos of an N-body simulation with

modeled galaxies, and compare this virtual sample against the ALFALFA mea-

surement. Modeling of the atomic hydrogen content of the synthetic galaxies

is particularly desirable, because it greatly facilitates the comparison between

theoretical and observed distributions.

Obreschkow et al. [2009, hereafter O09] have simulated the HI-line profiles

for the galaxies in the De Lucia and Blaizot [2007] semi-analytic catalog, created

by post-processing the Millennium N-body simulation [Springel et al., 2005].

Figure 2.9 displays the WF (cyan solid line) resulting from projecting their mod-

eled edge-on linewidths, assuming random galaxy inclinations. The O09 WF

is in fairly good agreement with the ALFALFA measurement, but fails to dis-

play an exponential cutoff at high widths and therefore predicts too many high-

width galaxies. This issue has been also pointed out in Zw10, who argue that

the disagreement is caused by the fact that the O09 catalog overestimates the HI

masses of massive early-type galaxies. They found that restricting themselves

to synthetic galaxies classified as late-types (based on their bulge-to-total stel-

lar mass ratios in the DeLucia catalog) produced a much better fit to their data.

However, Figure 2.9 suggests that applying the “morphological” cut of Zw10

results in too few galaxies at intermediate widths (200 km s−1< w < 600 km s−1).

The red solid line in Figure 2.9 is the WF corresponding to an indirect obser-

vational estimate of the velocity distribution of spiral galaxies by Gonzalez et al.

[2000]. Their determination of the spiral galaxy VF was produced by combin-

ing the Southern Sky Redshift Survey B-band LF for spirals in conjunction with
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Figure 2.9 Datapoints with errorbars and the black solid line represent the AL-
FALFA WF in the width range w > 100 km s−1. The cyan solid line represents the
Obreschkow et al. [2009, O09] WF, derived from projecting their distribution of mod-
eled HI linewidths (wHI

50 ) for the synthetic galaxies in the semi-analytic catalog of De
Lucia and Blaizot [2007]. The cyan dash-dotted line represents the subsample of the
O09 galaxies classified as “late-types” according to their bulge-to-stellar mass ratios in
the DeLucia catalog. The red solid line represents the projection of the indirect obser-
vational determination of the velocity function (VF) of spiral galaxies by Gonzalez et al.
[2000]. Their VF was obtained by combining the observed luminosity function (LF) for
spiral galaxies with the Tully-Fisher relationship.
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the Yasuda et al. [1997] Tully-Fisher parameters in the BT -band. This indirect

method, based on galaxy scaling relations, is reliable only for relatively massive

spirals (vrot > 70 km s−1) and suffers from numerous sources of uncertainty (e.g.

scatter in the TF relation, uncertainties related to the correction of the LF for

extinction, bandpass conversion uncertainties, etc.).

2.5.1 The CDM overabundance problem

CDM predictions start diverging from the observational results at low widths,

and so the behavior of the theoretical WF for w < 200 km s−1 is of great im-

portance. Unfortunately, the very interesting work of O09 is only reliable for

w & 100 km s−1 due to the limitations in the mass resolution of the Millennium

simulation. To compare with the ALFALFA data, we employ instead two virtual

galaxy samples populating recent high-resolution CDM simulations.

Figure 2.10 compares the ALFALFA measurement with the WF of the galaxy

population corresponding to the Bolshoi simulation [Klypin et al., 2010], as

modeled by Trujillo-Gomez et al. [2010, hereafter TG10]. Each Bolshoi halo was

assigned realistic stellar and cold gas masses, based on empirical relations. Sub-

sequently, two models were considered, one where the gravitational potential

of the baryons is simply superimposed on the DM potential (solid green line)

and one where the DM halo adiabatically contracts in response to the presence

of the baryons (dash-dotted green line). Note that TG10 define vrot as the value

of the simulated rotation curve at a radius of 10 kpc. The authors argue that

their modeling scheme and use of v10kpc provide a good approximation of the

measured velocity for galaxies with both flat and rising rotation curves.

31



Figure 2.10 The CDM overabundance problem: datapoints with errorbars and black
solid line represent the measured ALFALFA WF (same as in Figure 2.4). The green
lines represent the WF of a sample of synthetic galaxies modeled by Trujillo-Gomez
et al. [2010, TG10], which populate the halos in the Bolshoi CDM simulation [Klypin
et al., 2010]. Two models were considered by TG10, one where the gravitational poten-
tial of baryons is simply superimposed on the DM potential (solid line) and one where
the subsequent adiabatic contraction of the DM halo is taken into account (dash-dotted
line). The blue solid line represents the WF of a modeled galaxy population correspond-
ing to the higher resolution CDM simulation of Zavala et al. [2009, Za09]. Note that both
theoretical distributions predict a steeply rising low-width end, in stark contrast with
the observational result. The discrepancy according to the Za09 result is a factor of ∼8
at w = 50 km s−1, rising to a factor of ∼ 100 when extrapolated to w = 20 km s−1 (see
§2.5.1).
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Also plotted in Figure 2.10 is the WF of simulated galaxies based on the

Zavala et al. [2009, hereafter Za09] constrained N-body simulation (blue solid

line). Za09 produced a modest volume (64 h−1 Mpc on a side) but very high-

resolution (vlim = 24 km s−1) constrained simulation, designed to reproduce the

large-scale structure of the local universe. Virtual galaxies are modeled accord-

ing to the analytical results of Mo et al. [1998], assuming a disk-to-virial mass

ratio of fdisk ≡ Mdisk/Mvir = 0.03 independent of halo size. Lastly, the maxi-

mum amplitude of the rotation curve (vrot,max) for each galaxy is calculated, by

combining the disk and DM halo contributions.

Note, however, that both simulation works presented here lack detailed

modeling of the HI component of their virtual galaxy samples, which is the the

velocity field tracer. As a result, we convert rotational velocities into HI velocity

widths by the following analytic expression:

w = 2 vrot sin i+ weff . (2.4)

Galaxies are assumed to be randomly oriented with respect to the line-of-sight

(cos i is uniformly distributed in the [0, 1] interval), while weff is a small “ef-

fective” term used to reproduce the broadening effect of turbulence and non-

circular motions on HI linewidths. The use of eqn. 2.4 is only justified if the HI

disk is extended enough to sample the value of vrot adopted by the model un-

der consideration (e.g. v10kpc for TG10 and vrot,max for Za09). We adopt the value

weff = 5 km s−1 for the broadening term5, which is added linearly for galaxies

with vrot > 50 km s−1 and in quadrature for lower velocity galaxies.

5The value of weff = 5 km s−1 is derived empirically by Verheijen and Sancisi [2001], based
on a sample of 22 galaxies with flat or decreasing outer rotation curves.
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Figure 2.10 puts in evidence the marked departure of the theoretical distribu-

tions from the ALFALFA measurement at w < 200 km s−1, which becomes more

dramatic with decreasing width. According to the TG10 WF, the difference is

approximately a factor of ∼ 4 at w = 100 km s−1, exhibiting an increasing trend.

The Za09 WF6, implies a difference of a factor of ∼ 8 at the lowest width where

the simulation is complete (w ≈ 50 km s−1), and displays a much steeper low-

width slope than the ALFALFA measurement. An extrapolation of the Za09 WF

to the ALFALFA width limit (w = 20 km s−1), would result in a discrepancy of a

factor of ∼ 100.

2.5.2 Is CDM viable?

The ALFALFA measurement of the low-width end of the WF confirms the re-

sult obtained by the HIPASS survey [Zwaan et al., 2010], at lower sensitivity and

velocity resolution. This fact excludes the possibility that the CDM overabun-

dance problem is an artifact of the limited performance characteristics of past

blind 21 cm surveys. The reason for the observed discrepancy can be therefore

most likely attributed to one of the two following factors:

1. The inaccuracy of standard CDM simulations, presumably due to the in-

adequacy of the assumed DM model.

2. The improper comparison of simulated halos with observed galaxies. This

could be due either to

6In order to account for the fact that the Za09 sample resides in an overdense volume (within
a radius of 20 h−1 Mpc from their simulated “Local Group”), we lower the normalization of
their WF by a factor of 2, as suggested in their §4.3.
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(a) the inadequate modeling of the baryonic counterparts hosted by DM

halos, which leads to wrong predictions for the galactic rotation

curve, or

(b) the incorrect interpretation of inclination-corrected HI linewidths as

halo rotational velocities.

In what follows, we will consider these possibilities in more detail and argue

about their prospects as solutions of the CDM overabundance problem.

Most large-scale simulations of cosmic structure conform to the standard

ΛCDM cosmological model. In particular, they assume that all dark matter is

cold (i.e. has negligible free-streaming length), non self-interacting and stable

(i.e. non-decaying). These properties are appropriate for a universe where dark

matter consists of stable weakly interacting massive particles (WIMPs). WIMPs

are currently the favored DM particle candidate, and are expected to have

masses in the GeV-TeV range and weak scale self-interaction cross-sections,

justifying the DM attributes most commonly assumed in cosmological N-body

simulations.

However, the picture changes considerably if DM is composed of relatively

light (∼ keV) particles, in which case it is referred to as warm dark matter

(WDM). Structure on large scales would be the same as in a CDM universe, but

on small scales halo formation would be heavily suppressed due to the non-

negligible free-streaming length of the light WDM particle. Za09 have consid-

ered this alternative scenario, and carried out a second run of their very high-

resolution simulation assuming a 1 keV WDM particle. They subsequently pop-

ulate their halos with synthetic galaxies, employing the same modeling scheme

as in their CDM run (§2.5.1). The result is shown by the red solid line in Fig-
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ure 2.11, superposed on the ALFALFA WF (datapoints with errorbars and black

solid line) and the result of their CDM run (blue solid line).

Figure 2.11 Data points with error bars and black solid line represent the measured AL-
FALFA WF (same as in Figure 2.4). The blue solid line represents the WF of a modeled
galaxy population based on the high resolution CDM simulation of Zavala et al. [2009,
Za09] (same as in Figure 2.10). The red solid line represents the WF corresponding to a
second run of the Za09 simulation assuming a 1 keV WDM particle (both simulations
employ the same scheme to populate halos with synthetic galaxies). The WDM WF dis-
plays a shallow low-width slope due to the suppressed formation of structure at small
scales, and is in much better agreement with the ALFALFA measurement.

Strikingly, the synthetic WF in the WDM case exhibits a shallow slope at the

low-width end, in good agreement with the slope measured by ALFALFA. Such

a shallow slope results from the suppressed production of low-mass halos in a

WDM universe, which directly translates into a lower abundance of low-width

visible galaxies. WDM could therefore provide a simple and elegant solution of

the overabundance problem.

Despite its appeal in this specific context, the general prospects of WDM

also depend on its overall viability as the dominant constituent of non-baryonic
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matter in the universe. A number of theoretical microscopic models for WDM

have been proposed, most commonly involving sterile neutrinos [Dodelson and

Widrow, 1994, Fuller et al., 2003, Asaka et al., 2005, Kusenko, 2009]. Constraints

on the particle’s mass can be placed by astrophysical and cosmological consid-

erations. In particular, Lyα forest data place lower limits on the neutrino mass

(a lighter particle generally results in suppression of power at larger scales),

while X-ray observations can place upper mass limits (radiative decay into X-

ray photons generally becomes more efficient at higher masses). The limits on

the neutrino mass imposed by these observational constraints depend on the

assumed neutrino production mechanism. Abazajian and Koushiappas [2006]

find that non-resonantly produced neutrinos are ruled out, using a compila-

tion of Lyα forest and X-ray data (see references therein). Boyarsky et al. [2009]

have considered sterile neutrino production in the context of the νMSM (Mini-

mal Standard Model + 3 sterile neutrinos) and argue that sterile neutrinos with

msn > 2 keV are viable.

The second class of potential solutions attribute the disagreement between

theory and observation to the process used to translate the output of simulations

into actual galaxies. In particular, a number of important effects need to be

taken into account (identified as items 1-4 in Section 2.5) to ensure a successful

comparison of simulated halos with observed galactic samples.

Both theoretical works presented in §2.5.1 address issues 1 and 2. For exam-

ple, Za09 set an explicit limit on the mass of halos hosting individual galaxies at

Mvir = 1013 h−1 M⊙. The influence of baryons on the shape of galactic rotation

curves is also taken into account by both works, albeit using slightly different

prescriptions and definitions of galaxy rotational velocity. Despite the use of nu-
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merous simplifying assumptions by TG10 (e.g. all baryons within 10kpc) and

Za09 (e.g. fixed disk-to-virial mass ratio for all galaxies) their theoretical WFs

are in fair agreement with the ALFALFA measurement at intermediate widths

(200 km s−1< w < 500 km s−1).

The last two issues are related specifically to the atomic hydrogen content of

galaxies, which is not modeled by either TG10 or Za09. Specifically, issue 3 con-

cerns the detectability of a galaxy in a 21cm survey. In principle, there exists the

possibility that most of the low-mass halos predicted by CDM cosmology corre-

spond to HI-devoid, dwarf spheroidal galaxies. In reality, a solution involving a

multitude of isolated early-type dwarf systems seems rather unlikely. Direct ob-

servations [Garnett, 2002, Swaters and Balcells, 2002, Noordermeer et al., 2005],

as well as other empirical arguments, suggest that the HI-to-stellar mass ratio

grows with decreasing mass for galaxies in the field. HI surveys should thus

have an advantage, rather than a disadvantage, at detecting the baryonic coun-

terparts hosted by low-mass DM halos. In addition, optical surveys suggest that

isolated early-type dwarfs in medium/low density environments are relatively

rare [Karachentsev et al., 2004]. A second issue relates to the fact that satellite

galaxies may be underrepresented in an HI-selected sample, since they are gen-

erally redder (and have presumably lower gas fractions) than central galaxies

of the same luminosity [e.g. Font et al., 2008]. This bias could result in a . 30%

underestimate of the abundance of low-width galaxies by ALFALFA [e.g Yang

et al., 2008, Klypin et al., 2010], not nearly enough to explain the observed dis-

crepancies.

Issue 4 regards the size and detailed spatial distribution of the atomic hy-

drogen component in galaxies, which determines the way in which its rotation
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curve is converted into an HI velocity width. In particular, wHI is a fair tracer

of the maximum rotational velocity, only if the HI disk is extended enough to

reach the flat (or decreasing) part of the galactic rotation curve. The use of Eqn.

2.4 in the derivation of the theoretical WFs implicitly assumes this situation to

be true; observationally however, this is often times not the case. For example,

the Catinella et al. [2006] set of template rotation curves, shows that lower ro-

tational velocity galaxies tend to have steeper outer rotation curves (see their

Figure 1 & 4). The dwarf galaxy samples of Spekkens et al. [2005] and Swa-

ters et al. [2009], suggest that the effect becomes more dramatic at the lowest

velocities (see Figure 3 & Figure 4 in the respective references).

This systematic trend for lower velocity galaxies to host less extended HI

disks can be understood in terms of the expected baryon depletion of low-mass

halos. Results from N-body + hydrodynamics simulations [e.g. Hoeft et al.,

2006, Ricotti, 2010] indicate that halos with mass below some critical value lose

a significant fraction of their cosmic share of baryonic matter, due to environ-

mental and internal feedback processes. In particular, UV heating of the inter-

galactic medium (IGM) after reionization is believed to lead to substantial gas

removal from low-mass halos (vrot . 20 - 30 km s−1, corresponding to Mvir . 109

- 109.5 h−1 M⊙). Internal feedback processes such as supernova winds may also

be important, but their efficacy is strongly model dependent.

The above considerations could lead to a solution of the overabundance

problem that would not require a modification of the extremely successful

ΛCDM paradigm. In simple terms, the overabundance problem would be the

result of the inability of HI to trace the maximum halo rotational velocity of

low-mass systems, which leads to a severe underestimate of their true mass.
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The same argument has been identified as a possible solution of the “mini-void

size” problem by Tikhonov and Klypin [2009], while a similar effect has been

proposed by Peñarrubia et al. [2008] as a solution to the “missing satellites”

problem.

2.6 The vrot - vhalo relation in a CDM universe

Assuming the CDM model to be correct, we can statistically infer the vrot - vhalo

relationship needed to reproduce the observational galaxy VF. This can be done

by abundance matching, a statistical procedure which assumes the existence

of a one-to-one relationship between galaxy and halo circular velocities, vrot =

f(vhalo). It follows that the space density of halos with circular velocities larger

than a given value, V , should be equal to the space density of galaxies with

rotational velocities larger than the value dictated by the relationship, n(vhalo >

V ) = n(vrot > f(V )).

Obtaining an observational velocity distribution from the ALFALFA mea-

surement is not straightforward. Firstly, the ALFALFA measurement regards

galaxy velocity widths (uncorrected for inclination) and not intrinsic rotational

velocities; secondly, the ALFALFA survey is biased against HI-poor massive el-

lipticals that dominate the counts at high velocities.

We address the first issue by searching for the velocity distribution that best

reproduces the ALFALFA WF, upon projection using Eqn. 2.4. We assume that

the distribution follows a modified Schechter function of the form
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φ(v) =
dn

d log v
= ln(10) φ∗

(

v

v∗

)α

e−( v
v∗

)β , (2.5)

and that it corresponds to the VF of HI-rich, late-type galaxies. The set of pa-

rameters that provide the best match is identified visually, and corresponds to

the values φ∗ = 1.2 · 10−2 h3
70 Mpc−3, log v∗ = 2.32, α = −0.81 and β = 3.1

(thick red dash-dotted line in Figure 2.12). In order to address the second issue

(i.e. obtain a VF valid for all morphological types), we use the results of Chae

[2010], who studied the velocity dispersion function (VDF) of early-type galax-

ies in the SDSS and 2dFGRS surveys. Velocity dispersions can be transformed

into rotational velocities by assuming an isothermal mass profile, in which case

vrot =
√
2σ. We adopt the average of the 2dFGRS and SDSS velocity distribu-

tions as a representative VF for early-type galaxies, which we plot as the green

dotted line in Figure 2.12.

We interpolate the two distributions using a single modified Schechter func-

tion with parameters φ∗ = 8.7 · 10−3 h3
70 Mpc−3, log v∗ = 2.49, α = −0.81 and

β = 3.35. The interpolated distribution (blue solid line in Figure 2.12 & Fig-

ure 2.13) represents a composite galactic VF valid for all morphological types.

Even though we do not formally measure errors for the derived distribution,

we list below some important sources of uncertainty. Firstly, the statistical un-

certainty on the parameters of the late-type VF should be at least on the order

of the errors reported in §2.3.1; the parameters of the composite VF should be

expected to carry larger errors, since the determination of the interpolating dis-

tribution is subjective to some extent. More importantly though, there are a

number of sources of uncertainty related to galactic physics. For example, the

assumption of isothermality of early-type galaxies is not expected to hold in
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Figure 2.12 The thick red dash-dotted line represents the velocity function of late-type
galaxies (assumed to follow a modified Schechter distribution) that best reproduces the
measured ALFALFA WF (light gray data points and solid line) upon projection (thin
red dash-dotted line). The green dotted line represents the velocity function of early-
type galaxies determined by Chae [2010] using SDSS and 2dFGRS data. The blue solid
line is a modified Schechter interpolation of the two VFs which represents a velocity
function valid for all morphological types. The modified Schechter parameters for the
interpolated distribution are φ∗ = 8.7 · 10−3 h370 Mpc−3, log v∗ = 2.49, α = −0.81 and
β = 3.35 (see Section 2.6 for more details).
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detail [e.g Dutton et al., 2010], which would affect the high-velocity end of the

composite VF. Moreover, the low velocity slope, α, depends partly on the value

of weff employed in Eqn. 2.4; the value adopted here (weff = 5 km s−1) has been

empirically determined from a sample of relatively massive spirals [Verheijen

and Sancisi, 2001], and does not have to be the same for galaxies populating

the low-velocity end of the VF. Also, as mentioned in §2.5.2, the inferred VF

may be underestimating the true abundance of low-width galaxies by . 30 %,

since ALFALFA is likely to miss some fraction of the satellites of massive spiral

galaxies.

Next, we obtain the theoretical CDM VF from the Bolshoi simulation7

[Klypin et al., 2010]. In particular, we use the distribution of maximum halo ro-

tational velocity, vhalo, of all simulated halos (including subhalos) at the present

epoch, which is shown as the black solid line in Figure 2.13. Note that the sim-

ulation is run for the total matter density of the universe (Ωm = ΩDM + Ωbar =

0.27), but both DM and baryons are treated as dissipationless components. Also

note that the simulation is complete only down to vhalo = 50 km s−1, and a

power-law extrapolation is used at lower velocities [which is however expected

to hold, see for example §4.2 in Zavala et al., 2009].

The red thick line in Figure 2.14 represents the vrot - vhalo relation obtained

by matching the CDM and galactic velocity distributions (values listed in Table

2.1). We have assumed that halos with vhalo > 360 km s−1 (Mvir & 1013 h−1 M⊙)

do not host individual galaxies but rather groups of galaxies, and are hence

excluded from the matching process. The cyan shaded region corresponds to

different values for this mass cutoff, ranging from vhalo,max = 290 km s−1 (Mvir ≈
7The Bolshoi simulation is run for the set of cosmological parameters h = 0.70, Ωm = 0.27,

σ8 = 0.82, n = 0.95.
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Figure 2.13 The velocity function of halos (black line) and galaxies (blue line), ex-
pressed as a cumulative distribution. The former distribution corresponds to the num-
ber density of halos (including subhalos) in the Bolshoi CDM simulation, as a function
of their maximum rotational velocity at the present epoch (vhalo). Note that the Bolshoi
simulation is complete only down to vhalo = 50 km s−1, but a power-law extrapolation
to lower velocities (black dashed line) is expected to hold. The latter distribution repre-
sents the VF of all galaxy types, as a function of their observed rotational velocity (same
as blue line in Figure 2.12, see discussion is Section 2.6).
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5 ·1012 h−1M⊙, upper boundary) to vhalo,max = 440 km s−1 (Mvir ≈ 2 ·1013 h−1M⊙,

lower boundary). The uncertainty in the value of vhalo,max mentioned above is

the only source of error considered explicitly here. There are, however, addi-

tional uncertainties involved in the determination of the presented relationship.

For example, no scatter in the vrot = f(vhalo) relation was considered in the

abundance matching process. Also, no corrections to vrot for pressure support

have been made in this work, even though gas thermal velocities in low mass

galaxies can be comparable with their rotational velocities.

Figure 2.14 shows that vrot follows an approximately linear relationship with

vhalo only for intermediate-mass halos (120 km s−1 . vhalo . 170 km s−1). In this

range, vrot ≈ 1.5 vhalo, in fair agreement with the values estimated for the MW

and M31 from dynamical models [Klypin et al., 2002, diamonds] and from the

kinematics of MW high velocity stars [Smith et al., 2007, triangle] and blue hori-

zontal branch stars [Xue et al., 2008, box]. However, the vrot/vhalo ratios obtained

here are significantly larger than the average values inferred by Dutton et al.

[2010] from a compilation of weak lensing and satellite kinematics datasets.

Note though that their results are expressed in terms of a vopt - v200 relation,

where vopt is defined as the measured rotational velocity at 2.2 I-band disk scale-

lengths for late-type galaxies and 1.65σ for early-type galaxies, and v200 refers to

the virial velocity of the halo at an enclosed overdensity of 200 times the criti-

cal density. In order to display their results in Figure 2.14, (red & blue hatched

regions) we have transformed virial velocities into halo maximum rotational

velocities assuming average halo concentrations [Macciò et al., 2008].

The most important result of Figure 2.14 concerns the low halo velocity

regime. In particular the relationship steepens continuously as we move to
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Figure 2.14 The red solid line corresponds to the relation between the rotational ve-
locity of galaxies measured observationally (vrot) and the maximum rotational velocity
of the corresponding CDM halo (vhalo). The relation was obtained by the abundance
matching of the velocity distribution of halos in the Bolshoi CDM simulation with the
velocity distribution of galaxies inferred from ALFALFA and SDSS/2dFGRS data (see
Figure 2.12 & 2.13). We have assumed that halos with vhalo > 360 km s−1 (Mvir &

1013 h−1 M⊙) do not host individual galaxies, but rather groups of galaxies. The cyan
shaded area corresponds to different mass cutoffs, ranging from vhalo,max = 290 km s−1

(upper boundary) to vhalo,max = 440 km s−1 (lower boundary). The blue and red hatched
areas correspond to the 2σ error regions for late- and early-type galaxies respectively,
according to Dutton et al. [2010]. Their measurement was based on a compilation of
weak lensing and satellite kinematics measurements of galaxy dynamical masses (see
Section 2.6 for more details). The symbols correspond to the values estimated for the
MW and M31 based on dynamical models [Klypin et al., 2002, diamonds], and for the
MW based on the kinematics of high velocity stars [Smith et al., 2007, triangle with 2σ
errorbars] and blue horizontal branch stars [Xue et al., 2008, box with 2σ errorbars].
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Table 2.1. The vrot - vhalo relation in a CDM universe

vhalo [km s−1] vrot [km s−1] vrot [km s−1] vrot [km s−1]
(vhalo,max = 360 km s−1) (vhalo,max = 290 km s−1) (vhalo,max = 440 km s−1)

40 16 16 16
45 23 23 23
50 32 32 32
55 42 42 42
60 53 53 53
70 77 78 77
80 102 103 102
90 127 127 125

100 149 150 147
120 188 190 185
140 219 223 218
160 247 252 244
180 270 278 267
200 291 303 286
220 310 327 303
240 328 353 318
260 345 383 333
300 383 · · · 360
340 431 · · · 387
380 · · · · · · 416
420 · · · · · · 449

Note. — vhalo corresponds to the maximum circular velocity of a halo (including
subhalos) in the Bolshoi simulation [Klypin et al., 2010], at z = 0. Note that the sim-
ulation is run for the total matter density of the universe (Ωm = ΩDM +Ωbar = 0.27).
We have excluded halos with velocities larger than vhalo,max from the abundance
matching procedure, since these are assumed to host groups of galaxies. vrot refers
to the rotational velocity of galaxies inferred observationally.
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lower halo velocities, assuming a power-law behavior of the form vrot ∝ v3halo at

vhalo . 50 km s−1. As a result, the true mass of low-velocity halos is systemati-

cally underestimated when measured by the inclination-corrected HI linewidth

of the hosted galaxy; the underestimate can reach a factor of ∼ 2.5 for vhalo ≈ 40

km s−1. Testing the low-velocity end of the vrot - vhalo relation would require

a sample of low-mass galaxies with directly measured dynamical masses, e.g.

through weak lensing or satellite kinematics. However, some indirect obser-

vational support could come from a rich sample of HI interferometric maps of

dwarf galaxies: a gradual transition from mostly flat to mostly rising rotation

curves at vrot ≈ 110 km s−1, would be required to explain the steepening of the

relation at low velocities. Ultimately, observational verification of the presented

relationship at low velocities would provide a check of the validity of the CDM

model.

2.7 Conclusions

We have measured the velocity width function (WF) of HI-bearing galaxies,

based on a sample of 10 744 extragalactic sources detected in ∼40% of the final

ALFALFA survey area. The ALFALFA measurement extends to widths (uncor-

rected for inclination) as low as w = 20 km s−1, and results in a robust mea-

surement of the low-width logarithmic slope of α = −0.85 ± 0.19 (1σ statistical

error including the effect of cosmic variance). This result suggests a significant

incompatibility of the observational distribution with the much steeper distri-

bution expected in a CDM universe.

We compare the ALFALFA result with the WFs of two modeled galaxy popu-
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lations, one populating the Bolshoi CDM simulation halos [Trujillo-Gomez et al.,

2010] and the other populating the halos of the very-high-resolution CDM sim-

ulation of Zavala et al. [2009]. Indeed, the simulated WFs start diverging from

the ALFALFA measurement at widths w . 200 km s−1. The difference in abun-

dance is a factor of ∼ 8 at w = 50 km s−1 (which corresponds to the resolution

limit of the Za09 simulation), and implies a difference of a factor of ∼ 100 when

extrapolated to the ALFALFA low-width limit (w = 20 km s−1). This discrep-

ancy is closely related to a number of other observational challenges to CDM

(e.g. “missing satellites problem”, “mini-void size problem”, etc.), which we

collectively refer to as the CDM overabundance problem.

We further identify the two most promising solutions to the problem: the

first involves the suppression of low-mass halo formation, which is best accom-

plished by assuming a ∼keV WDM particle; the second solution does not re-

quire a modification of the extremely successful CDM model, and relies on the

fact that HI disks in dwarf galaxies are frequently not extended enough to probe

the full amplitude of the galactic rotation curve. The latter solution, supported

by currently limited observational evidence, implies that galaxy rotational ve-

locities derived from inclination-corrected HI linewidths (vrot) systematically

underestimate the maximum rotational velocity of their host DM halo (vhalo),

below vrot ≈ 110 km s−1.

We furthermore use an abundance matching procedure to statistically infer

the vrot - vhalo relationship needed to reconciliate the CDM and galactic velocity

distributions. We find that for MW-sized galaxies vrot ≈ 1.5 vhalo, while at low

velocities vrot underestimates significantly the true maximum rotational velocity

of the host halo.
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Determining the correct solution to the CDM overabundance problem rests

both on the general prospects of WDM as a viable dark matter model, as well as

on observational verification of the vrot - vhalo relationship predicted for CDM.

The latter goal could be best accomplished through a rich sample of low-mass

galaxies with directly measured dynamical masses.
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CHAPTER 3

A DIRECT MEASUREMENT OF THE BARYONIC MASS FUNCTION OF

GALAXIES & IMPLICATIONS FOR THE GALACTIC BARYON

FRACTION

3.1 Introduction

It is by now well established that baryonic matter represents only about 1/6

of the total matter density of the universe [e.g. Komatsu et al., 2011], while

the majority is in the form of non-baryonic dark matter (DM). Since galax-

ies form through the accretion of baryonic material onto dynamically domi-

nant DM structures (halos), it would be reasonable to assume that the baryon

mass fraction of present day galaxies approximately equals the cosmic value

(fb = Ωb/Ωm ≈ 0.16). Despite this expectation, observations point to the fact

that galaxies are not able to retain their cosmic “fair share” of baryons, and that

the resulting baryon deficit depends strongly on the mass of their host halo.

The first line of evidence is provided by observational estimates of the abun-

dance of galaxies as a function of their total stellar mass, a distribution referred

to as the galactic stellar mass function (SMF). Thanks to the advent of wide

area optical surveys with multiband photometric and spectroscopic informa-

tion, such as the Two degree Field Galaxy Redshift Survey (2dFGRS) and the

Sloan Digital Sky Survey (SDSS), the SMF has been measured over the mass

range M∗ ≈ 107 − 1012 M⊙, using statistical samples of tens of thousands of

∗This chapter is an adapted version of the published article Papastergis et al. (2012).
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galaxies and a variety of stellar mass estimation techniques [Cole et al., 2001,

Bell et al., 2003, Panter et al., 2007, Baldry et al., 2008, Li and White, 2009, Yang

et al., 2009, Baldry et al., 2012, to name a few]. The SMF displays an exponential

cutoff at masses M∗ & 1011M⊙ and an approximate power-law behavior at low

masses (dn ∝ M−α
∗

dM∗), with a “shallow” exponent of α ≈ −1.3. On the other

hand, the halo mass function (HMF) predicted in the lambda cold dark matter

(ΛCDM) model, follows a much “steeper” power-law (α ≈ −1.9) over the mass

range of interest. This observation alone excludes the possibility that the stellar

mass of a galaxy is simply a fixed fraction of the host halo mass.

One can furthermore statistically derive an average relation between the stel-

lar mass of a galaxy (M∗) and the mass of its host halo (Mh), through the tech-

nique of abundance matching (see §3.5.1 for details). M∗ - Mh relations based

on abundance matching [e.g. Guo et al., 2010, Moster et al., 2010, Behroozi et al.,

2010, Leauthaud et al., 2012] have shown that the “stellar conversion efficiency”,

η∗ = (M∗/Mh) / fb, never exceeds 25 - 30%. Furthermore, η∗ peaks for Milky

Way-sized galaxies (Mh ≈ 1012M⊙), and declines rapidly on either side of the

peak [e.g. Figure 2 in Guo et al., 2010].

The second line of evidence comes from direct halo mass measurements,

obtained through weak lensing or kinematics studies [e.g. Dutton et al., 2010,

Reyes et al., 2012]. For example, Reyes et al. [2012] used stacked weak lensing

measurements to estimate the average host halo mass of galaxies in different

stellar mass bins, and found that η∗ never exceeds ≈ 30%. Direct halo mass mea-

surements can circumvent a number of assumptions inherent in the application

of abundance matching, but such techniques can presently only be applied to a

restricted range of stellar mass (M∗ ≈ 109 − 1011 M⊙), and are affected by their
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own set of systematics.

Stellar mass is not always the dominant baryonic component in a galaxy.

In fact, the HI–to–stellar mass ratio (“HI fraction”; fHI = MHI/M∗) tends to

increase with decreasing stellar mass, and HI often dominates the baryonic con-

tent of low-mass galaxies. The transition from stellar-mass–dominated to HI–

dominated systems takes place at M∗ ≈ 1010M⊙ for HI-selected samples [e.g.

Huang et al., 2012a, see also Fig. 3.19 in this work], or at M∗ . 109.5 M⊙

for optically-selected samples [e.g. Catinella et al., 2010]. As a result, it is

presently not clear what is the behavior of the “baryon retention fraction”

ηb = (Mb/Mh) / fb in low-mass galaxies, when both stars and cold gas are taken

into account. In particular it is not well understood whether the very low av-

erage value of η∗ inferred for low-mass halos is a result of poor retention of

baryonic material, of the low efficiency of gas-to-stars conversion, or of a com-

bination of both.

For example, Baldry et al. [2008] argue that the increasing gas fraction in

low-mass galaxies should approximately offset the decreasing stellar-to-halo

mass ratio, and result in a roughly constant ηb ≈ 10%. This conclusion was

based on an indirect estimate of the cold gas content of galaxies, based on the

average fHI − M∗ relation observed in a set of samples in the literature. An

early work by Salucci and Persic [1999], based on the same indirect method,

also reached a qualitatively similar conclusion. Evoli et al. [2011] found an ap-

proximately constant ηb at the low-mass end using a different indirect method,

which involves the comparison of the stellar and HI mass distributions of two

different galaxy samples. These results would imply that low-mass galaxies are

relatively efficient at retaining baryonic mass, but very inefficient in converting
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their gas into stars. This conclusion, however, would require a “steep” HI mass

function (HIMF) in the local universe, in contrast to what is measured [Zwaan

et al., 2005, Martin et al., 2010]. Moreover, the recent work of Rodrı́guez-Puebla

et al. [2011], also based on using the average fHI −M∗ relations for blue and red

galaxies separately, found no signs for a flat ηb at low masses.

In this chapter we directly measure the abundance of galaxies as a function of

their “baryonic mass” (throughout this chapter the term baryonic refers to the

combined stellar and atomic gas components of galaxies, and baryonic mass is

calculated as Mb = M∗ + 1.4MHI , where the 1.4 factor accounts for the pres-

ence of helium). We use optical data from the seventh data release of the SDSS

(SDSS DR7) to estimate stellar masses, and HI-line flux measurements from the

Arecibo Legacy Fast ALFA1 (ALFALFA) survey to measure atomic gas masses.

The resulting distribution, referred to hereafter as the baryon mass function

(BMF) of galaxies, can be used in abundance matching to derive a robust ηb -

Mh relation. In order to investigate sample selection effects, we employ both

an HI-selected and an optically-selected sample drawn from the same volume

to derive the mass distributions for the stellar, atomic hydrogen and baryonic

components.

The chapter is organized as follows: in section 3.2, we introduce the datasets

used to measure the stellar, HI and baryon mass distributions. We describe the

methodology used to measure atomic hydrogen masses and we estimate stellar

masses for our galaxy samples. In section 3.3, we present our measurements

of the SMF, HIMF & BMF from both the HI-selected and the optically-selected

samples, and compare them against one another as well as against other pub-

1The Arecibo L-band Feed Array (ALFA) is a 7-feed receiver operating in the L-band (≈ 1420
MHz), installed at the Arecibo Observatory.
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lished results. In section 3.4 we consider the impact of possible systematics on

our measurements, such as stellar mass estimation method, distance uncertain-

ties and the exclusion of some baryonic components (e.g. molecular gas) in the

calculation of the BMF. In section 3.5, we present the η∗ - Mh and ηb - Mh relation

in a ΛCDM universe. In section 3.6, we discuss the implications of the result and

summarize our main conclusions. We note again that throughout this chapter

we use a Hubble constant of H0 = 70 h70 km s−1Mpc−1.

3.2 Datasets & derived quantities

3.2.1 HI-selected sample

We select galaxies from the current data release of the ALFALFA survey, which

covers 40% of the planned final survey area [“α.40” catalog; Haynes et al., 2011].

We restrict ourselves to two rectangular areas of the “spring” coverage of α.40

(07h45m < RA < 16h30m, 4◦ < Dec < 16◦ & 24◦ < Dec < 28◦), which encom-

pass the Virgo cluster as well as the supergalactic plane at low velocities. We

restrict ourselves to galaxies with vCMB < 15 000 km s−1 (z < 0.05), in order to

avoid the strong radio frequency interference (RFI) present at frequencies that

correspond to v⊙ & 15 000 km s−1. We discard the nearest extragalactic sources

with D < 10 Mpc, because they can carry extreme fractional uncertainties on

their distances (see §3.2.3 for details on the distance assignment method). We

furthermore select only HI sources designated as “Code 1” in α.40, i.e. extra-

galactic sources detected at high significance (S/NHI > 6.5). In addition, we

exclude sources with integrated fluxes below the 50% completeness limit of the
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ALFALFA survey [see Haynes et al., 2011, Section 6 for the derivation of the

ALFALFA completeness limits]. The above requirements are satisfied by 7 618

galaxies.

We remove from our sample 204 α.40 sources which are not crossmatched

with an optical source in SDSS, as well as 208 additional sources which have

been flagged as having problematic SDSS photometry (crossmatch code “P” in

α.40, for details see Section 4 in Haynes et al., 2011). This quality cut on the SDSS

photometry introduces some bias against faint, low surface brightness galaxies

of irregular morphology; such sources are often “shredded” (i.e. assigned mul-

tiple photometric objects) by the SDSS magnitude extraction process, and are

usually assigned a “P” (“photometry suspect”) crossmatch code in α.40. Lastly,

11 additional objects were discarded, in cases where the stellar mass computa-

tion method described in §3.2.3 failed to produce physically plausible results.

Our final sample thus consists of 7 195 extragalactic objects, detected over

≈ 2 000 deg2 of high Galactic latitude sky and out to D ≈ 214 Mpc. The upper

panel of Figure 3.1 displays the spatial distribution of our HI-selected galaxies,

and puts in evidence the complex large scale structure in the survey volume.

Note that all objects in our HI-selected sample have 21cm redshifts 2 and line

fluxes as well as multi-band optical photometry, and hence estimates of both

their stellar and atomic hydrogen masses.

2Of the 7 195 galaxies in the HI-selected sample, 1 333 are not in the SDSS DR7 spectroscopic
database and thus lack SDSS optical redshifts.
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Figure 3.1 Spatial distribution of the 7 195 HI-selected galaxies (upper panel) and 22 587
optically-selected galaxies (lower panel), drawn from the same volume. The galaxy stel-
lar mass function (SMF), HI mass function (HIMF) and baryonic mass function (BMF)
are computed separately for the two samples, in order to assess the impact of sample
selection on the derived distributions.
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3.2.2 Optically-selected sample

We draw an optically-selected sample from the SDSS DR7 [Abazajian et al.,

2009] spectroscopic database, in the same volume used to define our HI-selected

sample. Specifically, we select galaxies that lie within the same sky area

(07h45m < RA < 16h30m, 4◦ < Dec < 16◦ & 24◦ < Dec < 28◦) and satisfy

the same velocity and distance restrictions (vCMB < 15 000 km s−1, D > 10 Mpc).

CMB velocities for our optically-selected galaxies are calculated based on their

SDSS spectroscopic redshifts (zSDSS). We restrict ourselves to objects spectro-

scopically classified as galaxies in SDSS (specClass = 2) that also have an

apparent Petrosian magnitude brighter than 17.5 in the r-band (rpetro < 17.5).

This initial cut results in 22 707 galaxies. Due to their large number, it is not

practical to inspect all galaxies individually for the quality of their SDSS pho-

tometry/spectroscopy. As a result, we expect a fraction of our sources to have

issues with their SDSS photometry, most often related to “shredding” (i.e. as-

signment of multiple photometric objects to a single galaxy). This issue affects

mostly extended sources with structure in their light distribution, such as low

surface brightness (LSB) galaxies with irregular morphology. In such cases, the

SDSS magnitude will underestimate the true flux of the galaxy, which in turn

will result in an underestimate of its stellar mass. A second issue related to

shredding, is that bright star forming knots in the disks of nearby spiral galaxies

can sometimes be cataloged as separate spectroscopic objects, and hence inter-

preted as low-mass satellites of the main spiral. We find that applying a color

cut on our sample, (i−z)model > −0.25, removes a fair fraction of these unwanted

cases. On the other hand, cuts based on the quality of the SDSS spectrum (such

as cuts on zconf, zstatus or zwarning) are ineffective, since they exclude

mostly legitimate faint or LSB dwarf galaxies with noisy spectra. Lastly, we ex-
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clude objects for which the stellar mass computation described in §3.2.3 failed

to produce physically plausible results.

Our final optically-selected sample consists of 22 587 galaxies, occupying the

same volume as our HI-selected sample. We crossmatch the optical sample with

the full α.40 catalog (including Code 1 & 2 sources), and find 7 551 HI source

counterparts. The crossmatch rate is thus approximately 1/3, as reported in

Haynes et al. [2011]. Note that ALFALFA non-detected galaxies are not nec-

essarily HI-poor objects; due to the low emissivity of atomic hydrogen in the

21cm line, even moderately gas-rich galaxies in the outer portion of the sur-

vey volume can be missed by ALFALFA. This point is illustrated by the lower

panel of Figure 3.1, which compares the spatial distribution of galaxies in the HI-

selected and optically-selected samples. Note that all optically-selected galaxies

have multiband optical photometry as well as optical redshifts, and hence an

estimate of their stellar mass. However, only galaxies crossmatched with an

α.40 source have a 21cm flux measurement, and hence a value for their atomic

hydrogen mass.

3.2.3 Derived quantities

We calculate HI masses from the measured 21cm integrated flux reported in

α.40. Assuming optically thin emission

MHI = 2.356 105 Sint D
2 , (3.1)

where MHI is the HI mass in units of the solar mass (M⊙), Sint is the integrated
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Figure 3.2 Histograms of i-band absolute magnitude (panel a), g − i color (panel b),
stellar mass (panel c) and HI mass (panel d), for the optically-selected (red solid line)
and HI-selected (blue dashed line) samples. As evident in panel b, the HI-selected sam-
ple is strongly biased against the red galaxy population and as a result it is skewed
towards lower luminosity and stellar mass systems. Conversely, the fractional con-
tribution of bright and massive galaxies (Mi . −19, M∗ & 109M⊙) is larger for the
optically-selected sample (panels a and c).
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flux in Jy km s−1 and D is the distance in Mpc. Distances in this chapter are

calculated according to the method used in α.40 [Haynes et al., 2011]: nearby

galaxies (vCMB < 6 000 km s−1) are assigned distances through the use of a pe-

culiar velocity flow model developed by Masters [2005], while for more dis-

tant galaxies simple Hubble distances are used (D = vCMB/H0, with H0 = 70

km s−1 Mpc−1). Moreover, group and cluster membership information is taken

into account when available, as well as primary distance measurements pub-

lished in the literature. We would like to point out that most of the galaxies in

our optically-selected sample are not included in α.40, and hence lack the sys-

tematic group assignments and primary distance information contained in the

catalog. Nevertheless, optically-selected galaxies that lie within the sky area and

redshift range of the Virgo cluster are placed collectively at the Virgo distance

(D = 16.5 Mpc), in order to minimize the effects of peculiar motions on the in-

ferred distances of galaxies in the region. We would also like to note that the

distance assignment method can have a large impact on the determination of

mass functions, especially at the low-mass end. We illustrate this issue in §3.4.2,

where we consider the effect on the HIMF of using uniformly Hubble distances

for all galaxies.

We compute stellar masses for our galaxies based on fitting all 5 SDSS photo-

metric bands (u, g, r, i, z), with model spectral energy distributions (SEDs). The

full details of the method can be found in Huang et al. [2012b], but here we

summarize the main points: a library of model SEDs are generated, using the

Bruzual and Charlot [2003] stellar population synthesis code and assuming a

Chabrier [2003] stellar initial mass function (IMF). Models with an extensive

range of internal extinction, metallicity and star formation histories are con-

sidered. In particular, star formation history templates include both an expo-
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nentially declining component as well as random starburst episodes. The final

physical properties (e.g. stellar mass, star formation rate, internal extinction

etc.) are computed as the average of all model values, where each model is

weighted according to its fit likelihood. In addition to mean values, “1σ” un-

certainties of the physical properties can also be derived, as one quarter of the

2.5-97.5 percentile range of model values. The median 1σ uncertainty in logM∗

is 0.086 dex, or about 22% (excluding uncertainties on the distance). It is im-

portant to note that stellar mass estimates of the same galaxy obtained with

different methods can have systematic offsets of up to factors of a few. In §3.4.1

we address issues related to stellar mass estimation, and consider alternative

methods for calculating stellar masses [Bell et al., 2003, Taylor et al., 2011].

Figure 3.2 compares the distributions of i-band absolute magnitude (Mi) and

g − i color (both corrected for Milky Way extinction), stellar mass (M∗) and HI

mass (MHI ) for the HI-selected and optically-selected samples. The most no-

table difference is in the g − i color distribution, where the HI-selected sample

shows a strong bias against the red galaxy population [see also Huang et al.,

2012a]. As a result, the optically-selected sample contains a larger proportion of

high luminosity and stellar mass systems compared to the HI-selected sample.

By contrast, the MHI distribution of the two samples is very similar, but remem-

ber that only those optically-selected galaxies that are detected in ALFALFA are

included in the histogram.
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3.3 The baryonic mass function

3.3.1 Method

Stellar masses for all galaxies, and HI masses for all ALFALFA-detected galaxies

are calculated as described in §3.2.3. For the ≈ 15 000 galaxies in the optically-

selected sample that lack an ALFALFA detection, we assign a lower and an up-

per limit on their atomic hydrogen content (Mmin
HI ,Mmax

HI ). The lower limit is

simply Mmin
HI = 0, which corresponds to an HI-devoid galaxy. The upper limit is

calculated by assuming that the HI flux of the non-detected galaxy lies just be-

low the ALFALFA “detection limit”, as defined by the 25% completeness limit

of the α.40 catalog when both Code 1 & 2 sources are considered. More precisely

logMmax
HI = 5.372 + log S25% lim

int + 2 logD , (3.2)

where D is the galaxy distance in Mpc determined by its SDSS optical redshift,

and S25% lim
int is the flux level at which the completeness of the α.40 catalog falls

to 25%, in Jy km s−1. According to Eqns. 6 & 7 of Haynes et al. [2011]

log S25% lim
int =











0.5 logW50 − 1.312 logW50 ,6 2.5

logW50 − 2.562 logW50 , > 2.5
(3.3)

where W50 is the HI-line profile width in km s−1, measured at the 50% flux level

of the profile peak. Since ALFALFA non-detected galaxies lack a measurement

of W50, we assign a value based on the average M∗– vrot relation (i.e. the stellar

mass Tully-Fisher relation) of α.40 galaxies. We then project the vrot value on the
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line-of-sight according to the SDSS r-band axial ratio, and assuming an intrinsic

axial ratio of q0 = 0.13 for all galaxies.

Baryonic masses (i.e. stellar mass + atomic gas mass) for all galaxies are

calculated as Mb = M∗ + 1.4MHI , where the 1.4 factor is used to account for the

cosmic abundance of helium. Note that ALFALFA non-detected galaxies have

two assigned values for their HI mass, and consequently two values for their

baryonic mass, Mmin
b = M∗ and Mmax

b = M∗ + 1.4Mmax
HI .

We calculate cumulative mass functions in logarithmic mass bins for all three

components (i.e. stellar mass, atomic hydrogen mass, baryonic mass), sepa-

rately for the HI-selected and optically-selected samples. Since neither sample

is volume-limited, mass functions have to take into account the sample selection

criteria as well as the large-scale structure in the survey volume. HI selection

is based on a combination of galactic HI integrated flux, Sint, and profile width,

W50 [see §3.2.1 & discussion in Section 6 of Haynes et al., 2011]; as a result,

galaxies of different HI masses and linewidths are detected out to different dis-

tances. Similarly, our optically-selected sample is a flux-limited sample, which

results in galaxies with different r-band absolute magnitudes being detected in

different volumes. As a result, mass distributions are calculated by summing up

the number of detections in a given mass bin (see Fig. 3.2), with each detection

weighted by an appropriate volume factor. Individual weighting factors are cal-

culated via the “1/Veff” method, as implemented in Zwaan et al. [2005]. This is

a non-parametric, maximum-likelihood method, which reduces to the standard

1/Vmax method [Schmidt, 1968] when applied to a spatially homogeneous galac-

tic sample. The advantage of 1/Veff consists in the fact that it is insensitive to

local density fluctuations, and hence mostly immune to structure-induced bias.
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Full details of the method definition and implementation can be found in the

Appendix.

Lastly, a fraction of galaxies that satisfy all criteria for SDSS spectroscopic

followup cannot be observed for technical reasons (mostly fiber collisions), and

are therefore not included in the SDSS spectroscopic database. We therefore

correct the normalization of all optically-selected distributions by 1/ < fspec >,

using the average spectroscopic completeness value reported in Li and White

[2009], < fspec >= 0.92. Similarly, a fraction of the ALFALFA volume is “lost”

due to RFI contamination of certain frequency bands in the ALFALFA passband.

We correct the normalization of all HI-selected distributions by 1/(1 − fRFI),

where fRFI = 0.03. We would also like to note that, due to the 4′ beam size

of the ALFA receiver, a number of HI sources are expected to be blended. We

do not attempt to correct for blending but, given that HI-selected galaxies are a

weakly clustered population [e.g. Martin et al., 2012], we anticipate the effect on

the HI-selected distributions to be small.

3.3.2 Results

Figure 3.3 shows the cumulative distribution3 of stellar mass (SMF; gold sym-

bols), HI mass (HIMF; cyan symbols) and baryonic mass (BMF; black symbols),

derived from the HI-selected galaxy sample (values listed in Table ??). The HI-

selected BMF follows closely the HI-selected SMF at high masses, while at the

low-mass end the contribution of the HIMF becomes dominant; this is because

HI-selected galaxies become more gas-rich as their stellar mass decreases. Fig-

ure 3.4 shows the same distributions (SMF, gold line; HIMF, cyan lines; BMF, black
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Figure 3.3 The cumulative distributions of stellar mass (SMF, gold symbols), atomic hy-
drogen mass (HIMF, cyan symbols) and baryonic mass calculated as Mb = M∗+1.4MHI

(BMF, black symbols), derived from the HI-selected galaxy sample. Error bars repre-
sent just the Poisson counting error assuming independent errors among different mass
bins.

Figure 3.4 The cumulative distribution of stellar mass (gold line), atomic hydrogen mass
(cyan lines) and baryonic mass calculated as Mb = M∗ + 1.4 MHI (black lines), derived
from the optically-selected galaxy sample. The atomic hydrogen and baryonic distri-
butions are represented as allowed ranges, based on estimates of the minimum and
maximum HI mass for galaxies that are not detected by ALFALFA ({Mmin

HI ,Mmax
HI }, see

§3.2.3 for details). Error bars again represent just the Poisson counting error assuming
independent errors among different mass bins.
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lines) derived from the optically-selected sample (values listed in Table ??). Re-

call that, in the case of the optically-selected sample, a lower and upper limit of

the HIMF and BMF are shown, since SDSS galaxies that are undetected by AL-

FALFA are assigned an upper and lower limit on their HI content, and therefore

also on their baryonic mass (see §3.2.3).

Figure 3.5 Comparison of the differential galactic stellar mass function (SMF) derived
from the HI-selected (gold symbols) and optically-selected (gold line) galaxy samples.
Error bars represent just the Poisson counting error on individual mass bins. The
optically-selected SMF is systematically higher than the HI-selected SMF at the high-
mass (M∗ & 1011 M⊙) and low-mass (M∗ . 108.5 M⊙) ends. This difference is mostly
due to the bias of the HI-selected sample against the red galaxy population (see §4.3 for
a detailed discussion).

In Figure 3.5 we compare the SMFs derived from the optically-selected and

HI-selected samples. The two SMFs are consistent at intermediate masses, but

the optically-selected SMF (gold line) is systematically higher at the high-mass

and low-mass ends. At high masses the discrepancy is due to the bias of the

HI-selected sample against the most massive galaxies, which are usually red

3We show cumulative mass functions in Figs. 3.3 & 3.4, because the cumulative -and not the
differential- distributions are directly related to the stellar and baryon galactic fractions com-
puted in Sec. 3.5. All other figures however show differential mass functions, which best display
the details and errors of the distributions.
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Figure 3.6 Comparison of the differential HI mass function (HIMF) derived from the
HI-selected (cyan symbols) and optically-selected (cyan lines) galaxy samples. Error bars
represent just the Poisson counting error on individual mass bins. The HIMFs de-
rived from the two samples are mostly consistent, with the HI-selected HIMF having a
slightly steeper low-mass end slope than that suggested by the optically-selected HIMF
range. See §4.3 for a detailed discussion.

Figure 3.7 Comparison of the differential baryonic mass function (BMF) derived from
the HI-selected (black symbols) and optically-selected (black lines) galaxy samples. Error
bars represent just the Poisson counting error on individual mass bins. The optically-
selected BMF is mostly consistent with the HI-selected BMF, except at the high-mass
end. This is a direct result of the discrepancy between the optically-selected and HI-
selected SMFs at high masses (Fig. 3.5). See §4.3 for a detailed discussion.
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passive systems. The discrepancy at the low-mass end is mostly due to the

population of red-sequence dwarf galaxies in the nearby Virgo cluster4 that are

undetected by ALFALFA; these are mostly dwarfs with early-type morpholo-

gies and very low HI content [see Hallenbeck et al., 2012, for example]. On

the other hand, the HI-selected and optically-selected HIMFs (Fig. 3.6) are in

good agreement with one another, with the HI-selected HIMF having a slightly

steeper low-mass end slope than what suggested by the range of the optically-

selected distribution. The two BMFs are mostly in agreement with one another,

except at the high-mass end (a factor of ≈4 at Mb = 1011.5M⊙). This is a direct

consequence of the discrepancy between the optically-selected and HI-selected

stellar mass functions at high masses. Note that there is little difference between

the two BMFs at low masses, which suggests that the low-mass end of the BMF

has been measured robustly.

3.3.3 Comparison with other work

Figure 3.8 compares the optically-selected SMF presented in this work (same as

gold line in Fig. 3.5) with the local-universe SMF of Baldry et al. [2008] and the

Yang et al. [2009] SMF, which are both based on the New York University Value-

Added Galaxy Catalog [NYU-VAGC; Blanton et al., 2005b]5. There is excellent

agreement between the Baldry et al. SMF and our optically-selected SMF, es-

pecially at intermediate and low stellar masses (M∗ . 1011M⊙). The deviations

at high masses are due to the fact that stellar masses in Baldry et al. are calcu-

4The presence of a massive cluster (Virgo cluster) at a distance of just 16.5 Mpc from the
observer makes the ALFALFA survey volume different from an average cosmological volume.
The effect of the presence of the Virgo cluster on the HIMF has been investigated by Martin
et al. [2010, §6.1], who found however only minor effects. More generally, the issue of cosmic
variance regarding ALFALFA statistical distributions is discussed and quantified in Papastergis
et al. [2011, §4.3].
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Figure 3.8 The gold solid line with errorbars represents the differential SMF derived
in this work from the optically-selected sample (same as gold line in Fig. 3.5). The red
diamonds correspond to the Baldry et al. [2008] SMF in the local universe (z < 0.06),
while the purple triangles correspond to the SMF of Yang et al. [2009], extracted over a
larger volume (z < 0.2). Both the Baldry at el. and Yang et al. SMFs are based on the
NYU-VAGC galaxy catalog. See §3.3.3 for a discussion of the comparison.

lated differently than in this work [for details see Sec. 3 of Baldry et al., 2008];

note that a systematic difference of just 0.1 dex (26%) in stellar mass would be

enough to explain the observed difference in abundance at the high-mass end.

The Yang et al. [2009] SMF is systematically higher than our optically-

selected SMF at high masses, and displays a more pronounced “plateau” at

intermediate masses. It is not clear what the cause of the difference at the high-

mass end of the distributions is, but it may relate to the fact that the Yang et al.

SMF is extracted from a significantly larger volume than our measurement (the

maximum redshift is z = 0.2 for the Yang et al. sample and z = 0.05 for the

sample used in this work). Moreover, Yang et al. use the prescription of Bell

et al. [2003] to estimate stellar masses, which is based on the galactic g− r color.

As discussed in more detail in §3.4.1, the use of different stellar mass estimators

5http://sdss.physics.nyu.edu/vagc/
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can significantly affect the shape of the measured SMF.

Figure 3.9 The cyan symbols with error bars represent the differential HIMF derived
in this work from the HI-selected sample (same as cyan symbols in Fig. 3.6). The solid
purple line corresponds to the Schechter function fit to the Martin et al. [2010] HIMF,
which is based on the full α.40 catalog of ALFALFA sources and without any optical
selection cuts. The green dashed line corresponds to the Schechter fit to the Zwaan
et al. [2005] HIMF, based on 4 315 galaxies detected by the HIPASS survey. See §3.3.3
for a discussion of the comparison.

Figure 3.9 compares the HI-selected HIMF presented in this work (same as

the cyan symbols in Fig. 3.6) with the HIMF of Martin et al. [2010] derived

from 10 119 galaxies detected by ALFALFA over ≈ 2 600 deg2 of sky (purple

solid line). There is excellent agreement at intermediate and large HI masses

(MHI & 108.5M⊙) between the Martin et al. [2010] HIMF and the HIMF derived

in this work, while at lower masses the Martin et al. [2010] HIMF is slightly

steeper than ours. This disagreement may be due to the set of additional op-

tical requirements imposed on our HI-selected sample. As argued in §3.2.1,

these requirements are expected to reduce the number of low-mass systems in

the sample and therefore decrease the inferred space density at the low-mass

end. The dashed green line represents the HIMF of Zwaan et al. [2005] based
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on 4 315 sources detected by the HI Parkes All-Sky Survey (HIPASS) over the

whole southern celestial hemisphere (≈ 29 000 deg2). There is disagreement

between both ALFALFA-based HIMFs and the HIPASS-based HIMF of Zwaan

et al. [2005], at the high-mass end. As argued in Martin et al. [2010], the higher

sensitivity of the ALFALFA survey compared to HIPASS, which enables AL-

FALFA to detect HI-massive systems over a larger volume, should give a sta-

tistical advantage to the ALFALFA survey in determining the high-mass end

of the HIMF. However, the difference is too large to be explained by counting

statistics or cosmic variance (e.g. according to the estimates of Somerville et al.,

2004 or Driver and Robotham, 2010). On the other hand, due to the exponential

drop-off of the HIMF at high masses, a flux calibration difference of as low as

0.1 dex could give rise to a similar discrepancy.

3.4 Uncertainties & systematics

3.4.1 Stellar mass estimator

A variety of methods exist to estimate stellar masses from spectra or broadband

photometric measurements of galaxies [Kauffmann et al., 2003, Bell et al., 2003,

Brinchmann et al., 2004, Glazebrook et al., 2004, Gallazzi et al., 2005, Panter et al.,

2007, Salim et al., 2007, to name a few]. Most methods rely on comparing the

actual galactic emission to the light output of a set of galactic stellar population

models. The models that most closely reproduce the observed data are then

used to estimate the galactic properties of interest (e.g. stellar mass, present star

formation rate, internal extinction etc.); it is therefore very important to consider
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Figure 3.10 The gold solid line with error bars represents the differential SMF derived
from the optically-selected sample in this work, using stellar masses based on SED-
fitting [Huang et al., 2012b]. The gold dashed line represents the SMF computed from
the same sample but using stellar masses derived from the galactic g − r color and the
i-band luminosity, according to the widely used Bell et al. [2003] calibration. The gold
dotted line represents the SMF computed using stellar masses derived from the galactic
g − i color and the i-band luminosity, according to the the more recent calibration of
Taylor et al. [2011]. See §3.4.1 for a discussion of the comparison.
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model stellar populations which span as large a range of physical parameters

as the galaxies in the sample being studied. Inferred galactic properties depend

not only on the particular type of data employed by each method (e.g. spec-

troscopy vs. broadband photometry or optical vs. near-infrared photometry),

but also by differences in the way in which the model stellar populations are

constructed. This means that different methods can yield different estimates of

a galactic property even when the same observational measurements are used.

For example, Pforr et al. [2012] find that unbiased stellar masses can only be

recovered when the true star formation history (SFH) of a galaxy is known. In

practice however a restricted set of SFHs is considered (often in the form of

a parametrized function), which may introduce systematics for galaxies with

SFHs that are not well described by the assumed general form. Additional com-

plications can be introduced by the different treatment of dust reddening among

different models. In general, stellar mass estimates can differ systematically by

as much as 0.3 dex, while for individual galaxies the scatter can be as large as

0.6 dex [Pforr et al., 2012].

Here we compare the optically-selected SMF presented in this work (com-

puted from stellar masses derived from SED-fitting, see §3.2.3) with the SMF

obtained using stellar masses derived from a single galactic color, according to

the widely-used Bell et al. [2003] calibration as well as the more recent calibra-

tion of Taylor et al. [2011]. More specifically, we compute Bell et al. masses

by multiplying the i-band luminosity of each galaxy by a mass-to-light ratio

inferred from its g − r color6. We choose this particular combination of bands

because it is relatively immune to contamination of galactic spectra by bright

nebular emission lines [West et al., 2009]. We use a similar procedure to calcu-

late Taylor et al. masses, by using their calibration of i-band mass-to-light ratio
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Figure 3.11 A galaxy-by-galaxy comparison of stellar masses derived from SED fitting
of the SDSS u, g, r, i, z bands used in this work (see §3.2.3), and those derived from
the galactic g − r color and the i-band luminosity according to the widely used Bell
et al. [2003] calibration. Each datapoint corresponds to a galaxy in the optically-selected
sample, and the symbol color represents the g-r color of the galaxy. The two stellar mass
estimates agree fairly well for red passive galaxies, while for blue star-forming galaxies
Bell et al. masses are systematically larger by up to a factor of ≈2 (see §3.4.1 for a
detailed discussion).
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versus g− i color. Taylor et al. [2011] argue that using g− i colors best constrains

the galactic stellar mass estimates.

Figure 3.10 shows the impact that different methods of estimating stellar

mass have on the measurement of the SMF. When Bell et al. stellar masses are

used (gold dashed line), the SMF becomes systematically higher at low and in-

termediate masses (M∗ . 1011M⊙), while it remains mostly unchanged at the

high-mass end. The reason for this pattern becomes evident in Fig. 3.11, where

we see that Bell et al. masses agree fairly well with the masses derived in this

work for red passive galaxies, but are systematically larger (by up to a factor of

≈2) for blue star-forming galaxies. Huang et al. [2012b] argue that the difference

can be primarily attributed to the fact that the stellar population models used for

the Bell et al. calibration do not consider “bursty” star formation histories which

are typical of low-mass galaxies with blue colors. This leads to systematically

older stellar populations for blue galaxies according to the Bell et al. method,

which in turn results in systematically higher stellar mass estimates. Note that

including models with bursty SFHs in a stellar population library does not by

itself guarantee a correct estimate of stellar mass; overestimating the effect of

bursts would result in systematically low stellar masses for blue galaxies. Con-

versely, when Taylor et al. masses are used (gold dotted line), the SMF becomes

systematically lower at the high-mass end, while it is mostly unchanged at low

and intermediate masses. Again, this is a result of the fact that Taylor et al.

masses agree well with the SED-fitting masses used in this work for blue star-

forming galaxies, but are systematically lower (by up to a factor of ≈1.4) for red

passive galaxies.

6We use SDSS colors, computed from Galactic extinction-corrected model magnitudes
(modelmag), to calculate mass-to-light ratios in the i-band. i-band luminosities are then calcu-
lated from the i-band Petrosian magnitudes reported in SDSS (petromag), corrected for Galac-
tic extinction according to the values listed in the SDSS database. The solar absolute magnitude
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3.4.2 Distance uncertainties

Figure 3.12 The cyan solid line with error bars represents the differential HIMF derived
from the HI-selected sample in this work, using flow model distances [Masters, 2005]
for most nearby galaxies. The cyan dashed line represents the HIMF computed from the
same sample but using simple Hubble distances for all galaxies. Distance uncertainties
affect primarily the mass estimates of nearby galaxies and so the main effect is a change
of the low-mass end slope of the distribution (see §3.4.2 for further discussion).

Stellar, HI and baryonic masses are distance-dependent quantities and hence

their statistical distributions are affected by distance uncertainties. This is par-

ticularly true for the low-mass end of the distributions, which is determined

by the properties of nearby galaxies; neglecting the peculiar velocity of some

of these objects can cause fractional distance and mass errors of order ≈ 100%,

especially in a volume with complex large-scale structure such as the one sur-

veyed by ALFALFA (see Fig. 3.1).

For this reason, nearby galaxies (vCMB 6 6 000 km s−1) in the α.40 catalog are

assigned distances based on a parametric peculiar velocity flow model [Masters,

2005], and only more distant galaxies (vCMB > 6 000 km s−1) are assigned sim-

ple Hubble distances according to their CMB recessional velocity. The Masters

in the i-band is taken to be M⊙,i = 4.57.
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[2005] flow model includes a dipole and a quadrupole component (local group

bulk motion & asymmetric expansion) and two local attractors (Virgo cluster &

Great Attractor), and is calibrated against the SFI++ catalog of galaxies with red-

shift and independent distance distance information (from Tully-Fisher). The

residuals are then attributed to random thermal motions, which are estimated

to have a magnitude of σlocal = 160 km s−1. In addition, distances reported in the

α.40 catalog take into account known group and cluster membership as well as

primary distance information published in the literature. This latter information

is not available for the majority of the galaxies in our optically-selected sample

(which are not included in α.40), and we only make an attempt to assign all

probable Virgo members to the Virgo cluster distance (D = 16.5 Mpc).

Here we re-evaluate the HIMF for our HI-selected sample using uniformly

Hubble distances for all galaxies, in order to illustrate the impact of the distance

assignment scheme on the derived distributions. Figure 3.12 shows that the

HIMF computed using Hubble distances (cyan dashed line) has a much shal-

lower low-mass end slope compared to the HIMF presented in this work, which

uses flow model distances for most nearby galaxies (cyan solid line). This result

is in agreement with the work of Masters et al. [2004], who find that neglecting

the local peculiar velocity field when estimating distances to nearby galaxies

in the ALFALFA volume will lead to a systematically shallower low-mass end

slope for the HIMF.
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Figure 3.13 Ratio of molecular gas mass (corrected for the abundance of helium) to
the “baryonic mass” computed as Mb = M∗ + 1.4MHI . Cyan diamonds represent 14
galaxies of the HERACLES survey [Leroy et al., 2009] detected in CO line emission.
The solid and dotted blue lines represent the average and 2σ scatter of the distribution
found for 125 CO detected galaxies in the COLD GASS survey [Saintonge et al., 2011].
Both samples show that, at least for M∗ > 108.5M⊙, molecular gas is almost always a
subdominant mass component (see §3.4.3 for details).

3.4.3 Molecular & ionized gas

Throughout this chapter we use the term “baryonic mass” to refer to the sum of

the stellar and atomic gas mass (Mb = M∗ + 1.4MHI), a convention that is com-

mon in the literature. This definition however excludes a number of baryonic

components that are definitely present in galaxies, most notably molecular and

ionized -warm or hot- gas.

Figure 3.13 displays the fraction of molecular hydrogen (H2) mass (account-

ing for helium) to “baryonic mass” as defined above, as a function of stellar

mass. The cyan diamonds represent 14 galaxies from the HERACLES survey

[Leroy et al., 2009] with H2 masses measured from interferometric CO line ob-

servations (using a fixed αCO conversion factor). Over the probed stellar mass
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range (M∗ & 108.5M⊙), molecular gas rarely contributes more than 10% of the

“baryonic mass”. The same conclusion is reached when H2 mass measurements

from the COLD GASS survey are considered [Saintonge et al., 2011]. The blue

solid and dotted lines show the mean and 2σ scatter of the relation between the

molecular and “baryonic” mass components, based on 125 galaxies detected in

CO emission with the IRAM 30m telescope. In this latter case we have estimated

the atomic hydrogen mass of galaxies indirectly, using the average MHI/M∗ vs.

M∗ relation of the COLD GASS parent sample [Catinella et al., 2010]. Again,

over the stellar mass range probed by the survey (M∗ = 1010−1011.5M⊙) molecu-

lar gas is always a subdominant mass component. At lower stellar masses there

is large uncertainty on the fractional contribution of H2, as it is not precisely

known how well the galactic CO emission traces molecular hydrogen mass. In

particular, the αCO conversion factor may vary by about an order of magnitude

as we consider less luminous and more metal poor late-type galaxies [e.g. Boselli

et al., 2002].

Determining the contribution of ionized gas to the total baryonic mass bud-

get of galaxies is much more challenging. For example Reynolds [2004] argue

that warm ionized hydrogen (HII) may amount to about 1/3 of the mass of

atomic hydrogen (HI) in the disk of the Milky Way. If the ratio of ionized-

to-neutral hydrogen mass (fHII
HI

) were fairly constant among galaxies, then the

baryonic mass of a galaxy would be given by the expression Mb = M∗ +1.4 (1+

fHII
HI

)MHI . If fHII
HI

≈ 0.3, then the peak value of the ηb - Mh relation (see Fig.

3.17) would shift to lower halo mass and the peak value would slightly increase.

However, since the precise value and scatter of fHII
HI

is not well constrained -and

its dependence on galaxy size is not known- we choose not to include the con-

tribution of warm ionized gas in the calculation of Mb.
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Assessing the contribution of the hot ionized medium (HIM) to the total

baryonic mass of a galaxy is even more challenging. The coronal HIM may

be the dominant baryonic mass component in galactic halos, especially in mas-

sive ellipticals. Determining the mass contribution of the HIM for less massive

galaxies however is observationally challenging. In any case, the tightness of

the “baryonic Tully-Fisher relation” when computed just from the stellar and HI

mass [e.g. McGaugh, 2012, Hall et al., 2012] implies that the HIM never dom-

inates the total baryonic mass budget of late-type galaxies, at least within the

extent of the galactic HI disk.

3.5 The stellar & gas content of DM haloes

3.5.1 The abundance matching method and its application

Let Ngal(Mb) be the cosmic number density of galaxies with baryon mass greater

than Mb and let Nh(Mh) be the cosmic number density of haloes with mass

greater than Mh. The fundamental assumption of the abundance matching

method [Marinoni and Hudson, 2002; Vale and Ostriker, 2004; see also Behroozi

et al., 2010 for a review] is that Mb is a monotonically increasing function of Mh.

With this assumption, Mb (Mh) can be determined by solving the equation

Ngal(Mb) = Nh(Mh). (3.4)

In reality, the baryon content of a halo will depend not only on its mass but

also on other parameters, such as its formation history. As a result, a scatter
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in the distribution of Mb at a given Mh is expected. Neglecting the scatter is,

nevertheless, justifiable because the aim of abundance matching is precisely to

determine the average value of Mb within a halo of mass Mh.

We evaluate the right hand side of equation 3.4, using a halo mass func-

tion extracted from one of the cosmological N-body simulations of the Horizon

Project7. The simulation was run with a public version of the GADGET code

[Springel et al., 2005], and uses 10243 particles of mass mp ∼ 8.5 107 M⊙ to sim-

ulate the formation and evolution of DM structures in a comoving volume of

100 h−1 Mpc on a side. It assumes a cosmology and initial conditions which are

consistent with Wilkinson Microwave Anisotropy Probe (WMAP) third year re-

sults [Spergel et al., 2007], namely h = 0.73, ΩΛ = 0.76, Ωm = 0.24, and σ8 = 0.76.

The identification of DM haloes and sub-haloes was done with the adaptaHOP

algorithm presented in Aubert et al. [2004]. Haloes are identified as groups of

particles above a threshold over-density of 80 times the mean density of the

universe, which corresponds to a mean overdensity contrast of about 200. The

identification of subhaloes within haloes is done using the method described

in Tweed et al. [2009]. We only keep haloes and sub-haloes with more than 20

particles, i.e. we introduce a minimum halo mass of Mh ≈ 1.7 109 M⊙.

An important issue for our analysis is determining whether subhaloes

should be included or excluded in the calculation of the HMF used in the abun-

dance matching procedure. Let M c
∗
(Mh) be the stellar mass of the central galaxy

in a halo of mass Mh and let Ms
∗
(Mh) be the stellar mass of the satellite galaxy in

a subhalo of mass Mh. If subhaloes are excluded, then we implicitly assume that

all galaxies in our samples are central galaxies, that is, Ms
∗
(Mh) = 0. On the other

hand, if subhaloes are included, we implicitly assume that the Mb - Mh relation

7http://www.projet-horizon.fr
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Figure 3.14 Effects of the choice of stellar and halo mass functions on the M∗ - Mh re-
lation. The black solid line shows the M∗ - Mh relation obtained by matching the stellar
mass function of central galaxies to the mass function of haloes excluding subhaloes.
This matching should reproduce the “true” relation for central galaxies. The blue dot-
dashed line is the relation obtained by matching the total galaxy stellar mass function,
including central and satellite galaxies, to the mass function of haloes excluding sub-
haloes. The red dashed line is the relation obtained by matching the total galaxy stellar
mass function with the mass function of haloes including subhaloes. Note that, unlike
all other figures, this figure uses the stellar mass functions of Yang et al. [2009], who
have separately measured the SMF for central and satellite galaxies.
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Figure 3.15 The differential SMFs derived from our optically selected sample (yellow
curve) and our HI-selected sample (cyan curve) compared to the results of Yang et al.
[2009] for the total SMF (yellow symbols) and the SMF for central galaxies only (cyan
symbols).

is the same for both central and satellite galaxies, that is, Ms
∗
(Mh) = M c

∗
(Mh).

In order to understand how much this choice could affect our results, we

consider the stellar mass functions of Yang et al. [2009], for which separate dis-

tributions for central and satellite galaxies have been presented. This allows

us to calculate the M∗ - Mh relation in three ways: firstly, we can match the

SMF of central galaxies with the halo mass function excluding subhaloes; this

method will give us the correct M∗ - Mh for central galaxies, shown by the black

solid line in figure 3.14. Then, we consider the total SMF of central plus satellite

galaxies and match it with the halo mass function excluding subhaloes. This is

equivalent to assuming that all galaxies are central and overestimates the M∗ -

Mh for central galaxies (blue dot-dashed line in Fig. 3.14). Finally, we can match

the total SMF of central plus satellite galaxies with the total halo mass function

including subhaloes. The result, shown by the red dashed line in Figure 3.14,
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lies below the black solid line because it is effectively a weighted average of the

relation for the dominant central galaxy population (the black solid line) and the

relation for the satellite population, which has lower M∗ for a given Mh. Quanti-

tative comparisons of Ms
∗
(Mh) and M c

∗
(Mh) have received the attention of much

recent literature [see e.g. Cattaneo et al. 2012, submitted, Rodrı́guez-Puebla

et al., 2012, Reddick et al., 2012].

As we do not distinguish between central and satellite galaxies in the sam-

ples used in this work, we shall choose the third method (the one that corre-

sponds to the red dashed line) as our best estimator of the M∗ - Mh relation and

the Mb - Mh relation. This choice will introduce some systematic bias which is,

nonetheless, smaller than the typical uncertainty involved in the determination

of the M∗ - Mh relation.

We also considered whether abundance matching our HI-selected SMF with

the HMF excluding subhaloes would give consistent results with our fiducial

abundance matching result, obtained by matching our optically-selected SMF

and the HMF including subhaloes. Physically, this consideration was motivated

by the fact that satellite galaxies tend to be redder than central galaxies of the

same mass [e.g. Weinmann et al., 2006], and so HI-selection may be equivalent

to the exclusion of satellite galaxies from an observational sample. However,

the comparison in Fig. 3.15 of our HI-selected SMF with the SMF for central

galaxies of Yang et al. [2009] shows that this argument may not be valid. We

note that the comparison between the Yang et al. SMF for central galaxies and

our HI-selected SMF is subject to observational systematics, such as the distance

assignment scheme or the stellar mass estimator; for example using Hubble dis-

tances for the galaxies in our HI-selected sample (see Fig. 3.12) would bring the
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two distributions into fair agreement.

3.5.2 Results

Our abundance matching analysis produces two main results:

1. We determine M∗/Mh as a function of Mh by comparing the galaxy stel-

lar mass function (SMF) from our optical sample to the total halo mass

function (including subhaloes).

2. We determine Mb/Mh as a function of Mh by comparing the baryonic mass

function (BMF) from our optically selected sample to the total halo mass

function (including subhaloes).

The latter relation is the focus of this chapter, but we first discuss the former

because the results can be compared to an extensive literature of previous stud-

ies. The consistency of our findings with previous work on point 1 boosts our

confidence that our conclusions on point 2 are robust.

Figure 3.16 shows our result for M∗/Mh as a function of Mh, obtained from

our optically selected sample (gold thick solid line). Our analysis extends to

halo masses as low as Mh ≈ 1010.5M⊙, since both our optically-selected and HI-

selected samples probe masses down to M∗ ≈ 107M⊙. At the high mass end,

our relation stops at Mh ≈ 1014M⊙ because our galactic samples are drawn from

a relatively small volume, and are not appropriate to measure the abundance of

the most massive galaxies and clusters. We find good agreement with previous

estimates from abundance matching obtained in the same manner [Moster et al.,
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Figure 3.16 The ratio of galactic stellar mass to halo mass as a function of host halo
mass (M∗/Mh − Mh relation). The thick yellow line shows our main result, obtained
from abundance matching the stellar mass function of our optically-selected sample
with the halo mass function including subhaloes. The yellow dashed and dash-dotted
lines correspond to variations of our main result, obtained by considering the Yang
et al. [2009] SMF and excluding subhaloes from the HMF respectively, and are shown
to illustrate uncertainties. The magenta dotted, cyan dashed, blue dot-dashed, green
solid and red solid lines correspond to the abundance matching results of Baldry et al.
[2008], Moster et al. [2010], Behroozi et al. [2010], Evoli et al. [2011] and Leauthaud et al.
[2012], respectively. The big green circles are the results of a stacked weak lensing study
of SDSS galaxies by Reyes et al. [2012]. All other data points refer to measurements
for individual galaxies: the small circles correspond to galaxies with halo mass mea-
surements from weak lensing studies [Mandelbaum et al., 2006: cyan circles; Hoekstra,
2007: red circles; Leauthaud et al., 2010: blue circles]. The star symbols show galaxies
in which the halo mass was determined from studies of stellar dynamics [Conroy et al.,
2007: cyan stars; More et al., 2011: red stars]. The triangles show galaxies with halo
masses determined from the disc rotation speed [Geha et al., 2006: cyan triangles; Piza-
gno et al., 2007: red triangles; Springob et al., 2007: blue triangles]. The dotted-dashed
horizontal line shows the cosmic baryon fraction fb ≈ 0.16.
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2010: cyan dashed line; Behroozi et al., 2010: blue dotted-dashed line; Evoli

et al., 2011: green solid line; Leauthaud et al., 2012: red solid line; Baldry et al.,

20088: purple dotted line]. The thick yellow dash-dotted and dashed lines are

shown to illustrate the systematics introduced by the choice of HMF and SMF:

the former represents the abundance matching result when our fiducial SMF is

matched the HMF excluding subhaloes; the latter is the result of matching the

Yang et al. SMF with our fiducial HMF, which includes subhaloes.

We also compare our average M∗ - Mh relation with values measured for

individual galaxies. The small cyan, red and blue circles correspond to galaxies

with measurements of their halo mass Mh from weak lensing [Mandelbaum

et al., 2006, Hoekstra, 2007, Leauthaud et al., 2010]. The star symbols correspond

to galaxies for which Mh was estimated from stellar dynamics [Conroy et al.,

2007, More et al., 2011]. The triangles correspond to disc galaxies for which

Mh was determined from their rotation speed [Geha et al., 2006, Pizagno et al.,

2007, Springob et al., 2007]. We remark that, while results for individual galaxies

have large scatter, they seem to be systematically lower than any of the relations

inferred from abundance matching (at least over the halo mass range Mh =

1011 − 1012M⊙). Furthermore, the halo mass for which M∗/Mh has a maximum

appears to be higher when inferred from measurements of individual galaxies

compared to the value derived from abundance matching: in the first case the

peak is at Mh ≈ 1012.5M⊙, while in the second case it is at Mh ≈ 1012M⊙. There

is also slight disagreement of all abundance matching results with the results

of Reyes et al. [2012] (large green circles), who used a stacked weak lensing

analysis of over a hundred thousand disk galaxies in SDSS separated in three

bins of stellar mass. Regardless of the method used, however, there is a clear

8The Baldry et al. [2008] abundance matching result uses a “galactic” halo mass function by
Shankar et al. [2006].
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consensus that M∗/Mh is much lower than the universal baryon fraction fb ≈

0.16 (horizontal black dash-dotted line in figure 3.16), at all halo masses.
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Figure 3.17 The baryon fraction of galaxies, including stars and atomic gas, as a func-
tion of their host halo mass (Mb/Mh − Mh relation). The gray shaded area shows the
results of an abundance matching analysis of our optically-selected sample. Its bound-
aries correspond to two extreme assumptions for the gas content of galaxies detected
optically but not in HI: i) galaxies that are not detected in HI contain no gas (lower
boundary) and ii) galaxies that are not detected in HI contain the largest amount of gas
that could have escaped detection from ALFALFA (upper boundary). The thick solid
yellow line is the M∗/Mh-Mh relation (same as in figure 3.16), and is shown for com-
parison. The dotted-dashed line shows the baryon fraction that Okamoto et al. [2008]
predict based on hydrodynamic simulations that include cosmic reionisation.

Let us now examine the results for the Mb/Mh - Mh relation (Fig. 3.17). The

gray shaded area shows the relation derived from our optically-selected sample,

matched to a halo mass function that includes both haloes and subhaloes: its

upper and lower envelopes correspond to the distribution for Mmax
b and Mmin

b ,

respectively, as defined in § 3.2.3. The thick gold solid line represents the relation

for the stellar mass (same as in Figure 3.16) and has been added for reference.
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Figure 3.17 shows that ηb decreases monotonically with decreasing halo mass,

despite the fact that atomic gas contributes progressively more to the baryonic

mass budget of galaxies.
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Figure 3.18 The gray shaded area represents the Mb/Mh - Mh relation derived in this
work from our optically-selected sample (same as Fig. 3.17). The magenta dotted line
and the green solid lines show the Mb/Mh - Mh relations that Baldry et al. [2008] and
Evoli et al. [2011] derived from their M∗/Mh - Mh relations (Fig. 3.16), using the mean
gas-to-stellar mass ratio as a function of stellar mass to account for the gas content of
galaxies. The black solid line correspond to the results obtained from our optically-
selected sample when we use the same method. The red solid line represents the result
of Rodrı́guez-Puebla et al. [2011], who used separate fHI - M∗ relations for blue and red
central galaxies. Lastly, the thin black dotted-dashed line is the same as Fig. 3.17 and
shows the baryon fraction that Okamoto et al. [2008] predict based on hydrodynamic
simulations that include cosmic reionisation.

In Fig. 3.18 we compare our results to those by Baldry et al. [2008] and Evoli

et al. [2011], who derived their Mb/Mh - Mh relations from the equation

Mb

Mh

=
M∗

Mh

(

1 + 〈Mgas

M∗

〉
)

. (3.5)
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In Eqn. 3.5 the baryonic mass is computed from the stellar mass, using the mean

gas-to-stellar mass ratio for galaxies as a function of stellar mass. To enable

a cleaner comparison, we have made the exercise of re-deriving the Mb/Mh -

Mh relation from our M∗/Mh - Mh relation, using the same procedure followed

by Baldry et al. [2008] (as in Eq. 3.5). The result is shown by the black solid

line in Fig. 3.18. The main difference between the results obtained by using

individual galaxy gas masses (gray shaded region) and by adopting a mean

gas-to-stellar mass ratio (black solid line) seems to be an artificial flattening of

the Mb/Mh relation at low masses. This is probably due to the fact that the latter

method ignores the large scatter of galactic MHI/M∗ values from the mean, and

leads to the incorrect interpretation that the baryon retention fraction (ηb) of

low-mass halos asymptotes to some fixed value. The red solid line in Fig. 3.18

corresponds to the result of Rodrı́guez-Puebla et al. [2011], who used a separate

mean MHI/M∗ - M∗ relation for blue and red galaxies. Their result9 shows no

signs of flattening at low masses, however the relation only extends down to

Mh = 1011M⊙. Independently of the used method however, all results point to

values of ηb that are well below unity, and cannot be explained by the effects

of cosmic reionization alone (black dotted-dashed line in Fig. 3.18; see Sec. 3.5.3

for details).

The 〈Mgas/M∗〉 relation that we use to evaluate the right hand side of Eqn. 3.5

(black solid line in Fig. 3.19) is a power-law fit to the MHI/M∗ data by Swaters

and Balcells [2002], Garnett [2002], Noordermeer et al. [2005] and Zhang et al.

[2009]. The best fit relation, plotted as a thin solid black line in Fig. 3.19, is given

by log(MHI/M∗) = −0.43 log(M∗/M⊙) + 3.75. The blue contours in Fig. 3.19

represent the distribution of MHI/M∗ values for the galaxies in our optically-

9Note that the Rodrı́guez-Puebla et al. [2011] result refers to central galaxies only.
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Figure 3.19 HI-to-stellar mass ratio vs. galaxy stellar mass. The symbols with error bars
show the results of Swaters and Balcells [2002, blue circles], Garnett [2002, green circles],
Noordermeer et al. [2005, orange circles] and Zhang et al. [2009, black circles] for the av-
erage HI-to-stellar mass ratio in bins of stellar mass. The black line is a power-law fit to
these data points. The blue contours represent the distribution of HI-fraction (MHI/M∗)
for the galaxies in our optically-selected sample that are detected by ALFALFA, while
the red inverted triangles are maximum HI-fractions (Mmax

HI /M∗) for a representative
subset of our optically-selected galaxies that are not detected by ALFALFA.
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selected sample that are detected by ALFALFA. Since the ALFALFA survey is a

blind HI survey with a fixed integration time per pointing, the ALFALFA dis-

tribution is expected to lie above the data obtained by pointed observations of

optically-selected galaxies [as in Swaters and Balcells, 2002, Garnett, 2002, No-

ordermeer et al., 2005]. The inverted red triangles correspond to the maximum

HI-fraction (Mmax
HI /M∗) for a representative subsample of our optically-selected

galaxies that lack an ALFALFA detection. Note that these upper limits are also

systematically higher than the relationship indicated by the power-law fit.

3.5.3 Discussion

The main result of this chapter is the large “gap” between the present-day

baryon fraction of galaxies in low-mass halos and the cosmic value (fb ≈ 0.16),

which is present even when the atomic gas content of the galaxies is taken into

account. This result is not contrived, given that atomic gas dominates the bary-

onic mass budget of galaxies with Mh . 1011M⊙. Moreover, the low-mass be-

havior is in disagreement with previous studies [e.g. Baldry et al., 2008, Evoli

et al., 2011], who find that the ηb - Mh relation flattens out at low masses, and

approaches a roughly constant value of ηb ≈ 10%. These previous results would

then require an exceptionally low efficiency of gas-to-stars conversion in low

mass systems to explain the observed values of η∗, which decrease monotoni-

cally.

In Fig. 3.17 we compare our result for the baryon fraction of halos to the pre-

dictions at z = 0 of a cosmological hydrodynamic simulation that includes heat-

ing from a photoionizing UV background [Okamoto et al., 2008, black dotted-
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dashed curve]. At the high-mass end (Mh & 1013M⊙), the low values of ηb can

be explained by the fact that infalling gas is shock-heated [Kereš et al., 2005,

Dekel and Birnboim, 2006], and is kept hot by feedback from active galactic nu-

clei [Croton et al., 2006, Cattaneo et al., 2006, Bower et al., 2006]. This picture is

supported by considerable observational evidence in the case of X-ray groups

and clusters, but the situation within individual galaxies is not so well under-

stood [see Cattaneo et al., 2009 for a review].

At the low mass end, photoionization heating is expected to become impor-

tant, since the intergalactic medium is too hot to fall into the shallow potential

wells of haloes with Mh < 1010M⊙, and their baryon fraction is heavily sup-

pressed. However, this process alone cannot account for the shape of the ηb - Mh

relation at low masses, especially for the onset of a sharp decrease in the Mb/Mh

ratio at relatively large halo masses (Mh ≈ 1011.5M⊙). Additional feedback is

therefore needed, usually attributed to the ejection of baryons by stellar-driven

winds. Semianalytic models of galaxy formation based on this assumption re-

produce a good fit to luminosity functions in the local universe [Guo et al., 2011,

Benson and Bower, 2010, Somerville et al., 2008, Cattaneo et al., 2006] but the

implied outflow rates are enormous. To reproduce the result presented in Fig-

ure 3.17, the outflow rate in a halo with Mh ≈ 1010.3M⊙ must be of order a

hundred times higher than the star formation rate. It is difficult at present to re-

produce such outflow rates in hydrodynamic simulations. Moreover, observa-

tional estimates place the total mass of outflows in normal star-forming galaxies

at approximately the same level as the galaxies’ final stellar mass [Zahid et al.,

2012]. Even in the most extreme observational cases, the “mass-loading factor”

(the ratio of mass loss rate due to outflows over the star formation rate) is es-

timated to be . 10 [Newman et al., 2012]. Therefore, explaining in detail the
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mechanisms responsible for the very low ηb values found in low-mass galaxies

seems to be a fundamental challenge for models of galaxy formation in a ΛCDM

cosmological context.

Recent cosmological hydrodynamic simulations have challenged this state-

ment, by managing to reproduce “realistic” galaxies whose properties satisfy

a number of observational constraints. For example, the high-resolution Eris

simulation [Guedes et al., 2011] has managed to produce a Milky-Way type ob-

ject with values of η∗ in agreement with those that we see in Fig. 3.17. More

recently, McCarthy et al. [2012] has managed to reproduce a population of

∼ 1 000 simulated galaxies with low stellar-to-halo mass ratios (η∗ . 0.05 at

Mh ≈ 1011.3M⊙), in accordance to observations. Notice, however, that this sim-

ulation uses a kinetic rather than thermal wind model, in which the initial wind

speed is 600 km/s and the initial mass-loading factor is a factor of four, by con-

struction. Lastly, the work of Guedes et al. [2011] has been extended to lower

masses by Brook et al. [2012], who managed to produce a pair of dwarf galax-

ies (Mh ≈ 1010.8M⊙), which obey the observed “baryonic Tully-Fisher” relation

and are therefore expected to have the correct baryon-to-halo mass fractions.

While these studies indicate that we may be heading toward a solution of

the discrepancy between the observed and the expected baryon content of dark

matter halos, many questions (e.g. the expected outflow rates and re-accretion

timescales) remain unanswered. Therefore, explaining in detail the mechanisms

responsible for the very low ηb values found in low-mass galaxies remains an

open problem for studies of galaxy formation in a ΛCDM Universe. Further-

more, our measurement of Mb/M∗ provides an additional constraint with which

cosmological hydrodynamical simulations and semianalytic models will have

95



to confront.

3.6 Conclusions

We use optical data from the seventh data release of the Sloan Digital Sky Survey

(SDSS DR7) and 21cm emission-line data from the Arecibo Legacy Fast ALFA

(ALFALFA) survey to measure the “baryonic mass” (defined as Mb = M∗ +

1.4MHI) of galaxies in the local universe, and determine the z = 0 baryon mass

function (BMF). We use both an HI-selected and an optically-selected sample

(7 195 and 22 587 galaxies respectively) drawn from the same volume, in order

to address the effects of sample selection on the derived distributions. We find

that the main difference consists of the optically-selected stellar mass function

(SMF) being systematically larger at high-masses than the HI-selected SMF, and

find that this difference carries over to the high-mass end of the BMF (see Fig.

3.5 & 3.7).

We combine the obtained mass distributions with the halo mass function in

a WMAP3 ΛCDM cosmology, to obtain average values of M∗/Mh and Mb/Mh as

a function of halo mass (Fig. 3.16 & 3.17). Our most important result is that low-

mass halos seem to have very low galactic baryon fractions compared to the cos-

mic value (fb = Ωb/Ωm ≈ 0.16), even when their atomic gas content is taken into

account; for example, the average baryon fraction of halos with Mh = 1010.3M⊙

is just 2% of the cosmic value (ηb ≈ 0.02), and displays a monotonically decreas-

ing trend. This result contrasts with previous indirect measurements of the BMF

[Baldry et al., 2008, Evoli et al., 2011], which pointed to an approximately con-

stant value of ηb ≈ 0.10 at the low halo-mass end.

96



Such very low values of ηb are difficult to reconcile with current models of

galaxy formation. Photoionization heating in the early universe suppresses the

baryonic content of halos only at Mh . 1010M⊙ [Okamoto et al., 2008], but this

mass is more than an order of magnitude smaller than what is required by our

result. Therefore, additional feedback mechanisms, such as baryon blowout by

supernova explosions, must be present and must be extremely efficient. It is

not yet clear whether hydrodynamic simulations or observational results can

accommodate such intense galactic outflows in low mass halos. As a result,

the observed ηb - Mh relation remains difficult to explain, and may represent a

challenge to our understanding of galaxy formation and/or the properties of

dark matter.
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CHAPTER 4

THE CLUSTERING OF ALFALFA GALAXIES: DEPENDENCE ON HI

MASS, RELATIONSHIP TO OPTICAL SAMPLES & CLUES ON HOST

HALO PROPERTIES

4.1 Introduction

In the currently accepted hierarchical theory of structure formation, the cluster-

ing of galaxies is jointly determined by the large-scale structure of dark matter

in the universe, as well as the way in which baryons trace dark matter through

the formation of galaxies. As a result, the quantitative study of galaxy clustering

through the correlation function, ξ(r), has been instrumental both for constrain-

ing cosmological models as well as for furthering our understanding of galaxy

formation and evolution.

Given a cosmological model, the clustering of galaxies can be used to con-

strain the galaxy-halo connection, thus testing and informing models of galaxy

formation. A large number of works has been devoted to studying the correla-

tion function of galaxies as a function of their optical properties, such as lumi-

nosity, color, morphological and spectral type [e.g. Zehavi et al., 2005, 2011, Li

et al., 2012b]. These studies have established with increasing precision a number

of fundamental clustering phenomena, such as the trend for stronger clustering

with increasing luminosity and the fact that galaxies with blue colors, late-type

∗This chapter is an adapted version of the article Papastergis et al. (2013, in prep.), which is
in the process of submission.

98



morphologies and elevated star formation activity cluster significantly less than

red, early-type, quiescent galaxies. Moreover, several studies have used the halo

occupation distribution (HOD) formalism to make quantitative predictions for

the properties of halos hosting a certain class of galaxies. These analyses have

suggested that more luminous galaxies inhabit more massive halos on average,

and that red galaxies have a higher chance of being hosted by a subhalo com-

pared with blue galaxies. These results are in agreement with theoretical ex-

pectations, and are supported by a number of other observational methods (e.g.

abundance matching: Guo et al., 2010, Behroozi et al., 2010, Moster et al., 2010,

Leauthaud et al., 2012 and galaxy-galaxy weak lensing: Mandelbaum et al.,

2006, Dutton et al., 2010, Reyes et al., 2012). These clustering based galaxy occu-

pation models then feed back into cosmological studies, since they provide the

necessary link between the measured distribution of galaxies and the distribu-

tion of matter that is determined by the cosmological parameters [e.g. Reddick

et al., 2012].

Until recently, similarly detailed studies of the clustering characteristics of

galaxies selected by their atomic hydrogen content (HI-selected) were not feasi-

ble, due to the lack of large-volume blind 21cm surveys. In recent years how-

ever, the HI Parkes All Sky Survey (HIPASS; Meyer et al., 2004) and the Arecibo

Legacy Fast ALFA1 (ALFALFA; Giovanelli et al., 2005) survey have provided ad-

equate samples for this purpose. Basilakos et al. [2007] and Meyer et al. [2007]

have both analyzed the HIPASS dataset, establishing the fact that HI-selected

galaxies are among the most weakly clustered galaxy populations known. In ad-

dition, both of these works investigated the dependence of clustering strength

on galaxy HI mass (MHI), arriving at different conclusions. More recently, Mar-

tin et al. [2012] used ≈10 000 galaxies from the 40% ALFALFA catalog to measure
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the correlation function of gas-rich galaxies. Among their findings were that HI-

selected galaxies show a markedly anisotropic clustering pattern (see Fig.4.14 in

this chapter), and that they are anti-biased with respect to dark matter on small

scales (. 5 Mpc).

In this work, we take advantage of the large HI dataset provided by AL-

FALFA to make a detailed investigation of the clustering properties of gas-rich

galaxies. We furthermore draw samples from the spectroscopic database of the

7th data release of the SDSS [Abazajian et al., 2009] spanning the same volume

as the ALFALFA sample, to make comparisons with the clustering properties

of optically selected galaxies. The fact that the ALFALFA and SDSS samples

are drawn from the same volume allows for a further cross-correlation analy-

sis, measuring the spatial relationship between HI and optical galaxies. Lastly,

we select halos from the Bolshoi ΛCDM simulation [Klypin et al., 2011], to in-

vestigate what halo properties are associated with weak clustering, giving us

evidence on the characteristics of halos hosting gas-rich galaxies.

The chapter is organized as follows: in section 4.2, we present the ALFALFA

and SDSS samples used to measure the clustering of HI and optical galaxies,

and we describe the methodology for measuring the correlation function. In

section 4.3 we present our results concerning the clustering properties of a num-

ber of HI-selected and optically selected samples, and discuss the implications.

In section 4.4 we present our halo samples selected from the Bolshoi simulation,

and study their clustering as a function of their properties (mass, spin, etc.).

We conclude in section 4.5, by summarizing the main findings of this work. We

forewarn the reader that –unlike most correlation function articles– all distances

1The Arecibo L-band Feed Array (ALFA) is a 7-feed receiver operating in the L-band (≈ 1420
MHz), installed at the Arecibo Observatory.
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in this work assume a Hubble constant of H0 = 70 h70 km s−1Mpc−1. In order to

facilitate comparisons with the literature however, the upper x-axis of Figures

is expressed in terms of h ≡ H0/100 km s−1Mpc−1 when appropriate.

4.2 Data & Methods

4.2.1 ALFALFA sample

The ALFALFA survey is a wide-area, blind 21cm emission-line survey per-

formed with the 305m radio telescope at the Arecibo Observatory [Giovanelli

et al., 2005]. The survey has recently completed data acquisition, and a source

catalog covering ≈40% of the final survey area has been publicly released

(“α.40” catalog; Haynes et al., 2011). ALFALFA has greater sensitivity, finer

spectral resolution and better centroiding accuracy than previous blind HI sur-

veys of comparable sky coverage (e.g. HIPASS), and α.40 already represents the

largest HI-selected galaxy sample to date.

In this chapter, we use a parent sample of 6 123 HI-selected galaxies detected

by the ALFALFA survey. In particular, we select galaxies over a contiguous

rectangular sky region of ≈ 1 700 deg2 (135◦ < RA < 230◦ and 0◦ < Dec < 18◦)

and in the redshift range z ≈ 0.0023 − 0.05 (vCMB = 700 − 15 000 km s−1). The

parent sample has significant overlap with the publicly available α.40 sample,

but has been supplemented by newly processed ALFALFA regions covering the

declination ranges 0◦ < Dec < 4◦ & 16◦ < Dec < 18◦. The sample is restricted to

“Code 1” ALFALFA detections, i.e. it is comprised only by confidently detected

extragalactic sources (S/NHI > 6.5). In addition, parent sample sources have a
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Figure 4.1 The histogram represents the ALFALFA parent sample counts in bins of
HI mass. The upper panel is a graphical representation of the HI mass thresholded
samples, where each colored vertical line denotes the HI mass threshold of the sample
and the total number of galaxies in each sample is quoted. The lower panel is the
corresponding plot for the HI mass binned samples. Vertical colored lines denote the
HI mass bins limits, while the number of galaxies in each binned sample is also quoted.
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combination of observed 21cm flux (SHI) and 21cm lineprofile width (W50) that

places them in the region of the {SHI ,W50}–plane where the completeness of the

ALFALFA survey is at least 50% [see Sec. 6 and Fig. 12 in Haynes et al., 2011].

Lastly, the sample is limited to linewidths W50 > 18 km s−1 and HI masses2

MHI > 107.5M⊙.

From the parent sample described above we select a number of subsamples,

such that their HI mass is above a specified limit (HI mass thresholds) or within

a specific range (HI mass bins). Figure 4.1 shows a histogram of MHI for the

parent sample, with a graphical representation of the HI mass-thresholded and

HI mass-binned subsamples used in this work.

4.2.2 SDSS sample

We select an optical sample of galaxies from the spectroscopic database of the

7th data release of the Sloan Digital Sky Survey (SDSS DR7; Abazajian et al.,

2009). This optically selected parent sample is restricted to the same volume as

the HI-selected sample used in this work: 135◦ < RA < 230◦, 0◦ < Dec < 18◦ and

z ≈ 0.0023−0.05 (vCMB = 700−15000 km s−1). We only select SDSS galaxies that

are spectroscopically classified as galaxies (SpecClass = 2) and that have an

apparent magnitude in the r-band brighter than 17.6, after correction for Milky

Way extinction (mr < 17.6). In addition, we impose a color cut on our spectro-

scopic sources, (i − z)model > −0.25, which excludes a small number of objects;

the vast majority of them are cases where star-forming knots and structures in

2Atomic hydrogen (HI) masses for ALFALFA galaxies are calculated from their 21cm line
flux though the relation MHI = 2.356 105 SHI d2. In this formula MHI is measured in M⊙ and
the flux SHI in Jy km s−1. The distance d is measured in Mpc, and calculated from the galaxy’s
recessional velocity in the CMB frame as d = vCMB/H0.
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nearby extended spirals or dwarf irregular galaxies are erroneously classified

as separate galaxies by the SDSS pipeline. Lastly, our SDSS parent sample is

limited to MW extinction-corrected absolute magnitudes in the r-band brighter

than -17 (Mr < −17), and is comprised by a total of 18 516 galaxies.

Figure 4.2 Similar to Fig. 4.1, but for the SDSS parent sample. The histogram is the
sample count in bins of r-band absolute magnitude, while the upper and lower panels
represent graphically the luminosity thresholded and luminosity binned SDSS samples.

From this optical parent sample we create subsamples, selected based on

specifying their faintest r-band absolute magnitude (magnitude thresholds) or

their range of r-band absolute magnitudes (magnitude bins). Figure 4.2 shows

a histogram of Mr for the parent sample, with a graphical representation of the

magnitude-thresholded and magnitude-binned subsamples used in this work.

Furthermore, we define three color-based subsamples according to the position

of galaxies in a color-magnitude diagram (CMD), as shown in Figure 4.3. The
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Figure 4.3 Color-magnitude diagram (CMD) of the SDSS parent sample (only a repre-
sentative subsample is plotted, for visual clarity). The horizontal axis is galactic r-band
absolute magnitude, while the vertical axis is the galaxy g − i color. Both quantities are
corrected for MW extinction. The solid lines denote the cuts used to select the “red”,
“green” and “blue” SDSS galaxy samples. The upper red boundary line is given by
g − i = 0.0571(Mr + 24) + 1.25, while the lower blue boundary line is parallel to the
former with a 0.15 mag color offset from it.

“red” subsample is composed by red sequence galaxies, the “blue” subsample

by blue cloud galaxies and the green subsample by galaxies with intermediate

locations on the CMD, sometimes referred to as “green valley” galaxies.

4.2.3 Sample selection functions & random catalogs

Measuring the clustering of galaxies with certain properties involves comparing

the spatial distribution of an observed galactic sample with the spatial distribu-

tion of a catalog of random points, which reflect the galactic sample’s selection

function. The selection function, ϕ(d), describes the fraction of a hypothetical

volume-limited sample of galaxies with the desired properties that is included

in an observational sample at distance d from the observer. For example, Fig-

ure 4.4 shows ϕ(d) for the HI mass-thresholded samples used in this work; sam-
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ples restricted to more massive galaxies are complete (i.e. ϕ = 1) out to larger

distances.

Figure 4.4 Selection functions for the HI mass thresholded samples of
Fig. 4.1 (solid lines from bottom to top correspond to samples with MHI >
107.5, 108, 108.5, 109, 109.5, 1010 M⊙). These are the selection functions that are
used for constructing the random catalog corresponding to each of the HI mass
thresholded samples.

Deriving the selection function for a sample is not straightforward, and ne-

cessitates two inputs: (i) the cuts used to define an observational sample and (ii)

the intrinsic distribution of the galaxy properties that determine the inclusion

of a galaxy in the observational sample. The SDSS sample described in §4.2.2 is

mostly flux-limited, because included galaxies satisfy an apparent r-band mag-

nitude cut, mr < 17.6. We thus need to calculate the intrinsic distribution of

r-band luminosity for SDSS galaxies, most commonly referred to as the galac-

tic luminosity function (LF). Then ϕ(d) can be calculated in terms of the galaxy

luminosity function, n(Mr), as

ϕ(d) =

∫Mr,min

Mr,lim(d)
n(Mr) dMr

∫Mr,min

Mr,max
n(Mr) dMr

. (4.1)

Mr,max and Mr,min are the faint and bright absolute magnitude limits defining

a specific subsample, while Mr,lim(d) is the faintest absolute magnitude that a
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Figure 4.5 upper panel: The SDSS r-band luminosity function, used to calculate the
selection function for the SDSS subsamples used in this work. The error bars denote
only the Poisson error due to the number of sample galaxies in each Mr bin. lower
panel: The ALFALFA mass-width function, used to calculate the selection function for
the ALFALFA subsamples used in this work. The contours are set at n(mHI , w50) =
10−6, 10−5.5, . . . , 10−2.5, 10−1.75, . . . , 10−1.25 Mpc−3dex−2, from darker to lighter tones.
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galaxy at distance d can have and still have an apparent magnitude brighter

than mr = 17.6. The luminosity function, n(Mr), is the volume-limited number

density of galaxies within a bin of magnitude centered on Mr, and has units

of Mpc−3mag−1. In informal terms, the denominator in Eqn. 4.1 represents the

volume-limited number density of a specific subsample, while the numerator

represents the number density of galaxies in the subsample that are detectable

at distance d.

On the other hand the ALFALFA sample described in §4.2.1 is not a purely

flux-limited sample, but it is mostly defined through a flux-width–dependent

cut [Eqns. 4 & 5 in Sec. 6 of Haynes et al., 2011]. We therefore need to

know the intrinsic two-dimensional distribution of HI mass and linewidth,

n(mHI , w50), of ALFALFA galaxies. The mass-width-function is customarily ex-

pressed in logarithmic intervals of mass and width, so mHI = log(MHI/M⊙) and

w50 = log(W50/km s−1). The selection function for any ALFALFA subsample is

then given by the expression:

ϕ(d) =

∫ w50,max

w50,min

∫ mHI,max

mHI,lim(d,w50)
n(mHI , w50) dmHI dw50

∫ w50,max

w50,min

∫ mHI,max

mHI,min
n(mHI , w50) dmHI dw50

. (4.2)

Again, mHI,min, mHI,max, w50,min and w50,max are the HI mass and linewidth lim-

its defining a specific ALFALFA subsample, while mHI,lim(d, w50) is the mini-

mum HI mass detectable at distance d for a source of linewidth w50, as dictated

by the ALFALFA 50% completeness limit. n(mHI , w50) is again the number den-

sity of galaxies within a logarithmic bin of HI mass centered on mHI and a log-

arithmic bin of width centered on w50, and has units of Mpc−3 dex−2.

The r-band luminosity function for SDSS galaxies and the mass-width-
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Figure 4.6 The black solid line represents the fraction of the nominal surveyed volume
that is available for ALFALFA source extraction in the presence of radio frequency in-
terference (RFI), as a function of heliocentric velocity (roughly equivalent to antenna
rest frequency). The largest dip at v⊙ ≈ 16 000 km s−1 is due to the San Juan airport
radar, while the second largest dip at v⊙ ≈ 8 800 km s−1 is one of the radar’s harmonics.
The vertical dashed lines are the approximate redshift limits of the ALFALFA parent
sample used in this chapter; the high redshift limit has been specifically chosen so as to
avoid the strongest RFI peak.

function for ALFALFA galaxies used in Eqns. 4.1 & 4.2 are shown in Figure 4.5.

They are calculated by applying appropriate volume correction factors to the

sample histograms of Mr and {mHI , w50}, respectively. The volume weights

are calculated with the maximum-likelihood, non-parametric “1/Veff” method

[Zwaan et al., 2005], on a galaxy-by-galaxy basis. For a more detailed descrip-

tion of the method see the Appendix.

Once a data sample selection function is known, it is straightforward to con-

struct a random catalog suitable for the calculation of the sample correlation

function. Initially, random points are created within the subsample volume with

a constant expected number density throughout, 〈dNrand/dV 〉 = const. This

translates into random points being uniformly distributed in RA, sin(Dec) and

d3. Subsequently, each random point is kept with probability ϕ(d) (where d is the

random point’s distance from the observer), in order to reproduce the subsam-

ple’s selection function. In the case of an ALFALFA sample an additional step is
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Figure 4.7 panel (a): Coneplot (polar plot of distance & RA) and sky position (rectangu-
lar plot of RA & Dec) of the ALFALFA parent sample (blue diamonds). panel (b): Same
as panel (a), but for the corresponding catalog of random points (green diamonds).
panel (c): Distance distribution of the ALFALFA parent sample (blue histogram) and its
corresponding random catalog (green line). Note the markedly non-uniform distribu-
tion of ALFLAFA galaxies, which is evident in all three plots.
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necessary: accounting for the effects of radio frequency interference (RFI). RFI

disrupts ALFALFA’s performance in the frequency bands where it occurs, re-

sulting in galaxies with certain heliocentric velocities having a lower chance of

being detected. Figure 4.6 shows the fractional ALFALFA volume lost to RFI as

a function of heliocentric velocity. In order to reproduce the effects of RFI on the

spatial distribution of ALFALFA samples, points in the random catalog are kept

with a probability fRFI(v⊙) where v⊙ is the heliocentric velocity of the random

point3.

Figure 4.7 compares the distribution of data and random points for the

MHI = 109.5 − 1010M⊙ ALFALFA sample. Panel (a) displays the coneplot (i.e. a

projection of RA and d in polar coordinates) and the sky distribution of the data

sample, while panel (b) displays the same distributions for the corresponding

random catalog. Panel (c) compares the distance histograms of the two samples.

The non-uniform distribution of the data set and the large-scale structure in the

survey volume are readily visible in all three panels.

4.2.4 Clustering measures

The galaxy correlation function at a given length scale, ξ(r), is defined as the

excess probability of finding a pair of galaxies separated by distance r com-

pared to the case of a randomly distributed set of points. It then follows that

a positive value of ξ(r) means that the sample under consideration tends to

cluster on length scales r, while a negative value means that it avoids clus-

3The heliocentric velocity of a random point is calculated by first considering their velocity
relative to the cosmic microwave background (CMB), vCMB = H0 d, and then converting the
velocity from the CMB to the heliocentric frame according to the random point’s position in the
sky.
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tering on this scale (a randomly distributed sample would have ξ(r) = 0 for

all r). In formal terms, the correlation function is defined through the relation

d2Npair = n̄2
gal ξ(r)Prand(r) dV1 dV2. Here dV1 and dV2 are two volume elements

separated by distance r, d2Npair is the number of galaxy pairs within those vol-

ume elements, n̄gal is the average galaxy number density and Prand(r) is the

probability that two random points are separated by distance r. In practice,

when a galactic sample and its corresponding random catalog are available, the

correlation function is calculated in terms of the number of data-data, random-

random and data-random pairs whose separation falls in the bin r±∆r/2. These

pair counts are denoted by PDD(r), PRR(r) & PDR(r), respectively. If the data

sample contains ND objects and the random sample NR objects, we can com-

pute the normalized counts

DD(r) = PDD(r) / (ND(ND − 1)/2)

RR(r) = PRR(r) / (NR(NR − 1)/2) (4.3)

DR(r) = PDR(r) / (NDNR) ,

where in all three cases the denominator represents the total number of available

pairs.

The most intuitive estimator for the correlation function is then ξ̂(r) =

DD(r)/RR(r)−1, which just computes the ratio of the fraction of data-data pairs

and random-random pairs separated by distance r and compares it with unity.

However, Landy and Szalay [1993] have shown that an alternative estimator,

ξ̂LS(r) = (DD(r)− 2DR(r) +RR(r)) /RR(r), has better statistical performance;

for volume-limited, weakly clustered samples equipped with large random cat-
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alogs (NR ≫ ND) the ξ̂LS estimator is unbiased and its variance is determined

just by the counting noise associated with the number of data-data pairs. In

this chapter we adopt throughout the LS estimator, dropping from now on the

excess notation: ξ̂LS(r) → ξ(r).

Despite the fact that the “real space” correlation function, ξ(r), is the funda-

mental quantity related to galaxy clustering, physical separation is not gener-

ally available for extragalactic objects. The measurable quantities in a spectro-

scopic galaxy survey are position on the sky (RA,Dec) and recessional velocity

(vCMB = c z). As a result we consider in this chapter the “redshift space” sepa-

ration between two objects s, given by

s =
√

(v21 + v22 − 2v1v2 cos θ)/H0 , (4.4)

where v1, v2 are the recessional velocities of galaxies 1 and 2 respectively in

km s−1, θ is the angle between them on the sky, and H0 is the Hubble constant

(recall that in this chapter H0 = 70 km s−1 Mpc−1). In addition we can consider

separately the components of the separation along the line of sight (π) and on

the plane of the sky (σ) defined as:

π = |v1 − v2| /H0 and (4.5)

σ =
√
s2 − π2 . (4.6)

We can therefore calculate the redshift space correlation function ξ(s) by count-

ing the number of pairs whose separation is within s±∆s/2. Similarly, we can

calculate the two-dimensional correlation function ξ(σ, π) by counting pairs sep-
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arated by σ±∆σ/2 in the tangential plane and π±∆π/2 along the line of sight.

Note that in the absence of galaxy peculiar velocities (i) ξ(s)would coincide with

ξ(r) and (ii) ξ(σ, π) would contain no additional information compared to ξ(s),

since galaxy clustering is expected to be intrinsically isotropic. However, due to

“redshift-space distortions” ξ(σ, π) has a characteristic non-isotropic shape (see

Fig. 4.14), and contains non-trivial information regarding cosmic properties [see

e.g. Reid et al., 2012, Contreras et al., 2013].

Lastly, we can measure the “projected correlation function”, which is de-

noted by Ξ(σ) / σ and is defined as4

Ξ(σ) / σ =
2

σ

∫ π=πmax

π=0

ξ(σ, π) dπ , (4.7)

where πmax = 45 h−1
70 Mpc is used in this chapter. Ξ(σ) / σ is a correlation mea-

sure that is integrated over the line-of-sight direction. As a result, it is not af-

fected by redshift space distortions and therefore is the most closely related to

ξ(r) . In fact, if the real space correlation function follows a power-law form,

parametrized as ξ(r) = (r / r0)
−γ , then

Ξ(σ) / σ =
rγ0Γ(1/2)Γ((γ − 1)/2)

Γ(γ/2)
σ−γ . (4.8)

In other words, a power-law projected correlation function has the same expo-

nent γ as the real space correlation function, while at the same time its normal-

ization can be used to determine the clustering scale-length parameter, r0.

4There exists a different notation and definition for the projected correlation function that is
more widely used in the literature, wp(rp). In this case rp is the separation on the plane of the
sky (same as σ) and wp = 2

∫ π=πmax

π=0
ξ(rp, π) dπ. Therefore, the two definitions differ only by

a factor of rp ≡ σ. In this chapter, we opt for Ξ(σ) / σ because (i) it is a unitless quantity and
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4.2.5 Pair-weighting

In order to increase the effective volume probed by the ALFALFA and SDSS

samples we weight each pair roughly inversely to the product of the individual

selection function values for the two constituent objects. This weighting aims

at taking into account the large number of pairs that remain undetected at large

distances. More specifically, each data-data, random-random and data-random

pair is counted towards PDD, PRR and PDR with a weight wij given by

wij = wi × wj , where (4.9)

wi =
1

1 + 4πn̄J3 ϕ(di)
. (4.10)

In the expression above, wi and wj are the weights of object i and j respectively,

while ϕ(di) is the selection function at the distance of object i. n̄ is the average

volume-limited number density of the sample, while J3 is a short hand notation

for J3(s = 30Mpc) =
∫ s=30Mpc

s=0
s2 ξ(s) ds. Results are not sensitive to the exact

value of J3, so a value of J3 = 2 962 Mpc3 is used here, corresponding to a

fiducial ξfid(s) = (s/5Mpc)−1.5. In essence, the weight in Eqn. 4.10 reduces to

wij ∝ 1
ϕi

× 1
ϕj

when the selection function is relatively large (ϕ(d) ≫ 1/(4πn̄J3)),

while wij ≈ 1 when the selection function is small (ϕ(d) ≪ 1/(4πn̄J3)).

In the case of SDSS data-data pair counts, an additional weight is applied to

correct for SDSS “fiber collisions”. SDSS spectroscopic fibers cannot generally

be placed closer than 55′′ from one another, lowering the counts of pairs at small

on-sky separations. As a result, SDSS data-data pair weights are given by

therefore independent of H0 and (ii) has the same logarithmic slope as the real space correlation
function, ξ(r).
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wij = wi × wj × wfc(θij) . (4.11)

wi and wj are defined as per Eqn. 4.10, while wfc(θij) is the fiber collision cor-

rection that depends only on the angular separation between the two galaxies.

The analytic form of wfc(θ) used in this chapter (Cheng Li, private communica-

tion) is the same as the one described in Li et al. [2006a] and tested with mock

catalogs in Li et al. [2006b]. Note however that the correlation functions pre-

sented in this chapter are limited to scales & 200 kpc, and so the impact of fiber

collisions is small.

4.2.6 Error estimation

We calculate errors on our clustering measurements by bootstrapping our data

sample. If a data sample has ND elements, bootstrap resampling involves form-

ing sample realizations by randomly extracting ND elements from the original

data set, with replacement. If k = 1, . . . , K sample realizations are produced

in this way, we can calculate statistical properties of the measured correlations

such as the average, variance and covariance matrix:

〈ξi〉 =
1

K

K
∑

k=1

ξ
(k)
i (4.12)

σ2
ξi

=
1

K − 1

K
∑

k=1

(ξ
(k)
i − 〈ξi〉)2 and (4.13)

Cov(ξi, ξj) =
1

K − 1

K
∑

k=1

(ξ
(k)
i − 〈ξi〉)(ξ(k)j − 〈ξj〉) . (4.14)
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Here, ξi denotes generically the value of some correlation measure in separa-

tion bin i, while the superscript (k) denotes the kth bootstrap sample realization.

Note that, as is usual practice, we use in this chapter random catalogs with more

objects than our data samples (NR > ND). This is done in order to ensure that

the contribution of the counting noise of random-random pairs to the overall er-

ror budget is subdominant to the error from data-data and data-random pairs.

Specifically, each random catalog is 10 times the length of the corresponding

data catalog (up to a maximum of 100 000), and 25 bootstrap realizations are

used to estimate the mean, variance and covariance. Finally, to ease the compu-

tational workload, the normalized random-random counts are only computed

once, while the data-data and data-random pairs are computed for each realiza-

tion.

4.3 Results

4.3.1 Dependence of clustering on HI mass

Figure 4.8 shows the measured projected correlation function, Ξ(σ) / σ, for the

HI mass thresholded samples shown in the upper panel of Figure 4.1, and de-

scribed in §4.2.1. A few preliminary comments are worth making: Firstly, the

projected correlation function for all samples is well approximated by a power-

law, up to a length scale of σ ≈ 15 h−1
70 Mpc. Secondly, the correlation functions

seem to deviate from the simple power-law form at separations larger than this

characteristic value. This behavior has been noted in multiple literature stud-

ies and seems to hold for both optically selected and HI-selected samples [e.g.
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Li et al., 2012b, Norberg et al., 2002, Zehavi et al., 2011 for optical samples and

Martin et al., 2012, Basilakos et al., 2007 for HI samples].

Figure 4.8 upper panel: The projected correlation function, Ξ(σ) /σ, for the HI mass
thresholded samples shown in the upper panel of Figure 4.1 and described in §4.2.1.
Darker shades of blue represent samples with a lower HI mass threshold, as depicted
in the Figure legend. Note that some error bars for the MHI > 1010 M⊙ sample extend
below the legend. lower panel: The same projected correlation functions as above, nor-
malized to the correlation function of the MHI > 109 M⊙ sample. The unity line is also
plotted for reference.

Most importantly however, the correlation functions of the HI mass thresh-

olded samples show no significant differences among one another, within the

errors of the present analysis. Note that Figure 4.8 shows no evidence for en-

hanced clustering for the samples with the highest HI masses; this is in stark

contrast to the strong clustering displayed by galaxies with high stellar mass or

optical luminosity [e.g. Zehavi et al., 2011, Beutler et al., 2013, to name a few,

see also Fig.4.11 in this work]. Figure 4.8 is not ideal however for assessing

the clustering properties of low HI mass galaxies; as the upper panel of Fig-
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Figure 4.9 upper panel: The projected correlation function, Ξ(σ) /σ, for the non-
overlapping HI mass binned samples shown in the lower panel of Figure 4.1 and de-
scribed in §4.2.1. Darker shades of blue represent samples with a lower range of HI
masses, as depicted in the Figure legend. lower panel: The same projected correlation
functions as above, normalized to the correlation function of the MHI = 109.5−1010 M⊙

sample. The unity line is also plotted for reference. Note that the range of the y-axis in
the lower panel of this Figure is much larger than in Figure 4.8.
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ure 4.1 shows, even the samples with the lowest HI mass thresholds (as low

as MHI = 107.5 M⊙) are still dominated by fairly HI massive galaxies. We

therefore display in Figure 4.9 the Ξ(σ) / σ measurements for the three non-

overlapping HI mass binned samples shown in the lower panel of Figure 4.1.

Galaxies with intermediate and high masses (MHI = 109.5 − 1010 M⊙ and

MHI = 1010 − 1010.5 M⊙ bins) show no significant differences in their clustering

properties in Figure 4.9, in accordance with the results in Figure 4.8. Interest-

ingly enough though, galaxies with low HI mass (MHI = 108.5 − 109.5 M⊙ bin)

seem to be much more weakly clustered than their more massive counterparts.

The HI mass dependence of the clustering properties of HI-selected galaxies

has remained a controversial issue in the literature. For instance, Basilakos et al.

[2007] and Meyer et al. [2007] have both analyzed datasets from the HIPASS

survey, but came to different conclusions regarding the issue. On one hand,

Basilakos et al. [2007] found that HIPASS galaxies with MHI < 109.4 M⊙ have

a significantly lower clustering amplitude than galaxies with HI masses larger

than this value (see their Fig. 5). On the other hand, Meyer et al. [2007] dis-

sected the HIPASS sample at a similar HI mass, MHI = 109.25 M⊙, but found

no convincing differences in the correlation function of the low-mass and high-

mass subsamples (see their Fig. 12). At face value, the ALFALFA measurement

shown in our Figure 4.9 seems to lend support to the Basilakos et al. [2007]

claim. One complication arises however due to the fact that the volume probed

by the MHI = 108.5 − 109.5 M⊙ sample is ≈ 6 times smaller than the volume

probed by the MHI = 109.5 − 1010 M⊙ sample. As a result the observed dis-

crepancy could be caused by finite volume effects. We therefore re-calculate

the projected correlation function of the MHI = 109.5 − 1010 M⊙ sample, but

restricting it to the smaller volume available to the MHI = 108.5 − 109.5 M⊙ sam-
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ple. Figure 4.10 shows the result: Even though the correlation functions of the

two samples are very different from one another when both are calculated over

their full volumes (dark blue and blue solid lines), they show no significant dif-

ferences when the two samples are restricted to a common volume (dark blue

solid line and blue dash-dotted line).

Figure 4.10 The solid lines are the projected correlation functions for the MHI =
108.5 − 109.5 M⊙ and MHI = 109.5 − 1010 M⊙ samples (darker and lighter shade, re-
spectively). The lighter shade dash-dotted line shows again the correlation function of
the MHI = 109.5 − 1010 M⊙ sample, but this time restricted to the ≈ 6 times smaller
volume occupied by the galaxies in the MHI = 108.5 − 109.5 M⊙ sample. Error bars are
omitted for clarity. This Figure shows that the difference in clustering between the two
samples is probably due entirely to finite volume effects.

Overall, we find no conclusive evidence for a dependence of the cluster-

ing properties of HI-selected galaxies on their HI mass, over the mass range

MHI ≈ 108.5 − 1010.5 M⊙. Despite the fact that Figure 4.9 displays a weak corre-

lation function for low HI mass galaxies (MHI = 108.5 − 109.5 M⊙), Figure 4.10

suggests that this behavior could be entirely due to finite volume effects. An

extension of this work to both higher and lower masses will necessitate the

next generation of HI surveys, such as the planned WALLABY survey with

the ASKAP array [Koribalski, 2012] and the HI surveys to be performed with

the APERTIF instrument on the WSRT interferometer, which will probe a much

121



larger volume than ALFALFA and are expected to detect ≈10x more sources.

These surveys will also provide more accurate measurements of the correlation

function over the HI mass range probed in this work, potentially uncovering

trends that cannot be detected within current precision.

4.3.2 Bias relative to optical galaxies

Figure 4.11 upper panel: The projected correlation function, Ξ(σ) /σ, for the luminosity
thresholded SDSS samples (shown in the upper panel of Figure 4.2 and described in
§4.2.2), compared to the correlation function of the MHI > 109 M⊙ ALFALFA sample.
Darker shades of red represent samples with a lower optical luminosity threshold, as
depicted in the Figure legend. Note that some of the error bars of the Mr < −22 sample
extend below the legend. lower panel: The same projected correlation functions as above,
normalized to the correlation function of the ALFALFA sample. The unity line is also
plotted for reference.

Several literature studies have found that HI-rich galaxies are among the

most weakly clustered galactic populations known [e.g. Basilakos et al., 2007,

Meyer et al., 2007, Martin et al., 2012]. This fact can be clearly seen in Fig-

ure 4.11, which compares the projected correlation function of one represen-
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tative ALFALFA sample (MHI > 109 M⊙) with the correlation functions of the

luminosity thresholded SDSS samples (as depicted in the upper panel of Fig-

ure 4.2 and described in §4.2.2). The Figure shows that a “typical” HI-selected

sample is significantly less clustered than a “typical” optically selected sample,

regardless of the optical sample’s limiting luminosity.

Figure 4.12 The projected correlation function, Ξ(σ) /σ, for the luminosity binned
SDSS samples (shown in the lower panel of Figure 4.2 and described in §4.2.2), com-
pared to the correlation function of the MHI > 109 M⊙ ALFALFA sample. Darker
shades of red represent samples with a lower range of optical luminosities, as depicted
in the Figure legend. Note that some of the error bars for the Mr = -23 – -22 sample ex-
tend below the legend. lower panel: The same projected correlation functions as above,
normalized to the correlation function of the ALFALFA sample. The unity line is also
plotted for reference.

Furthermore, we compare the correlation function of the same ALFALFA

sample to the correlation function of the SDSS luminosity-binned samples (as

depicted in the lower panel of Figure 4.2). The result is shown in Figure 4.12, on

which we note the following points: Firstly, the optical samples display a clear

trend of stronger clustering with increasing luminosity, unlike HI mass-binned

samples (Fig. 4.9). The dependence of clustering on luminosity has been exten-
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sively studied in the literature, and the observed trend has been interpreted as a

tendency of more luminous galaxies to inhabit more massive DM halos [see e.g.

Zehavi et al., 2011, Beutler et al., 2013 for two recent examples]. Secondly, and

most importantly, the correlation function of the HI-selected sample is lower in

amplitude than the correlation function of even relatively faint optical galaxies

(at least as faint as Mr ≈ −18). In addition, the optically selected samples seem

to display a steeper correlation function regardless of luminosity.5

Figure 4.13 upper panel:The projected correlation function, Ξ(σ) /σ, for the “blue”,
“green” & “red” SDSS samples (shown in Figure 4.3 and described in §4.2.2), compared
to the correlation function of the MHI > 109 M⊙ ALFALFA sample. lower panel: The
same projected correlation functions as above, normalized to the correlation function of
the ALFALFA sample. The unity line is also plotted for reference.

Figure 4.13, on the other hand, compares the clustering of the same MHI >

109 M⊙ ALFALFA sample to the clustering of three optical subsamples split by

color (see Fig. 4.3 and §4.2.2). By combining the information in Figs. 4.11, 4.12

5Note that the Mr = −18 to − 17 sample has not been taken into account when making the
statements above. The correlation function of this sample is probably affected significantly by
finite-volume effects, similarly to the case of the MHI = 108.5− 109.5 M⊙ ALFALFA sample (see
Fig. 4.10).
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& 4.13, we arrive at the following conclusions:

1. HI-selected galaxies cluster less than optically selected galaxies, when no

color cuts are applied to the latter sample. This statement is valid even

for relatively faint galaxies (at least as faint as Mr ≈ −18). In addition,

optically selected samples of all luminosities display slightly steeper cor-

relation functions compared to HI-selected samples.

2. The correlation function of HI-selected galaxies is practically indistin-

guishable from the correlation function of optical galaxies with blue col-

ors. The relative bias6 of the two samples is brel ≈ 1, over almost the whole

range of separations probed.

3. Red galaxies show much stronger clustering than HI-selected galaxies,

with the relative bias reaching values brel > 3 at small separations (σ . 1

Mpc). Moreover, the projected correlation function of red optical galaxies

is significantly steeper than that of HI-selected galaxies.

Points 1-3 above hold also for the full two-dimensional correlation func-

tion, ξ(σ, π): Figure 4.14 shows ξ(σ, π) for the parent ALFALFA sample (MHI >

107.5 M⊙), which can be compared with ξ(σ, π) for the blue and red SDSS sub-

samples (Figures 4.15 & 4.16, respectively). Note that common contour levels

are used in Figs. 4.14 - 4.16. The two-dimensional correlation functions for the

ALFALFA and blue SDSS galaxies are very similar in amplitude and shape. In

particular, both samples display a characteristic “flattening” of ξ(σ, π) along the

π-axis on intermediate scales (π & 10 Mpc), as well as a weak “finger of god”

6The relative bias between two samples s1 & s2 is defined as the square root of the ratio of
their real space correlation functions, in other words b2rel(r) ≡ ξs1(r)/ξs2 (r). Bias values quoted
in this article are calculated by fitting the projected correlation function with Eqn. 4.8, under the
assumption of a power-law form for the real space correlation function, ξ(r).
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Figure 4.14 The two-dimensional correlation function, ξ(σ, π), of the ALFALFA parent
sample (MHI > 107.5 M⊙). Note that ξ(σ, π) is calculated in linear bins of separation,
with σmin = πmin = 0.15 h−1

70 Mpc and bin size ∆σ = ∆π = 1.25 h−1
70 Mpc. The contours

are logarithmically spaced, starting at a value of 0.05 and increasing by a factor of 2
every three contours up to a factor of 6.3. Note also that the full information of ξ(σ, π)
is contatined in one quadrant of the plot only; the other quadrants are just mirrored
copies.

Figure 4.15 The two-dimensional correlation function, ξ(σ, π), of the SDSS “blue” sam-
ple (see Fig. 4.3). The separation bins and contour levels are the same as for Fig. 4.14.
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Figure 4.16 The two-dimensional correlation function, ξ(σ, π), of the SDSS “red” sam-
ple (see Fig. 4.3). The separation bins and contour levels are the same as for Fig. 4.14.

effect (i.e. the elongated structure along the π-axis at σ ≈ 0 Mpc). By contrast,

the red SDSS subsample shows a ξ(σ, π) with much larger overall amplitude, as

well as a very distinct finger of god feature. In addition, the ξ(σ, π) contours for

the red SDSS sample display a more symmetric, “round”, shape on intermediate

scales (& 10 Mpc).

These results are not unexpected; it is well established that gas-rich galaxies

are associated with late-type morphology, blue optical colors and elevated spe-

cific star formation rates [e.g. Huang et al., 2012a, Catinella et al., 2010, Li et al.,

2012a]. For example, Huang et al. [2012a] shows that the ALFALFA sample is

heavily biased against red-sequence galaxies, while sampling very well the less

luminous and more actively star-forming galaxies galaxies in the “blue cloud”

(their Fig. 11). The main conclusions summarized in points 1-3, therefore, are a

direct consequence of the fact that blue galaxies are significantly less clustered

than red galaxies, irrespective of luminosity [see e.g. Fig 16 in Zehavi et al.,
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2011]. The bias of blind HI surveys against red-sequence galaxies also helps ex-

plain the marked difference in the shape of ξ(σ, π) between the ALFALFA and

SDSS red samples (Figs. 4.14 & 4.16, respectively). Red galaxies are usually

found in high density environments, such as clusters of galaxies and compact

groups, and their clustering bears the signs of the large peculiar velocities found

in these environments. In particular, the red sample has an increased number

of galaxy pairs that have small physical but large velocity separations; these

pairs produce the strong “finger of god” feature in ξ(σ, π) at σ ≈ 0. On the other

hand, galaxies with blue colors and HI galaxies tend to inhabit the lower density

“field”. As a result, they trace the ordered flow towards matter overdensities

without significant noise from peculiar motions. This is why the characteristic

asymmetric shape of ξ(σ, π) at separations &10 Mpc, which is caused by these

systematic motions, is more pronounced in the blue and HI samples.

4.3.3 Cross-correlation between HI-selected and optically se-

lected samples

The results above can be used to compare the clustering properties of HI and

optical galaxies, but do not contain information about the spatial relationship

among the samples under consideration. In particular, they cannot address

questions such as whether or not HI galaxies inhabit the same environments

as a given class of optical galaxies. It is already known through the study of

individual clusters [Giovanelli and Haynes, 1985, Haynes and Giovanelli, 1986,

Solanes et al., 2002] that galaxies in high density environments tend to have

lower gas fractions than their counterparts in the field, and thus have a lower
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probability of being included in an HI-selected sample. Since optical galax-

ies with red colors are found preferentially in dense environments, we expect

HI-selected samples to show some degree of “segregation” with respect to red

galaxies. Here, we use the large galaxy samples provided by the ALFALFA

and SDSS surveys to obtain a statistical measurement of this effect, and to pin

down the length scale over which environment can affect the gaseous contents

of galaxies.

Figure 4.17 upper panel: The projected correlation function, Ξ(σ) /σ, for the blue SDSS
sample (dark blue solid line) and the parent ALFALFA sample (light blue solid line),
compared to their projected cross-correlation function (purple solid line). lower panel:
The ratio of the cross-correlation function to the geometric mean of the correlation func-
tions of the two constituent samples, R(σ).

The spatial relationship of two galactic samples is encoded in their cross-

correlation function. In this chapter, we calculate cross-correlation functions

using a modified version of the LS estimator [following Zehavi et al., 2011]:
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Figure 4.18 upper panel: The projected correlation function, Ξ(σ) /σ, for the red SDSS
sample (red solid line) and the parent ALFALFA sample (light blue solid line), com-
pared to their projected cross-correlation function (orange solid line). lower panel: The
ratio of the cross-correlation function to the geometric mean of the correlation functions
of the two constituent samples, R(σ). Note the clear tendency for SDSS galaxies with
red colors and HI-rich ALFALFA galaxies to avoid each other at separations . 3 Mpc.
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ξ̂cross = (DD1DD2 −DD1RR2 −DD2RR1 +RR1RR2)/RR1RR2 . (4.15)

Here DD, RR and DR are the normalized data-data, random-random and data-

random pair counts, and the subscripts 1 & 2 are used to denote the two sam-

ples. Generally, the information present in the cross-correlation function is most

intuitively presented in terms of its ratio with the geometric mean of the cor-

relation functions of the two constituent samples, R(r) ≡ ξcross(r)/
√

ξ1(r)ξ2(r).

In essence, R measures the degree to which two samples are spatially “aware”

of one another: Two spatially independent samples have R = 1 for all r (i.e.

ξcross(r) =
√

ξ1(r)ξ2(r)). Conversely, a ratio of R < 1 at some separation r

means that the two samples “avoid” each other on the length scale under con-

sideration.

Figure 4.17 shows the cross-correlation function between the ALFALFA par-

ent sample (MHI > 107.5 M⊙) and the blue SDSS sample. The lower panel

shows that R ≈ 1 on all probed scales, meaning that HI-selected galaxies and

optical galaxies with blue colors have no special spatial relationship. In other

words, detecting a blue SDSS galaxy at a given location in space does not influ-

ence our chance of finding an ALFALFA-detected galaxy in its vicinity, beyond

what is expected from the clustering of the samples. The situation is very dif-

ferent in Figure 4.18, which shows that the cross-correlation function between

HI-selected galaxies and optical galaxies with red colors is systematically lower

than their geometric mean at small separations (i.e. R < 1 at σ . 3 Mpc). This

means that the existence of a red SDSS galaxy at a given position in space lowers

the chances that an HI-rich galaxy is positioned within ≈ 3 Mpc from it.

These results also hold for the two-dimensional cross-correlation functions
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between the HI-selected ALFALFA sample and the color-based SDSS samples.

Figure 4.19, for example, shows a two-dimensional map of R(σ, π) calculated

from the cross-correlation function between the ALFALFA parent sample and

the SDSS blue sample. Regions that are enclosed by solid contours are those

where R deviates significantly from unity (R < 0.85 or R > 1.15). We can

clearly see that, barring the large fluctuations at the outskirts of the map caused

by noise, R(σ, π) ≈ 1 over most of the map. The situation is very different when

the cross-correlation between the ALFALFA parent sample and the SDSS red

sample is considered. Figure 4.20 shows that regions corresponding to σ . 3

Mpc have systematically low values of R, over the whole range of π-axis sep-

arations. This characteristic shape demonstrates graphically that HI-selected

galaxies avoid regions of space where the finger-of-god effect is large, corre-

sponding mostly to galaxy clusters and rich groups.

This measurement of the cross-correlation properties of HI galaxies with re-

spect to various optical samples is especially important in the context of cos-

mological studies with next generation HI surveys [e.g. Beutler et al., 2011],

and 21cm intensity-mapping experiments at moderate redshift [e.g. Masui et al.,

2013]. In particular, Figs. 4.11 - 4.20 show that an HI-selected sample traces the

cosmic large-scale structure differently than most optical surveys. For example,

due to the very different clustering properties of HI-rich galaxies and galax-

ies with red colors, a 21cm survey would provide a very different view of the

large scale structure compared to a survey of, e.g., luminous red galaxies [as in

e.g. Eisenstein et al., 2005]. On the other hand, a survey targeting actively star-

forming galaxies (such as the UV-selected WiggleZ survey; Drinkwater et al.,

2010) will be a much closer match in terms of clustering properties and spatial

distribution. The considerations above have an effect on the potential of future
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Figure 4.19 Two-dimensional map of R(σ, π) for the ALFALFA parent sample (MHI >
107.5 M⊙) and the SDSS blue sample. R(σ, π) is the ratio of the cross-correlation func-
tion between the two samples to the geometric mean of their respective correlation
functions. The separation bins are the same as in Fig. 4.14. The contour levels are
logarithmically spaced, with values doubling every six contours. The darkest shade
corresponds to the minimum value of 0.25 while the lightest shade corresponds to the
maximum value of 4. Regions enclosed by solid contours are regions where R deviates
significantly from unity (R < 0.85 or R > 1.15).
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Figure 4.20 Same as Fig. 4.19 but regarding the cross-correlation of the ALFALFA par-
ent sample (MHI > 107.5 M⊙) with the SDSS red sample. The separation bins and
contour levels are also the same as in Fig. 4.19. Regions enclosed by solid contours are
regions where R deviates significantly from unity (R < 0.85 or R > 1.15). Since the
central part of the map contains systematically low values of R, an additional dotted
contour level at R = 1 has been drawn to lift ambiguities.
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21cm surveys for cosmological studies: For example, the low clustering ampli-

tude of HI galaxies may lower our sensitivity for detecting the BAO feature in

the large-scale galaxy correlation function. On the other hand, measurements

that are based on the anisotropy of ξ(σ, π) may benefit considerably from the

low levels of peculiar motion “noise” achieved with an HI-selected sample. As

a result, HI surveys may prove advantageous in measuring redshift-space dis-

tortions (RSD) and the growth of structure (“fσ8” measurements, e.g. Reid et al.,

2012, de la Torre et al., 2013, Contreras et al., 2013).

4.4 Which halos host gas-rich galaxies?

4.4.1 ΛCDM halo sample

We select a sample of dark matter halos from the Bolshoi ΛCDM simulation

[Klypin et al., 2011]. The Bolshoi simulation is a high-resolution dissipationless

simulation, run for a set of cosmological parameters consistent with the 7-year

results of the Wilkinson Microwave Anisotropy Probe [WMAP; Jarosik et al., 2011]

and other recent cosmological studies. We use the halo catalogs7 extracted with

the Bound-Density-Maxima (BDM) halo finder algorithm [Klypin and Holtz-

man, 1997]. In particular, we select a box region of the Bolshoi simulation of size

≈140 h−1
70 Mpc on a side, such that the volume of the halo sample is comparable

to the ALFALFA volume. In addition, we restrict ourselves to halos with maxi-

mum circular velocities vhalo > 60 km s−1, corresponding to Mvir & 1011 M⊙. In

total, our halo sample consists of 94 671 halos, including both distinct halos as

well as subhalos. From this parent halo sample we create subsamples by spec-
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ifying five vhalo ranges, as shown in Figure 4.21: 60-82 km s−1, 82-114 km s−1,

114-157 km s−1, 157-217 km s−1 and >217 km s−1.

Figure 4.21 Histogram of maximum circular velocities, vhalo, for halos selected from
the Bolshoi ΛCDM simulation [Klypin et al., 2011]. The solid histogram represents the
counts of distinct halos only, while the dotted histogram refers to all halos (including
both distinct halos as well as subhalos). The vertical solid lines denote the boundaries
of the five velocity-binned samples, described in §4.4.1. The quoted numbers corre-
spond to the overall halo count in each sample (including halos & subhalos), while the
numbers in parentheses denote the number of distinct halos only. Note that, unlike the
similar Figs. 4.1 & 4.2, both axes in this Figure are logarithmic.

Furthermore, we consider halo subsamples split by their spin parameter, λK ,

defined as:

λK =
Jvir K

1/2

GM
5/2
vir

. (4.16)

Note that the BDM database for the Bolshoi simulation reports spin parameters

defined in terms of the halo kinetic energy (K), instead of the more common

definition based on total energy (λ = Jvir|Etot|1/2/GM
5/2
vir ). However, the two

definitions yield very similar results for well-virialized halos, since in this case

K ≈ |Etot|. Figure 4.22 displays graphically the three spin-based subsamples,

7www.multidark.org/MultiDark/Help?page=databases/bolshoi/database
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referred to as “low spin”, “average spin” and “high spin” samples.

Figure 4.22 Histogram of “kinetic” spin parameter, λK (see Eqn.4.16 for definition), for
halos selected from the Bolshoi ΛCDM simulation [Klypin et al., 2011]. The solid his-
togram represents the counts of distinct halos only, while the dotted histogram refers
to all halos (including both distinct halos as well as subhalos). The vertical solid lines
denote the boundaries of the three spin-based samples. The quoted numbers corre-
spond to the overall halo count in each sample (halos & subhalos), while the numbers
in parentheses denote the number of distinct halos only.

The halo samples described above are volume-limited, meaning that inclu-

sion in some specific sample does not depend on their position in the simula-

tion box. As a result, all halo samples share the same random catalog, which

is straightforwardly created by a set of points with uniformly distributed x, y, z

coordinates. In addition, no pair-weighting (see §4.2.5) is necessary, since all

halo pairs in the simulation can be accounted for. Lastly, the separations be-

tween pairs of halos are readily available in terms of physical length, and are

not affected by redshift-space distortions. It follows that for these halo samples

ξ(r) ≡ ξ(s), while Ξ(σ) / σ can be calculated by projecting separations on any

arbitrary axis.
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4.4.2 Halo mass & halo/subhalo status

Figures 4.23 & 4.24 show the projected correlation functions of the velocity-

binned halo samples, including and excluding subhalos from the computation

respectively. Overplotted on both Figures is the projected correlation function

of the MHI > 109 M⊙ ALFALFA sample (solid cyan line), for comparison pur-

poses. In both Figures there is a clear trend for more massive halos to show

increasingly stronger clustering. This trend is consistent with theoretical expec-

tations [e.g. Musso et al., 2012], since more massive halos are expected to form

in regions with larger matter overdensity. This behavior is not shared by the HI

mass-thresholded samples in this work, which do not display any discernible

clustering enhancement with increasing HI mass (see Figure 4.8). This fact alone

suggests that galaxy HI mass is not tightly related to the mass of the host halo.

Furthermore, a comparison of Figures 4.23 & 4.24 shows that the inclusion of

subhalos in a sample leads to higher amplitude clustering, especially at small

separations. This is also expected, since subhalos are found in the vicinity of

other halos by definition. More specifically Figure 4.23 shows that, when sub-

halos are included, all halo samples display stronger clustering than ALFALFA

galaxies. This further suggests that a sizable fraction of subhalos do not host HI

galaxies. In particular, according to Figure 4.24, if HI galaxies were exclusively

hosted by distinct halos then the clustering of typical ALFALFA galaxies would

be best matched by the clustering of halos with vhalo ≈ 100-150 km s−1. In the

more realistic intermediate case, where some but not all subhalos host HI galax-

ies, typical ALFALFA galaxies would be hosted by slightly less massive halos

(vhalo . 100 km s−1).

Alternatively, we can use the technique of abundance matching to study the
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Figure 4.23 upper panel: The projected correlation function for the velocity-binned
Bolshoi halo samples (shown in Figure 4.21 and described in §4.4.1), compared to the
correlation function of the MHI > 109 M⊙ ALFALFA sample. Both halos & subhalos
are included in the computation of the halo Ξ(σ) /σ. Darker shades represent samples
a lower vhalo range, as depicted in the Figure legend. lower panel: The same projected
correlation functions as above, normalized to the correlation function of the ALFALFA
sample. The unity line is also plotted for reference.
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Figure 4.24 Same as in Fig. 4.23, but for distinct halos only.

relation between our HI-selected sample and their host dark matter halos in a

more systematic way. Abundance matching is a simple, yet powerful statistical

approach to connect galaxy properties (such as the luminosity, stellar or bary-

onic mass, velocity, etc.) to their host dark matter (sub)halos [e.g., Shankar et al.,

2006, Conroy et al., 2006, Guo et al., 2010, Reddick et al., 2012, Rodrı́guez-Puebla

et al., 2012, Papastergis et al., 2012]. In its most simple form, the observed abun-

dances of galaxies at a given property are matched against the theoretical halo

plus subhalo abundances. The result is a galaxy property versus halo mass em-

pirical relation. In reality, galaxy properties are not determined solely by the

mass of the halo in which they reside but, due the complexity of the galaxy for-

mation process, a dependence on other halo and/or environmental properties is

expected. To take this into account, recent works have extended the abundance

matching technique to include a scatter around the mean relation [e.g., Behroozi

et al., 2010, Moster et al., 2010, Hearin et al., 2012, Rodrı́guez-Puebla et al., 2013].
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Figure 4.25 Left panel: The solid and dashed lines represent the MHI -Mh relation ob-
tained via abundance matching, assuming a scatter of σHI = 0.1 dex and σHI = 0.4
dex, respectively. The shaded areas denote the assumed scatter around each average
relation. Note that, in the σHI = 0.4 dex case, the HI mass is nearly independent of
halo mass for MHI & 109.5 M⊙. Right panel: The solid and dashed curves represent the
MHI/Mh ratio as a function of Mh in the σHI = 0.1 dex and σHI = 0.4 dex cases, respec-
tively. Note that in both cases, the maximum MHI/Mh value is reached at relatively low
halo masses (Mh ≈ 1011.3 M⊙ and Mh ≈ 1011.1 M⊙, respectively).
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Here we use the abundance matching technique in order to obtain an av-

erage relation between galaxy HI mass and host (sub)halo mass (MHI-Mh rela-

tion). To do so, we employ the observed HI mass function of the HI-selected

sample of Papastergis et al. [2012, see their Table 1] and the halo plus subhalo

mass function obtained from the Bolshoi simulation (see §4.4.1). Reddick et al.

[2012] have shown that the measure of halo mass that is most tightly related

to the stellar properties of galaxies (e.g. stellar mass or optical luminosity) is

the maximum mass reached along the entire merger history of the (sub)halo,

Mh,peak; we therefore perform our abundance matching analysis using Mh,peak as

the halo mass, dropping from now on the excess notation (Mh,peak → Mh). Note

that Mh,peak is approximately equal to the present-day mass for distinct halos,

but in the case of subhalos it can be significantly larger than their present-day

mass, due to the effects of tidal stripping.

We furthermore assume that the distribution of HI mass at a given (sub)halo

mass is drawn from a lognormal distribution with mean MHI(Mh) and a scatter

of σHI around it. Here we will assume that σHI is independent of halo mass.

While the scatter around the average stellar mass-halo mass relation (M∗(Mh)

relation) has been discussed extensively in the literature [e.g., Cacciato et al.,

2009, More et al., 2009, Yang et al., 2009, More et al., 2011, Leauthaud et al., 2012,

Rodrı́guez-Puebla et al., 2013], σHI has not been discussed previously. Here we

opt to use two different values for σHI in order to gauge the uncertainty intro-

duced from our lack of knowledge on its value and mass dependence: σHI = 0.1

dex and σHI = 0.4 dex. A more thorough exploration of this scatter is deferred

for a future publication.

The left-hand panel of Figure 4.25 shows the resulting average MHI(Mh) re-

142



Figure 4.26 Comparison of the correlation functions of the ALFALFA HI mass-
thresholded samples with simulated samples obtained by assigning MHI values to
each Bolshoi (sub)halo according to the relation in Fig. 4.25. Each ALFALFA sam-
ple is plotted in a different shade of blue, while all simulated samples are plotted as
black solid lines. From top to bottom each pair of lines corresponds to the MHI >
1010, 109.5, 109, 108.5, 108, 107.5 M⊙ samples (a constant offset between samples has been
used for clarity). Note that the lower ends of some error bars for the MHI > 1010 M⊙

ALFALFA sample have been clipped for clarity. Left panel: MHI values are assigned to
each Bolshoi (sub)halo via abundance matching assuming σHI = 0.1 dex (solid line in
Fig. 4.25). Right panel: Same as left panel, but assuming σHI = 0.4 dex (dashed line in
Fig. 4.25). Observations seem to favor a larger value of scatter.
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lations for both values of σHI . In both cases the HI mass dependence with halo

mass raises steeply at low and intermediate halo masses (Mh < 1011.5M⊙), scal-

ing roughly as MHI ∝ M1.8
h . For high halo masses the average MHI(Mh) relation

becomes shallower, while in the σHI = 0.4 dex case MHI it is nearly indepen-

dent of halo mass. According to the abundance matching result, galaxies with

MHI > 109 M⊙ are hosted by halos with Mh & 1011.3 M⊙, or vhalo & 90 km s−1, in

reasonable agreement with our claims based on Figures 4.23 & 4.24. The right-

hand panel of Figure 4.25 shows the average MHI/Mh ratio as a function of Mh.

The maximum of the HI-to-halo mass ratio is obtained at Mh ≈ 1011.3M⊙ in the

case of σHI = 0.1 dex, and at Mh ≈ 1011.1M⊙ in the σHI = 0.4 dex case. Note

that both values are lower than the values commonly obtained for the location

of the peak of the M∗/Mh ratio, which is Mh ≈ 1012M⊙.

Once we have assigned a value of MHI to each (sub)halo of the Bolshoi sim-

ulation, we can compute the correlation functions of modeled samples with any

range of HI mass, and compare them with the ALFALFA results. For example,

in Figure 4.26 we compare the projected correlation functions of the ALFALFA

HI mass-thresholded samples to the correlation functions of modeled samples

with the same HI thresholds. Overall, we find that the clustering dependence

on HI mass is rather weak. Nevertheless, in the σHI = 0.1 dex case galaxies with

large HI masses (MHI > 1010M⊙) are expected to show stronger clustering than

lower HI mass samples. On the other hand, in the σHI = 0.4 dex case the clus-

tering amplitude of galaxies is expected to be almost independent of HI mass.

This latter case is therefore in better agreement with the observational results of

Fig. 4.8. We conclude that the clustering properties of ALFALFA galaxies favor

a large scatter in the MHI-Mh relation, and a weak dependence of galactic HI

mass on host halo mass (at least for galaxies with MHI & 109.5 M⊙).
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Moreover, Figure 4.26 shows that all modeled samples display consistently

stronger clustering than the actual ALFALFA samples. This is because our abun-

dance matching analysis assumes that all subhalos host an HI galaxy. If we re-

peat the analysis by considering only distinct halos we find the opposite result,

i.e. that all modeled samples consistently underestimate the clustering ampli-

tude of the actual ALFALFA samples (Figure not shown). Our second conclu-

sion is therefore that only a subset of subhalos host HI galaxies, with the rest

presumably hosting gas-poor galaxies that are not detected by ALFALFA. In

view of the results above, it is important to ask whether halo properties other

than mass and halo/subhalo status may be playing a major role in determining

the gas content of galaxies.

4.4.3 Halo spin parameter

The spin parameter of the host halo has been suggested to be the decisive factor

in setting a number of galaxy properties, such as the the galaxy’s stellar and

gas surface density. In fact, low surface brightness (LSB) galaxies are currently

believed to be hosted by halos with higher-than-average spin parameters [e.g.

Boissier and Prantzos, 2000]. Several lines of evidence also suggest that halo

spin may be closely related to the overall gas-to-stellar mass ratio of a galaxy,

in the sense that halos with higher spin parameters host more gas-rich systems

at fixed stellar mass. Firstly, gas-rich galaxies are known to be of relatively low

surface brightness and low stellar mass density [Catinella et al., 2010, Zhang

et al., 2009, Huang et al., 2012a], properties that are typically associated with

high spin halos. Huang et al. [2012a] have furthermore directly estimated the

galactic spin parameter of the entire ensemble of ALFALFA galaxies, obtaining
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the result that measured galaxy spin increases with increasing gas-fraction (their

Figure 14). Lastly, recent hydrodynamical simulations by Kim and Lee [2012]

have shown that, at fixed halo mass, halos with higher spin parameters have

more extended gaseous disks and larger overall gas-to-stellar mass ratios (Ji-

hoon Kim, private communication).

Figure 4.27 upper panel: The projected correlation function for the Bolshoi halo samples
split by spin (shown in Figure 4.22 and described in §4.4.1), compared to the correlation
function of the MHI > 109 M⊙ ALFALFA sample (cyan line). Both halos & subhalos
are included in the computation of the halo Ξ(σ) /σ. The solid, dot-dashed and long-
dashed grey lines represent the correlation functions of the “average spin”, “low spin”
and “high spin” samples, respectively. lower panel: The same projected correlation func-
tions as above, normalized to the correlation function of the ALFALFA sample. The
unity line is also plotted for reference.

Here we aim to investigate the spin-gas content relation by comparing the

clustering properties of the gas-rich ALFALFA galaxies and of halos with “low”,

“average” and “high” spin parameters. Figure 4.27 shows the projected corre-

lation functions for the three halo samples, and compares them with the pro-

jected correlation function of the MHI > 109 M⊙ ALFALFA sample (solid cyan
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line). Note that both distinct halos and subhalos are included in the compu-

tation of Ξ(σ) / σ for these halo samples, and no cuts are performed based on

halo velocity. The Figure clearly shows that halos with low spin parameters

display a markedly stronger correlation function compared to halos with av-

erage and high spin parameters. This behavior can be attributed to two main

causes: Firstly, the “low” spin sample contains proportionally more subhalos

than the “average” and “high” spin samples (see Fig.4.22), which tend to be a

highly clustered population. Secondly, low spin parameter halos tend to cluster

significantly more than their higher spin counterparts, even when the sample

is restricted to distinct halos only (plot not shown). Note that the results are

robust8 under different definitions of the halo spin parameter, and hold also for

the “classical” spin parameter, defined as λ = J |Etot|1/2 /GM
5/2
h . Regardless of

the underlying reason, the fact that a crude cut on halo spin parameter alone

can reproduce fairly well the correlation function of ALFALFA galaxies is re-

markable, and lends further support to the hypothesis that halo spin parameter

–and not halo mass– is the main property setting the gas content of galaxies.

This result could also have important implications for the modeling of gas-

rich galaxies, which will be an integral part of the scientific interpretation of

near-future 21cm large-scale surveys. In particular, it may be necessary for semi-

8We have also carried out this analysis with one additional halo catalog for the Bolshoi sim-
ulation, extracted by the ROCKSTAR halo finder [Behroozi et al., 2013a] and refined according
to Behroozi et al. [2013b] (www.slac.stanford.edu/∼behroozi/Bolshoi Catalogs/).
In contrast with BDM halos, ROCKSTAR halos do not display clustering variations when split
based on their spin parameter. At the same time, ROCKSTAR halos have a different distribu-
tion of spin parameters than BDM halos, with the most conspicuous difference being the lack
of the low-spin tail in the distribution of ROCKSTAR subhalos (see Fig. 4.22). The large differ-
ence in the spin measurements of the two halo finders seems to be caused by the fact that BDM
measurements are made in spherical shells, while ROCKSTAR measurements can be performed
over significantly asymmetric domains, both in real and velocity space (Anatoly Klypin, private
communication). In this chapter we choose to focus on results obtained with the BDM halo
finder, because spin measurements with BDM are weighted more towards the inner regions of
halos, which may better correspond to the spin of the baryonic component hosted by the halos.
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analytic models (SAMs) of HI galaxies [e.g. Obreschkow et al., 2009, Lu et al.,

2012] to consider halo spin –in addition to mass– in their implementation. Em-

pirical approaches such as abundance matching may also need to be revised,

and may potentially need to consider matching HI galaxy abundances with the

joint distribution of halo mass and spin [see e.g. Hearin and Watson, 2013 for a

similar approach pertaining to galaxy optical colors].

4.5 Conclusion

We use the sample of galaxies detected by the ALFALFA blind 21cm survey,

to study the clustering characteristics of HI-selected galaxies (i.e. galaxies

selected based on their atomic hydrogen content). In particular, we divide

the ALFALFA galaxies into subsamples based on their HI mass, creating six

HI mass-thresholded and three HI mass-binned samples, spanning the entire

MHI = 107.5− 1011 M⊙ range. We measure the projected correlation function for

each of the samples above, and find no compelling evidence for a dependence

of clustering on HI mass. The data does yield a lower amplitude correlation

function for the least massive HI mass-binned sample (MHI = 108.5 − 109.5 M⊙),

but we attribute this effect to the small volume probed by the specific sample

(see Figures 4.9 & 4.10).

Moreover, we compare the clustering characteristics of the HI sample

with those of optically selected galaxies drawn from the SDSS spectroscopic

database. We follow a similar procedure as described above, and divide the op-

tical galaxies into subsamples based on thresholds and ranges on their r-band

absolute magnitude (see Figure 4.2). In addition, we split the parent optical
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sample into three color-based subsamples, based on the galaxies’ position on

a color-magnitude diagram (see Figure 4.3). We find that HI-selected galaxies

cluster more weakly than their optical counterparts, even those at faint absolute

magnitudes (at least as faint as Mr ≈ −18). On the other hand, we find that the

correlation function of ALFALFA galaxies is matched extremely well by the cor-

relation function of SDSS galaxies with blue colors. Conversely, SDSS galaxies

with red colors display much stronger clustering than the HI-selected samples,

resulting in a projected correlation function with a markedly steeper slope and

higher amplitude. The results above hold also for the full two-dimensional cor-

relation function, ξ(σ, π): both the ALFALFA and SDSS blue samples display a

strongly anisotropic shape at scales &10 Mpc, and a very weak “finger of god”

feature at small on-sky separations (see Figures 4.14 & 4.15). On the other hand,

the two-dimensional correlation function of SDSS red galaxies shows a promi-

nent finger of god feature and a more isotropic shape at intermediate scales

(Figure 4.16).

In addition, we carry out a cross-correlation analysis between the ALFALFA

and color-based SDSS samples. The HI×red cross-correlation function shows

that the gas-rich ALFALFA galaxies “avoid” being located within ≈3 Mpc of

optical galaxies with red colors. In particular, they avoid environments where

the finger of god effect is strong, presumably corresponding to clusters and rich

groups. This amounts to a statistical measurement of the “HI deficiency” of

galaxies in clusters, and yields a quantitative result for the length scale over

which dense environments typically affect the gas contents of galaxies.

We also measure the clustering properties of the halos in the Bolshoi ΛCDM

simulation, to gain insights on the characteristics of halos hosting gas-rich galax-
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ies. By comparing the clustering of ALFALFA galaxies to that of halo samples

split based on their mass and halo/subhalo status we arrive at the conclusions

that i) HI mass is not tightly related to the mass of the host halo and ii) a sizable

fraction of subhalos does not host gas-rich galaxies. We furthermore perform

a more detailed modeling of the clustering of halos hosting gas-rich galaxies,

based on the MHI-Mh relation inferred from abundance matching. The results

confirm our previous findings, by favoring an MHI-Mh relation that has large

scatter and a weak dependence of MHI on host halo mass (see Figures 4.25 &

4.26). Lastly, we consider the consider the clustering of halos with different spin

parameters. We find that halos with low spin parameters (as measured by the

Bound-Density-Maxima halo finder algortihm) cluster more strongly than halos

with higher spin parameters. Remarkably, this leads to the correlation function

of ALFALFA galaxies being reproduced fairly well by just excluding low-spin

halos from the computation (Figure 4.27). This finding provides indirect sup-

port to the hypothesis that halo spin plays a central role in determining the gas

contents of present-day galaxies.
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CHAPTER 5

OVERVIEW & CONCLUSIONS

The work presented in this dissertation focuses on the statistical analysis of the

galactic sample detected by the Arecibo Legacy Fast ALFA (ALFALFA) survey,

and the interpretation of the results with regards to the properties of dark and

baryonic matter on the scale of galaxies.

Until recently, such analyses were reserved for the samples of large opti-

cal surveys, such as the Two-degree Field Galaxy Redshift Survey (2dFGRS)

and the Sloan Digital Sky Survey (SDSS), who have recorded >1 million opti-

cal spectra and ∼tens of millions of photometric optical sources. Along with

an explosion in data, came an explosion of literature studies devoted to the

statistical analysis of galaxy ensembles. Topics range from measurements of

the abundance of galaxies as a function of their luminosity (i.e. galaxy lumi-

nosity function), to their color distribution (i.e. color-magnitude diagram), to

their clustering properties on both small and large scales. These works have

been of fundamental importance for our understanding of how galaxies form

and evolve, advancing tremendously the knowledge gained over the previous

decades from object-by-object studies. In fact, the volumes probed by optical

surveys today are large enough, that measurements of galaxy statistical proper-

ties are now a standard tool of observational cosmology as well.

The ALFALFA survey marks the beginning of an era where blind HI surveys

produce samples that are large enough to undertake detailed statistical studies

of the galaxies in the local universe. The presently available public ALFALFA

catalog (“α.40” catalog) contains the first sample with > 10 000 blindly-detected

21cm galaxies. When source extraction will be completed, ALFALFA will have
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detected > 30 000 sources, almost an order of magnitude more than its very

successful predecessor, the HI Parkes All-Sky Survey (HIPASS). In addition to

the largest HI-selected galaxy sample to date, ALFALFA can claim a wide sky

coverage (≈ 6 300 deg2 for the completed survey) and superior sensitivity and

spectral resolution (can probe the galaxy population robustly down to MHI ∼

107 M⊙ and vrot ∼ 20 km s−1).

All of these characteristics allow one to undertake statistical studies of 21cm

galaxies at a level of detail not previously achieved. These studies, in turn,

inform our theories of galaxy formation and evolution by offering data on a

critical –but largely overlooked– galactic component: their gas content. Gas

content is important not only because it determines a galaxy’s potential for fu-

ture star formation, but also because it is the most immediate “victim” of stellar

feedback. Given that the implementation of stellar feedback is one of the most

important and least constrained aspects of hydrodynamic simulations of galaxy

formation, measurements of the gas contents of galaxies have the potential to

test stringently our models of galaxy formation.

Due to their intrinsic spectroscopic nature, 21cm surveys have also the ability

to carry out investigations that are not amenable to optical techniques. For ex-

ample, the ALFALFA survey obtains automatically the global 21cm line profile

of every detected source. One can therefore use the ALFALFA dataset to obtain

information about the internal kinematics of thousands of nearby galaxies, as

encoded in each one’s spectral profile width and shape.

Below follows a brief summary of the work presented in this dissertation,

including the main results of the studies presented in Chapters 2, 3 & 4. This

dissertation reflects the range of research questions that can be addressed by
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wide-area blind HI surveys. With the completion of catalog extraction for the

ALFALFA survey, and especially with the beginning of the next generation

large-scale radio surveys, the scope and sophistication of these investigations

will grow exponentially. We conclude therefore this thesis with Chapter 6, by

highlighting promising directions of future research.

5.1 The velocity width function of ALFALFA galaxies & impli-

cations for the nature of dark matter

We use a sample of 10 744 ALFALFA galaxies to measure the space density of

HI-bearing galaxies as a function of their HI linewidth (velocity width function

of galaxies; WF). The measurement extends to widths as low as w = 20 km s−1

(uncorrected for inclination), and finds a “shallow” low-width logarithmic slope

for the distribution (α = −0.85 ± 0.19).

We compare the ALFALFA WF with two samples of modeled galaxies, pop-

ulating high-resolution ΛCDM dark matter simulations. The WFs of the virtual

samples diverge from the ALFALFA measurement at widths w . 200 km s−1, re-

flecting the “steep” distribution of halo velocities predicted by cold dark matter

(αCDM ≈ −3). The difference in abundance is a factor of ≈ 8 at w = 50 km s−1

(the resolution limit of the simulations), growing to a factor of ∼ 100 when ex-

trapolated to the ALFALFA limit of w = 20 km s−1.

We further consider two solutions to the problem: the first rests on suppress-

ing the formation of low-mass halos, and involves considering alternative dark

matter models, such as a keV -scale warm dark matter (WDM) particle. The
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second solution is related to the shape of the rotation curves of dwarf galaxies,

and does not require a modification of the dark matter model. In particular,

the inclination-corrected HI rotational velocity of dwarf galaxies may system-

atically underestimate the maximum rotational velocity of the host halo. In

this case, the ALFALFA WF can be reproduced if the HI-to-halo velocity ra-

tio (vHI/vhalo) drops sharply at the low-velocity end. Future tests of this CDM

prediction, for example through the measurement of spatially resolved HI kine-

matics of dwarf galaxies, can yield important clues on the nature of dark matter.

5.2 The baryonic contents of galaxies & constraints on galactic

feedback

We use optical data from the Sloan Digital Sky Survey and 21cm data from the

ALFALFA survey to measure the “baryonic mass” of galaxies in the local uni-

verse (Mb = M∗ + 1.4MHI). We then perform abundance matching between

the distributions of stellar, HI and baryonic mass and the halo mass function in

the ΛCDM cosmology, to obtain the average relations of M∗/Mh and Mb/Mh as

a function of halo mass. The measurement shows that that low-mass halos are

significantly baryon depleted, even when their atomic gas component is taken

into account. For example, halos with masses Mh = 1010.3M⊙ have average

baryon fractions that are just 2% of the cosmic value (ηb ≈ 0.02). This result is

particularly important in view of the fact that atomic gas often dominates the

baryonic mass budget of dwarf galaxies. Moreover, it contrasts with previous

estimates, which indicated an approximately constant value of ηb ≈ 0.10 for low

halo masses.
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Such low values of ηb are difficult to reconcile with current models of galaxy

formation. In particular, the halos under consideration are too large to be af-

fected by photoionization heating in the early universe. As a result, additional

feedback mechanisms must be in operation, such as star-formation and super-

nova driven galactic winds. The observed ηb - Mh relation requires extremely

efficient feedback, able to expel from the galaxy ∼ 100 times more gas than the

amount of stars it leaves behind. Such intense feedback is difficult to accom-

modate within our current understanding of galaxy formation, and correctly

reproducing the low baryon fractions of dwarf galaxies may constitute a major

challenge for hydrodynamic simulations of galaxy formation.

5.3 The clustering of ALFALFA galaxies & their relationship to

optical galaxies and dark matter halos

We use the ALFALFA sample to study the clustering properties of galaxies se-

lected by their atomic hydrogen content (i.e. HI-selected galaxies). We mea-

sure the correlation function for subsamples of different HI mass, finding no

convincing evidence for variations of clustering with HI mass over the range

MHI = 107.5 − 1011 M⊙. Taken at face value, the data indicates that low HI mass

galaxies (MHI = 108.5 − 109.5 M⊙) cluster more weakly than their more HI mas-

sive counterparts, but we show that the effect is most probably due to the sig-

nificantly limited volume probed by these low-mass galaxies (“finite-volume”

effect).

We furthermore compare the clustering characteristics of the ALFALFA sam-

ple with those of optically selected samples drawn from the SDSS spectroscopic
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database. We find that HI-selected galaxies cluster more weakly than optically

selected ones, even for absolute magnitudes as low as Mr ≈ −18. By contrast,

when the SDSS sample is restricted to galaxies with blue optical colors, we ob-

tain an extremely good match to the clustering of ALFALFA galaxies. On the

other hand, red SDSS galaxies are found to cluster much more strongly: their

two-dimensional correlation function shows prominent non-linear features on

small scales (“finger of god” effect), which are much more subdued in both the

HI and SDSS blue samples. In addition, the cross-correlation function of the

ALFALFA and SDSS red samples shows that HI galaxies “avoid” being located

in the vicinity of galaxies with red optical colors, and in environments charac-

terized by strong peculiar motions (i.e clusters and rich groups).

Next, we consider the clustering properties of ΛCDM halos selected from the

Bolshoi cosmological simulation. There is a clear trend for stronger clustering

for more massive halos, unlike in the case of HI galaxies where a similar trend

with HI mass is absent. This suggests that HI mass is not tightly related to host

halo mass. In addition, we find that the correlation function of halos is incom-

patible with the ALFALFA correlation function, when subhalos are included in

the computation. This result further suggests that a sizable fraction of subhalos

do not host gas-rich galaxies. Both findings above are supported by a semi-

analytic model of the clustering of HI galaxies, based on abundance matching.

In particular, the modeling analysis favors an MHI-Mh relation with large scatter

and a weak dependence of galactic HI mass on the mass of the host halo. Lastly,

we find that the correlation function of HI-selected galaxies can be reproduced

fairly well by just removing low-spin halos from the sample. This finding pro-

vides indirect support to the hypothesis that halo spin plays an important role

in determining the gas contents of galaxies.
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CHAPTER 6

FUTURE WORK

The research presented in this dissertation aims to contribute to our under-

standing of how galaxies form and evolve, and help elucidate the properties

of dark and baryonic matter on galactic scales. For example, some key open

questions it aims to answer are:

– What are the properties of dark matter on ∼kpc scales, and what do they

entail for the nature of the dark matter particle?

– What are the main physical processes that shape the properties of

the present-day galactic population?

– How do we connect observed galaxies with their host dark matter halos?

– How much can we learn about the underlying matter structure

of the universe by using galaxies as tracers?

ALFALFA gives us the opportunity to address the questions listed above,

through the statistical analysis of the survey’s exceptional dataset. Chapters 2,

3 & 4 are examples of this approach, and illustrate how the measurement of the

abundance and clustering properties of ALFALFA galaxies can lead to insights

into galaxy formation and near-field cosmology issues.

In the future, I plan to take further advantage of the ALFALFA sample and,

in combination with other large multiwavelength datasets, use it to advance the

research presented in this dissertation. As the ALFALFA sample grows over the

next few years –thanks to the release of data covering progressively up to 100%

of the survey area– certain investigations will benefit tremendously, especially

the ones where sample size is critical. Below is a brief description of the research
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topics that I plan to pursue in the short and medium term, and are of relevance

to the general issues outlined above.

6.1 The “Baryonic” Tully-Fisher relation of ALFALFA galaxies

The ALFALFA dataset is ideal for the study of the “Baryonic Tully-Fisher” rela-

tion (BTFR), which is the observationally established relation between the bary-

onic mass of galaxies and their rotational velocity. The relation’s power-law

behavior over several orders of magnitude in mass and its very small observed

scatter have been difficult to explain within the ΛCDM paradigm. For exam-

ple, theoretical work predicts a break down of the power-law at small velocities

[e.g. Desmond, 2012, Trujillo-Gomez et al., 2011]; in addition, the distribution

of halo concentrations at fixed halo mass is expected to introduce scatter in the

BTFR [Dutton, 2012], that can only marginally be accommodated within current

observational uncertainties [McGaugh, 2012]. An accurate measurement of the

low-velocity behavior of the BTFR and tighter limits on its scatter have therefore

great potential for testing our understanding of galaxy formation in the cosmo-

logical context. At the same time however, measurements of the BTFR face a

number of observational challenges: Firstly, samples of low-mass galaxies with

measurements of all three properties that enter the BTFR (stellar mass , gas mass

& rotational velocity) are limited in number and heterogeneous in nature. Sec-

ondly, measurements of the BTFR are subject to several sources of uncertainty,

most importantly systematics related to the conversion of galaxy photometry to

stellar mass.

Thanks to its wide sky coverage and superior sensitivity, the ALFALFA sur-

vey has the potential to address both limitations. On one hand, the latest pub-
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licly available sample already contains >5,000 galaxies with measured 21cm

linewidths, as well as stellar and atomic gas masses. The sample is selected

in an unbiased and homogeneous fashion, and includes objects with rotational

velocities as low as vrot ≈ 20 km s−1 and masses as low as Mbar ≈ 107M⊙. Fur-

thermore, the ALFALFA dataset includes ∼ 100 highly gas-dominated galaxies

(Mgas & 3M∗), which can be used to provide stringent constraints on the scat-

ter of the BTFR. In particular, gas-dominated galaxies are extremely valuable in

BTFR studies because most of their baryonic content is in the form of atomic gas,

whose mass can be calculated from their 21cm flux with negligible systematic

uncertainty. I therefore plan to use the unique sample of ALFALFA galaxies to

study in detail the BTFR, and reduce the observational uncertainties regarding

its shape and scatter. The project is currently in its initial stage, but I anticipate

delivering concrete results in the first few months of 2014.

6.2 In search of a solution to small-scale CDM challenges:

warm dark matter or baryonic physics?

The current “standard” ΛCDM cosmological model −involving a cosmologi-

cal constant (Λ) and non-baryonic dark matter with negligible free streaming

length (CDM)− has been remarkably successful at reproducing the large-scale

structure of our universe. However, the model is facing a number of important

observational challenges on galactic scales: CDM structure formation predicts

a multitude of low-mass halos, seemingly in contradiction with the paucity of

low-mass galaxies observed in surveys. The interpretation of these observa-

tional challenges has been hampered by the fact that the formation and evo-
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lution of dwarf galaxies is a complex process, involving the strong interplay

between dark matter properties and poorly understood baryonic feedback pro-

cesses.

The earliest observational challenges to ΛCDM on small scales (e.g. “miss-

ing satellites problem”, “void phenomenon”, etc.) relied on the simplistic as-

sumption of a one-to-one correspondence between dark matter halos and ob-

served galaxies. In recent years however, observational and theoretical work

has brought to light the complexity involved in the formation and evolution of

galaxies hosted by low-mass halos, and has highlighted the difficulties in com-

paring observations with theoretical expectations. In response, ΛCDM obser-

vational challenges have been evolving towards “cleaner” formulations, which

try to separate the effects of baryons and dark matter on the properties of ob-

served galaxies. One of the most important challenges involves the combination

of the abundance of low-mass galaxies and their internal kinematics. On one

hand, statistical measurements of galaxy abundance require that all CDM halos

hosting field galaxies detectable by current wide-area surveys have maximum

rotational velocities vhalo > 30 km s−1 (see Chapter 2). This “threshold” is neces-

sary because extending galaxy formation to smaller (and much more abundant)

halos would result in a dramatic overestimate of the number of visible galaxies.

On the other hand, the internal kinematics of a fair fraction of dwarf galaxies

indicate that their host halos are well below this mass threshold [Ferrero et al.,

2012]. This challenge is the field analog of the “too big to fail” problem [Boylan-

Kolchin et al., 2012].

One solution to the problem would be suppressing the formation of low-mass

halos, which could naturally explain the scarcity of low-mass galaxies and
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Figure 6.1 The average relation between the maximum rotational velocity of a galaxy
as measured by the width of its 21cm emission line (vrot) and the maximum rotational
velocity of its host dark matter halo (vhalo) in a CDM and WDM universe (blue and
orange solid lines, respectively). I plan to test the two models by using resolved HI
rotation curves of dwarf galaxies published in the literature, in order to place individual
{vrot, vhalo} datapoints on the crucial low-velocity quadrant of the plot.
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would lift the need for a galaxy formation mass “threshold”. This is accom-

plished in alternative dark matter theories, such as warm dark matter (WDM)

models with particle masses in the ∼keV range. Figure 6.1 represents a quan-

titative statement of the issue, and shows that the average relation between the

measured HI rotational velocity of a galaxy (vrot) and the host halo mass (vhalo)

predicted by the CDM and WDM models is very different at low velocities.

I therefore plan to use rotation curves of galaxies, in order to compare the

average “vrot - vhalo” relation predicted by the two models to data measured

from individual galaxies. In the first phase of the project I plan to use a sample

of rotation curves compiled from the literature, which will include the SFI++

database of spiral galaxies [Catinella et al., 2006], as well as ≈ 200 dwarf galax-

ies with HI kinematics [Côté et al., 2000, McGaugh, 2005, Begum et al., 2008, Oh

et al., 2011, Swaters et al., 2009, Trachternach et al., 2009, Wolf et al., 2010, Stark

et al., 2009]. I plan to perform mass modeling of the rotation curves of these

galaxies in order to determine both their galactic rotational velocity (vrot) and

their host halo mass (vhalo), in order to place individual datapoints on the vrot

- vhalo plane. In a subsequent phase of this project, the literature sample men-

tioned above could be augmented by a sample of ≈30 additional dwarf galaxies

of extremely low mass (vrot . 30 km s−1), selected directly from the ALFALFA

survey. Their velocity fields could be measured by using 21cm interferometry

and/or wide field of view integral field units on optical telescopes.
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6.3 The baryon contents of galaxies and galactic feedback

Baryonic physics have a profound effect on the properties and internal struc-

ture of observed galaxies today. In fact, recent hydrodynamical simulations of

galaxy formation have proposed that very efficient supernova feedback is the

fundamental mechanism setting the scaling of baryonic galaxy properties with

host halo mass [e.g. McCarthy et al., 2012, Brook et al., 2012]. However, simu-

lation outcomes depend sensitively on the details of the computational imple-

mentation of stellar feedback and galactic outflows. Observational constraints

are therefore critical for pinning down the values of key parameters, such as

the energy transport efficiency of supernova explosions and the mass of gas

swept up by the resulting blasts. Global measurements of the galactic baryon

fraction as a function of host halo mass –such as those presented in Chapter 3–

are important in this respect, but cannot distinguish between internal feedback

processes and environmental effects.

I therefore plan to take advantage of the large optical and 21cm datasets of the

SDSS and ALFALFA surveys to determine the dependence of the baryonic con-

tents of galaxies as a function of their environment. A project is already under-

way to characterize the environment of all ALFALFA galaxies (Michael Jones

et al., in prep.). Nearest-neighbor based methods can be used to measure the

immediate environment of a galaxy, while statistical methods can measure the

density on large scales (e.g. void vs. filament environment, etc.). Once a full

catalog of ALFALFA galaxy environments is compiled, the analysis described in

Chapter 3 can be extended to address the variation of galactic baryon fractions

with environment density. In particular, isolated field galaxies are ideal labora-

tories for studying internal feedback processes, such as supernova-driven gas
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Figure 6.2 The baryon fraction of galaxies (stars + atomic gas) as a function of host halo
mass (see Sec. 3.5). Low-mass halos are severely baryon depleted, presumably due to
intense galactic outflows. I plan to determine the same distribution for isolated low-
mass galaxies, delivering stringent constraints on the stellar feedback implementations
of hydrodynamical simulations of galaxy formation.

blowout. A measurement of the baryon fraction of these galaxies can shed light

on the efficiency of baryonic feedback processes, and inform the numerical im-

plementation of stellar feedback in hydrodynamic simulations of galaxy forma-

tion. Conversely, the analysis of samples located in high density environments

(e.g. clusters, groups, etc.) can be used to quantify the effect of environment on

the baryonic contents of galaxies.
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6.4 Advanced modeling of the connection between HI-selected

galaxies and their host halos

The detailed modeling of gas-rich galaxies in terms of the population of host

halos will be of great value in the upcoming era of large 21cm surveys, both

for extragalactic as well as for cosmological studies. Presently, little is known

regarding the MHI-Mhalo relation in the local universe, apart from its average

scaling [e.g. Marı́n et al., 2010, Evoli et al., 2011, Papastergis et al., 2012]. The

work presented in Section 4.4.2 already represents a step forward, since it uses

the dependence of clustering on HI mass to broadly gauge the scatter of the

MHI-Mhalo relation. Eventually, a full analysis of the connection between HI-

galaxies and their host halos should be performed, at a level a detail similar

to what is now achieved for optical samples [e.g. Reid et al., 2012, Rodrı́guez-

Puebla et al., 2013]. Such modeling work will benefit greatly from improved ob-

servational constraints, including high accuracy measurements of the clustering

properties of HI galaxies and measurements of the environmental dependence

of the HIMF. Lastly, it is currently largely unknown whether halo properties

other than mass (e.g. spin, concentration, merger history, etc.) play an impor-

tant role in determining the gas contents of galaxies. Section 4.4.3 presents a

preliminary investigation of the role of spin in this regard, but the general issue

certainly merits a systematic and in-depth investigation.
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APPENDIX A
STATISTICAL ESTIMATION OF THE DISTRIBUTION OF GALAXY

PROPERTIES

The statistical distributions of galactic properties –such as the luminosity
function (LF), stellar, HI and baryonic mass functions (SMF, HIMF & BMF re-
spectively), velocity function (VF), etc.– are invaluable tools for studying the
formation and evolution of galaxies and for constraining the properties of dark
matter on small scales. An accurate measurement of these distributions, there-
fore, is of crucial importance for a large number of extragalactic studies. For
example, any bias in the measurement of the galaxy abundances presented in
Chapters 2, 3 & 4 will directly affect the main results of these works, and could
conceivably alter their scientific interpretation. As galaxy sample sizes have
grown in size –and counting errors have decreased accordingly–, systematic un-
certainties and biases have become the dominant source of error for these type
of measurements. As a result, the statistical techniques used to estimate such
distributions have progressively become more sophisticated –and less intuitive.

In this Appendix, we present a brief overview of the main techniques used
to estimate galactic distributions of luminosity, mass, velocity, etc. We begin in
Sec. A.1 by introducing some basic definitions and by presenting the widely-
used “1/Vmax” estimator. In Sec A.2, we give an introduction of maximum-
likelihood techniques, and we illustrate their setup and implementation in a
simple setting. Sec. A.2 also includes the definition of the “1/Veff” method,
which is used extensively in Chapters 2, 3 & 4 in this dissertation. Laslty, in Sec.
A.3 & A.4 we present the specific implementation of the “1/Veff” method for
the ALFALFA dataset.

Even though the techniques presented below can be used for estimating the
distribution of any galactic property (e.g. luminosity, mass, color, etc.) using
several types of galactic samples, we consider from now on the specific case of
estimating the HIMF from a 21cm selected sample; adapting the methods for
use in other settings is relatively straightforward.

A.1 Basic definitions and the “1/V max” method

The HIMF, denoted by n(MHI), is defined as the number density of galaxies
with HI masses within an infinitesimal range around MHI . In practice, the HIMF
is calculated in bins of HI mass of finite width (either linear or logarithmic),
in which case it is expressed as a set of bin values, nj , where j = 1, . . . , Nm.
Calculating the binned HIMF in the case of a volume-limited galaxy sample is
extremely straightforward: it just consists of counting the number of sample
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galaxies within each HI mass bin (Nj) and normalizing the count by the total
survey volume and the bin size, nj = Nj/(Vsurvey ∆MHI).

Most galactic samples, however, are not volume-limited, but rather they are
selected based on an apparent flux limit (flux-limited samples). As a result,
galaxies with different properties (e.g. HI mass) are detected out to different
distances, making the calculation of the HIMF more involved. In the case of
a flux-limited sample, the count of sample galaxies within each bin must be
normalized by the volume over which galaxies within the specific bin can be
detected by the survey, Vmax,j . Therefore, for a flux-limited sample

nj =
Nj

Vmax,j ∆MHI
. (A.1)

Based on the relation above, Schmidt [1968] developed the “1/Vmax” technique,
where the HIMF can be estimated via the expression:

nj =
1

∆MHI

∑

i

1

Vmax,i
, for all galaxies i within mass bin j. (1/Vmax method)

(A.2)

In the expression above Vmax,i is the volume over which galaxy i can be detected
by the survey. In the case of a 21cm sample with a flux limit of Slim, the maxi-
mum volume for galaxy i is:

Vmax,i =
1

3
Ωsurvey D

3
max,i , (A.3)

where Dmax,i =

√

MHI,i

k Slim
(k = 2.356 105 M⊙ (Jy kms−1)−1Mpc−2). (A.4)

The Poisson counting error of the 1/Vmax estimates of the bin values is further-
more given by the simple expression:

σ2
j =

1

∆M2
HI

∑

i

1

V 2
max,i

, for all galaxies i within mass bin j. (A.5)

If the sample volume is homogeneous (or nearly homogeneous), the 1/Vmax

estimate will converge towards the true HIMF as the size of the sample in-
creases. However, the method suffers from one important disadvantage: the
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values of different HIMF bins are determined by counting galaxies detected
over different volumes. Therefore, any large-scale structure in the survey vol-
ume will affect different bin counts differently, leading to biased estimates of
the space densities. This problem is systematic in nature and cannot be reduced
by simply increasing the sample size. In order to mitigate the problem, density-
independent estimators for the HIMF have been developed, based on maximum
likelihood (ML) techniques.

A.2 Maximum-likelihood techniques and the “1/Veff” method

Let us denote by φ(MHI) the probability that a galaxy picked from a volume-
limited sample has mass MHI . Note that φHI is the same as the HIMF, n(MHI),
except that the former is normalized to unity. The likelihood that our flux-
limited sample contains a galaxy with mass MHI = MHI,i located at a distance
Di is therefore:

ℓi =
φ(MHI,i)

∫

∞

MHI=MHI,lim(Di)
φ(MHI) dMHI

. (A.6)

The numerator in the expression above is just the volume-limited probability
that the detected galaxy has MHI = MHI,i, while the integral in the denominator
spans the range of MHI that can be detected at distance Di, given the flux-limited
nature of the sample. In particular, MHI,lim(Di) is given by

MHI,lim(Di) = k SlimD2
i . (A.7)

The joint likelihood of detecting each galaxy, i = 1, . . . , Ng, in the sample
is then simply the product of the individual likelihoods, L =

∏

i ℓi. Given an
observed galactic sample therefore, L is just a number that depends on the dis-
tribution φ(MHI). If we believe that φ(MHI) follows a certain analytic form,
then the value of L depends just on the parameters of the distribution. For ex-
ample, the HI mass function has been shown to follow a Schechter functional
form within current measurement errors [Martin et al., 2010], in which case:

φ(MHI) =
dP

dMHI

=
φ∗

M∗

(

MHI

M∗

)α

e
−

(

MHI
M∗

)

. (A.8)

Equation A.8 approaches a power-law with exponent α for HI masses well be-
low the “characteristic” value M∗ (i.e. φ ∝ M α

HI for MHI ≪ M∗), while it ap-
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proaches a declining exponential at the high-mass end (i.e. MHI ∝ e
−

(

MHI
M∗

)

for
MHI ≫ M∗). The parameter φ∗ sets the overall normalization of the distribu-
tion. Under the assumption of a Schechter form, the joint likelihood is therefore
a function of just two variables, L = L(M∗, α) (note that the normalization pa-
rameter φ∗ drops out of Eqn. A.6). In this instance it is practical to explicitly
calculate L on a grid of values in the {M∗, α} plane, and determine the values of
the parameters that maximize the joint likelihood (in practice, the maximum of
the log-likelihood, lnL =

∑

i ln ℓi, is sought for). The approach outlined above
is a parametric maximum-likelihood method, because it relies on the assumption
that the HIMF follows a specific parametric distribution. Parametric ML meth-
ods have been used extensively in the literature to measure a number of galac-
tic distributions, including the LF [Sandage et al., 1979] and the HIMF [Martin
et al., 2010].

However, current galaxy sample sizes are large enough that can be used
for testing specific functional forms, and potentially detecting small deviations
from them. In this case, one would like to use a non-parametric approach, where
no specific analytic form must be assumed a priori. Such a technique is imple-
mented in Efstathiou et al. [1988], and is referred to as the step-wise maximum
likelihood (SWML) method. SWML is based on splitting the HI-mass distribu-
tion in bins of log HI-mass (m = log(MHI/M⊙)), and treating each bin value as

a model parameter, φ̂j (j = 1, 2, ..., Nm). The maximum likelihood estimate for

φ(MHI) is therefore obtained by adjusting each φ̂j in order to maximize the joint
likelihood L.

In this setup, the individual likelihood for each galaxy (Eqn. A.6) is ex-
pressed as:

ℓi =

∑

j δijφ̂j
∑

j Hijφ̂j∆m
. (A.9)

The set of coefficients δij are used to ensure that only the value for the bin to
which galaxy i belongs to appears in the numerator, while the set of coefficients
Hij is used to enforce the summation to go only over the mass bins that lie above
the minimum HI mass detectable at distance Di. Denoting the HI-mass at the
lower boundary of bin j by m−

j and the HI mass at the upper boundary by m+
j ,

the coefficients δij and Hij we can be written as:

δij =

{

1, if galaxy i belongs to mass bin j
0, otherwise

(A.10)
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and

Hij =











0, m+
j < mlim,Di

m+

j −mlim,Di

m+

j −m−

j

, m−

j < mlim,Di
6 m+

j

1, mlim,Di
6 m−

j

(A.11)

The joint log-likelihood can therefore be written as

lnL =
∑

i

ln ℓi =
∑

i

∑

j

δij ln(φ̂j∆m)−
∑

i

ln

(

∑

j

Hijφ̂j∆m

)

+ const. (A.12)

Typically the HIMF is measured in ∼tens of bins, such that an explicit calcula-

tion of the log-likelihood over a multidimensional grid of {φ̂j} parameters is no
longer practical. Instead, an extremum point is sought for analytically, by set-
ting the partial derivative of the log-likelihood with respect to each parameter

equal to zero, ∂ lnL/∂φ̂j = 0, for all j. The solution is then given by (up to an
overall normalization factor):

φ̂j =

∑

i δij
∑

i
Hij

∑

m Himφ̂m

=
Nj

∑

i
Hij

∑

m Himφ̂m

. (A.13)

Note that the solution of Eqn. A.13 is expressed in terms of the unknown pa-
rameters themselves, so the final solution is found by iterating from an initial
guess.

Before proceeding, it is worth giving an intuitive interpretation of Eqn. A.13:
Recall that calculating the HIMF involves essentially counting the number of
sample galaxies within bin j and normalizing the count by the volume over
which these galaxies can be detected. With this in mind, the numerator in Eqn.
A.13 should be intuitively clear. This consideration also leads us to the conclu-
sion that the denominator must be playing the role of an “effective” volume.
In particular, the denominator consists of a sum over terms that are non-zero
only for galaxies for which Hij 6= 0. After a close inspection of Eqn. A.11 we
can see that Hij 6= 0 only for sample galaxies that are located within the volume
over which galaxies belonging to mass bin j can be detected. Furthermore, each

galaxy count is weighted by 1/
∑

mHimφ̂m. This weight is the inverse of the sur-
vey selection function (see Sec. 4.2.3), i.e. it is used to take into account the fact
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that each detection at distance D is accompanied by a number of 1/
∑

mHimφ̂m

fainter galaxies at this distance that are not detected. In essence therefore, the
denominator is the number of galaxies (corrected for the survey selection func-
tion) residing in the volume accessible to galaxies with masses within bin j. In
the case of a homogeneous sample, it is easy to see why this quantity acts ef-
fectively as a volume: the number of objects calculated in this way is simply
proportional to the physical volume over which galaxies in bin j are detectable.
In this case, the SWML method is equivalent to the 1/Vmax method, apart from
an overall normalization. However, the SWML estimate is less prone to inhomo-
geneities in the survey volume, because any density fluctuations will affect the
numerator and denominator in Eqn. A.13 in the same way, therefore preserving
their ratio.

Taking advantage of this intuitive picture, Zwaan et al. [2005] developed the

“1/Veff” ML method. In particular, the parameters φ̂j can be obtained (up to an
overall normalization) by the expression

φ̂j =
∑

i

1

Veff,i
, for all galaxies i within mass bin j, (1/Veff method) (A.14)

where

Veff,i =
∑

k

1
∑

mHkmφ̂m

, (A.15)

for all galaxies k located within the volume over which galaxy i is detectable.
Accordingly, the counting error in the 1/Veff method is given by:

σ2
j =

∑

i

1

V 2
eff,i

, for all galaxies i within mass bin j. (1/Veff error) (A.16)

Note that the similarity of Eqns. A.14 & A.16 with Eqns. A.2 & A.5 is the reason
for the method’s “1/Veff” name.
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A.3 The bivariate case and implementation for the ALFALFA

dataset

In any blind 21cm survey (i.e. any survey that spends an approximately con-
stant amount of time on each pointing), the detectability of an HI source de-
pends not only on its integrated flux, Sint, but also on the width of its line pro-
file, W50. This is because for a fixed value of Sint, sources with larger W50 will
have their spectral profile affected by noise over a larger bandwidth. As a result,
the overall noise level affecting a detection is expected to scale with source ve-

locity width as ∝ W
1/2
50 , and the corresponding signal-to-noise ratio is expected

to scale as S/N ∝ SintW
−1/2
50 .

As a result, the ALFALFA sample is not a purely flux-limited one, but
sources are included in the sample based on their combination of integrated
flux and velocity width. The completeness of the ALFALFA survey on the
{Sint,W50}-plane was quantitatively determined by Haynes et al. [2011, Sec. 6],
based on the observed sample itself. In actuality, the ALFALFA completeness is
not an idealized step function in Sint, but rather a smooth surface, C(Sint,W50),
which Haynes et al. [2011] characterize by giving the 90%, 50% and 25% com-
pleteness contours (see their Eqns. 4 & 5). Under these circumstances the
procedure outlined in Sec. A.2 has to be generalized to a bivariate maximum-
likelihood method. In particular, the detection likelihood for individual galaxies
stemming from Eqn. A.6 now becomes:

ℓi =
φ(MHI,i,W50,i)

∫

∞

W50=0

∫

∞

MHI=0
Ci(MHI ,W50)φ(MHI ,W50) dMHIdW50

. (A.17)

In the equation above, Ci(MHI ,W50) is the ALFALFA completeness surface
C(Sint,W50) expressed in terms of the HI mass at the distance of galaxy i,
through the relation MHI = k SintD

2
i .

We proceed by splitting φ(MHI ,W50) in logarithmic bins of mass and width,
m = log(MHI/M⊙) and w = log(W50/km s−1), assuming a constant value within
each bin. This leads to the two-dimensional step wise maximum likelihood
(2DSWML) technique, where the parameters of the two-dimensional distribu-

tion can now be written as φ̂jk (j = 1, 2, ..., Nm and k = 1, 2, ..., Nw). The individ-
ual likelihood for each galaxy (analogous to Eqn. A.9) becomes

ℓi =

∑

j

∑

k δijkφ̂jk
∑

j

∑

k Hijkφ̂jk∆m∆w
, (A.18)
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where the set of coefficients δijk and Hijk are defined by analogy to Eqns. A.10
& A.11:

δijk =

{

1, if galaxy i belongs to mass bin j and width bin k
0, otherwise

(A.19)

and

Hijk =
1

∆m∆w

∫ w+

k

w−

k

∫ m+

j

m−

j

Ci(m,w) dmdw , (A.20)

where m−

j and m+
j are the HI mass at the lower and upper boundary of mass bin

j correspondingly and similarly w−

k and w+
k are the upper and lower boundaries

of width bin k.

In the chapters of this dissertation we approximate the full Ci(m,w) sur-
face with a step function at the 50% completeness contour level of ALFALFA,
therefore excluding all galaxies detected at less than 50% completeness from
the computation. Rosenberg and Schneider [2002] find that this approximation
reproduces well the HIMF obtained by considering the full shape of the com-
pleteness surface [but see Obreschkow et al., 2013, for potential issues when
working with large samples].

Due to the close analogy of Eqn A.18 with Eqn. A.9, the remainder of the
derivation follows closely the flow described in Sec. A.2. In particular, the joint
log-likelihood can now be expressed as:

lnL =
∑

i

ln ℓi =
∑

i

∑

j

∑

k

δijk ln(φ̂jk∆m∆w)

−
∑

i

ln

(

∑

j

∑

k

Hijkφ̂jk∆m∆w

)

+ const. (A.21)

lnL is maximized by setting the partial derivatives with respect to each of the

parameters, φ̂jk, equal to zero. This leads to the relation:

φ̂jk =

∑

i δijk
∑

i
Hijk

∑

m

∑

n Himnφ̂mn

=
Njk

∑

i
Hijk

∑

m

∑

n Himnφ̂mn

. (A.22)
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By analogy to Eqn. A.13, the denominator in the expression above corresponds
to the “effective” volume available to galaxies belonging to mass bin j and
width bin k. We can therefore generalize the 1/Veff method described in Sec.
A.2 to take into account of the bivariate mass-width distribution of galaxies in
the following way:

φ̂jk =
∑

i

1

Veff,i
, for all galaxies i within mass bin j and width bin k, (A.23)

where the effective volume for galaxy i is now given by

Veff,i =
∑

l

1
∑

m

∑

nHlmnφ̂mn

, (A.24)

for all galaxies l located within the volume over which galaxy i is detectable.
The counting error is given (as per Eqn. A.16) by

σ2
jk =

∑

i

1

V 2
eff,i

, for all galaxies i within mass bin j and width bin k. (A.25)

A.4 Recovering the HIMF Normalization

As Eqns. A.6 & A.17 imply, the overall normalization of the HIMF cannot be
determined through the ML methods described above. As a result, only the

relative values of the φ̂ parameters calculated by ML estimators are meaningful.
In order to obtain values of the binned HIMF with units of density, we re-scale

the φ̂jk parameters by a common factor, njk = α φ̂jk, such that the integral of
the mass-width distribution matches the inferred average number density of
galaxies in the survey volume, n̄.

∑

j

∑

k

njk ∆m∆w = n̄ . (A.26)

Davis and Huchra [1982] discuss various estimators for n̄ that strike different
balances between stability against poor knowledge of the selection function of
the survey, S(D), and immunity to large-scale structure. In this work we choose
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to adopt the estimator that is least prone to bias, denoted by n1 in Davis and
Huchra [1982], defined as

n̄ = n1 = V −1
survey

∫

N(D) dD

S(D)
. (A.27)

In expression A.27, N(D) dD is the number of sample galaxies detected in a
spherical shell of thickness dD and radius D, and Vsurvey is the total survey vol-
ume. The selection function S(D) is the fraction of galaxies detectable at dis-
tance D and is given by

S(D) =

∫ wmax

wmin

∫ mmax

mlim(w,D)
φ(m,w) dm dw

∫ ∫

φ(m,w) dm dw
, (A.28)

where mlim(w,D) is the minimum detectable HI mass1 for a source with velocity
width w at distance D.

In the bivariate step-wise case, which is relevant in the context of the ALFALFA
sample, n1 is evaluated through the expression

n1 = V −1
survey

Ng
∑

i=1

1
∑

j

∑

k Hijkφ̂jk∆m∆w
, (A.29)

provided that the φ̂jk are normalized to unity,
∑

j

∑

k φ̂jk ∆m∆w = 1. In essence,
Eqn. A.29 corresponds to weighing each detected galaxy in the survey volume
by the inverse of the selection function at the galaxy’s distance, effectively cor-
recting each detection by the fraction of galaxies that cannot be detected at dis-
tance Di.

Lastly, we calculate the HIMF from the properly scaled set of njk values (ac-
cording to Eqn. A.26) by marginalizing over velocity width:

nj =

Nw
∑

k=1

njk ∆w , (A.30)

1The minimum HI mass value, mlim(w,D), can only be defined when the full ALFALFA
completeness surface is approximated as a step-function at some completeness level. In the gen-
eral case, the numerator of Eqn. A.28 is

∫ wmax

wmin

∫mmax

mmin

CD(m,w)φ(m,w)dm dw, where CD(m,w)
is the completeness function in the mass-width plane at distance D.
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while the counting error is similarly obtained as

σ2
j =

Nw
∑

k=1

σ2
jk ∆w2 . (A.31)

∗The appendix has partial overlap with Appendix B of the published article Martin et al.
(2010).
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T. Naab, and L. Oser. Constraints on the Relationship between Stellar Mass
and Halo Mass at Low and High Redshift. ApJ, 710:903–923, February 2010.
doi: 10.1088/0004-637X/710/2/903.

M. Musso, A. Paranjape, and R. K. Sheth. Scale-dependent halo bias in
the excursion set approach. MNRAS, 427:3145–3158, December 2012. doi:
10.1111/j.1365-2966.2012.21903.x.

S. F. Newman, K. Shapiro Griffin, R. Genzel, R. Davies, N. M. Förster-Schreiber,
L. J. Tacconi, J. Kurk, S. Wuyts, S. Genel, S. J. Lilly, A. Renzini, N. Bouché,
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Three-dimensional Structure of the Virgo Cluster Region from Tully-Fisher
and H I Data. AJ, 124:2440–2452, November 2002. doi: 10.1086/344074.

R. S. Somerville, K. Lee, H. C. Ferguson, J. P. Gardner, L. A. Moustakas, and
M. Giavalisco. Cosmic Variance in the Great Observatories Origins Deep Sur-
vey. ApJL, 600:L171–L174, January 2004. doi: 10.1086/378628.

R. S. Somerville, P. F. Hopkins, T. J. Cox, B. E. Robertson, and L. Hernquist. A
semi-analytic model for the co-evolution of galaxies, black holes and active
galactic nuclei. MNRAS, 391:481–506, December 2008. doi: 10.1111/j.1365-
2966.2008.13805.x.

K. Spekkens, R. Giovanelli, and M. P. Haynes. The Cusp/Core Problem in
Galactic Halos: Long-Slit Spectra for a Large Dwarf Galaxy Sample. AJ, 129:
2119–2137, May 2005. doi: 10.1086/429592.
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