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Astronomy 2233 \Science with the Big Dish in the "Jungle': the Arecibo Telesope" was
taught during the fall semester of 2008 by Professors Don Capbell and Martha Haynes
with the always willing and able assistance of Astronomy graluate student Kassie Wells. In
addition to providing an overview of the diverse science thais based on observations made
with the Arecibo telescope, Astronomy 2233 is intended to povide students interested in
majoring or concentrating in astronomy with an introductio n to current forefront topics in
the eld and also to expose them to aspects of a professionalesearch career such as the
current class research project and \symposium".

In April 2004, the 305 m antenna at the Arecibo Observatory, the world's largest collecting
area at centimeter wavelengths, was equipped with a 7-beamradio camera" known as the
Arecibo L-band Feed Array (ALFA). The Arecibo Legacy Fast AL FA (ALFALFA) survey,
led by members of the Cornell ExtraGalactic Group (EGG), commenced 10 months later.
To date, ALFALFA has surveyed about 4000 square degrees of gk conducting a census
of gas-rich objects in the universe out to a distance of 250 Mp (815 million light years).
When complete, the ALFALFA catalog of extragalactic atomic hydrogen sources will contain
more than 25000 objects. Among its objectives are the study fogalaxy evolution in di erent
environments within the local large scale structure. During the second half of the semester,
we, as a class, accessed the preliminary ALFALFA catalog andomplementary data from the
Cornell EGG data archives, the NASA Extragalactic Database and the Sloan Digital Sky
Survey (SDSS; including the Data Release 7 which became publon November 1) to explore
the properties of galaxies around the cluster ZwCl 1400.4+049. This work was original
research, and during the last weeks, we performed the rst aalysis of this multiwavelength
dataset. There is still more to be done, but this volume presats our preliminary results on
the impact of environment on galaxy properties, the de niti on of large scale structure in the
region, and the di erences between optical and HI selected glaxy samples.

The papers contained herein represent the students' (and my original work, with minor
editting mainly to conform to the style used in producing this volume. The students are
asked to forgive me for modi cations made in the editorial process.

| especially wish to compliment the authors on their contributions, on their diligence and
enthusiasm, and on their patience as we explored together angll volume of the universe
using data hot o the telescope.

Martha P. Haynes
23 December 2008
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1. The Arecibo Legacy Fast ALFA Survey

Martha Haynes 1!

ABSTRACT The Arecibo Legacy Fast ALFA (ALFALFA) survey, cur  rently on-going with the Arecibo 305 an-
tenna aims to obtain a census of extragalactic HI 21 cm line sources within 7000 ded? of high galactic latitude sky.
ALFALFA exploits Arecibo's superior sensitivity, angular  resolution and digital technology to improve on previ-
ous blind extragalactic HI surveys, using a simple drift-sc an technique to deliver high observing e ciency and
data quality. The local extragalactic sky to be covered by AL FALFA is rich including the lamentary structures
connecting the Coma and Abell 1367 clusters of galaxies and heir associated supercluster and foreground and
background regions, prime volume for the study of the impact of environment on galaxy properties and evolution.
One of the rst regions of study is the rich group/poor cluste r known as ZwCl 1400.4+0949. In this class project,
we combine the HI dataset available from ALFALFA with optica | photometric imaging and spectroscopic data
from the Sloan Digital Sky Survey to take a rst look at the lar ge scale structure and its impact on the properties
and evolution of galaxies in the ZwCl 1400.4+0949 region.

1.1 Introduction

Just as the introduction of wide eld charge coupled devices(CCDs) revolutionized the survey capabilities of
optical and infrared telescopes in the 1980's, HI line astroomy is undergoing a similar renaissance with the
advent of multi-beam receivers on the large single-dish t&scopes, enabling blind HI surveys that cover wide
areas. Most recently, the 305 m antenna of the National Astrmomy and lonosphere Center's Arecibo Obser-
vatory has been equipped with a seven beam system known as AKE the Arecibo L-band Feed Array, which
is being used to conduct wide area surveys in galactic, extigalactic and pulsar research. Among the surveys
being conducted with ALFA, the Arecibo Legacy Fast ALFA (ALF ALFA) survey is an on-going second gener-
ation blind extragalactic HI survey which is led by members d the Cornell ExtraGalactic Group. ALFALFA
exploits Arecibo's superior sensitivity, angular resoluton and digital technology to conduct a census of the lo-
cal HI universe over a cosmologically signi cant volume andwill have important applications in observational
cosmology and studies of galaxy evolution, especially as #y are impacted by their local environment.

1.2 Introduction to ALFALFA

ALFALFA is a two-pass, xed azimuth spectral line survey whi ch aims to map 7000 ded of high galactic
latitude sky over the HI velocity range from 1600 to +18000 km s . As illustrated in Figure 1.1, when the
ALFA instrument is rotated by 19 , the beams sweep out tracks that are equally separated in déoation.
ALFALFA exploits a \minimum intrusion" drift-scan technig ue designed to maximize data quality (Giovanelli
et al. 2005) by limiting telescope motion. Each position is visital twice as illustrated in Figure 1.2. For the
second pass, we want the beams to produce drift scan tracks &t are halfway between the ones of the rst
pass, producing a nal spacing of 1.08 And since Beam 0 is more sensitive (higher gain) than the owr beams,
we center it for the 2nd pass 7.8 from its 1st pass location. We schedule the 2nd pass three toime months
after the rst so that we can use the Earth's motion around the Sun to discriminate cosmic signals (which will
move in xed frequency space) from terrestrial sources of rdio frequency interference (which will not).

Sources are identi ed using an automated Fourier domain sigal extraction algorithm (Saintonge 2007). When
complete in 2{3 years, ALFALFA will detect more than 25,000 extragalactic HI line sources out to z 0.06, and

!Department of Astronomy, Cornell University, Ithaca, NY 14 853



1. The Arecibo Legacy Fast ALFA Survey 2

For sources south of zenith

FIGURE 1.1. Con guration of the seven ALFA feeds when rotate d to 19 for the ALFALFA drift scan observing mode.

its catalog will be especially useful in synergy with wide aea surveys conducted at other wavelengths. Already,
three ALFALFA data releases have appeared in the literature(Giovanelli et al. 2007; Saintongeet al. 2008; Kent
et al. 2008a) and a fourth has been submitted for publication (Martin et al. 2008). Catalogs, spectra and associ-
ated data are being made available from the Cornell Digital H Archive http://arecibo.tc.cornell.edu/hiarchive/ .

ALFALFA is detecting HI masses as low as 16 M , and as high as 188 M with positional accuracies
typically better than 20 % allowing immediate identi cation of the most probable optical counterpart to each
HI detection (Giovanelli et al. 2005). In the region of the Virgo cluster of galaxies, a numbeof optically dark
HI sources have been found (Hayne®t al. 2007; Koopmannet al. 2008; Kent et al. 2008). These all lie in
the outskirts of the cluster and could be tidal or \harassmen" debris, the result of high speed gravitational
encounters. First ALFALFA results already indicate, in agreement with the suggestions of previous, more
limited studies, that there is not a cosmologically signi cant population of optically dark but HI rich galaxies.
However, the majority of ALFALFA detections are too optical ly faint or of low surface brightness to have
been included in previous targeted HI surveys. ALFALFA promises a wealthy dataset for the exploration of
many issues in near- eld cosmology and galaxy evolution stdies, setting the stage for future extension of these
investigations to higher redshifts with the Square Kilometer Array.

1.3 The Rich Group/Poor Cluster ZwCl 1400.4+0949

The local extragalactic sky to be covered by ALFALFA is rich, containing the central longitudes of the Su-
pergalactic Plane in and around the Virgo cluster, the main tidge of the Pisces{Perseus Supercluster, and the
extensive laments connecting A1367, Coma and Hercules. Aming the rst regions targeted was the sky region
the includes the prominent density enhancement around 1% +09 , cz 6000 km s !, recognized by Gregory
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FIGURE 1.2. ALFALFA observing mode using ALFA rotated to 19 d egrees and illustrating the con guration of the
7 beams and 2-pass strategy. The central Beam (designated \0) has higher gain/sensitivity than the outer 6; the

placement of the 2nd pass is designed to minimize the gain \sallopping" by placing the 2nd pass halfway between
separate drifts of the rst pass.

& Thomspon (1978) to be connected by loose lamentary strucure to the Coma-Abell 1367 supercluster. This
same overdensity has been identied as a \rich group" or a \poor cluster" by various studies. It is known
variously as Zwicky Cluster ZwCl 1400.4+0949 (Zwicky et al.1961-8), the NGC 5416 group (Thompsonet
al. 1978; Chincariniet al. 1979), MKW 12 (Morgan, Kayser & White 1975) and WBL 486 (White et al. 1999).

Figure 1.3 shows an image of the central region of the ZwCl 1404+0949 = NGC 5416 group = MKW 12
region, taken from the SDSS public image site. As evident inlie image, the cluster has a high spiral fraction,
making it an ideal candidate for an HI line survey. In fact, Thompson & Gregory (1978) estimated a spiral
fraction of 53%.

1.4 A Class Research Project

As a major work for Astro 2233 in the fall semester of 2008, we dwe undertaken an analysis of the current
multiwavelength data available for galaxies in the region.The principal datasets we have used are:

the Arecibo General Catalog, a private extragalactic datakase generated and maintained by the Cor-
nell ExtraGalactic Group (M.P. Haynes & R. Giovanelli, priv ate communication). The AGC provides
positions, morphologies and cross references with other tibases.

the ALFALFA survey catalog, including preliminary version s under development by members of the
ALFALFA team at Cornell. The ALFALFA dataset contributes in tegrated HI line uxes, redshifts and
observed HI line velocity widths.

the Sloan Digital Sky Survey photometric and spectroscopidatabases, including Data Release 7, which
became available on November 1, 2008. The photometric datase provides magnitudes in ve SDSS lter
(wavelength) bands, optical sizes and ellipticities. The pectroscopic database, constructed for a subset
of the photometric sample, includes redshifts and equivalet widths for a number of spectral lines.
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FIGURE 1.3. Central region of the ZwCl 1400.4+0949 = NGC 5416 group = MKW 12 region. Image from the Sloan
Digital Sky Survey (SDSS).

The SDSS data were acquired via the CAS Jobs server using SQLugries speci cally designed to provide the

parameters needed for this study. Part of the objective of ou class e ort was to determine what parameters

were needed, what corrections were necessary to use them imagtice to derive galaxy properties and what

problems might arise in using large, public datasets. Becage this was real research being undertaken for the
rst time, we discovered that some data were bad at worst, falty at best. We also explored methods for

analyzing the data to determine statistical signi cance of results. The work presented here is preliminary and

not complete, but it is original and a rst step towards a signi cant analysis of galaxy properties and large

scale structure in the region of the ZwCl 1400.4+0949 region
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Summary

In the rest of this volume, we will report on the results of our investigation of the newly available data from the
SDSS dataset and the ALFALFA survey. First Katie Hamren investigates the large scale structure in the region
and identi es the membership of galaxies in the cluster knom as MKW 12. Then, Luca Zatreanu studies the
ALFALFA catalog detections in the region, calculates HI and dynamical masses, and begins the investigation
of relative HI content. Russell Wolf constructs a color-magitude diagram and explores the di erence between
samples selected by the HI ux versus the overall population Finally, Sarah Morrison investigates the star
formation rates and incidence of active galactic nuclei usig the SDSS spectroscopic dataset. As you will see,
we have made real progress towards understanding the largeale structure and the properties of the galaxies
including their stellar, gas and dynamical masses, star fanation rate and nuclear activity.
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2. Quantifying Environment around
ZwCl 1400+09

Katie Hamren 1

ABSTRACT The poor cluster { or rich group { known as ZwCl 1400. 4+0949, the NGC 5416 group or MKW 12
among others, lies amid a lamentary structure which merges with the prominent Coma-Abell 1367 superclus-
ter. Recent redshift surveys have contributed many new velo city measurements permitting a new, more robust
analysis of large scale structure in the region. Examination of the redshift and sky distributions reveals that the

projected galaxy density enhancement which constitutes th e ZwCl 1400.4+0949 overdensity is actually, in part,
the superposition of multiple structures in redshift space . Here, we examine the large scale structure and identify
the main features and estimate their extents and masses. Beause of the complex projection, ZwCl 1400.4+0949
is not actually as rich as previously thought.

2.1 Introduction

Understanding the environment in and around the ZwCl 1400.40949 cluster, hereafter Zw 1400+09, is the
rst step to understanding its more interesting and complicated characteristics. Quantifying this environment
involves separating the cluster from galaxies in the foregyund and background, as well as investigating both
nearby large-scale structure and the general properties ahember galaxies.

Previous research has done some basic classi cations of tiZev 1400+09 cluster and its environment. Surround-
ing large-scale structure was rst seen by Gregory & Thompsao (1978). In their study of the environment around
the Coma and Abell 1367 clusters, they found a previously unsidied cluster surrounding the galaxy NGC 5416
and identi ed by Zwicky et al. (1968) as Zw 1400+09, with similar characteristics as its rcher neighbors. By
comparing the recessional velocity-derived distances ohe member galaxies, these three clusters and a number
of solitary galaxies were shown to be part of a somewhat lamatary supercluster connecting the two rich
clusters Coma and Abell 1367 but also extending out to encomgss Zw 1400+09. This extensive supercluster
must be kept in mind while evaluating the region containing Zw 1400+09; large scale structure plays a very
prominent role in the galaxy distribution in this volume of t he universe.

The cluster has been included in numerous catalogs of cluste identi ed by various authors using di erent
algorithms designed to pick out overdensities in the local glaxy distribution. Zw 1400+09 was rst cited as the
\poor cluster” MKW 12 by Morgan et al. (1975), and again as WP 30 by White (1978). It was later classed
by White et al. (1999) as the poor cluster WBL 486, with \poor" denoting a surface density of galaxies less
than 10*=3, photographic magnitude per galaxy less than 15.7, and a tal population greater than three. That
paper notes that Zwicky clusters often contain WBL clusters as in the case with Zw 1400+09/WBL 486. While
these three papers each identi ed the Zw 1400+09 cluster, tey were relatively large surveys that did not delve
deeply into speci ¢ characteristics of the individual clusters they catalogued.

2.2 Analysis of the 2008 Redshift Data

Since the earlier studies, many new redshifts have been acijed in this region making a new analysis of the
redshift distribution in the region worthwhile. To begin th e current study of the environment of Zw 1400+09, its

1Department of Astronomy, Cornell University, Ithaca, NY 14 853
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FIGURE 2.1. Cone diagrams of the six degree slice covering 730" < R.A. < 16"30m, +05 51° < Dec. < +12 09,
Vheio < 18200 km s (upper panel), from the AGC. The lower panel focuses on the inner volume to Vpeio < 9100
km s . In both panels, red circles denote galaxies which are included in the ALFALFA catalog discussed by Zatreanu,
this volume.

basic structure was mapped using position and velocity datdor all the galaxies included in the Cornell Extra-
Galactic database known as the Arecibo General Catalog (AGCHaynes & Giovanelli, private communication).
The cone diagram shown in the upper panel of Figure 2.1 showsllagalaxies with Vpeioc < 18200 km s tin
the AGC covering 90 in right ascension and found within a six degree \slice" in delination. The red symbols
identify galaxies which have been detected in the 21 cm Hl lie by the Arecibo Legacy Fast ALFA (ALFALFA)
survey; see further discussion in the following paper by Lua Zatreanu in this volume. The extra radial lines
outline the 6 centered on the Zw 1400+09 cluster. It can be seen easily thathe cluster lies embedded in a
larger lamentary superstructure and that the HI line detec ted galaxies well sample the cluster environment.
Such structure ts the picture of the over-arching supercluster illustrated by Gregory & Thompson (1978). In
addition, there are areas with no evident galaxy population voids.

The lower panel of Figure 2.1, a cone diagram of velocities $s than 9100 km s?!, and Figure 2.2, a plot of
right ascension versus projected radial distance from clusr center, both show these aspects in greater detalil.
In the former, both the highlighted and un-highlighted galaxies around 7000 km s* are clearly part of a larger
lament extending across a number of degrees in declinationwhile the area around the \ nger of god" contains



2. Quantifying Environment around ZwCl 1400+09 8

all galaxies in AGC with vel
. [ "
;. ;.\. ':‘ ok "l.’"‘.t‘-‘ .

‘"".'If:‘ ."-"" t'. '-‘é

- ae @ .. ®

= '. LI
e c'lm 'v:. J
-: f ...4.

Distance from ZW1 400 4 +0240 (dagrees)

FIGURE 2.2. Velocity versus radial distance from the center of ZwCl 1400+09 for galaxies within 6 of the cluster.
Redshifts are taken from the November 2008 version of the AGC. The large red circles outline the two main clusters:
the Zw 1400+09 group at cz 6000 km s 1, and the rich cluster Abell 1839 at cz 17000 km s 1.

many fewer galaxies. Figure 2.2 shows Zw 1400+09 as the grousf galaxies around 5500 km s! within one
degree of the center. In addition, it shows many galaxies fatsed around the lines of 7000, 12000 and 16000
km s ! with very few galaxies in the intervening space. The secondndicated cluster is at 15000 km s 'and so
too distant to be related to Zw 1400+09.

The center of the Zw 1400+09 cluster used in Figure 2.1 has beedetermined following the reasoning of
Koranyi & Geller (2002). Those authors identi ed the center of a cluster as the pixel of peak X-ray emission
using the X-ray data from Price et al. (1991) for MKW 12. Figure 2.3 shows the Priceet al. (1999) X-ray
image of N 67-336/MKW 12 as taken from Image Proportional Couwnter instrument frames from the Einstein
Observatory archives. The computed center, after transpoiion to the J2000 epoch, is R.A. = 14"02™48°, Dec.
=+09 19%48which corresponds almost exactly to the position as noted irthe NASA Extragalactic Database
for WBL 486 = MKW 12.

An additional structural element evident in Figure 2.1 is a distinct gap between the group of galaxies at the
7000 km s ! and the \ nger of god" extending along the line of R.A. = 14 "". Figure 2.4 shows histograms of
the velocities of galaxies within 1.3 of the cluster center. The left panel shows all galaxies with/cug < 18200
km s 1, while the left panel zooms in on the velocity range between @00 and 9000 km s®. Two distinct and
prominent peaks are evident in both, one at V' 6200 km s %, and a second at V' 7300 km s 1.

Figure 2.5 shows histograms of the two separate structureslptting galaxies within a radial distance of 0.68 deg
(1 Mpc for a distance of 83.7 Mpc). The left panel identi es a rearer cluster with a population of 45 galaxies,
all with CMB velocities between 5600 and 6600 km s, while the right histogram identi es a second more
distance structure with 29 galaxies between 6600 and 7600 ks *. The lower velocity group is identi ed with
the MKW 12 cluster, and has a mean velocity of 5861 km s! and a sigma of 241 km s*. For a Hubble constant
of 70 km s * Mpc 1, this corresponds to a distance of 83.7 Mpc. The second strture lies behind MKW 12,
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FIGURE 2.3. X-ray emission map as taken from the Einstein Obs ervatory IPC image archive. The map shows the
area of the sky around MKW 12 in the B1950 epoch, corresponding to the position J2000 epoch R.A. = 14" 02" 48°,
Dec.= +09 19°48° From Price et al. (1999).

and has a mean velocity of 6890 km s! (98.4 Mpc) and a velocity dispersion =201 km s ®. The histograms
displayed in Figure 2.5 each exhibit the Gaussian distributon typically associated with a cluster. All galaxies
within the two redshift ranges are superimposed in the sky dstribution shown in Figure 2.6, regardless of cluster
membership. Di erent colors denote the MKW 12 and backgrourd lamentary structure. The 29 background
galaxies are clearly part of a larger and more uniform spreadcomplete with mild lamentary structure.

2.3 Dynamical mass of the cluster

The cluster population and group characteristics for MKW 12 were then used to generate a plot of dynamical
mass as a function of radius. The total dynamical mass was calilated using the projected mass estimator
(Heisler et al. 1985):

f X
Mpm = ﬁ V2R (2.1)

with the constant of proportionality ( f,m) depending on galaxy orbits. Because little is known about he orbits
in Zw 1400+09, the value f,, = 32=was used. In addition, the value = 1:5 was used to account forV;;
and R, being measured with respect to the centroid instead of the agter of mass. To account for the third
dimension, only galaxies between 5600 and 6600 km & were considered for membership. The function of
cumulative mass (M(< R) for radial distance from the cluster center between 0 and 8degrees is shown in
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FIGURE 2.4. Histograms of AGC galaxies found within 1.36 of the center of Zw 1400+0949. Left: full velocity range.
Right: only those galaxies with 4000 < Vcwme < 9000 km s 1.
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FIGURE 2.5. Histograms of AGC galaxies found within 0.68 of the center of Zw 1400+0949 and in the redshift intervals
from 5200 < Vceme < 6800 km s ! (left; MKW 12) and from 6200 < Vcems < 7800 km s ! (right; the background
lament).

Figure 2.6, with mass plotted on a logarithmic scale. The mas function begins to stabilize around a radius of
one degree, as there are fewer galaxies at larger distancesrh the center. This indicates that the radius of the



2. Quantifying Environment around ZwCl 1400+09 11

FIGURE 2.6. Sky distribution of galaxies in the 6 6 region around Zw 1400+0949 and with redshifts between 5600
and 7600 km s . Filled circles denote objects in the ALFALFA catalog while open circles have optical redshifts only.
The blue symbols identify galaxies with 5600 < Vcus < 6600 km s , while the red ones mark galaxies with 6600 <
Veme < 7600 km s I, The dashed circles mark radial distances of 0.68 (1 Mpc) and 1.37 (2 Mpc) around the peak
of the X-ray emission.

cluster is just under a degree, and roughly 18 M . As the mass of the richer Virgo cluster is 18> M , this
estimate is well within a practical limit.

2.4 Conclusion

In summary, Zw 1400+09 is a relatively poor cluster in an interesting environment. This environment includes
distinct, lamentary large-scale structure, voids with no galaxy population, and a second cluster in the imme-
diate background. A good deal more research can be done on thsecond cluster, as it embedded in much large
eld of galaxies all with comparable CMB velocities. In addition, this paper did not discuss the voids, and did
not delve deeply into the role of the supercluster found by Gegory & Thompson (1978).
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FIGURE 2.7. The plot of dynamical mass on a logarithmic scale calculated using Equation 2.1 as a function of the project
radius from the cluster center. As the radial separation gro ws, the cumulative mass stabilizes, as outliers contribute
negligibly.
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2.6 Appendix

This study uses data from the Arecibo General Catalog (AGC),developed by Cornell Universitys Extragalactic
Group. The AGC provides an identi cation number, right asce nsion, declination, and heliocentric velocity for
hundreds of galaxies observed by the Arecibo telescope. Thgpeci ¢ position ranges for the Zw 1400+09 region
were 207.5 < R.A. < 2145 and +05 < Dec. < +12 . Position data was used for cone diagrams, and to
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determine galaxies' distances from the cluster center. Thee distances were used to create histograms, and to
generalize the function of total dynamical mass with respetto cluster radius.

The heliocentric velocities given in the AGC were rst corrected into the frame of the cosmic microwave
background (CMB). Kogut et al. (1993) gives the motion of the Sun with respect to the CMB as 368:0 2.5
km s 1 in the direction galactic longitude | = 264:31 0:19 degrees and galactic latitude b = 4805 0:1
degrees. Thus, a correction of +260 km s! is added to the galaxies in the Zw 1400+09 region. The CMB
velocity divided by the Hubble Constant was used as a measuref distance, assuming the Hubble Constant
to be 70 km s ! Mpc !. Distances to galaxies outside the clusters were calculatieusing their individual
CMB velocities, while cluster members were all assumed to he the clusters average velocity (5861 and 6890
km s ! for MKW 12 and the background lament respectively). With th ese distances in mind, galaxies outside
of the range of 500 to +18000 km s * were excluded entirely.



3. The ALFALFA HI Catalog in the
ZwWCl| 1400.4+0949 Region

Luca Zatreanu !

ABSTRACT This work focuses on the current ALFALFA catalog of HI line sources in the region of the
ZwCl 1400.4+0949. The Hl line data contribute integrated HI line uxes, redshifts and rotational velocities (when
corrected for viewing angle). In combination with optical r edshifts, sizes and morphologies, these parameters can
then be used to derive the distance, HI mass and total dynamical mass and to estimate the relative HI content
of galaxies in di erent environments. We nd that the galaxi es in the region around ZwCl 1400.4+0949 tend to
be slightly HI de cient, that the sample seems to be somewhat biased toward late-type galaxies, and that the Hi
mass to dynamical mass ratio increases slightly with morphological type. Three peculiar early-type galaxies with
considerable HI mass are likely to be the results of galaxy-galaxy interactions during which there was a transfer
of gas, and two galaxies without optical counterparts are not isolated dark galaxies. Finally, the entire sample ts
very well within the Tully-Fisher relation.

3.1 Introduction

Astronomy, as it is well known, is an observational science Whereas chemists or biologists can formulate
hypotheses and subsequently test them by conducting tangile experiments, astronomers rely on clever obser-
vational methods to answer some of the most fundamental quéi®ns regarding the nature of our existence.
Though observing is colloquially used to describe the intgpretation of visible light, astronomers and astro-
physicists observe objects in the sky along many parts of thelectromagnetic spectrum in order to gain a more
complete understanding. One very important phenomenon th&is commonly measured by radio astronomers
in order to learn about the composition of space is the 21 cm ndral hydrogen line, also known as the Hl
line. The HI line refers to a spectral line that is formed whenthe electron within a hydrogen atom whose
spin is parallel to that of the proton makes a transition to th e antiparallel con guration, thereby assuming a
lower (and preferred) energy state. Even though the probality of this phenomenon occurring is very small
for each hydrogen atom, the extremely large number of hydrogn atoms in the universe makes this a rather
common event. HI lines occur in the microwave part of the elecomagnetic spectrum and are detected by radio
telescopes, of which the Arecibo Observatory is a major plagr. HI data can provide crucial information about
galaxies and galaxy clusters.

3.2 \Standards" of HI Content and Dynamical Mass

Galaxies are interesting structures in their own respect, it observing what happens when galaxies interact
with each other is arguably more valuable to astronomers. Ira rough sense, one can think of a system of galaxies
like a larger and more complex version of the system of our plaets revolving around the Sun. Each planet
rotates about its axis while orbiting the Sun, and the entire solar system revolves around a common center of
mass. On a much larger scale, galaxies behave rather similsgr Each galaxy is composed of many rotating stars
orbiting a massive galactic nucleus, and many galaxies togker form a cluster, with more galaxies in the center
of the cluster and fewer galaxies on the periphery. Within ard around the galaxies are many neutral hydrogen
atoms. These HI clouds tend to be found in the spiral arms in tke disks of galaxies and their properties provide
information about the galaxy. Scientists realized in the 1%¥0s that HI proles are powerful tools and they
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sought to establish a \standard of HI content" that they coul d correlate with optical parameters determined
by other telescopes. Thus, by establishing the optical parmeters of a galaxy, such as its morphological type,
luminosity, and size, one could \infer the expected value ofthe HI content” for any galaxy with the same
optical parameters (Haynes & Giovanelli 1984: HG84).

By measuring the Doppler shift associated with the motions é HI clouds (in addition to knowing other char-
acteristics like luminosity, inclination, and linear diam eter), astronomers can deduce certain properties of a
galaxy, such as its distribution of Hl, its systemic velocity (which can be used to calculate its distance from the
Earth via Hubble's Law), and its HI mass. The width of the HI li ne pro le is particularly useful b ecause after
correction for inclination angle, it can be used to estimatethe total (dynamical) mass of a galaxy (including
dark matter). Taking half of the value of the width, one can obtain the rotational velocity (V (o ) of the galaxy,
which can be used to determine the dynamical mass (I ) within some radius, R, by the formula

RV 2
Mayn = T’Ot (3.1)

where G is the universal gravitational constant.

3.3 HI De ciency

Galaxies, just like any other celestial objects, are in uerced by their environments. As HG84 describe, there are
many events that can disrupt the \normal” structure of a gala xy, including collisions between galaxies, tides,
or ionization of the interstellar gas in \hostile environments". Such galaxy interactions are very interesting
since they can provide insight into how larger scale structues form. But in order to fully understand clusters
and groups, one should perhaps start at the level of the prop#ies of their constituents, that is, of individual
galaxies.

In an attempt to gain an appreciation of single galaxies and b establish a standard of normal HI content, HG84
selected 324 \isolated" galaxies that were known to lie in the far peripheries of superclusters, and were thus
not a ected by galaxy-galaxy interactions. Of these 324 suweyed, HI lines were detected for 288; the remaining
36 probably had emissions that lay outside of the frequency ange searched by the 21-cm observations. By
studying the HI properties of these galaxies in conjunctionwith their optical parameters, the authors gathered
information such as the position of the galaxies in the supetluster, their morphological type, inclination,
heliocentric velocity, HI ux, 21 cm linewidth, luminosity , and size. Some of these data, like the total HI
line ux and the linear diameter, were then used to compute the total HI mass. The authors found that the
linear diameter of a galaxys spiral disk is a much better diagostic parameter for HI mass than the galaxys
morphological type, and that an HI-mass-to-linear-diameter ratio is a better diagnostic tool for HI content
than is a mass-to-luminosity ratio. It should be noted, however, that the diameters that the authors used were
optical diameters, and for most galaxies optical diametersare known to be smaller than HI diameters, yet,
just how much smaller is unknown. Still, the ndings enabled HG84 to de ne a \normalcy" of HI content,
deviations from which could be termed HI \de ciencies".

HI de ciency occurs mainly in two ways, both resulting from interactions between galaxies: (1) upon a collision
between two galaxies, the front ends of the HI clouds get commessed and the resulting heat generated in this
area leads to rapid star formation (which uses up gas), and (Rgas in the tail-end and on the periphery of
the HI clouds gets ejected into the interstellar medium uponimpact. Either scenario leads to a reduction in
hydrogen gas.
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FIGURE 3.1. Hubble sequence (source: www.catastrophism.com)

3.4 Galaxy Morphology

In 1927, Edwin Hubble created a classi cation system for gadxies that distinguished at least four di erent
morphological types: elliptical, lenticular, spiral, and barred spiral. Because of its \tuning fork" shape, some
people incorrectly believe that it depicts an evolutionary sequence, with galaxies progressing from elliptical, to
lenticular, to spiral (Figure 3.1). Though such a progresson does not occur, the galaxies can be further divided,
based to a rough extent on their age. Early-type galaxies (dibticals and lenticulars) are generally considered
to be older, having formed their stars long ago, while late-ype galaxies (spirals and irregulars) are typically
younger. Since stars are formed from the hydrogen gas and duis a galaxy, early-type galaxies are normally HI
de cient, having already used their gas to create their large population of stars, whereas late-type galaxies are
often the sites of young stars and star formation, especiall in their disks. To facilitate quantitative analysis,
galaxy morphologies are given numerical values in th& hird Reference Catalog(de Vaucouleurset al., ranging
from 5 (ellipticals) to 10 (irregulars).

3.5 Previous HI Observations of ZwCl 1400.4+0949

Of particular interest to the current project is the Zwicky c luster ZwCl 1400.4+0949, also known as the
NGC 5416 group. Chincarini et al. (1979) studied 25 galaxies from this cluster { of which 16 wee detected
in HI { and suggested that it may be an extension of the Coma sugrcluster. Although substantially more
data have been released on this part of the sky since the pulshing of that paper, it is important to briey
summarize what Chincarini et al. (1979) discovered and the methods they employed.

Chincarini et al. speci cally picked 25 galaxies from the Zwicky cluster that they wanted to analyze and
then used a \beam switching" technique with the Arecibo telescope to observe them. To accomplish this, the
Arecibo beam was placed directly on each galaxy, tracing itsnovement in the sky for ve minutes, a technique
known as ON-sourcing. The beam was then backtracked and putni the same azimuth and zenith con guration
as the initial ON-sourcing, but because of the Earths rotation, the whole sky appeared to have shifted, and
the galaxy of interest was no longer at the original locationin the sky (see HG84 for a description of this
technique). The beam then followed for ve minutes the same tajectory as it had during ON-sourcing, this
time essentially observing everything in that part of the sky minus the galaxy of interest { a technique known
as OFF-sourcing. The reason for doing this was to establish &aseline for noise that could be subtracted from
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FIGURE 3.2. Plot of HI mass versus linear diameter for galaxi es in the ALFALFA catalog, with di erent morpho-
logical types denoted by dierent colors. Background galax ies are marked by small triangles, while galaxies in the
ZwCl 1400.4+0949 cluster are marked by large circles.

the recordings so that only the relevant information about each galaxy could be analyzed. This ON-source,
OFF-source technigque was used for every galaxy that was inabed in the sample.

In studying ZwCl 1400.4+0949, the researchers observed \sindard" HI-mass-to-luminosity ratios, indicative
of the fact that the sample population had experienced only nnimal hydrogen depletion. However, the virial
mass-to-luminosity ratio for the entire cluster was about an order of magnitude larger than those of individual
galaxies, suggesting that, if the group is bound, there is exa matter somewhere between the galaxies. This
extra mass is presumed to be dark matter.

As mentioned above, many new data have been released sinceetpublishing of these papers. More speci cally,
instead of 16, there are now 262 known galaxies in the & 6 area around the Zwicky cluster. Data today
are also more precise and fainter galaxies with less HI emiss can be detected. Observing techniques have
also changed, thanks to ALFALFA. Rather than picking out galaxies to study, the Arecibo Observatory is
xed in place and makes observations along whole regions ohe sky as the sky drifts by. Furthermore, optical
parameters of galaxies, such as linear diameter, that are m&led to study HI properties are now being provided
by the Sloan Digital Sky Survey (SDSS), which is a much more pecise collection of data than was available
to Chincarini et al. in 1979. Though the majority of the galaxies detected by the SS were also detected by
ALFALFA, there are two objects in ALFALFA which currently do not have optical counterparts (AGC 238652
and AGC 249137). It is currently believed that these galaxie are not, in fact, dark galaxies. This issue will be
discussed in more detail further in this paper.
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FIGURE 3.3. Plot of M n; to Mgyn ratio versus morphological type.

3.6 2008 Data Analysis of ZwCl 1400.4+0949

HG84 were able to determine standards of HI content for the 28 galaxies that they detected based on the
linear diameters for those galaxies. Though the general pniciple for establishing the HI content for the galaxies

in ZwCl 1400.4+0949 is the same today, such an analysis has hget been performed. When the analysis is
undertaken, however, the larger data sample should enablecgntists to redo and re ne the standard established

by HG84. In the meantime, without a technical calibration of the relation between the two data sets no numerical

value can be assigned to deviations from a standard of HI coeint for ZwCl 1400.4+0949. Nonetheless, general
trends in HI de ciency can be observed.

More speci cally, plotting the log of the HI mass versus the log of the optical linear diameter for each galaxy
gives a relative idea of HI content for the galaxies (3.2). Axan be seen in Figure 3.2, there are two noteworthy
trends in our sample population. First, it appears that the galaxies in the cluster tend to lie on the lower side
of the distribution, though the trend is rather weak. This suggests that the galaxies in ZwCl 1400.4+0949
are mildly HI de cient since their HI mass is relatively low compared to their linear diameter. Second, the
galaxies from our cluster that lie the most beneath the distibution are early-type galaxies, an observation that
is consistent with the expectation that ellipticals and lenticulars be relatively de cient in hydrogen gas since
their stars formed long ago.

Another useful way of displaying relative HI de ciency is to plot the ratio of the HI mass to dynamical

mass versus morphological type. Such an analysis allows u® thote if there are any trends in our sample
population. Figure 3.3 shows this relationship, and what isimmediately apparent when looking at the graph
is the abundance of late-type galaxies, and more speci call Type 3 (Sb). This should not be taken to mean
that Type 3 galaxies are the most prevalent in this part of the universe (nor in our cluster). Rather, the Hi

emissions from these galaxies were most readily detected B\LFALFA. Thus, our sample seems to be somewhat
biased toward late-type galaxies. Furthermore, there is casiderable variation within each morphological type.
Nevertheless, there appears to be a slight positive slope rfahe data points in the graph, suggesting that the
Mui to Mgy, ratio increases with morphological type, a trend that suppats the fact that late-type galaxies

normally have more neutral hydrogen gas than early-type gadxies. Put di erently, early-type galaxies tend to

be more HI de cient.
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FIGURE 3.4. Color-magnitude diagram, using corrected colo rs and magnitudes, with the Baldry et al. (2004) divider
superposed. Red circles identify the ALFALFA detections. B lack circles denote the 3 bizarre galaxies. The area above
the dotted line is the red sequence; below is the blue cloud.

3.6.1 The Peculiar Three

Having described the general trends in the ALFALFA sample, we can now turn our attention to three peculiar
galaxies in the ZwCl 1400.4+0949 cluster: AGC 8940, 8956, ah240019. They are all early-type galaxies, with
RC3 morphological values ranging from -5 to 0, yet they have gbstantial HI mass. As was described earlier,
early-type galaxies have stars that formed long ago, so theyormally have little or no neutral hydrogen gas.
In trying to understand the conundrum of the three galaxies, the color of these galaxies was initially compared
to those of other galaxies of similar morphological types. Tie theory behind this approach is simply that blue
galaxies are known to have more star formation and new starsmit more ultraviolet and blue light than old
stars, thus the galaxies appear bluer. Plotting the (u-r) cdor versus the absolute magnitude of the galaxies in
the r band showed that, in fact, the three bizarre galaxies ae bright and red, not blue (??).

One way to explain the presence of HI gas in the three bright rd, early-type galaxies is to suggest that each
of them had some form of a violent, tidal interaction with another galaxy in the past (probably a late-type

galaxy), during which there was transfer of gas to the earlytypes. This phenomenon is known to happen in
starburst galaxies. After a collision of two or more galaxies, the extra fuel in the form of the transferred gas
leads to an increase in the star formation rate by a factor of ]J000. However, this rapid starburst only lasts
for a relatively short period of time, usually a few hundred million years (miniscule on universal scales). More
research needs to be conducted to determine with more certaly if the three galaxies in the cluster are the
results of such tidal interactions.
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FIGURE 3.5. The Tully-Fisher relation showing the relation ship between optical luminosity and rotational velocity of
galaxies in the ALFALFA catalog.

3.6.2 Dark Matter?

The two objects in our sample which do not have optical counteparts (AGC 238652 and AGC 249137) are
probably not \dark galaxies" and are not as interesting as intially hoped. The reason for this is that neither
of the two is isolated. Both are surrounded by several other glaxies that are within ve arc minutes of each
other and are moving at similar velocities with respect to the cosmic microwave background. It is likely that
the HI emission we detected with ALFALFA from these galaxiesis in some way related to the HI emissions
of the nearby galaxies. Therefore, there is probably some sbof interaction between these galaxies. Higher
resolution mapping of this area would be necessary to deterine with more certainty whether or not this is
true. Nonetheless, it is rather evident that AGC 238652 and AGC 249137 are not isolated, dark galaxies.

3.6.3 The Tully-Fisher relation

The Tully-Fisher (T-F) relation is a well-known scaling rel ation between the rotational velocity [of a galaxy]
and its optical luminosity. It is especially useful as methal of determining the distance to spiral galaxies by a
method that does not rely on redshift. Typically, there is a positive correlation between the optical luminosity
and the rotational velocity. As evident in Figure refg:lz g5, galaxies in our ALFALFA sample conform very
well to this relationship, thus reinforcing the usefulnessof the T-F relation.
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3.7 Conclusion

Twenty-one centimeter line surveys of the galaxies in ZwCl 400.4+0949 have demonstrated that the galaxies
tend to be slightly HI de cient, that the sample seems to be sanewhat biased toward late-type galaxies,
and that the HI mass to dynamical mass ratio increases slighy with morphological type (supporting the
common wisdom that late-type galaxies normally have more netral hydrogen gas than early-type galaxies).
Furthermore, the three peculiar early-type galaxies with mnsiderable HI mass are likely to be the results
of galaxy-galaxy interactions during which there was a trarsfer of gas, and the two galaxies without optical
counterparts are not isolated dark galaxies. Finally, the eatire sample ts very well within the Tully-Fisher
relation.
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3.9 Appendix

The parameters contained in the le used for the analysis preented here are as follows:

AGC : The Arecibo General Catalog is a private database contaimg information about the positions,
sizes, magnitudes, morphologies, redshifts and HI propeigs of several hundred thousand galaxies. Each
galaxy is assigned an \AGC number." It was compiled and is mantained by Martha Haynes and Riccardo
Giovanelli at Cornell.

V21 : HI velocity, usually given in units of km's ! corrected to the rest frame of the CMB. The midpoint

of a galaxys emission pro le gives the systemic velocity ofie galaxy as a whole. This, in turn, can be
used to make an estimate of the redshift distance using Hublels Law (the redshift in light coming from

distant galaxies is proportional to their distance from the observer); V=H,D, where D is the distance to
the galaxy (in Mpc), and H, is Hubbles constant taken here to be 70 km st Mpc 2.

eV21 : Refers to estimated error in the value of V21, such that the eal value of V21 is somewhere between
V21-eV21 and V21+eV21.

Width : The width ( V) of the HI line prole (in km s 1) corrected for inclination angle, which gives
the observed Doppler broadening due principally to the rotdion of the galaxy. In combination with an
estimate of the galaxys size and inclination on the plane oftie sky, it can be used to make an estimate
of the total mass (total dynamical mass) according to the folowing formula:

R V.2
Msystem = 75)&2 rol (3.2)

Where Vrot is the observed width of the HI line prole, G is the gravitational constant, and R is the
linear diameter.

eWid : Refers to estimated error in the value of Width, such that the real value of Wid is somewhere
between Wid-eWid and Wid+eWid.
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Flux : ALFALFA detects the HI spectral pro le of a galaxy, that is, its HI line ux over the frequency
rghge which corresponds to the radial velocities of all the Hatoms in the galaxy. The total HI line ux
( FdV, in Jy-km s 1) can be used to derive the total HI mass (in solar masses) usinthe distance (in
Mpc) estimated by Hubbles Law according to the following fomula:

Z
My =2:36 10°D? F dV M (3.3)

eFlux : Refers to estimated error in the value of Flux, such that the real value of Flux is somewhere
between Flux-eFlux and Flux+eFlux.

SNR : Signal-to-noise ratio is a measure of the peak strength oftte HI line signal relative to the rms
noise level of the spectrum nearby. A weak signal has a low SNRx clear, strong signal has a high value.

RMS : Root-mean-square value (the +/- standard deviation) for data that is used to describe random
noise, or a systems \noise power." The rms is calculated by teing the root mean square of all the
ux values in the signal-free part of the spectrum. It therefore is a measure of the sensitivity of the Hl
spectrum, i.e. the most sensitive signal one can hope to deteé As one integrates longer on a spot on the
sky, the rms noise will go down, theoretically as sqgrt(integation time), all other things being equal.

Code: \Code" refers to classi cation of the ALFALFA source detection, expressed as either \1" or \2."
A \1" means SNR > 6, therefore the signal is of good quality and theres a high prbability that the
source is real. A \2" means a lower SNR than that limit, but the detection is coincident with an optical
counterpart with a known velocity which is the same as the HI elocity (called a \prior"). Such a source
is believed to be real despite lower SNR because of the opticaoincidence.



4. Photometric Analysis with SDSS and
ALFALFA

Russell Wolf 1

ABSTRACT An analysis of the photometric properties of galax ies in the region of the ZwCl 1400.4+0949 is
performed using the Data Release 7 of the Sloan Digital Sky Suvey (SDSS). Corrections are applied to the raw
magnitudes for galactic and external extinction and a color -magnitude diagram is constructed. Not unsurprisingly,
the ALFALFA catalog sample consists principally of star for ming galaxies from the \blue cloud”, with only a few
members of the "red sequence".

4.1 Summary of Previous Work

Photometric analysis gives us a relationship between coloand magnitude for a population of galaxies. This is
analogous Hertzsprung-Russell diagram commonly used to atyze stellar populations, but applied to galaxies.
Baldry et al. (2004b: BO4) who perform this analysis using Sloan Digital 8y Survey (SDSS) data. BO4 nd
that there appears to be a bimodal distribution among SDSS gkaxies { a redder population and a bluer one {
which each have their own color-magnitude relation. The redpopulation appears to be elliptical galaxies with
little star formation, and the blue populations spiral galaxies actively forming new stars.

In their survey, BO4 measure color using the di erence betwen the u and r Iters. This was chosen because it
appears to best divide the two populations they identi ed. Speci cally, they measure Cyy = (u  ky) (r ki),
which they generally refer to asu r. Here u and r are magnitudes in their respective bands, andk, and
k. are k-corrections which take into account the redshift. Our analysis will assume no k-corrections, because
they will be small and introduce unnecessary sources of erroAbsolute magnitude is measured by comparing
apparent magnitude with distance. The r lter is used to measure magnitude, because it contains the peak of
the light curve for most SDSS galaxies { using the Iter which collects the most light reduces potential error.
The magnitude is calculated as

D
M,=r k 5log 1—5 (4.1)

where D = cz=H, is the distance in Mpc associated with a Hubble constant take here to be H, = 70
kms ! Mpc 1.

Once again our analysis will not use a k-correction the way B8 did.

To begin the analysis, it is necessary to select the populadin of galaxies to analyze. BO4 note speci cally that
there are limits on the magnitude in the r Iter and the mean surface brightness at 50% radius . 5o in order
for SDSS to classify an object as a galaxy. These limits are ¢ 17:77 and .5 < 24:5mag/arcse8. For their
paper, BO4 set further limits. First they use 13.5< r < 17.77, which reduces the population of SDSS galaxies
to ones for which a majority (around 94%) have redshift meastements. Many objects without spectra in this
group are missed due to ber collisions in the plates SDSS useto take spectra. B0O4 used Data Release 2 of
SDSS, which missed more objects due to such issues. Our datames from Data Release 7 (released during
the semester just when we needed it), which returned and gotpectra on many previously missed objects,
so we have a larger population of galaxies with spectra. Witin the spectroscopic sample population, 99.5%
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FIGURE 4.1. Color-magnitude diagram for the Baldry et al. (2004a) sample. The red dotted line denotes the region of
the "red sequence" while the blue one marks the ridge of the "blue cloud". From Baldry et al. 2004a.

have redshift measurements, and B04 select galaxies wittD04 < z < : 080 and 235< M, < 155. The
redshift limit in particular was kept low to minimize the e e ct of galactic evolution, which could bias the
color-magnitude relations. In any case, it's a good match wth the ranges available to the ALFALFA survey,
and with the location and magnitude of our cluster, so it is usful as a model for our own analysis.

B04 then made contour plots of u-r versus M in their selected population of SDSS galaxies. They found wéit
they determined to be two separate populations among the galxies: a red population and a blue one. There is
signi cant overlap between the two populations when plotted together, making it di cult to distinguish which
population a given galaxy belongs to based on the color-magdtude data alone. However, the distribution is
clearly bimodal, indicating that two populations do exist.

Figure 4.1 from B04 shows the bimodality of the distribution along with best- t curves for each. Each population
was tted to the sum of a linear and a tanh function:

T(Mr) = po+ pr(M; +20)+ gptanh (4.2)

M/ @
®
This form was a good t for the data (much closer than a polynomial with the same number of parameters, for
example), and B04 interpreted it as a linear relationship wth a transition in color occuring at some magnitude.
Similar transitions seem to appear as bends in main-sequegncstars in the Hertzsprung-Russell diagram. In
order to determine the valued for these parameters, B04 sepated the galaxies into bins based on M and u{r.

In each magnitude bin, plots were made of counts of galaxiemieach color bin. These plots were each tted
to a sum of two gaussian distributions, a red and a blue. One sth plot is reproduced in Figure 4.2 from BOA4.
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FIGURE 4.2. Distribution on color index for one particular b in of absolute magnitude showing the bimodal nature
re ective of the di erentiation into the blue cloud and red s equence. From B04.

The y-axis is counts and the x-axis is u-r.

FIGURE 4.3. Image of table showing ts to color index distrib utions. From B04.

The means and standard deviations of each were assumed to wamas T(M;) above, and bounds on each
parameter were computed. The table of values for ,; , and ; , the respective means and standard
deviations for the red and blue populations, is reproduced klow in Figure ?? from B04. Also included is the
value (u=M ), a measure of the midpoint of the transition in terms of sola masses. This is the mass of a
galaxy at the middle of the bend in the best t lines shown in the rst gure.

4.2 Constructing a color-magnitude plot for the ZwCl 1400+949 region

Figure 4.4 is a rendition of the color-magnitude relation anong galaxies in the eld within 3 of the cluster
ZwCl 1400+09. It was created using the photometric data obtdned from the SDSS Digital Sky Survey Data
Release 7 available in November 2008.. It plots the r-band atplute magnitude on the y-axis vs the (u-r) color
index on the x-axis, and this is not oriented the same as the B8 color magnitude diagram shown in Figure
4.1. All units are in magnitudes.

The lower half of this plot is the red population of galaxies,around u-r < 20 and Q5<r1 pag < 2:5. Above is
the blue population, around u-r > 19 and 0.5<r nag < 2. This plot tells us nothing new compared to BO4.
It simply repeats their plot on a small (but still equally div erse) section of the sky.

Plotting galaxies accurately on the color-magnitude diagem requires making a number of corrections to the
raw color and magnitude values measured by the SDSS. All cololters of the SDSS dataset must individually
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FIGURE 4.4. Color-magnitude diagram for galaxies in the 6 6 box around ZwCl 1400.4+0949. Blue symbols denote
objects in the photometric sample; red ones denote objects cetected in the HI line by the ALFALFA survey. The dotted
line marks the delimiter between the red cloud and the blue sequence (B04). The inset box marks the boundaries plotted
by B0O4 in Figure 4.1.

be applied each one. The rst is a correction for galactic exinction. This is to correct for the light lost due to
intervening dust in the Milky Way Galaxy. It is dependent on Iter color and on direction (particularly, galactic
latitude), as there is more dust looking through the disk of the galaxy than looking o of it. This results in
a correction which is added to the u, g, r, i, and z magnitudes aquired from the SDSS. For the u-band, this
correction is 0016 and for r, it is 0:085.

Next we must make the equivalent correction for dust in the olserved galaxy, known as internal extinction.
This is more di cult, as it depends on the inclination we view the galaxy at. Inclination can be calculated from
the observed axial ratio of the galaxy, which is determined ly tting an ellipse to the galaxy's shape. From
measurements of the semi-major (a) and semi-minor (b) axes &compute an axial ratio r=b/a. Here we use
measurements made based on r-band data, consistent with these of r-magnitudes elsewhere. As the galaxy is
a three-dimensional object, an assumption must be made fots width. Speci cally, we must assume a value for
p, the ratio between thickness and major-axis length. We usg=0.2 for early type galaxies (Sbc and earlier)
and p=0.12 for later types. Given r and p we have a trigopnometic relation for the inclination angle i:

r2 p2

cogi = 7

(4.3)

Now we can calculate internal extinction. In the i-band, SDSS supplies us with the correction i=r-1.2444(r-i)-
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FIGURE 4.5. Color-magnitude diagrams for the full 6 6 region (left) and the members of Zw 1400+09 (right). In
both diagrams the red symbols identify galaxies only in the S DSS sample while the ALFALFA detections are denoted
by the blue ones.

0.382. Given this corrected i-band magnitude based on r-i dor we can convert all other magnitudes and colors
based on relations given in Schlegel, Finkbeiner & Davis (198, ApJ 500, 525).

A nal correction to make would be a K-correction for redshift. However, these are di cult to estimate and
can introduce undesirable uncertainty. Our galaxies are riatively nearby so this correction is relatively small;
the uncertainty introduced would likely be greater than the correction itself. Indeed Blanton et al (2003, AJ
125, 2348) note in their discussion of K-corrections, \We wat to emphasize here that, while K-correcting
to a xed-frame bandpass is sometimes necessary in order tochieve a scienti ¢ objective, it is not always
necessary or appropriate. Because K-corretions are inhemdy uncertain (the broadband magnitudes do not
uniquely determine the SED), they should be avoided or mininized when possible." Thus we avoid making a
K-correction, and so are done considering corrections to ggarent magnitudes.

With corrected color band magnitudes we can compute the galgies' absolute magnitudes in each color band.
This requires a calculation of distance. We use the mean redidft of the cluster cz=5861m/s and a Hubble

constant Hy = 70km/s/mpc, and compute distance asd = cz=Hpy. We get a distance of 83.7mpc to the cluster.
Taking M¢or- ¢ to be the corrected magnitude in a given lter f, absolute magnitude can now be computed:
Maps; =5+ Mcorr: ¢ 5 |09(106 d)

Note the 1P correction to account for the conversion of megaparsecs togssecs. We then use the r-band
magnitude as the representative magnitude of our plot, and ompute u-r for the color. These two values give
the plot shown at the beginning of this section.

4.3 Analysis of color-magnitude plots

Figure 4.5 shows separately the galaxies detected by ALFALK in blue and the others in red. Further a delimiter
suggested by B04 is included to separate the red and blue pofation. This is represented by the curve

M, +20:07

(u r)=2:06 0:244tanh 109

(4.4)

given as equation 11 in BO4. Note the red population is abovetts curve and the blue below. Further, we limit
the range of the plot slightly to deemphasize outliers in theplot, which a scan of the SDSS image database
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FIGURE 4.6. Final color-magnitude diagram derived for the s ample of low redshift galaxies extracted from the SDSS
by B04. The \red sequence" is outlined by the red contours and the \blue cloud" by the blue ones. From Figure 9 of
BOA4.

shows are due to poor photometric data in galaxies that are dn, irregular, or interacting.

This plot is complex and not that useful as is. We instead wantto limit this to the cluster in question,
ZwCl 1400+0949. Background and foreground galaxies are nahger useful to our analysis now that we have
an understanding of the galactic population at large. Cluser membership is determined by adopting a center
and an acceptable distance from this center. We nd the cente from the peak X-ray emmission in the cluster,
and de ne it to be at (RA, Dec) = (210 :70; 9:33) with all coordinates in degrees. We allow a galaxy to be in
the cluster if it is within a radius of 0:68 of the center, which corresponds to a distance of a megaparseln
the third dimension, we set membership in the cluster to onlygalaxies with recessional velocities between 5600
km s ! and 6600 km s *. This eliminates a foreground grouping of galaxies as wellsa lane of background
galaxies very close behind our cluster. The color-magnitud diagram is now reduced:

We see more ALFALFA detections on the blue side of the dividerthan on the red. The HI galaxies on the red
side (which have M near 22) can likely be accounted for as overlap between the two papgations { they are
likely actually part of the blue population and not the red. O ur delimiter is an approximation B04 produce as
a best t to split the two sets, but they are not fully disjoint . This can be seen in the following contour plot
from B04 which shows this overlap and where our divider liesThe dotted line is the blue population and the
solid line the red.

Galaxies without HI detections on the blue side of the delimter on the other hand do not appear to be in a
region that can be accounted for by population overlap. Insead, these are likely blue late-type galaxies which
are not forming stars, perhaps due to running out of hydrogengas.

We want to check how the bimodal distribution of galaxies matches their morphological type in the cluster. The

AGC uses a measure known as the numerical Hubble stage, based the system used in theThird Reference

Catalog of Bright Galaxies (RC3: de Vaucouleurset al. 1991) to label morphology, where a negative number
from 61to 1is an early type elliptical or lenticular, and a positive number from 0 to 10 is a late spiral or

irregular. The AGC database uses 20 to delineate a galaxy whee morphological type could not be determined.
Figure 4.7 is a plot of galaxies in our cluster, with early types plotted red and late types blue. Galaxies for
which the AGC has no morphological information are black.
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FIGURE 4.7. Color{magnitude diagram for the galaxies deeme d to be members of the Zw 1400+09 cluster. Red symbols
denote objects with early morphological types, blue symbols identify late types, and black symbols show unclassi ed
objects.

We note that there is an abundance of late-type galaxies in tle cluster. Those early types that do exist in
the cluster are mostly in the overlap region, but we note that much of the blue side of the Baldry delimiter
is unclassi ed. Unclassi ed galaxies are mostly dimmer, anl seem to be distributed relatively evenly by color,
with perhaps a slight tendency toward blue.

We also might ask where galaxies of each type are located, geaps expecting to nd interactions near the
center of the cluster a ecting galaxy type and color.

We nd instead a relatively even distribution of red and blue galaxies throughout the cluster, with perhaps a
slight tendency for redder galaxies to be closer to the cente

4.4 Summary and Future Work

The SDSS photometric database provides valuable informatin on the magnitudes, and hence colors, of 700
galaxiesinthe 6 6 region around Zw 1400+09. In order to derive true galaxy coles, it is necessary to correct
the observed magnitudes for galactic and internal extincton, and in our case unnecessary, redshift. Once that
process is performed, we can calculate true colors, absokitmagnitudes and luminosities. A color-magnitude
diagram can then be constructed such has been done for muchrige samples of SDSS galaxies by B04. We
nd that the ALFALFA HI line sources tend to be members of the \ blue cloud"; few red sequence galaxies are
detected by ALFALFA. Future work will involve the construct ion of stellar masses for the SDSS sample and
their comparison with HI masses and dynamical masses.
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4.6 Appendix

The following are descriptions of values in the SDSS photontec database. For most derived quantities, we
use the red lter (r) because it receives the greatest amounif light for most SDSS objects.

AGC : The Arecibo Galactic Catalog number for this galaxy. This is usually a 6-digit identi er (but note
that a portion of galaxies in this sample have 4-digit AGC numbers).

RA : The Right Ascension coordinate of the galaxy's position inthe sky, measured in degrees. This should
be between about 208 and 214.

Dec: The declination coordinate of the galaxy's position in the sky, measured in degrees. This should be
between 6 and 12.

z: The galaxy's redshift, measured from spectral lines. The ecessional velocity can be calculated by
multiplying this number by c, the speed of light. This is approximately 0:02 0:04 for most objects in
this dataset.

zerr : The error in the measured value for redshift. This can be use for plotting error bars.
petroR90 _r: The radius encompassing 90% of the light from this galaxy, gsing the SDSS r lter.
petroR50 _r: The radius encompassing 50% of the light from this galaxy, gsing the SDSS r lter.

expAB _r: This is an exponential t for the ratio a/b of the semimajor- axis to the semi-minor axis
observed in the galaxy's shape, using the SDSS r Iter. This an be used to calculate the galaxy's
inclination.

petroMag _u: The apparent magnitude of light from this galaxy in the SDSSu lter. \Petro" refers to the
Petrosian magnitude model, which ts light curves to extended objects (i.e., objects like galaxies which
are not point sources) in order to calculate their total magntudes. Along with the r-band magnitudes, |
use this value for calculating galaxy colors.

petroMag -g: The Petrosian magnitude of light from this galaxy in the SDSS g lter.

petroMag _r: The Petrosian magnitude of light from this galaxy in the SDSS r Iter. Along with the
u-band magnitudes, | use this value for calculating colorsl also use it for calculating magnitudes.

petroMag _i: The Petrosian magnitude of light from this galaxy in the SDSS i lter.
petroMag -z: The Petrosian magnitude of light from this galaxy in the SDSS z lter.

InLExp _r: A measure of the goodness of an exponential model for the g curve of the galaxy. Generally,
fainter ellipticals have a better exponential t.

InLDeV _r: A measure of the goodness of a De Vaucoleurs t for the light arve of the galaxy. A large
luminous galaxy generally is better described by a De Vauceurs t.

iSOA _r: This gives the isophotal major axis in the r lter in pixels. This can be used to calculate linear
diameter.
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isoPhi _r: This gives the position angle of the galaxy, that is, the rotation angle of the semimajor-axis.

zWarning : If this is not 0, then there is an issue with this galaxy's redshift measurement and we should
ignore this source. This is due to, for example, missing spé&@, abnormally low or high redshifts, or low
signal-to-noise in a particular color lter.

objID : A unique identifying number assigned to all objects in the PSS database. We have to use caution
with these numbers as many spreadsheets by default do not hélenough digits in a cell to fully store
this number. All galaxies in this sample do not have objID numbers ending in 000. If this is seen, it is
because the spreadsheet you are using has not stored the numbfully. In practice, this number is not
too important to us anyway, as position or AGC number serve to uniquely identify most objects instead.

sepagc: The separation in arcseconds between this object's posiin in the SDSS and in the AGC. This
number should be less than about 3.

My analysis involves in particular two derived values:
u-r : The value petroMag.u - petroMag.r which describes a galaxy's color
M : The absolute magnitude of the galaxy in its rest frame, calalated as petroMagr log(cz=10H,) for

c in kilometers per second andH, in kilometers per second per Megaparsec.

A plot of these values allows me to examine the population of &d elliptical galaxies and blue star-forming
galaxies in the cluster.



5. Galactic Activity around the
ZwWCl 1400.4+0949 Cluster

Sarah Morrison 1

ABSTRACT Using spectroscopic data from the Sloan Digital Sk y Survey (SDSS) as well as ALFALFA HI
detections for the area containing the cluster Zw 1400+0949, the galaxies of the area are classi ed as passive, star
forming, or containing active galactic nuclei (AGN). ALFAL FA has a larger proportion of star forming galaxies
than those in the SDSS data set alone, perhaps due to the ALFAL FA survey detecting more star forming galaxies
on the basis that it is an HI survey. The most common star forma tion rate in the galaxies detected in ALFALFA

is also slightly higher than those only in SDSS. Little corre lation, however, is found in the star formation rates of
galaxies in either survey with their u-r color indices.

5.1 Introduction

The region between 207.95 and 214.15 right ascension, 5.8612.15 declination is home to large scale structure
including a cluster that goes by many names: Zw 1400+0949, MKV 12, WBL 486, and more. Using spectral
data from the Sloan Digital Sky Survey (SDSS) for the region & this cluster, we can characterize the activities
of the galaxies that reside within the cluster itself and its environs.

Targets for spectral observation are determined by their plotometric characteristics. According to Strausset
al.(2002), galaxies in the main galaxy sample with r-band Petrgian magnitudes of less than or equal to 17.77
and r-band Petrosian half-light surface brightnesses of Igs than 24.5 magnitude/second are spectral targets.
Luminous red galaxies are selected based on their color andagnitude rather than the ux as in the main
galaxy sample (Eisensteinet al. 2001). These target criteria e ectively eliminate stellar contamination and
con ne the observations to extended sources, not point sowes.

The data of interest for spectral analysis include line disgrsions and equivalent widths for objects in both
the SDSS DR7 and ALFALFA datasets (the ALFALFA sample), as well as those that are in SDSS, but not
ALFALFA (the SDSS sample). These data sets include the line éspersions and equivalent widths of H 6565
A H 4363A, [Olll] 5008A, and [NIl] 6585A, as well as the redshift measured from H (and the error
associated with these measurements). Each object is refexd to by its AGC number, SDSS ObjID, and its
location in right ascension and declination. Using the ratos in the equivalent widths of the four spectral lines
mentioned above, galaxies can be identi ed as having activgalactic nuclei (AGN) or star formation regions.
With both of these data les, we can compare the percentage oAGN and star forming galaxies of galaxies
detected in ALFALFA versus those in the overall SDSS samplen the same region as well as the percentage of
AGN and star forming galaxies within the Zw 1400.4+0949 cluger.

Before beginning this analysis, sources of error in the sp&a should be considered. Because the spectral lines
for [Nll] and H are close together, sometimes it can be di cult to obtain emission line ratios. If a galaxy also
has heavy stellar absorption, this could hide emission of ta same element and vice versa. Aside from challenges
in spectral line identi cations, there are also errors fromthe spectral observations themselves (discussed in Hao
et al. (2005), Hopkins et al. (2003) and Miller et al. (2003). If there are foreground objects, these objects codl
partially obscure the spectral measurements of the object bhind it. An underestimation of the emission ux
could also arise because emission from an object could be patly absorbed by foreground dust. The SDSS
optical bers are also only 3 arcseconds in diameter, so ther is a limited amount of emission that can be
detected within the ber. In measuring the ratios for diagnosing between AGN and SFG, however, Milleret
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FIGURE 5.1. Decomposition of the BPT diagnostic diagram to i dentify AGN and star forming galaxies by di erent
combinations of the line ratios [NIlI)/H  and [Olll}/H . From Miller et al. (2003).

al. (2003) found no correlation between the line ratios and the otal light in the ber.

5.2 Determining Galactic Activity

The main types of galactic activity that can be readily clasd ed are whether galaxies have AGN or star forming
regions. The BPT diagram (Baldwin et al. (1981); Osterbrock 2006), which plots emission line ratiosf[OllI]/H
versus [NIl}J/H on logarithmic axes, is the traditional method of di erenti ating the two. The borderline that
separates star forming galaxies from AGN varies dependingrostar formation models. The model used in Kewley
et al. (2001) classi es more galaxies as star forming, whereas thmmodel used in Kau mann et al. (2003) asserts
that star forming galaxies have strong correlations in ionzation parameter and metallicity and do not have as
much scatter on the BPT diagram as Kewleyet al. (2001) assumed.

This paper will use the Kau mann et al. (2003) model which characterizes AGN by the inequality log{OII]}/H )
> 0:61= (log([NHl}/H ) 0:05) +1:3. In both models, however, AGN can often be identi ed by only one of these
ratios if the ratio is su ciently above the borderline as ill ustrated in Figure 5.1. A comparison of the borderlines
for two models is shown in Figure 5.2 plotted with the diagnosics for the Zw 1400+0949 region.
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FIGURE 5.2. BPT diagrams for the region of the cluster MKW 12 f or the ALFALFA-SDSS sample (left) and SDSS
(right). The model borderline has been calculated from Kau mann et al. (2003). For comparison, the other model from
Kewley et al. (2001) is plotted with the diagnostics for the ALFALFA sampl e.

Given that this model holds true for emission line emissionsabsorption line galaxies are not included from the
MKW 12 region as well as any galaxies that have outlying [OIIl/H and [NII]/H ratios or redshift warnings
in order to eliminate any galaxies with erroneous spectra. kjure 5.2 contains the BPT diagrams for the region
surrounding MKW 12. The ALFALFA sample contains a higher percentage of star forming galaxies than the
SDSS sample (61% of all galaxies in the ALFALFA sample versud7% in the SDSS sample and 77% of active
galaxies in the ALFALFA sample versus 70% in the SDSS sample)igure 5.3 shows the distribution of galaxies
on the sky and clearly shows a higher density of galaxies at # right ascension and declination of the MKW 12
cluster given by NASAs Extragalactic Database (NED).

To further understand the properties of the galaxies presetin both samples, the star formation rates for
galaxies deemed to be active are also calculated. The starrimation rate (SFR) is given by:

SFR(M =yean)=7:9 10 *L(H ) (5.1)

where L(H ) is the luminosity of the H line in ergs/s (Kennicutt 1998). LH is proportional to the equivalent
width of H , but must be modi ed by several correction factors. Accounting for H stellar absorption, we
apply a 1.3 A correction, which is an intermediate value as discussed by épkins et al. (2003). The aperture
correction mentioned in the introduction is also needed sioe only one emission line is being used versus a ratio
as in the Miller et al. (2003) paper. Currently this adjustment consists of a ber-to-Petrosian scaling aperture
correction, but may need to be modi ed in the future. A histogram of the SFRs in Figure 5.4 shows that there
are peaks in the number of galaxies with a common SFR for bothtie SDSS and ALFALFA samples. Though
the actual calculated SFRs may change in the future with the aldition of more corrections, the relative rates
will remain the same so the Gaussian distribution of SFRs seein the histogram will still be present.

Combining the SFRs calculated from the SDSS spectroscopicada with the u-r corrected color index from the
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FIGURE 5.3. Location on the sky of galaxies in di erent subsa mples. The top plot shows the ALFALFA HI detections
only. The bottom two panels show the galaxies in the SDSS sample, with the middle panel including only AGN and
star forming galaxies, while the bottom adds passive galaxies.

SDSS photometric data, it is possible to look for a correlaton in the color of a galaxy and its SFR. In the

distributions plotted in Figure 5.5, many galaxies seem to k& concentrated where the log(SFR) is between 0
and 1 with a color index between 1 and 2 in both the SDSS and ALFAFA samples. A histogram of galaxies
in the SDSS photometric sample and the ALFALFA sample in Figure 5.6 also shows a peak of galaxies within
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FIGURE 5.4. Distribution of SFRs in the SDSS sample (open) an d ALFALFA sample (shaded).

these color indices.

5.3 Discussion and Conclusions

Since ALFALFA is an HI survey, it is expected that detected active galaxies will be predominately star forming
and have slightly higher SFRs than the main SDSS sample. Thisseems to be the case since star forming
galaxies comprise 77% of active galaxies in the ALFALFA samfe versus 70% in the SDSS sample. The peak
in the SFR histograms is also shifted toward a higher SFR for AFALFA than SDSS. With increased star
formation, galaxies would have been expected to have a larggopulation of O and B stars and thus be bluer.
The scatter plots of SFR versus color index, however, showtlie correlation between the two for either sample.
The common range of SFRs and color indices as seen by the digtution in the scatter plots is also revealed in
the histograms, so, once again, this distribution may not slow any relation between SFR and a galaxys color.
The SFRs also seem to be low overall for a cluster (the most comon SFR appears to be only one solar mass
per year, which is the same SFR for the Milky Way) which may be an indication of more correction factors
needed to the original equivalent widths of H from SDSS. Relative comparisons of the SFRs should not be
a ected.

Though the classi cations of active galaxies did not discriminate in redshift (and distance), the distribution
of galaxies on the sky still alludes to a cluster at the previasly established location for MKW 12 from NED.
Further di erentiating in distance could allow for a more de tailed comparison between the SDSS and ALFALFA
datasets as well as the proportions of active galaxies and $¥ for galaxies in the cluster itself versus those
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FIGURE 5.5. Scatter plot of SFRs versus (u{r) color index. Th e blue points represent the galaxies in the SDSS sample
which the red points denote galaxies in the ALFALFA catalog.

in the clusters surroundings. Higher SFRs and proportions b active galaxies should be observed within the
cluster if interactions between galaxies can spur activity
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FIGURE 5.6. Histogram of (u{r) color indices of galaxies int he SDSS sample (open) and the ALFALFA sample (shaded).

5.5 Appendix

5.5.1 Data Analysis

The data of interest for spectral analysis include line disgrsions and equivalent widths for objects in both the
SDSS DR7 and ALFALFA datasets, as well as those that are in SDS, but not ALFALFA. These data les
include the line dispersions and equivalent widths of H, H , [OlIl], and [NII] as well as the redshift measured
from H (and the error associated with these measurements). Each géct is referred to by its AGC number,
SDSS ObjID, and its location in right ascension and declinaion. Using the ratios in the equivalent widths of
the four spectral lines mentioned above, we can produce an Al¥/star forming diagnostic diagram as discussed
in the body of this paper. The velocity dispersions can also b used to compare activity given that broadening
of a spectral line is indicative of the motions of the sourceshat create that spectral line. With both of these
data les, we can compare the percentage of AGN and star formmg galaxies of galaxies detected in ALFALFA
versus those in the overall SDSS sample in the same region agMas the percentage of AGN and star forming
galaxies within the Zw 1400+0949 cluster.
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5.5.2 Querying the SDSS Database

In order to retrieve the spectroscopic datasets discussedhithis paper, an SQL query on the SkyServer for the
Sloan Digital Sky Survey (http://cas.sdss.org/astro/en/ ) was used. The following is a sample query that could
used to retrieve the same information for H and H :

SELECT

s.ra, s.dec,s.z,s.zert,

'Ha_6565", L.ew, L.ewErr, L.sigma, L2.sigmakErr, L.continuum
'Hb _4863', L2.ew, L2.ewErr, L2.sigma, L2.sigmaErr, L2.contilum
l.chisq, l.nu, s.zZWarning, p.objlD

FROM PhotoObj p, SpecObj s, SpecLine |

WHERE

p.SpecObjID = s.SpecObjlD AND

p.SpecObjID = l.specobjlD AND

s.specClass=2 AND

l.linelD = 6565 AND

llinelD = 4863

s.ra>=207.95 AND s.ra <= 214.15 AND

s.dec>=5.86 AND s.dec <=12.15 AND

s.z<=0.061

order by s.ra
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ABSTRACT This work presents preliminary results on the larg e scale structure and properties of galaxies in
region around the overdensity known as ZwCl 1400.4+0949. An analysis of the redshift distribution shows the
presence of two superposed structures. One is identi ed with the cluster known as MKW 12 which lies at 83.7 Mpc
and appears to be part of a lament extending from a larger sca le structure towards the foreground. Two galaxies
detected by ALFALFA have no obvious optical counterparts; b oth however are found near to other galaxies at
similar redshifts and may represent tidal debris. In general, the galaxies detected by ALFALFA tend to be blue
and star-forming. Future work will re ne this analysis and ¢ ompare the properties of galaxies in this region with
those of the entire ALFALFA{SDSS sample.

6.1 Introduction

During the latter half of this semester, we have compiled observational data obtained at optical and radio
wavelengths from publicly available datasets of galaxiesni the region of ZwCl 1400.4+0949 region. We analyzed
the large scale structure in the region and identi ed the main hierarchical units. We also studied how to convert
observed parameters into intrinsic galaxy properties incliding stellar and HI masses, dynamical masses, colors,
star formation rates and measures of nuclear activity. Herewe summarize results.

6.2 Large Scale Structure in the ZwCl 1400.4+0949 Region

An important aspect of this work is the availability now, thr ough the ALFALFA survey and the SDSS public
database, of many more measurements of galaxy properties #m were available to previous studies. As discussed
by Luca Zantreanu in this volume, that 1979 study by Chincarini et al. of the ZwCl 1400.4+0949 cluster resulted
in only 16 HI line detections, versus the 262 detections in tk new ALFALFA catalog. The rst determination of
the mass, made by Thomsoret al. (1978) was based on only ten redshifts. Katie Hamren here iskde to analyze
the redshift distribution of more than 700 galaxies to identify two separate peaks in the redshift distribution
at 6000 km s !, and determines the mass of the feature identi ed as MKW 12 fom 49 members. From this
analysis, we realized, somwhat to my surprise, that the larg@ scale structure in the region is more complex
than we had anticipated. In fact, MKW 12 seems to lie just in the foreground of a more extensive lamentary
structure which connects in the background to Coma-Abell 1%7 as is clear from the cone diagram seen in
Figure 2.1.

6.3 Galaxy Properties

The ALFALFA catalog contributes integrated HI line uxes, r ecessional velocities and HI line widths as well as
positions of each radio detection. The SDSS photometric datset includes magnitudes in each of the ve SDSS
Iter bands as well as sizes and axial ratios, while the speebscopic survey constributes redshifts and equivalent
widths for the most useful spectral lines visible in the optcal portion of the spectrum. In order to understand
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the current state and past history of the galaxies we need to ambine this information to derive stellar, HI and
dynamical masses, to determine the current rate of star formation and gas content and to identify objects which
have active galactic nuclei. The papers by Luca Zatreanu (Hlproperties), Russell Wolf (SDSS photometry) and
Sarah Morrison (SDSS spectroscopy) present the rst attemp to analyze the properties of galaxies detected by
the ALFALFA survey in combination with the sample extracted from the SDSS sample in the same region. Not
unsurprisingly, we nd that the galaxies detected by the ALFALFA survey tend to be blue and are undergoing
star formation.

A major objective of this preliminary analysis of the combined ALFALFA-SDSS dataset was to explore the
di erences between galaxies detected by a blind HI survey ke ALFALFA with those extracted from an optical
magnitude-limited sample like the SDSS-spectroscopic sapfe. Indeed, about 20% of the galaxies detected by
ALFALFA do not have SDSS spectroscopy. Indeed, Luca found tv objects detected by ALFALFA without Hl
counterparts, but since they lie in regions where there areeveral nearby optical galaxies, we hypothesize that
the HI sources are associated with tidal debris from recentriteractions.

6.4 Future Work

Further work remains to re ne the methods by which we convert from observational parameters to intrinsic
galaxy properties. For example, the derivation of stellar masses requires more detailed modeling of the stellar
populations using all the available SDSS colors. Future anigsis will build on the steps undertaken here,
combining the full ALFALFA catalog to explore systematic e ects and to derive, for example, a standard of
HI content based on the available SDSS diameters, updating rad re ning work done using older, less precise
datasets. Many of the most interesting objects { HI detections without optical counterparts, fast rotators,
low mass dwarfs, high HI mass{to{luminosity ratio galaxies { will require followup multiwavelength studies
to understand their exceptional natures. Ultimately, we hope to be able to explore and understand all that
ALFALFA and SDSS can reveal about the evolutionary histories of the entire Hi+optical galaxy populations
and how they are dependent on their local environment. It sems that we could be busy with this for years to
come.
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