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Great strides have been made in the last two decades in detening how galaxies evolve
from their initial dark matter seeds to the complex structues we observe az = 0. The
role of mergers has been documented through both observatoand simulations, numerous
satellites that may represent these initial dark matter ses have been discovered in the
Local Group, high redshift galaxies have been revealed withonstrous star formation rates,
and the gaseous cosmic web has been mapped through absorplime experiments. Despite
these e orts, the dark matter simulations that include baryns are still unable to accurately
reproduce galaxies. One of the major problems is our incorefg# understanding of how a
galaxy accretes its baryons and subsequently forms starsal@xy formation simulations have
been unable to accurately represent the required gas physian cosmological timescales, and
observations have only just begun to detect the star formain fuel over a range of redshifts
and environments. How galaxies obtain gas and subsequerfilym stars is a major unsolved,
yet tractable problem in contemporary extragalactic astrphysics. In this paper we outline
how progress can be made in this area in the next decade.

1. The Build-up of Baryons

While the dark matter component of galaxies grows through nngers of dark matter
halos, the accretion of baryonic gas is more complex. In atidn to major and minor mergers,
smoothly distributed gas - that never collapsed into halosravas stripped from other galaxies
- can accrete onto galaxies directly from the intergalactimedium. Depending on a halo's
mass and redshift, gas can either shock-heat and form a di@$ot halo component, or ow
deeply into the halo in the form of cold intergalactic lamens. Both direct accretion from
the cold laments and cooling of the hot component can proviela gas supply for galaxies to
form stars. Hydrodynamical simulations including mergerand smooth accretion processes
are complex, but they are beginning to converge on the genkfaatures of gas accretiol?
and provide predictions for the relative importance of the arious moded*.

Results from recent simulations have already changed our dgrstanding of high redshift
gas accretion with the discovery of cold mode accretion algintergalactic laments (Figure
1, left). At lower redshift cooling of the gas in hot virializd halos, as envisioned in classical
model$, starts to be an important source of gas for galaxies. Currép such cooling is
thought to proceed through instabilities in the hot halo gasleading to the formation of cold
gaseous clouds that fall towards the center of a halo and pide a fresh gas supply to the
ISM&789 High resolution simulations are beginning to demonstratthe formation of these
clouds in a fully cosmological environment (Figure 1, rightand signi cant progress in this
area is expected in the next few years. Direct detection ofoelds will signi cantly constrain
the models and improve our understanding of low redshift gasccretion.

1.1. Observational Signatures of Gas Accretion

Observations are beginning to reveal galaxies actively aeting star formation fuel, pos-
sibly with a hint of similarity to Figure 1 (right). The Milky Way has been known for some



Fig. 1.| Left: A Milky Way-size halo at z = 2 being fed by cold lamentary streams of gas. The
temperature of the gas particles is color coded from blue ( 10°K) to yellow (  10°K)2. The circle indicates
the virial radius of this halo. Right: A Milky Way-size halo at z = 0:1. Only the dense gas is plotted
revealing a wealth of cloud like objects. This region is 270 fic on a side (from D. Keres).

time to have halo clouds whose fate will be to fuel the digk''. These clouds are thought to
explain the metallicity of our Galaxy's stars? and its ability to continue forming stars at an
average rate of 1-3 M/yr. Analogs to the Milky Way halo clouds have now been obseed
around other nearby spiral galaxies through extremely deeH i observationd®'4. These
extragalactic analogs emphasize that gas accretion is omggpat z = 0, but the origin of the
accretion remains uncertain. Some of the gas clouds may béeiite material>1€, while oth-
ers may originate from the galaxy itself, or represent condensing density enhancements in
the surrounding hot halo medium?®. In addition, H i clouds have been found in the vicinity
of early-type galaxies with similar unknown origin¥?°. Given the hot gas reservoirs found
around galaxies, the question remains if gas accretion evactually stops (i.e., continual
cooling onto the galaxy), or alternatively if the coldH i clouds survive the trip to the galaxy
through this medium?t22,

Though observations capable of detecting the di use accrieg gas are still limited, they
have made it clear that galaxy halos, the transition region &ween the cosmic laments and
the star forming disk, contain a complex, multi-phase mediu in need of further study?32425,
The origin of the accreting gas, the magnitude of the accretn process, and how it may evolve
with galaxy mass and redshift, remain key unknowns in a galgis build-up of baryons.
Future e orts will require multi-wavelength studies, including: deeperH i observations that
connect to the lower column density gas probed in absorpticend are capable of detecting
and resolving clouds at larger distances, observations thexamine the dust content and
metallicity of the gas, and kinematic studies of both the ndwal and ionized gas to examine



the transitions between the IGM, the halo, and the star formmg galaxy.

2. The Conversion of Gas to Stars

Once gas has accreted onto a galaxy we must understand howsitlien converted to stars
to obtain a coherent picture of galaxy evolution. Our weak gisp of the underlying physics
of this process is evident from some of the problems that agisn CDM galaxy formation
simulations. For instance, the excess of low-mass dark matthalos predicted compared
to the number of low-mass galaxies observed (the \missingtshite problem"?2527) requires
some type of suppression of star formation relative to MilkyVay-size halos. In addition, it
is unclear why the peak of the star formation activity is occuing in progressively smaller
galaxies with time (i.e., \downsizing'?82%). Several other key aspects of the evolution of the
universe are dependent on the relation between gas and starrhation. To name but a few:
the existence of the blue sequence of galaxXf®¥, the progressive decline of the comoving
SFR density in the universe sincez 1%, the constancy of ., over time®, the early
enrichment of the intergalactic mediund*, the mass-metallicity relatior®®, the low level of
star formation associated with damped Ly- systems®, the formation of the extended UV
disks’’, and the nature of the initial mass function of star&.

2.1. Star Formation in the Nearby Universe

Studies of local galaxies are essential for determining thpdysical processes responsible
for converting the accreted atomic gas to molecular gas andisequently stars. The Milky
Way appears to have enough gas to make another 5 billion suisit we lack a comprehensive
picture of the processes that collect the low densiti i into dense star-forming clouds. The
most popular parametrization of the conversion of gas intdars is the \Schmidt-law"3%4°, but
the original explanation for this relation in terms of largescale gravitational instabilities™
faces a number of challenges. The physical underpinning diet relation between gas and
star formation remains a matter of intense theoretical andlservational researcff434445,

As an example, just in the last decade theories consistenttiviexisting data have ar-
gued for an array of physical processes regulating star foation on a variety of spatial
scales. Some of them address galactic scales to explain tbéection of gas into molecular
cloudgi®47484950  others emphasize local processes regulating the star fation e ciency %5253,
The numerous possible solutions accentuates the need forrm@ophisticated modeling in-
corporating a wide range of physical processes, and highalesion observations of a variety
of star formation and density regimes.

Observationally the goal is to accurately trace the star fanation process from the initial
atomic hydrogen to the nal stars. Recent observational prgress in the eld has come from
employing UV, optical, and FIR imaging to measure star formi#on rates>*55%57 and FIR,
submm-, mm-, and cm-wave interferometric and single-distbservations to characterize the
warm and cold gas content of galaxi€$®%%%61  To date these studies are limited to just a
handful of the brightest and nearest galaxies (D10 Mpc). Obtaining high resolution, multi-
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wavelength observations in outer disks, low mass galaxiemd in more distant systems is
required to determine the dominant processes dictating stdormation.

2.2. Census of Cold Gas and Stars Through Time

A census of the cold gas and stellar components of galaxiegmogosmic time is another
crucial component of understanding how galaxies obtain gasd subsequently convert it
to stars. Figure 2 shows the relationship between the stetlaH i, and star-formation rate
density as a function of redshift. The cosmological mass dgty of H i is nearly constant over
the past 10 Gyr while the stellar density continues to increase. Thishows the importance
of ongoing gas accretion and the conversion of atomic to molgar gas in the star formation
process. Surveys of damped Ly-systems (the points above = 0:24 in Figure 2) do not
reveal how the gas is distributed in relation to the ongoingrad previous star formation in
galaxies. By connectingH i gas to the stars and star-formation rates in individual gataes,
one can constrain the sequence of gas accretion and consuopt

Fig. 2.| The relationship be-
tween the mass density in stars,
stars  (blue’™®79), and in gas,
i (red33;75;80;81) as a func-
tion of redshift. The shaded re-
gions shows estimates of the er-
ror on these values. For p, the
points abovez = 0:24 are deter-
mined from absorption line stud-
ies. Also shown is the the range
of star formation rate density of
S S P B galaxies as a function of redshift
0.0 . . . . . . (greensz).

0.001}

The required census of gas and stars needs to span a wide raoiggalaxy environments,
include a signi cant number of sources over all mass interl& and ideally probe galaxies to
at least z = 1 where signi cant changes in the star formation rate begirto occur. To date
the stellar content of galaxies has been relatively well sfied through large-scale redshift
survey$%%3, particularly with SDSS®4¢5, By comparison, statistical measurements of gas in
galaxies are still in their infancy.

The best way to assess the reservoir of neutral gas assodatgth galaxies is through blind
21-cm surveys. Signi cant progress has been made since thet of these surveys; from the
initial survey nding 37 galaxies®®, to the HIPASS survey which detected 5317 galaxi&s®,
to ongoing surveys with Arecibo which are on track to detectwer 25,000 galaxi€§©. Nev-
ertheless, these surveys are low resolution and extend toyz = 0:06, limiting their ability
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to address the astrophysical questions that tie the cold amoic gas to stars over cosmic time.
Measuring theH i content of galaxies beyona 0.05 and making the connection to the Ly-

absorbers is key for progress to be madé?. The absorbers contain a signi cant amount
of the baryons in the universé&, but very little of this material is currently in neutral ato mic
gas.

The rst 21-cm detections of massive galaxies & 0.2 have recently been madé’ 7677,
Observations in the next decade need to press beyond measgrihe gas content of a handful
of the most massive systems and extend the gas census to iasnegly higher redshifts where
the census of stars has already been measured. Combinatiovith molecular gas surveys
and absorption line studies are also key to understand thenk between a galaxy's future
fuel, existing fuel, and stellar component.

3. Key Advances

In order for progress to be made in this eld in the next decadkey advances must be
made in the observational realm, as well as parallel impraveents in simulations.

Gas Accretion - How does a galaxy accrete gas? What is the origin of the gas rxpi
accreted and how does reality compare to simulation resuls.g., Figure 1)? An assessment
of the number of galaxies with signi cant cold gaseous strtures in their halos will make
progress towards understanding the mode gas accretes onédagies. This can be done with
ongoing surveys with single-dish telescopes (e.g., ArexjbGBT), but the resolution and
sensitivity capabilities of these telescopes limit this wé& to the closest galaxies and often
leave the origin of the gas unclear. To detect and resolve tigal Local Group halo clouds
beyond a few Mpc, an expanded Allen Telescope Array (e.g., AfA with 256 antennas®®) or
expanded EVLA is needetf. Ultimately the Square Kilometer Array (SKA) will be required
to detect halo clouds at distances beyond the Virgo Clustemd make the link to the lower
column density gas traced in absorptiof?. The expanded ATA has the potential to reach
H i column densities of 18 cm 2, but it will take 1000 hrs of integration time on a single
pointing. The SKA will also allow the morphology of the deteted gas to be resolved at
higher redshifts (i.e., coherent streams vs. halo merging)The installation of the Cosmic
Origins Spectrograph (COS) on HST will dramatically improe studies of di use gas in the
universe through absorption line studies, but these studiecannot distinguish between gas
that is accreting versus out owing, depict the environmenbf the gas, or determine the mass
scale of the ow without corresponding emission line maps. e8sitive high resolutionH i
observations, combined with H maps with wide- eld IFU spectrographs, are essential to
better understand the multi-phase accretion in galaxy hakband constrain models of galaxy
evolution.

The near future of the cosmological simulations is to modekg dynamics, coupled with
radiative transfer, with resolutions of tens of parsecs owdhe entire galaxy halo. Many
questions remain about the physical e ects that can in uene the coherent accretion ows
and halo clouds, including: galactic out ows, the halo sulteicture, dynamical instabilities,
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magnetic elds, conduction, local ionization elds, etc. 8me of these processes have been
examined in high resolution, non-cosmological simulatign but ultimately they need to be
incorporated into fully cosmological simulations where # hierarchical and complex nature
of galaxy build-up can be modeled in its full complexity.

Star Formation - How does gas transition from atomic to molecular gas and swdagiently
form stars? Multi-wavelength observations are required,ombined with theory and simu-
lations, with both probing similar scales in a variety of enwvonments. Simulations need to
include time-dependent chemistry and radiative transferd facilitate a more quantitative
comparison to observations. This will not only require newade development e orts, but
also a database including interfaces to access the simutatidata. The observations are
currently limited to the closest galaxies and the most intese star forming environments and
need to expand the range of density regimes explored in orderbetter constrain the theory.
Optical, IR, and FIR imaging and spectroscopy are necessaty characterize recent star
formation in outer disks, determine the chemical enrichmémistory, and measure a galaxy's
star formation rate. A combination of sensitive single dislobservations and interferometry
in the radio, mm, and sub-mm regimes is needed to map the digtution and kinematics of
the H i, trace the transition to molecular gas, and probe the role afust over the full pa-
rameter space of galaxy properties. High resolution imagesstar formation tracers beyond
the optical and UV would be a spectacular step forward in undstanding the relationship
between SFR and gas density. The telescopes needed over thet igeneration to continue to
improve our understanding in this eld include the EVLA, ALMA, CARMA, LMT, GBT,
JWST, and SKA.

Gas in the Universe - How does the census of gas in galaxies evolve with the censtuis o
stars? What is the rapid refueling process implied by Figur2? Knowledge of the gas content
of the universe has severely lagged our knowledge of the lstetomponent. This lag has led
to severe extrapolations based on limited data and hampersroability to develop a coherent
picture of galaxy evolution. Ideally, future surveys will @étect galaxies inH i emission in
clusters, laments and voids out to the peak in the cosmic staformation rate density, i.e.,
the epoch of galaxy assembly & 2 3. A telescope with su cient sensitivity to measure
the H i much beyondz 1 would have an order of magnitude or more collecting area thas
currently available. The SKA, with a square kilometer of cdécting area and state-of-the-art
elements and design, would deteddl i emission from a Milky Way to redshifts beyond 1.5,
and with deep pointings toz ~ 3.8% In the next few years surveys and telescopes can be
completed to provide a cosmic census of the distribution arldnematics of gaseous baryons
outto z 05, tracing the build up of cosmic structure over the past 4 Gyr. Arecibo's
survey work of the local Universe can be extended to redshifof a few tenths, and the
EVLA at 21-cm can be used for deep integrations of narrow comién redshift space from
z=0 0:5%, with the full resolution of the VLA. Building out the ATA to s everal hundred
dishes would allow wide- eld, fast surveys off i with several times the depth of the Arecibo
surveys, and better resolutiof®. Through combinations with surveys of the molecular gas



(using ALMA and LMT) and ongoing stellar surveys, substantl progress can be made in
the next decade on understanding how galaxies obtain gas afatm stars in the evolving
universe.
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