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The Environmental Dependence of Galaxy Star
Formation Rates

Within the widely-accepted cosmological framework, the nss density of the universe is
dominated by cold dark matter. Protogalaxies are formed wimenormal baryonic gas falls into
dark matter potential wells, cooling and forming stars at tle centers of dark matter halos.
These halos, along with their gaseous and stellar content,emge to form larger galaxies, which
in turn merge to form groups, clusters, and laments.

The buildup of stellar mass within this framework can be testd observationally through
the evolution of the ultraviolet and near-infrared galaxy iminosity functions. The ultraviolet
emission of galaxies is dominated by young, massive staradaherefore permits measurements
of the ongoing star formation rate (SFR). Near-infrared enssion is dominated by old, low-
mass stars, providing an indication of the amount of stars mdady formed. DeepHST imaging
has formed the basis of much of the high redshift work in thisraa*®> providing important
constraints on the processes driving star formation. In p#cular, although standard, \quies-
cent” star formation models within a hierarchical framewdk can successfully reproduce local
star formation rates, they underpredict the number of masege starforming galaxies at high
redshift and the stellar mass already in place by a redshiftf &wo.5° Star formation models
that include starbursts triggered by galaxy mergers have le@ more successful in matching the
ultraviolet luminosity function at z =2 3, but fail to produce enough stars at high redshift
to match the infrared data atz  2.°1° Recent models including starbursts from both galaxy
mergersand encounters that do not lead to bound mergers ( y-by events)uscessfully repro-
duce both the ultraviolet and infrared data without altering the agreement with observations
at low redshifts !

In addition to the redshift dependence of star formation, thre is growing observational
evidence for an environmental dependence. In particularfas formation in the densest en-
vironments, namely galaxy clusters, appears to be suppressin comparison to the eld?°
The suppression is strongest in cluster cores, with star foation increasing systematically with
increasing distance from the cluster center. Recent studiénvolving large samples of galaxies
at low redshift have provided important clues as to which méanisms drive the SFR-density
relation.?t:22  First, these studies reveal that the suppression of SFR pésts at relatively low
densities and large distances from clusters, where clustgeci c processes are not important.
Second, the star formation properties of galaxies appear b more dependent upon the large-
scale (5 Mpc) density than they are upon the mass of the group oluster in which they are
embeddec?® The former is closely linked to the formation time of a galaxywhile the latter is
linked to current processes within the group or cluster. Thebservations imply that the star
formation properties of galaxies are more closely tied twhen a galaxy formed, rather than
current environmental e ects. Third, these observations reveal #it suppressed regions contain
a lower fraction of starforming galaxies, rather than galags with systematically lower SFRs
compared to the eld. This fact is evidence against models iwhich the environment induces
a slow decrease in a galaxy's SFR.

A proper treatment of starbursts associated with galaxy meers and y-by events can
reproduce the observed evolution of star formation within @axies. Can it also reproduce
the observed environmental dependence of star formation?alaxies presently found in high
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density environments may have undergone more interactioms the distant past. Galaxies have
access to only a limited supply of gas from which to form starand thus those that have
undergone multiple interactions may quickly exhaust theigas reservoir, leading to a decline in
SFR. Although galaxy-galaxy interactions at high redshifcould plausibly result in the observed
relationship between SFR and density observed in the locahiverse, it is a scenario that has
yet to be tested in detail. The rst goal of this proposal is toperform such a test using existing
dark matter simulations in combination with simple models hat treat starbursts due to both
mergers and y-by events. My approach is described in greatdetail in the next section.

In the scenario described above, the present-day SFR-ddapselation is the result of interac-
tions at an early epoch, before the galaxies are incorpordteto larger structures. In this case,
the threshold local galaxy density at which SFRs begin to coelate with environment should
systematically increase with decreasing redshift. In comtst, if instead the SFR of a galaxy
depends on its current local environment, but not its interation history, the threshold den-
sity should remain constant with redshift. Quality observéions at high redshift o er the best
opportunity for measuring the evolution of the SFR-densityrelation, thereby discriminating
between these models. The second goal of my proposed prograrno make such observations,
described in detail in the nal section.

Theoretical Program: Modelling Starbursts in Simulations

In the simulation | propose to utilize, the dark matter halosof galaxies within a 70 Mpc box
are represented by 80 million particle$* This simulation is able to resolve galaxies smaller
than the Magellanic Clouds down to the center of galaxy clusts. The nal output contains
tens of thousands of halos, so | will be able to achieve a sHiical signi cance similar to the
largest existing observational studie$?

| will model quiescent star formation using procedures deleped in standard semi-analytic
models of galaxy formatior?>?” In these models, star formation is driven by both the cooling
of hot gas and by the refueling of cold gas during mergers. Irddition to this quiescent
mode of star formation, | will model the starbursts associat with galaxy mergers and y-by
events following the derivation of the fraction of cold gaseaktabilized by encounters put forth
by Cavaliere and Vittorini.''22¢  The spectral energy distribution (SED) of a galaxy can be
modelled by convolving the SFR with the SED of a single-agedediar population.?® | will
compare the resulting dependence of SFR with observatidHé® of local galaxies, \observing"
the simulation with a suitable projection of positions and elocities in order to mimic the
procedure adopted by observers.

In addition to its redshift and environmental dependencesstar formation depends upon
galaxy mass. The average starforming galaxy was more massia the past, an e ect known
as cosmic downsizing®3! This e ect has also been observed in clusters, which show @ence
of luminous post-starburst galaxies at intermediate redsfts that are absent in the nearby
Coma cluster®? The most straightforward explanation is that the mass of adtely starforming
galaxies falling into clusters decreases at low redshift€an we understand downsizing in the
context of galaxy-galaxy interactions? If high mass galags have on average undergone more
interactions, they may have depleted all of their gas by theutrent epoch, while low mass
galaxies have not. The simulation described above will alome to explore the connection
between interaction history and galaxy mass and how such arggection might explain cosmic
downsizing.
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Observational Program: Star Formation Rates at High Redshi ft

Past studies of the SFR in distant galaxies su er from two lintations which prevent their use in
measuring the SFR-environment correlation. First, they hee not included low-density regions.
Second, they commonly utilize [Oll] emission lines to measuthe SFR. Although it is easily
detectable at high redshift ¢ 1), [Oll] is not an ideal diagnostic for SFR3*34 The strength
of the [OIl] 3727 line is not directly coupled to the ionizing luminosity of yaing stars, and it is
sensitive to variations in the metallicity and the ionizatbn state of the gas. More importantly,
it is strongly a ected by dust.3%° Past studies may therefore have a highly biased view of the
SFRs in distant galaxies. For example, several spectrostopurveys of distant clusters> 14 4143
have revealed a population of galaxies with spectra dispiag strong Balmer absorption but
lacking emission lines. These objects have been interprtas galaxies that are not currently
forming stars, but have recently undergone a starburs:'* |If this interpretation is correct,
the starforming progenitors of these post-starburst galags have yet to be identied!’ An
alternate interpretation is that they are galaxies in whichstar formation is totally obscured at
optical wavelengths?’

My observational plan is designed to remedy both of these fdolems. | will map the SFR out
to the low density regions (6R;iz ) surrounding CL1216, one of the clusters | have been studgn
as part of anHST=ACS survey of tenz  0:8 clusters (see Figure 1). | will use mid- to far-
infrared data obtainable with SIRTF to calculate robust SFRs that are una ected by dust. My
proposedSIRTF observations, including overheads, can be completed in Quns, well within the
time for a reasonable program. | will simultaneously measairedshifts and [Oll] line strengths
using the Deep Extragalactic Imaging Multi-Object Spectrgraph (DEIMOS), installed on Keck
II. Accounting for observational overheads, in two nights tan spectroscopically con rm 600
galaxies that are both near the cluster redshift and within 6 virial radii of CL1216.

The proposed observations nicely complement other works mogress. In particular, Treu
et al.** are conducting an optical spectroscopic survey of galaxiep to 5 Mpc from the center
of CL0024+16 atz=0.4, for which they already have complementaryHST/WFPC2 imaging.
Their study provides an intermediate redshift sample, in adition to the zero redshift baseline
discussed in the introduction, with which to compare my highedshift results. In particular, my
proposed optical spectroscopy will yield [Oll]-derived SRs, which can be compared directly
with those measured az=0.4.

The DEEP2 survey will also return a wealth of information on he star formation properties
of galaxies atz 1.4 One of their survey elds, the Groth Strip, will be particularly well-
studied, with mid- to far-infrared data from SIRTF, HST imaging, groundbasedBRI imaging,
and X-ray data. My proposed data set will be of similar qualit and wavelength coverage, but
for a region surrounding a rich cluster. This new dataset wikllow a fair comparison between
cluster and eld environments at similar redshifts.

Strategy for Proposed SIRTF Observations

The Multiband Imaging Photometer for SIRTF (MIPS) simultaneously collects mid- to far-
infrared data at three narrow bandpasses centered at 24m, 72 m, and 160 m. Studying
a sample of 156 local galaxies, Papovich et al. (2062¥ound that the total infrared uxes
(8{1000 m) of z 1 galaxies can be constrained to within a factor of 2.5 usingt2 m MIPS
data. We therefore optimize our observations for the 24m band, while keeping in mind that
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the addition of 70 m data will help to improve this constraint by a factor of < 6.

In a study of three clusters atz=0.76, z=0.9, and z=0.92, Postman et al. (2001} used [OlI]
to measure the mean SFRs of cluster members as a function ofiskift. Interpolating their
results, | expect a mean [Oll]-derived SFR of 1.5 Myr ! for cluster members atz=0.8, and
higher values in the surrounding regions. The ratio betwedR-derived SFRs and [Oll]-derived
SFRs has been found to range from 10{100. Thus, | expect an average IR-derived SFR of
more than 15 M yr 1. In order to ensure high signal-to-noise photometry on gatis with
SFRs signi cantly below this average, | have calculated thexposure time necessary to detect
a galaxy forming stars at a rate 15 times smaller than this avage.

According to Bell (2003)#" a SFR of 1 M yr ! corresponds to a total IR luminosity of
log;, (Ltir/L )  9.8. The uxinthe 24 m band is typically a factor of 0.16lz .** Thus,
in order to detect galaxies with SFRs as low as 1 Mr 1, our IR data must be sensitive to
uxes as low as logy(L24 m=L ) 9. Assuming the concordance cosmology, an object at this
luminosity at z = 0:8 would have a ux of F,4 , 50 Jy. Galaxies smaller than 15" (113 kpc
at z=0.8) will be spatially unresolved in the 24 m MIPS band. Using SPOT, we estimate that
the background in the eld of CL1216 falls in the \medium" cakegory. The integration time
required for a 1 detection of a 50 Jy point source with a medium background is 400 seconds
Because kr is a steep function of SFR, the signal-to-noise ratio (SNRhcreases quickly with
SFR. A 400 second exposure time will therefore provide adedea SNRs for galaxies forming
stars well below the average expected IR-derived rate of 15 W ! (see Figure 2). Although
both the expected ux and sensitivity are higher at 70 m, local confusion will limit its utility 2.
| therefore expect to have usable 70m data for a bright subset of the galaxies detected at 24

m.

Since | wish to cover a relatively large area of the sky (0.5 0.5), | will use the MIPS
Scan Map AOT. The exposure time per pixel resulting from a sgte scan at a medium scan
rate is 40 seconds at both 24m and 70 m. A single map cycle consisting of 6 scan legs with
a cross scan step of 302" (minimal overlap) and scan length @65 degrees should cover the
desired area with an exposure time of 40 seconds per pixelg($agure 3). In order to attain
a total exposure time of 400 seconds per pixel, | propose 3 A®Ronsisting of 3 map cycles
each and 1 AOR consisting of just 1 map cycle. Using SPOT, | @siate that this program,
including overheads, can be executed in (3 161 min) + 56 min = 539 min 9 hours.

Strategy for Proposed DEIMOS Observations

Because of its high throughput and its ability to take spect of 140 objects simultaneously,
DEIMOS is the ideal instrument with which to execute my spectroscop program. Based upon
spectra the EDisCS collaboration has already obtained forataxies in the center of CL1216,
| need 1 hour to acquire spectra with signal to noise suitabler redshift and [Oll] linewidth
determination. DEIMOS has a 9 9° eld of view. Thus, in 9 hours, | can tile the 0.5 0.5
area around CL1216. Using photometric redshift pre-seléah, > 50% of spectroscopic targets
should lie within the redshift range in which | am interested Thus, accounting for observational
overheads | could spectroscopically con rm 600 galaxies within both my target redshift range
and 6 virial radii of CL1216 in less than two nights.

Ihttp://sirtf.caltech.edu/SSC/mips/sensmedgifs/24sca nmed.gif
2http://sirtf.caltech.edu/SSC/mips/sensmedgifs/70sca nmed.gif
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Figure 2: Signal-to-noise ratio (SNR) expected
in the 24 m band, as a function of SFR. The av-
erage IR-derived SFR for cluster members is ex-
pected to be 15 M yr !, where the plot cuts 0.
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Figure 3:
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Figure 1: The image at
left shows a 0.43 Mpc  0.56
Mpc region around the center
of CL1216, imaged in F814W
with the ACS=WFC on board

the HST. CL1216 is one of
the high redshift clusters from

the ESO Distant Cluster Survey
(EDISCS). The EDISCS collabo-
ration, of which | am a member,

has collected an extensive data
set for the inner 1.5 Mpc 1.5

Mpc region of the cluster, includ-
ing groundbasedBV RIK imag-
ing, F814W HST/ACS imaging,
and optical spectroscopy. A
larger 13.5 Mpc  13.5 Mpc re-
gion around the cluster has been
imaged in VRI (sucient for

photometric redshift estimation)

and in the X-ray with XMM-

Newton. Our proposed obser-

vations would add SIRTF mid-
to_far-infrared data as well as
DEIMOS spectroscopy in this

larger region.

SPOT-generated visualization

MIPS

observations overlaid on
ISSA image of a eld centered

on CL1216. This gure is available in color at
http://lwww.astro.washington.edu/desai/SIRTF
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