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Abstract. The Arecibo Legacy Fast ALFA (ALFALFA) survey is an on-
going secondgeneration blind extragalactic HI survey exploiting Arecibo's su-
perior sensitivity, angular resolution and digital technology to conduct a census
of the local HI universe over a cosmologically signi cant volume. As of mid-
2007, 4500good quality extragalactic HI line sourceshave been extracted in
15% of the nal survey area. ALFALFA is detecting HI massesas low as
10°M and ashigh as10'%8M with positional accuraciestypically better than
20 allowing immediate identi cation of the most probable optical counterparts.
Only 3% of all extragalactic HI sourcesand fewer than 1% of detections with
My, > 10%°M cannot beidentied with a stellar componert. First ALFALFA
results already suggest,in agreemen with previous studies, that there doesnot
appear to be a cosmologically signi cant population of optically dark but HI
rich galaxies. ALFALFA promisesa wealthy datasetfor the exploration of many
issuesin near- eld cosmologyand galaxy ewolution studies, setting the stage for
their extensionto higher redshifts with the SquareKilometer Array (SKA).

1. Intro duction

21 cm HI line obsenations over the years have provided critical understanding
of the nature of galaxiesand the processesvhich govern their ewlution. HI line
studies addressa host of fundamertal cosmologicalquestions(the number den-
sity, distribution and nature of optically{dark and low masshalos) and issuesof
galaxy formation and ewlution (sizesof HI disks, history of tidal interactions
and mergers, low z absorber cross section, origin of dwarf galaxies, nature of
high velocity clouds). The program for the current symposium \F rontiers of
Astrophysics", marking the 50th anniversary of NRAO, illustrates the contin-
ued promise of HI line investigations not only for the exploration of galaxies
and large scalestructure but also for new applications which will explore en-
tirely uncharted cosmicvolumes,the \Dark Ages". Surveys of redshifted HI for
cosmologicalpurposesare main drivers of the SquareKilometer Array (SKA).
Howewer, it is important to keepin mind that, in comparisonwith the view
gleanedfrom optical redshift catalogs, our understanding of z = 0 cosmology
through the eyesof the 21 cm line is still immature. The HI equivalert of the op-
tical luminosity function (OLF), the HI Mass Function (HIMF), is still derived
from only a few thousand objects. Among recernt estimates of the HIMF are
those presenied by Zwaan et al (1997), Roserberg & Scneider (2002), Zwaan
et al (2003) and Springob et al (2005). The latter is based on a compilation
of HI obsenations of 9000optically selectedgalaxies,further restricted by Hl
line ux and optical diameter to a complete subsamplecontaining 2200objects.
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The other determinations are basedon blind HI surveysand thus have no bias
against the low luminosity and low surface brightness galaxies which may be
underrepresened in optical galaxy catalogs. Howewer, all of these studies su er
from limitations assaiated with small number statistics, systematics and the
e ects of cosmic variance, especially at both the low and high massends. Of
particular note, the lowest massobjects are detectedonly very nearby; determi-
nation of the low massHIFM slopeis not only limited by small number statistics
but alsoby large uncertainties in the HI massedderived using redshift distances
(Masters, Haynes & Giovanelli 2004). Becauseof volume limitations, the high
massend is likewisepoorly sampled. Sincethe most massiwe objects will be the
HI lampposts detected at high redshift in large numbers by the SKA and its
precursorinstruments, it is critical to understand the nature and distribution of
their local counterparts.

Here, | introduce and review the promise of the on-going Arecibo Legacy
Fast ALFA (ALFALFA) survey to yield cosmologically signi cant results on
the number and distribution of optically-dark and low masshalos and on the
determination of the z = 0 HIMF, the HI correlation function and its bias
parameter.

2. ALF ALF A: A Second Generation Blind HI Surv ey

Just asthe introduction of wide eld CCDs revolutionized the survey capabili-
ties of optical and infrared telescopes, HI line astronony is undergoinga similar
renaissancewith the advent of multi-b eam receivers on the large single-dish
telescopes, enabling blind HI surveysthat cover wide areas. Table 1 summa-
rizes the principal characteristics of major blind HI surveys. Most recertly, the
305 m antenna has beenequipped with a 7-beam system known as ALFA, the
Arecibo L-band FeedArray, which is being usedto conduct wide areasurveysin
galactic, extragalactic and pulsar researt). The local extragalactic sky visible to
Arecibo is rich, cortaining the certral longitudes of the Supergalactic Plane in
and around the Virgo cluster, the main ridge of the Pisces{PerseusSupercluster,
and the extensive laments connecting A1367, Coma and Hercules. Included in
Table 1 are two surveys currently exploiting ALFA, namely ALFALFA and a
somewhat deeper targeted survey covering a much smaller area, the Arecibo
Galaxy Environments Survey (AGES; Auld et al 2006).
ALFALFA is a two-pass, xed azimuth spectral line survey which aims to
map 7000 ded of high galactic latitude sky over the HI velocity range from
1600to +18000 km s 1. Exploiting the big dish's large collecting area and
small beam size, ALFALFA is specically designedto probe the faint end of
the HI mass function, a goal for which sky coverageis critical (Giovanelli et
al 2005a). It exploits a \minim um intrusion" technique designedto maximize
data quality (Giovanelli et al 2005b) and an automated Fourier domain signal
extraction algorithm (Saintonge 2007a). ALFALFA has8 the sensitivity, 4
the angular resolution, 3 the spectral resolution, and 1:6 the total bandwidth
of HIPASS, the HI ParkesAll-Sky Survey (Zwaan et al 2004; Meyer et al 2004).
With a median redshift of only 2800km s !, HIPASSdid not sampleadequate
extragalactic volume to yield a cosmologically\fair sample". Furthermore, the
large beamsize(159 of the Parkestelescope made identi cation of optical coun-



Table 1. Comparison of Major Blind HI Surveys

Survey Beam Area vV rms?  Vimedian Nget Ref
@  (de) (kms?h) (* (kms?
AHISS 3.3 13 16 0.7 4800 65 D
ADBS 3.3 430 34 3.3 3300 265 °©
WSRT 49. 1800 17 18 4000 155 d
HIPASS 15. 30000 18 13 2800 5000 e©f
HI-ZOA 15. 1840 18 13 2800 110 9
HIDEEP 15. 32 18 3.2 5000 129 N
HIJASS 12. 1115 18 13 i 222 i
J-Virgo 12. 32 18 4 1900 31
AGES 3.5 200 11 0.7 12000 S
ALFALFA 35 7000 11 1.7 7800 >25000

2 mJy per beamat 18 km s ! resolution; ® Zwaan et al (1997); ¢ Roserberg &
Schneider (2000); ¢ Braun, Thilk er & Walterbos (2003); ¢ Meyer et al (2004); f Wong
et al (2006); 9 Henning et al (2000); " Minchin et al (2003);' Lang et al (2003),
HIJASS has a gap in velocity coveragebetween4500-7500km s !, causedby RFI; i
Davies et al (2004); ¥ Auld et al (2006);' Giovanelli et al (2007).

terparts often uncertain without followup HI synthesis obsenations (Oosterloo
et al 2007). The certroiding accuracyof ALFALFA is on average24°° (20°° me-
dian) for all sourceswith signal-to-noiseratio > 6:5 sothat identi cation of the
most probably stellar counterpart is an integral part of the ALFALFA cataloging
process.Its median redshift is 7800km s 1, nearly 3 that of HIPASS.

Initial results from ALFALFA precursor obsenations were published by
Giovanelli et al (2005b), and two catalogs of HI detections from the survey
itself are published (Giovanelli et al 2007) or submitted (Saintonge et al 2007).
Catalogs, spectra and assaiated data are being made available from the Cornell
Digital HI Archive http://ar ecibo.tc.cornell.edu/hiar chive/. The rst catalog
(Giovanelli et al 2007)covering 11"44™ < R.A. < 14"00", +12 < Decl. < +16 ,
cortains 730 HI detections and their most probable optical courterparts. In
comparison, HIPASS detected only 40 HI sourcesin the same region, two of
which are uncon rmed by ALFALFA. Although this region of the sky hasbeen
heavily surveyed by previoustargeted obsenations basedon optical ux{ or size{
limited samples,69% of the extracted sourcesare newly reported HI detections,
an indication that previous criteria for identifying potentially HI{ric h targets
have neglectedmost of the HI-rich population.

At the time of this meeting, signal extraction hasbeencompletedfor 15%
of the survey area with catalogs totaling 4500 detections in preparation for
publication in the secondhalf of 2007. The largest contiguous region fully pro-
cessedo date correspondsto a strip between7.5" < R.A. < 165", 12 < Decl.
< 16 . A total of 2657HI sourceshave beendetectedin that region which covers

7.5% of the survey total solid angle. Figure 1 shows a cone diagram of the
ALFALFA detectionsin this strip; the distribution of HI sourcescloselymatches



Figure 1. Coneplot 2657 HI sourcesdetected by ALFALFA in the region
R.A.=[7.5"{16.5"], Dec=[12 {16 ], which represeits 7.5% of the survey. Note
that dueto RFI, ALFALFA is e ectiv ely blind in the redshift range between
approximately 15000and 16000km s 1.

the complex features of large scalestructure evidert also from optical surveys.
Figure 2 summarizesthe characteristics of the HI detections in the samere-
gion. The statistical improvemert of ALFALFA over HIPASS is clear from the
Spanhauer diagram shown on the left; in fact, in the sameregion, HIPASS de-
tected only 90 sourcesversusthe 2700 found by ALFALFA. The diagrams on
the right show the quality of the ALFALFA data and signal extraction tech-
nigue: the S/N of detections exhibits no signi cant bias with respect to velocity
width. SpectroscopicHI surveys are not simply ux limited; the ux limit is
expected to increaseas W =2 for low velocity widths and show a linear rise for
the wider line proles. Sud a transition is obsened near logW ' 2.5. The
ALFALFA ux limit is 0:25Jy km s ! for narrow lines, rising to 1 Jy km s 1
for the broadest ones. The detection areal density of 5 sourcesdeg 2, with
peaks10 20 higher in regionsof groups and clusters suggeststhat the full
ALFALFA survey may catalogasmany as30,000HI sources,a higher yield than
suggestedby survey simulations basedon estimates of the HIMF derived from
previous surveys (Giovanelli et al 2005a).

3. ALF ALF A and the Existence of Massiv e \Dark Galaxies"

A truly \dark galaxy" is a halo consistingonly of dark matter. In somescenar-
ios, it is possiblethat someoptically dark objects may cortain enoughHI that
a blind HI survey would detect them. A good exampleof a \dark" object is the
southwestern componert of the binary systemknown as HI1225+01. While the
northeastern HI component hosts a small, star forming dwarf, the SW compo-
nent has no detectable stellar courterpart. VLA obsenations reveal a velocity
eld implying rotation with V,o ' 14km s 1, yielding a dynamical massof 10°
M and thus Mgyn=L > 200 (Chengalur, Giovanelli & Haynes 1995). Howe\er,
it is not an isolated object, being part of an apparert binary system.
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Figure 2. Left: Spanhauer diagram of the 2657 HI sourcesincluded in
Figure 1. The two smooth lines identify respectively the completenesslimit
(dotted) and the detection limit (dashed)for sourcesof 200km s * linewidth
for the HIPASS survey. Note that dueto RFI, ALFALFA is e ectiv ely blind
in the redshift range betweenapproximately 15000and 16000km s . Righ t:
Signal{to{noise ratio versusvelocity width (top) and integrated HI line ux
density versusvelocity width for the samegalaxies.

A candidateisolated massiwe dark galaxy VirgoHI21, wasdetectedby Davies
et al (2004) during the HI Jodrell All-Sky Survey (HIJASS) and corroborated
by Arecibo and WSRT obsenations (Minchin et al 2007). VirgoHI21 lies some
100 kpc N of NGC 4254, M99, one of the brightest spiral galaxiesin the Virgo
Cluster. Well-known for its prominent optical lopsidednessand strong m = 1
spiral mode, NGC 4254lies about 3 , or 1 Mpc at the Virgo distance, from M87
and appearsto be moving at high speedrelative to the cluster. It is, howewer,
not HI de cient. As illustrated in Figure 3, the ALFALFA obsenations reported
by Hayneset al (2007) shaw clearly the existenceof a huge HI stream, in which
VirgoHI21 is one condensation,extending 250kpc to the north of NGC 4254.
The gasmassassaiated with the streamis a modest6 10° M , or about 10%
of the total HI assaiated with NGC 4254. One of the driving argumerts for
the interpretation of VirgoHI21 asan isolated massiwe dark galaxy is the gradi-
ent seenin the velocity eld (Minchin et al 2007); as evident in Figure 3, this
gradient is just part of the varying, large{scale velocity eld along the stream.
Duc & Bournaud (2007) have modeled the formation of a tidal tail closely re-
senbling that seenin Figure 3 by a a very high speedencourter of NGC 4254
with another cluster member now located se\eral degreesaway. ALFALFA has
discovered a number of other optically-dark HI cloudsin the periphery of Virgo
(Kent et al 2007; Kent, this volume) which may be of similar origin.

One of the principal results of HIPASS is the lack of HI detectionswithout
optical courterparts in those regions of the sky not obscuredby the Galactic
plane. ALFALFA will deliver much more stringent constraints on the existence
of gas-ridh dark galaxiesthrough its sensitive, large volume coverage.
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Figure 3. Left: HI ux contours extracted from the ALFALFA survey
dataset, superposedon a DSS2 Blue image. The 36 lled dots indicate the
locations of successie deeper L-band wide (LBW) receiver pointings (Haynes
et al 2007). The contours certered on NGC 4254 are at 10, 15, 20, 30, and
40 Jy beam * km s !, integrated from 2259to 2621km s 1. The contours
for the HI stream are at 0.35, 0.52,0.70, 0.87, and 1.0 Jy beam * km s 1!,
integrated from 1946to 2259km s 1. The 3° circle in mid stream indicates
the position of VirgoHI21 (Minchin et al 2007). Right: The velocity of the HI
emissionpeak as seenin LBW pointings.

4. ALF ALF A and the \Missing Satellite Problem"

One of the principal discrepanciesbetweencold dark matter theory and current
obsenations revolves around the large di erence betweenthe number of dwarf
dark matter halos seenaround giant halos in numerical simulations basedon
CDM and the obsened dwarf satellite population in the Local Group (Kau -
mann et al 1993; Klypin et al 1999), referred to as the \missing satellite prob-
lem". Previous determinations of the HIMF belov 10° M (Zwaan et al 1997;
Roserberg & Scneider 2002;Zwaan et al 2003) su er seerely from small num-
ber statistics and from the systematicsassaiated with distanceuncertainties and
large scaleinhomogeneities(Masters, Haynes & Giovanelli 2004). ALFALFA is
speci cally designedto survey enoughsolid angleto detect seweral hundred ob-
jects with My, < 107 and thus provide a robust determination of the low Hl
massslope of the HIMF. Already, ALFALFA has detected more galaxieswith
massedessthan My, < 10® M than included in all of the previous HI blind
surveys combined.

For her Ph.D. thesis, Amelie Sainonge (2007b) hasundertakena rst study
of someof the lowest HI massgalaxiesdetected early in the ALFALFA survey.
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Figure 4.  Left: ALFALFA spectrum of AGC 112521(HI0141+27). Right:
Broad-band images(courtesy of L. van Zee) using the WIYN 0.9m telescope
of the optical counterpart, a newly-discovered low surface brightness dwarf
member of the NGC 672 group.

All of them are nearhy, optically faint and of low surface brightness. They
exhibit a range of morphological clumpinessand rates of massiwe star formation.
Various members of the ALFALFA consortium are pursuing multiw avelength
obsenations including broad-band and H imaging, HI synthesis mapping and
UV imaging with the GALEX satellite. Of a rst sampletargeted for follow-up
H imaging, 15% do not show the presenceof HIl regions. While this work is
still on-going, we presert an illustrativ e exampleof the kind of newly catalogued
systemthat ALFALFA nds. Figure 4 shows the ALFALFA HI spectrum of a
new dwarf menmber of the NGC 672group dubbed AGC 112521.This object was
rst detectedin our ALFA-commissioning precursor obsenations (Giovanelli et
al 2005b) and recoveredin the early ALFALFA survey obsenations. As evidert
in Figure 4, the HI line emissionfrom the galaxy is clearly detectedat cz = +274
km s 1, a narrow line full width at 50% of the peak emissionof 26 km s ! and
atotal HI line ux density of 0.68Jy-km s ! (Saintonge et al 2007). Assuming
its membership in the NGC 672 group at a distance of 7.2 Mpc, the HI mass
is7:9 10° M . Its blue luminosity Lg derived from newly acquired imagesis
similarly low: Lg = 3.6 10° L , sothat My, /L g is 2.2. Adopting standard
relations to convert multiband magnitudesinto stellar mass,we nd that nearly
half of the baryonic matter is still in the form of gas.

With the promiseofa nal catalogofthousandsof galaxiesin the massrange
10° < My, < 18 M , the study of these gasrich systemsis a prime science
driver of ALFALFA. Future ALFALFA studieswill explorenot only the low mass
slope of the HI massfunction and its possibledependenceon environment, but
also the distribution, morphology, star formation rate and chemical enrichment
history of theselow massgas-rich dwarfs.



5. ALF ALF A and the \V oid Problem"

As pointed out by Peebles(2001), numerical simulations basedon CDM predict
that voids should cortain large numbers of dwarf galaxies. For example, the
voidsin the simulations of Gottlober et al (2003) are criss-crossedy dark matter

laments within which lie large numbers of very low amplitude inhomogeneities.
In fact, those authors predict that a void with a diameter of 20h * Mpc should
cortain 1000dark matter haloswith massesof 10° M , and as many as 50 with

masseden times greater than that. Peeblessuggeststhat the failure to identify

such a void population raisesone of the principal challengesto CDM models.
Photoionization and baryonic blowout may suppressstar formation or perhaps
the retention of any baryons within the low masshalos, but it still is not clear
that these processesare su cient to explain the absenceof galaxiesin voids
(Hoeft et al 2006).

Limits on the abundanceand properties of void galaxieshave beenplaced
by previous optical and radio studies. Hoyle et al (2005) have usedthe SDSS
dataset to show that the OLF of void galaxieshas a fainter break luminosity
L but a similar faint end slope to the overall SDSSIluminosity function. In
addition, they have shown that void galaxies are typically blue, disk-like and
have high H equivalent widths, making them excellent targets for HI emission
line surveys. Previous surveysfor HI in voids have exploited the VLA to conduct
blind HI surveys of the Pisces-Sugrcluster and its foreground void (Weinberg
et al 1991;Szomoruet al 1994) and the Bootesvoid (Szomoruet al 1993;1996).
Szomoru et al (1993) did nd an isolated galaxy in Bootes, but its mass of
5 10° M and blue luminosity Lg of 186 excludeit asa true dwarf. In fact,
those VLA surveys sampled a relatively small volume and were hampered by
poor spectral resolution (42 km s 1), not adequateto detect the lowest mass,
narrowest HI signals.

Sainonge et al (2007) initiated a rst, but limited, ALFALFA analysis of
galaxies in the void in front of the Pisces-FRerseussupercluster at cz 2000
km s 1. They detected no galaxiesin a large volume of 460 Mpc?, whereasa
scaling of the predictions of Gottlober et al (2003) under the assumption that
the dark-to-HI massratio is 10:1 predicts that ALFALFA would have detected
38 HI sources. This very preliminary result for a single void in only 2% of
the ALFALFA survey suggeststhat the discrepancybetweenthe predicted and
obsened abundanceof dwarf galaxiesin voids cannot be reconciledby a popu-
lation of gasrich dwarfs. More credible results will be available when the full
ALFALFA survey is completed.

5.1. ALF ALF A: Prelude to the SKA

Although they adnowledgethe volume and resolution limitations of the HIPASS
catalog, recert papers have explored the behavior of the galaxy distribution it
traces by attempting to estimate its two{point correlation function (r). Meyer
et al (2007) concludethat gas-ridh galaxiesare amongthe most weakly clustered
galaxiesknown and suggestthat the clustering scalelength r, dependsstrongly
on rotational velocity, and thus, by implication, on the halo mass. In cortrast,
Basilakos et al (2007) argue that massive HIPASS galaxiesshow the sameclus-
tering properties asoptically-selectedones,but that the low masssystems,M g



< 10° M , show a nearly uniform distribution. Both of thesestudiesare fraught
with potential systematicsbecauseof the shallow depth of HIPASS, the poten-
tial impact of source confusion and the statistical limitations when its catalog
is divided into subsets. As the follow-on to HIPASS, ALFALFA is speci cally
designedto overcomemany of the limitations of the earlier survey, thereby al-
lowing a robust determination of the HI-HI and HI-optical galaxy correlation
functions and a quartitativ e study of the biasing of the HI population relative
to optical or IR-selectedsamplesand to the underlying density eld.

One of the prime sciencedrivers of the SKA is the undertaking of a billion
galaxy redshift survey in the HI line over the redshift range0< z < 2.5to ex-
plore the ewlution of the gascorntent of galaxiesand constrain the dark energy
equation of state through the measuremen of baryon acoustic oscillations (Ab-
dalla & Rawlings 2004). Even allowing for the likely increasein the gascortent
with z, only the most massiwe HI galaxieswill be detected in emissionat mod-
erate redshift. As in the caseof the low massend of the HIMF, previous surveys
have beentoo shallow to detect the most massive HI galaxies. ALFALFA has
already detected more than twice as many massive galaxieswith My, > 1014
M than all the previousHI blind surveyscombined. Thesemassiwe galaxiesex-
hibit a range of morphologies,colorsand nuclear concertration but all appearto
be luminous disk systems. Many have stellar massesn the range corresponding
to the \transition mass" (Msars 3 1019 M ) above which galaxiesshov a
marked decreasen their presen- to past-averagedstar formation rates (Kau -
mann et al 2003). ALFALFA will cortribute its high massdetections to the
GALEX{Arecib o{SDSS Survey (GASS; P.I.: D. Schiminovich), a new program
to obtain measuresof the HI content at a gas massfraction as low as 1.5% of
the stellar massin a sample of 1000 galaxies chosenby optical-UV criteria to
have stellar masses> 10'° M . The combination of multiw avelength data will
provide new understanding of the physical processedhat regulate gasaccretion
and its cornversioninto stars in massiwe systems. While ALFALFA+GASS will
characterize the properties of galaxiesat z 0, ambitious future studies aimed
at characterizing the ewlution of galaxiesover the last 4 Gyr should be possible
in the next few yearswith Arecibo aswell asthe SKA precursorinstruments.

6. Conclusions

ALFALFA is an ongoing survey with a detection catalog available in mid-2007
re ecting only about 15% of the nal survey. Givenits state, the full impact of
ALFALFA is only beginningto becomeevidert, but the survey promisesnow to
yield > 25000extragalactic HI detections when it is complete. It should yield
robust measureof the HIMF, the HI-HI and Hl-optical correlation functions and
their bias parametersat z = 0, thereby establishingthe presen day constraints
on HI cosmology The ALFALFA team is an open consortium and interested
parties are invited to follow the survey's progressvia the ALFALFA website
http://e gg.asto.cornell.edu/alfalfa.
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