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ABSTRACT

Galaxy pairs provide a potentially powerful means of stagytriggered star formation from galaxy interac-
tions. We use a large cosmological N-body simulation calipieéh a well-tested semi-analytic substructure
model to demonstrate that the majority of galaxies in clagesgeside within cluster or group-size halos and
therefore represent a biased population, poorly suitedifect comparison to “field” galaxies. Thus, the fre-
quent observation that some types of galaxies in pairs redl@er colors than “field” galaxies is primarily a
selection effect. We use our simulations to devise a measasléat galaxy pairs that are isolated in their dark
matter halos with respect to other massive subhalos (N=&hahnd to select a control sample of isolated
galaxies (N= 1 halos) for comparison. We then apply thesecteh criteria to a volume-limited subset of
the 2dF Galaxy Redshift Survey withdyl < -19 and obtain the first clean measure of tyygical fraction of
galaxies affected by triggered star formation and the @eeedevation in the star formation rate. We find that
24% (30.5 %) of these’Land sub-I* galaxies in isolated 50 (30y hkpc pairs exhibit star formation that is
boosted by a factor of, 5 above their average past value, while only 10% of isolatddxies in the control
sample show this level of enhancement. Thus, 14% (20 %) afakexies in these close pairs show clear trig-
gered star formation. Our orbit models suggest that 12% J16%0 (30) ! kpc close pairs that are isolated
according to our definition have had a close30 h kpc) pass within the last Gyr. Thus, the data are broadly
consistent with a scenario in which most or all close pasteolated pairs result in triggered star formation.
The isolation criteria we develop provide a means to coimsstar formation and feedback prescriptions in hy-
drodynamic simulations and a very general method of unaiedstg the importance of triggered star formation
in a cosmological context.

Subject headingEosmology: theory, large-scale structure of universe —agak: formation, evolution, high-
redshift, interactions, statistics

1. INTRODUCTION In the hierarchical picture of galaxy formation, mergers

Galaxy interactions and mergers help drive galaxy evo-Pl2y an even more important role during earlier epochs
lution. In the concordancdCDM cosmological model, ~than they do today, possibly triggering the high star for-

nearly every galaxy has had a major merger at least oncdnation rates |(Lowenthal etial. 1997: Kolattet al. 1999;
over yco;/mi)c/: gtimexy(e.g.. Maller et é\l. 200%: Stewart ét al. >omerville etal.. 2001] Wechsler etal. 2001) observed in
2007). Major mergers and interactions consume availableS2m® Lyr_galn br’elak lgalaxulas a3 (Stg'dﬁ:_& Hamﬂgn .
gas, producing stellar populations which subsequentigeed ~ +992; S't[]e| eet "'r1|996) or luminous submillimeter gasax
with age (e.g.,[ Larson & Tinsley 1978; Kennicuitetal. (€-9--Chapman etal. 2605). . .

1987). Major mergers destroy disks, turning galaxies into Existing detailed spudles of galaxy m;eractlons_show that
spheroids (e.gl. Toomre & Toomfe 1972), but also pOten_tnggered_ star formation and morphological evolution can b
tially creating large disk galaxies in gas-rich scenarios V€'Y rapid and intense. However, we can only observe a

(e.g., [Robertson etal, 2006). Close galaxy passes andSnapshot” of the evolution of galaxy pairs. With incom-
minor mergers are even more frequent. These perturbaP!€te phase-space information, we do not know their true fre
tions send gas into the centers of galaxies, where theydUency, evolutionary timescales, orbits, or fates. Thus, w
may contribute to bulge components and even feed blackave neither a complete understanding of the frequency of
holes (e.g.,| Kennicutt & Keel 1984 Barnes & Hernduist ntéractions and mergers nor knowledge of their impact on
1992 Mihos & Hernquist 1996: Barton et al. 2000; Combes 92/axy evolution. Many processes such as ram pressure strip
2001 [Barton etal.| 2001; Barton Gillespie et al. _2003; Ping, interaction with a cluster or group potential, or kigh
Kannappan, Jansen, & Barton 2004; Kormendy & Kenricutt SPe€d “harassment,” may also be very important in estab-
2004; | Freedman Woods, Geller, & Barton _2006;_Lin et al. iShing the morphologies and stellar populations of gaaxi

2007;[ Alonso et al. 2007; Freedman Woods & Geller 2007). @nd in driving the relationships between morphology, Golor
and local environmental density (e.g.. Gunn & Gott 1972;

1 Center for Cosmology, Department of Physics and Astrondumyer- Dressler_1980;_Postman & Geller 1984; Moore et al. 1996;
sity of California, Irvine, CA 92697-4575 (email: ebarton@.edu) Blanton et al. 2005a).
2 Kavli Institute for Cosmological Physics, Department otsdsomy and Hydrodynamic simulations of galaxy interactions can make

Astrophysics, and The Enrico Fermi Institute, The Univgrsif Chicago, predictions for the expected star formation rate from any
Chicago, IL 60637

3 Present Address: Department of Physics and Astronomy hityeof type of gaIaCtIC_ collision (eg Bam.es & Hernquist 19.92;
Pittsburgh, Pittsburgh, PA 15260, zentner@pitt.edu Mihos & Hernguist| 1996; Springel, Di Matteo, & Hernquist

4 National Science Foundation Fellow 2005;| Cox et al. 2006; Perez etlal. 2006a,b). However, these

5 Kavli Institute for Particle and Astrophysics & Cosmolo@hysics De- predictions are sensitive to prescriptions for baryoniggits

PQagmggt,gzgSSStanford Linear Accelerator Center, Stdrifmiversity, Stan- that are highly uncertain. In particular, hydrodynamicsim

Submitted to Astrophys.J.
Work supported in part by US Department of Energy contract DE-AC02-76SF00515


https://core.ac.uk/display/71311438?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

2 Barton et al.

lations must rely on effective models for gas dynamics,cool the amount and timescales of triggered star formation is dif
ing, and star formation that these simulations cannot hope t ficult. Pair samples are complex: they include some inter-
resolve. Uncertainties in these effective theories arenan-e  lopers and are rich in galaxies in a variety of environments
mous problem for galaxy formation theory and detailed tests (e.g.,L Alonso et al. 2006; Soares 2007). The progenitors of
of these prescriptions are required. Unfortunately sustste galaxy interactions come from a mixture of galaxy types.(e.g
are not simple; the full phase-space information is not kmow |Focardi et al. 2006). In dense environments, many will have
for many real systems. However, empiricgthtisticalstudies already experienced multiple close passes and mergerg. The
of galaxy interactions and mergers — when combined with may have consumed or lost much of their gas, leaving little to
predictions of galaxy orbits in a now well-established cosm form new stars. However, in sparser environments, the pro-
logical model — hold promise for uncovering the role of in- genitors of the interaction may have had very few previous
teractions and mergers in galaxy evolution. interactions. They may have large remaining gas reservoirs
The first step in studying the effects of interactions and Thus, the efficacy of an interaction in triggering star fotioa
mergers is to identify systems that are undergoing these proshould depend in detail on the environment of the intergctin
cesses. Using morphological distortion as an indicator of galaxies.
galaxy interactions does yield a subset of the pairs that hav Dense clusters of galaxies are straightforward to identify
definitely had a close pass. Howevelying on tidal distor- with confidence. However, the low-speed encounters titpt tri
tion leads to missed interacting paibecause (1) sensitivity — ger star formation are extremely unlikely in these clustArs
to low-surface-brightness features is a strong functioseef understanding of tidally-triggered star formation regsiac-
ing, depth, and redshift, (2) the morphological features ar curate probes of isolated galaxies and sparse loose groups.
short-lived 100 Myr), and (3) many of the features, like Unfortunately, accurate environmental statistics aré&cdif
tidal tails, are resonance effects that only appear in piagr  to interpret precisely in this regime. Group-finding algoms
disk galaxy encounters (Toomre & Toomre 1972). For a more are effective at investigating environmernits (Huchra & Eell
complete census of the effects of interactions, it is imgoairt  11982). However, even highly tuned group-finding algo-
to select pairs or systems of galaxies baselg on proximity rithms construct false groups and miss group members (e.g.,
in redshift and projected separation, then to use mockaggal [Yang et al. 2005; Gerke etlal. 2005; Weinmann etlal. 2006;
constructed from cosmological simulations to understhigdt Berlind et al.| 2006] Koester etlal. 2007). Nearest-neighbor
selection. and counts-in-cylinder statistics also have a large so@ttg.,
Historically, studies of distorted galaxies and galaxies i |Berrier et all 2007).
pairs have been very revealing. The early stages of galaxy The use of mock galaxy catalogs based on numerical sim-
interactions can drive gas into the center of a progenitor ulations of structure formation in the standard cosmolagy c
galaxy and trigger an early episode of central star fornmatio help sort these issues out. Direct numerical simulatiorifis d
long before the final merger (e.q., Larson & Tinsley 1978; ficult because obtaining the necessary resolution to be com-
Joseph et al. 1934; Kennicutt etlal. 1987; Mihos & Hernquist plete in close pairs while simultaneously modeling a large
1994,11996). The strength of the optical emission line as- enough volume to reduce sample variance is computationally
sociated with this star formation correlates with the sepa- expensive. An alternative and proven method is to use an ana-
ration of the pair on the sky/AD) and in redshift AV; lytic model for dark matter halo substructure (so-callaal's
Barton et all 2000). The optically-detected star format®on  halos”, e.g.l Zentner & Bullock 2003; Taylor & Bahul 2004;
strongest in the central few kpc, often dominating the opti- IZentner et al. 2005) in conjunction with atbody simula-
cal light; in the case of a late-type spiral, it can also con- tion of a cosmologically-relevant volume. The analytic rabd
tribute substantially to the formation of a bulge (Tisserale treats halo substructure using a method that is approxjmate
2002; | Barton Gillespie et al. 2003). This process may be but free of inherent resolution limits, and extends thectife
the primary mechanism for the formation of late-type bulges numerical resolution in the simulated volume, ensuring-com
(Kannappan, Jansen, & Barton 2004). Kewley etal. (2006) pleteness in the dense environments where many close pairs
show that the metallicities of these galaxies provide a ‘lsmo reside. The analytic model also allows for a quantificatibn o
ing gun” for gas infall from the outskirts of the disks. Galax shot-noise contributions to close-pair samples that mizg ar
ies with (optically) strong central starbursts have mititiks for example, from the particulars of galaxy orbits and may be
that are lower than average for their luminosities, comsist  significant (Berrier et al. 2006). Such models have been de-
with a starburst occurring in gas that was driven into the nu- veloped and validated by comparison to direbody simu-
cleus from the metal poor outskirts of the progenitor’s disk  lations in the regimes where the two techniques are commen-
New, large redshift surveys such as the 2dFGRS surablel(Zentner et al. 2005). Thus, the time is ripe to dgvel
(Colless et al. 2001) and Sloan Digital Sky Survey (York et al new methods aimed at understanding the detailed make-up of
2000) provide a means of exploring ever-larger samples ofpairs of galaxies selected from redshift surveys.
galaxies in pairs, although these samples must be appmbache We study mock catalogs constructed using the hybrid ap-
with caution because mechanical spectrograph constraintgroach described briefly in the previous paragraph and ex-
make them deficient in close pairs. The correlations betweentensively in| Zentner et al! (2005) and Berrier €t al. (2006).
orbital parameters and star-forming properties of gakakie  This approach has already succeeded in explaining the ap-
pairs have been verified in both the 2dFGRS (Lambas et al.parent lack of evolution in the close pair fraction observed
2003), and the SDSS (Nikolic etial. 2004; Luo etial. 2007). in intermediate-redshift surveys (Lin etlal. 2004; Bergeal.
However, the studies also appear to reveal unexpected phe2006). In the present study, we focus on interpreting the sta
nomena including apparentlyuppressedstar formation in forming properties of galaxies in pairs. With the compliest
widely-separated pairs and red tails in the color distidng of the large-scale environments of pairs in mind, we explore
of paired galaxies| (Lambas et al. 2003; Alonso et al. 2004, the construction of appropriate samples and control sanple
2006; Luo et al. 2007). for galaxies in pairs. In particular, we examine ways toasel
Using these empirical results to arrive at a true measure ofthe immediateeffects of triggered star formation from other
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environmental processes. Here, we apply the analysis to host dark matter halo, we model their mass accretion his-

volume-limited sample of galaxies in the 2dFGRS; however,

tories and track their substructure content using an analyt

the techniques we discuss are generally applicable to othetechnique that exploits numerous simplifying approxirmasi

studies of tight sub-groupings of galaxies.

and several scaling relations derived from direct simarati

In §[2 we describe the numerical methods and the observa{Zentner et al. 2005). For each host halo of miskat red-
tional data that we use[% 3 contains a description of the modeshiftzin our simulation volume, we randomly generate a mass

predictions for the environments of galaxies in pairs; iis th

section we examine the problem of trying to construct a con-

trol sample of objects that are notin pairs. [d § 4, we restivic

accretion history using the method lof Somerville & Kolatt
(1999). At each merger event, we assign an initial orbital en
ergy and angular momentum to the infalling object accord-

the most isolated pairs and individual galaxies and show tha ing to the probability distributions for these quantities- d

isolated pairs are almost purely dark matter halos comtgini
N = 2 galaxies inside their virial radii. The isolated gaksi

we select are an appropriate control sample for the progenitime it is accreted.

tors of an interaction. We examine galaxies in pairs in the 2d

rived from cosmologicaN-body simulations|(Zentner etlal.
200%). Each accreted system becomes a subhalo at the
It is assigned a mass and a corre-
sponding maximum circular velocity at this timep¥= Vin

Galaxy Redshift Survey (2dFGRS Colless et al, 2001)[ih § 5. We integrate the orbit of the subhalo in the potential of

and measure the amount of triggered star formation in isdlat
pairs relative to the control. We[8 7 contains a brief descrip

the main halo from the time of accretion unti= 0. We
model both tidal mass loss and internal heating of subha-

tion of the situation in more complex environments, and we los as well as dynamical friction using a modified form of
conclude in €B. In future papers, we plan to explore more the Chandrasekhar formula (Chandrasekhar|1943) suggested

complex environments in greater detail. The ultimate gbal o
this and similar studies is to isolate the effects of intBoas
and then re-integrate the results into a complete cosnmaabgi
interaction history for galaxies, thus measuring the amotin
galaxy evolution triggered by interactions and mergers.

2. THE MODELS AND THE DATA

The first step in our study is to construct mock catalogs of

galaxies and study the environments of galaxies in prajecte
close-pair configurations in order to understand the Select

by[Hashimoto, Funato, & Makino (2003). As subhalos orbit
within their hosts, they lose mass and their maximum circula
velocities decrease as the profiles are heated by intenactio
We remove galaxy subhalos from our catalogs once their max-
imum circular velocities drop below W= 80 km s*. This
rough criterion is used to mimic the dissolution of the oleser
able galaxy as a result of these interactions.

This procedure produces a population of subhalos within
each host dark matter halo in the volume. In fact, the proce-
dure is statistical and relies on realizations of the srocdlle

of such objects. We use the information gleaned from the density field and the orbital parameters for infalling struc

mock samples to aid in the interpretation of close pairs én th

ture. As such, each host may be assigned numerous different

2dFGRS. In this section, we describe the models used to prosubhalo populations that differ in their detail due to rzalj

duce mock catalogs and the observational data in turn.

2.1. Mock Galaxy Catalogs
Our model begins with a cosmological N-body simulation

these statistical distributions with finite samples. Wdude

such variations by producing four mock catalogs from four

independently-realized subhalo populations for each host
The next step is to map galaxies onto the host halo and sub-

from which we extract positions and masses of host dark mat-halo populations in the model. Each subhalo has an associ-
ter halos within a cosmological volume. We populate the hostated \j, circular velocity that acts as a proxy for its luminos-
halos with subhalos using the method of Zentner ket al. (2005) ity and each host halo has a corresponding “central galaxy”
Our method for producing mock catalogs has been discussedvith a Vih= Vimax. We assign luminosities to halos by match-

in detail in/Berrier et al.. (2006). We provide a brief ovewie

ing volume number densities of galaxies between the simula-

here, and refer the reader[to_Berrier etlal. (2006) for a moretion and the data; thus, we assume that luminosity is a mono-

detailed discussion.
Our numerical simulation was run with the Adaptive Re-

finement Tree N-body code (Kravtsov etlal. 1997) in a stan-

dardACDM cosmology with2, =0.3,24 =0.7, Hp = 70 km

s Mpc?, andog = 0.9. The simulation followed the evolu-
tion of 512 particles in comoving box of 120-hMpc on a
side, implying a particle mass of, ~ 1.1 x 10° h M. The
simulation grid was refined down to a minimum cell size of
hpeak~ 1.8 h™* kpc on a side. The simulation was previously
discussed in_Tasitsiomi etlal. (2004), Zentner etial. (2005)
Allgood et al. (2006), and Wechsler et al. (2006). Host ha-
los in the simulation were identified using a variant of the
Bound Density Maxima algorithm (BDM, Klypin et al. 1999;

Kravtsov et al. 2004). We define a halo virial radius as the ra-

dius of the sphere, centered on the density peak, withinlwhic
the mean density id(2) times the mean density of the uni-
verse,on. The virial overdensity\,(2), is given by the spher-

tonic function of \{,. In|Berrier et al. [(2006), we compared
the close pair fraction predicted by this method to close pai
counts in the UZC and found good agreement if we associ-
ated galaxy luminosity in a one-to-one way witk, VWe use
this association throughout this paper. In addition to tekw
ofBerrier et al.|(2006) which shows the two-point corredati
function extending down te-50 bt kpc, a similar model has
also been shown to reproduce the larger scale galaxy two-
point correlation function as a function of luminosity, kca
and redshiftl(Conroy et al. 2006).

As discussed below, we focus on halos with ¥ 1605
km s in order to define a mock galaxy catalog with the
same number density as thes]M< -19 population we con-
sider from the 2dF survey. The numerical model predicts the
number of galaxies with )/ > 1605 km s that occupy ev-
ery host halo in the simulation, N. As discussed below, most
galaxies in the simulation reside in halos by themselvet, wi

ical top-hat collapse approximation and we compute it using N = 1, but galaxies in highly-clustered regions tend to resid

the fitting function of Bryan & Norman (1998). Host halos

in massive host halos with multiple galaxies\9. In what

are identified as those halos whose centers do not lie withinfollows we analyze the full simulation volume; thus, all re-

the virial radius of another halo.

sults are appropriate for comparison to a volume-limited-sa

In order to determine the substructure properties in eachple. In addition, we use all four mock catalogs constructed
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from the four, independent realizations of halo substmgctu
for each host unless otherwise stated. 1

2.2. Pairs in the 2dF Survey

We examine star formation in pairs selected from the public
2dFGRS database (Colless et al. 2001). In contrast to previ-
ous studies of 2dFGRS pairs (elg., Alonso et al. 2006), we
construct a volume-limited sample with galaxiesMg; = -

19, assumin§, = 0.7,y = 0.3, andHg = 70 km s* Mpc™.

The redshift range is from 0.010 to 0.0875. We restrict the
study to two simple rectangles in the sky, with coordinates
14897° < o <20942°,-4.78° < § < 2.21°and 2968° < «
<50.94° -34.18° < § < -25.32°. While these strips are rel-
atively complete, there are some omitted regions near brigh
stars. We only select pairs from the portion of the sample not
within 700 i kpc of the edges of the rectangles on the sky
or within 1000 km &' of our redshift limits in order to probe
the full environments of our targeted objects. 0

The full sample covers a solid angle of 0.317 steradians and 0
a volume of 1.79 x 19h™3 Mpc?. Integrating the luminos-

Full sample
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ity function reveals an expected object density of 0.0%07
0.0008 galaxieshMpc to Mg; = -19 (Croton et al. 2005);
this density corresponds to a cutoff halo circular spdgd:
160.5 km §' in the simulation, which we use consistently
throughout the paper.

The targeted sample excluding th

FiG. 1.— The fraction of galaxies in the simulation with a totdlN
galaxies in their host halos as a function q§,Rhe projected distance to its
nearest neighbor. For each galaxy in the mock catalog, weume&y within
AV= 1000 km s, and the total number of galaxies in its host halo, N. The
different lines correspond to different bins of N, N = 1 eka¢solid blach,

& (dotted greeh 3 (dashed magenja4-8 (ong-dashed cygnand> 9 (dot-

edges includes 22,601 galaxies, with 1,344 galaxies ireclos dashed blupgalaxies in the host halo. We shade the “pair zone,” gasaxie

(<50 ! kpce) pairs.

with neighbors within 50 i kpc. Close pairs are preferentially found in

The primary problem faced in our data analysis is survey very well-populated halos.

incompleteness. Overall, the 2dFGRS is approximately 86%

completel(Cross et al. 2004). In a single observation, tire 2d

For each simulated “galaxy” (halo or subhalo) above our

GRS cannot distinguish objects closer than 25 arcsecondsutoff circular velocity in the model, we computeyDthe

on the sky. At the minimum, median, and maximum red-

projected distance to the object’s nearest neighbor it

shift of galaxies in the volume-limited sample we consider, 1000 km §*. We also measure N, and the total number of sim-
this fiber collision separation corresponds to 4.8, 23, éhd 2 ulated galaxies that lie within the same host dark mattes hal
h™* kpc, respectively. However, repeated measurements ofas the object. Typically, close pairs are defined based ol sma

the same field with different fiber configurations allow red-

projected separationd D < 30-100 i kpc, with 50 h* kpc

shift measurements for some close pairs (Lambas et all 20032 commonly used value (Barton etlal. 2000; Lin et al. 2004;
Alonso et all 2004). In dense clusters, where galaxy pairs ar [Berrier et all 2006), withil\V= 1000 km §* of its neighbor.
preferentially found, there are often many more objecta tha Because we have full three-dimensional information froe th

fibers, leading to a differential incompleteness with eowir

simulation, we can explore the true nature of the “apparent”

ment that has been characterized by the 2dFGRS survey tearairs selected with this technique.

(Colless et al. 2001). We use their tools to probe the effafcts
incompleteness in[§ 5.

Although it is not a primary focus of this work, we also
verify the results of our study using ti$oan Digital Sky Sur-
veyDR4 (Adelman-McCarthy et al. 20086)YU Value-Added
Galaxy Catalogdata (Blanton et al. 2006b). We construct
volume-limited catalogs to M= -19+5logh and M =-20+

We begin our exploration of close pair selection in Figure 1.
To construct this figure, we first computg,@nd N for each
simulated galaxy, using the periodic boundary conditighs,
necessary, to fully sample its environment. We then spdit th
objects in each bin of Rinto subsets based on the multiplic-
ities of the halos in which the objects resitiga (N|Dn). The
ranges of the N bins are shown in the labels of Elg. 1. Fi-

5logh and consider both galaxies with measured and unmea-nally, at each value of projected nearest-neighbor separat

sured redshifts. We use star formation indicators inclgdin

we computed the fraction of galaxies within that bin that are

the star formation rate per unit mass from Brinchmann et al. in the different subsets of N. Figl 1 shows this fraction agion

(2004). In general, the SDSS results are in qualitativeeagre

five different bins of N as a function of p In each I bin,

ment with the 2dF results we focus on here, but the use ofthe sum of all fractions is 1. For reference, the shaded negio

r-band selection and of different star formation indicainrs
troduce quantitative differences.

3. THE ENVIRONMENTS OF GALAXY PAIRS
To isolate triggered star formation from star formationttha

is not triggered by interactions, we must compare a well-

indicates the 501 kpc “pair zone.” We note that the x-axis,
Dy, is thedirectly measurable quantity from redshift survey
data, while N is not directly measurable.

Fig.[ immediately reveals a major issue in selecting ap-
propriate control samples for galaxies in paifairs in the
simulation reside in a highly skewed distribution of enmiro

defined pair sample to the appropriate control sample — typ-ments. In particular, pairs are vastly over-weighted toward

ical examples of the immediate progenitors of the intecacti

galaxies that reside within well-populated host dark miatte

What types of galaxies appear in pairs? To answer this queshalos compared to the average. For example, galaxies with

tion, we investigate the environments of pairs selectediin o
simulated volume-limited redshift survey.

N > 9 comprise 39% of the pair sample but only 19% of
the simulation as a whole. In contrast, while isolated (N=1)
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FiG. 2.— The normalized distribution,nddlog(M), of host halo masses FiGc. 3.— The distribution of host halo mass as a function of dista
for 50 ! kpc pairs otted req), closer 30 I kpc pairs @ashed blupand to the nearest neighbor,\Din the simulation for a single realization of the
the full sample $olid black in the simulation. Pairs reside in much more  substructure model.Left) For galaxies with at least one luminous neighbor
massive halos than typical “field” galaxies. within 700 ! kpc andAV= 1000 km &, we plot the log of the host halo

mass as a function girojecteddistance to the nearest neighbor in the simula-

. . . tion. The point colors and types segregate galaxies basbkdlommccupation.
galaxies make up 56% of the simulation as a whole, only e plot single-galaxy haloss¢lid black trianglel N = 2 (open green cir-

3% of the apparent close pairs are actually isolated gadaxie cles, 3 (filled magenta circles 4-8 pen cyan triangles and > 9-galaxy
These isolated galaxies in apparent pairs are interlogers a halos plue crosses The solid red line is the virial radius of halos; the dotted
cording to the analysis 6f Berrier etl&l. (2006). The abuhdan [ediggedii?fé?gn\égifgeﬁ%gﬁ figvgggdbgn% fggggf’se%mtg (%?Cﬁ;%éoglgée
pairs In cluster and large-group systems are not necgssqul ngt the host mass histograrr)n éf the host halo of siﬁ”lulated?@ﬁ with no
imminent mergers, nor are they necessarily even intectin peignbors within 700 1 kpc.
directly with each other!_Bailin et al. (2007) note a similar
problem in the study of galactic satellite populations. are preferentially selected from higher-mass halos. Adcor
From a qualitative perspective, Figlide 1 explains many pasting to their results the “average” color of a galaxy in an “av-
observations regarding the star-forming properties ofxyal erage” halo hosting a pair would be0.05 magnitudes red-
ies in pairs. For example, pair samples previously analyzedder in g-r color, have a specific star formation rate (e.g.,
in the 2dFGRS show an increased star formation rate rela:Brinchmann et al. 2004) that is20% lower, and have a late-
tive to control samples at close separatioh®E 30 h* kpc) type fraction that is~5% lower than the corresponding av-
where the interaction has a dominant effect (Lambas|et al.erages for the field. Thus, the suppressed star formation ob-
2003). However, at larger separations where the intemactio served in some widely-separated galaxy pairs is not retated
is less important (108, AD < 200 h? kpc), the typical pairs  a single interaction, but is a selection effect associatitd w
exhibit lessstar formation than the field (e.g., Lambas et al. cluster and group processes that suppress star formatis. T
2003; Alonso et al. 2004, 2006). In our model, these more selection effect must be accounted for in a fair analysis of
widely-separated pairs are also in denser environmenits tha triggered star formation.
the field: 36% are in N> 9-galaxy halos while only 19% are Fig.[J illustrates the nature of the differences betweeasal
isolated. This depressed star formation in widely-sepdrat that host close pairs and “typical” dark matter halos. This
pairs relative to the field results from the fact that galaXie figure plots galaxy host halo mass as a function of projected
ing in more massive and populated systems have suppresseskeparation to its nearest neighbor up to 700kdpc and within
star formation on average. 1000 km st in our mock catalogs. The colors and point types
Because pairs are preferentially found in denser environ-segregate host halos based on N, the number of galaxies they
ments, the naive comparison of star formation rates betweerhost. The structure of this plot provides a very general raean
pairs andypical field galaxies will artificially underestimate of viewing nearest-neighbor statistics. The isolated ilite
any elevation in star formation rate that is directly trigepe up along the lower part of the plot; their locus is analogaus t
by an interaction. Fid.]2 shows the distribution of host halo the “two-halo” term in the correlation function insofar &t
masses for galaxies in closAD< 50 and 30 R kpc) pairs pairs are projections of two coincidentally aligned hodbka
and the sample as a whole. This Figure emphasizes howrhe more massive and populated dark matter halos line up
skewed the environments actually are. The average host halalong the left vertical edge of the plot. Again, pairs are an
mass for the full sample is Mpost>=3.2x 103 h™t My; extremely skewed population. In contrast, galaxies that ar
for the close (50 i kpc) and closer (30 R kpc) samples  isolated within~400-500 h' kpc are almost purely the only
of pairs it is 6.0 and 5.710' h™* M, respectively. More-  occupants in their lower-mass halos.
over, the mode of the full sample; 10*? h™* M, is almost In summary, a comparison of the propertiesygfical pairs
completely depleted in the pair sample. The analysis of theand typical isolated galaxies selected from the universe as
SDSS by Weinmann et al! (2006) tracks the dependence ofa whole is not the appropriate comparison for isolating star
galaxy properties on host halo mass. We can use their result§ormation triggered by galaxy interactions. The “field” is
to understand the implications for galaxies in pairs, which dominated by isolated, low-mass host halos with a mix of
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a few more luminous systems. Pairs are skewed, preferensimulation, the subhalos we would identify observationa#
tially residing in higher-mass host halos. Thus, compasdso isolated close pairs were accreted roughly 0-8 Gyr ago, with
of the star-forming properties of pairs and the “field” do not an average of 3.0 Gyr and a wide spreadof 1.5 Gyr. For
isolate the effects of the recent interaction. The propsrti comparison, the dynamical timescales for these halos are of
of close pairs reflect all of the other processes that occur inorder 3 Gyr.
dense group and cluster environments that may act to sup- As a guide to interpreting this isolated sample, consider
press star formation during late-time interactions. Ashsuc a simple example. At present, the Milky Way and the An-
naive comparisons will dramatically underestimate theins  dromeda galaxy, viewed from most projections, would be
star formation rate triggered by galaxy interactions. la th black points on the right side of Figl 4. They are both iso-
next section, we describe one means of constructing samplefated with respect tduminousgalaxies. However, as they
that better isolate the effects of galaxy interactions faiher move toward one another over the course of the reetv
environment-related processes. Gyr (Cox & Loeh 20057), they will move to the left on the plot.
Eventually their dark matter halos merge and they become an
4. ISOLATING TRIGGERED STAR FORMATION N = 2 halo, at which time they will move diagonally toward
Many different measures of large-scale environment havethe upper left and “turn green.” After perhaps 1-3 Gyr, the
been developed to understand the properties of galaxies as baryonic galaxies will completely coalesce; the systemldiou
function of their surroundings. With the advent of redshift then move horizontally to the right and “turn black” in the
surveys, these studies have focused on group-finding algoplot. Isolated systems like the Milky Way and Andromeda
rithms (Huchra & Geller 1982)nth nearest neighbor statis- are the simplest units of interaction and the best labdestor
tics (Dressler 1980), and local galaxy count measures, (e.g.to isolate the effects of interactions from other physiaakp
Blanton et al. 2005a; Berrier etlal. 2007). Here, we adopt cesses. In the next section, we find isolated pairs in the 2dF-
N-o00, the number of neighboring galaxies within 700 kpc GRS and use the appropriate control and paired samples to
on the sky andAV= 1000 km s in redshift of the galaxy isolate the effects of an interaction. As we show il § 7, the
in question (see Berrier etlal. 2007). We note that our result situation is much more complex in denser environments.
are qualitatively insensitive to choices of environmeatistic
scale in the range of 700-1000'kpc, but 700 At kpc yields 5. MEASURING TRIGGERED STAR FORMATION
a large enough sample of galaxies in pairs in the 2dFGRS |n § 4, we demonstrate that the amount of triggered star for-
(8[5). The use of other statistics such as group-finding algo-mation occurring in the universe cannot be measured by com-
rithms would yield .somewhat different results, but the basi paring typical paired galaxies to typical field galaxies nBe
problem of separating dense systems from nearby but unassayalactic environments are overrepresented in galaxiesiig.p
ciated isolated dark matter halos remains. _ However, the effects of an interaction can be identified in-
Choosing galaxies with limited numbers of companions on dependent from other environmental processes by examining
~1 Mpc scale environments is an effective way to preferen- jsolatedpairs and comparing them teolatedgalaxies. Al-
tially select galaxies in different types of dark matterdsal  though isolated pairs are not the only environments in which
(see Focardi et &l. 2006). FId. 4 shows the distribution of pr triggered star formation is important, they are the singtes
jected I as a function of host halo mass for the the restricted identify and studly.
set of environments corresponding to galaxies witoN 1. Here, we use 2dF survey pairs to examine triggered star for-

These are galaxies that haegactlyone companion within - mation in galaxy pairs. The “full sample” is the full volume-
700 H? kpc and 1000 km™$. This restriction is extremely

clean and effective. Widely-separated pairs are almostiexc
sively isolated halos and the close pairs are almost purely N ) ]
=2 systems. Fid.]5 shows the fraction of host halos of each ' o
type as a function of separation in this restricted sampte an
the corresponding host halo masses in the pairs and full dis- 14
tributions. The fraction of N = 2 hosts goes from over 90%
at the closest separations to @50 splitof N =1 and N =2
halos at~175 H* kpc, to nearly 100% N = 1 halos beyond
400 it kpc.

The key to the use of ultra-low-density environments is that
the restriction provides an extremely clean sample of pairs
N =2 halos at small separations aadccorresponding con-
trol sample of isolated galaxiesThis allows us to remove
any effects that may be due to numerous and repeated inter-
actions in dense cluster environments and study the relativ
effect of individual interactions. The sample average r@gss
are < Mpost>=4.2 and 39 x 10'2 h™* M, respectively, for o
the objects that could be identified as isolated S0kpc and 0 0.2 0.4 0.6 0 1000
30 H! kpc close pairs, ane Mpost>=2.2 x 1012 h™t M? for Projected D, (Mpc/h) N
the Slmu@ted isolated galaxy s_ample Wlth B 300 " kpc FIG. 4.— The distribution of host halo mass as a function of distato
and Nyo =0 or 1. T_he peaks in the _dIStrlbutIOI’]S are offset the nearest neighbor,\Rin the lowest-density environments for the objects
by ~0.5 dex. Thus, isolated close pair host halos-aPe- 3 in one realization of our mock galaxy catalogs. The pointsthe same as
times the typical masses of the isolated galaxy (N = 1) sam-Fig.[3, but restricted to galaxies with exactly one neighhithin 700 T* kpc
ple, suggesting that the isolated galaxies are the appitepri andAV=1000 km sl. Atright, we plot the host mass histogram of galaxies
immediate progenitors of the N = 2 isolated close pairs. én th With N7oo =0, or a nearest neighbor distancg B 700 t* kpc.
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F1G. 5.— The distribution of host halo masses and separatiolosvitlensity envi
with N7gp = 1, or exactly one luminous neighbor within 700t Hkpc. In the left pa
N, as a function of the distance to the nearest neighbormitD0 km s1. At right
of N7gg < 1 galaxies with [y > 300 i kpc (black, solig and for< 50 bl kpc
isolated< 30 h'! kpc pairs blue dashejl The isolated pairs are twice as mass
are likely the immediate progenitors of the pairs.

L

—— Full sample

Close pairs

frequency
TR

1

L

L

—— Control (N=1) ]
Isolated close pairs -

frequency

L

o]

FIG. 6.— Star-forming properties of 2dFGRS galaxies in paif&p( We
plot the distribution ofy for the volume-limited sample as a wholgo(id,
black and for the close pairs sampldotted, redl with Dy < 50 bt kpc.
Larger values of) correspond to higher star formation rafes (Madgwick ket al.
2003). Relative to the sample as a whole, the pairs exleisstar formation
on average, as explained in Fig. 1 by the fact that they pefially sample
dense galactic environment8dtton) We also restrict to isolated close pairs
(dotted, redland a control sample of galaxies with agy< 1 and Oy > 300
h™1 kpc distant on the sky. The model shows that the pairs arestlatways
in N = 2 halos (93%) and that 99.5% of the control sample are in N
halos. Relative to the isolated “control” galaxies, thdated pairs have more
galaxies on both ends of thedistribution.

limited sample that is far enough away from the edge of the
survey to sample the environments of galaxies without bias.
The “close pairs” sample is the subset of this full samplé¢ tha
has at least one companion within 50 kpc and 1000 km

s1. We focus on the clean measure of the effects of inter-
actions described in 8 4 by constructing the “isolated close
pairs” sample of galaxies that have exactly one companion
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ironments in our mock catalogs. We repegd B andP restricting to galaxies
nel, we plot the fraction of galaxies intsasith a given number of members,

, we plot histograms,g/dlog(M), of host halo masses for the control sample
pairs with no other neighbors within 700tkpc (red, dotted and similarly
ive, on average, &polhted control sample, implying that the control galaxie

within 50 i kpc and 1000 km$ and no others within 700
h™ kpc and 1000 km$. We also construct the “control”
sample where o = 0 or 1 and the nearest neighbor i D
> 300 h! kpc away.

In the volume-limited sample of 41,239 galaxies, the “full
sample” includes 22,601 galaxies that are not on the edges
of the survey volume. There are 1344 galaxies in the “close
pairs” sample, with spectroscopic companions within 50 h
kpc and 1000 km$; 191 of these paired galaxies are in iso-
lated close € 50 h! kpc) pairs and 72 are in isolated closer
(< 30 it kpc) pairs. The isolated control sample witly D
> 300 i kpc and N = 0 or 1 includes 8564 galaxies.

We examine the star-forming properties of galaxies using
the spectral parameter, which|Madgwick et al.|(2002) de-
rive from principal component analysis (PCA) of the 2dF-
GRS as a whole. Their PCA analysis shows that two-thirds
of the variance in the 2dFGRS spectra in a volume-limited
sample are contained in the first two projectiomss directly
measured from a combination of these two projections and is
readily available in the 2dFGRS database. Madgwick et al.
(2003) show that is closely related to both theddequiva-
lent width measured from spectra and to the stellar bir¢hrat
parameterb, the present star formation rate of the galaxy di-
vided by its average past star formation rate. Higher vabfies
n correspond directly to higher current star formation rates
Madgwick et al. [(2003) use model spectral energy distribu-
tions with a wide variety of star formation histories to et
this correlation between andb.

In the top of Fig[® we plot the distribution of for the
sample as a whole and all the close pairs. The pairs as a
whole exhibit, on averagdessoverall star formation than
the full volume-limited galaxy sample. The average for the
full sample and the close pairs sample arey >= 0.07 and
-0.22, respectively. Fig.]1 demonstrates why. In the model,
most (56%) galaxies are alone in their dark matter halos. In
< 50 ht kpc pairs, however, nearly all (97%) of the galaxies
are in denser systems, and often much denser systems. Be-
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FIG. 7.— Normalized star formation rates of 2dFGRS galaxiesainsp
We plot the distribution ob, the ratio of the current star formation rate to

the average past star formation rate, inferred frprtsee Madgwick et &l.
2003). We restrict to isolated close paig®fted, redland a control sample of
galaxies with Nog < 1 and Oy > 300 i kpc. A Kolmogorov-Smirnov test
indicates that the control and close-paidistributions differ, with R_g =
6.1 x 10™. Relative to the N = 1 “control” galaxies, the isolated pdiese
fewer galaxies forming stars at their historical averagde;rpairs exhibit an
excess of galaxies that are very deficient in star formati®h éxcess with

b < 0.1) and an excess of galaxiggréen shaded regigrwith rates boosted
by factors of> 5 (14%) where the high-excess, or the shaded region, has
an averagéb) ~ 30.

cause pairs preferentially reside in extremely dense envir
ments, their star formation is suppressed except when tieey a
strongly interacting.

Projected Dy (Mpc/h) [b]

FiG. 8.— Star formation as a function of distance to nearesthixeigin
sparse environmentsTdp) For the 2dFGRS sample withzdh = 1, we plotn
as a function of separation to the nearest neighbor; theénedslthe averaged
smoothed by 100 points. The inset displays the average fo<m.13 h?

Mpc, highlighting the signal of triggered star formationg < 0.03 h?
Mpc. (Botton) For the Ngo = 1 sample in the simulation, we plot the fraction
of N =1 (solid, black and N = 2 ¢lotted, greepgalaxies as a function of R
as in Fig[5.

boost in the star formation rate over the average past rate in
that galaxy is a factor of£30.

The error in the average boost due to triggered star forma-
tion is dominated by the scatter in the relationship betwken
physical parametdy = SFR/ (SFR and the measureg We
estimate the error introduced by this scatter using a Monte-

As we demonstrate in[§ 4, the model predicts that 99.5% of Carlo simulation.|_Madgwick et al. (2003) explore the scat-

the galaxies in the isolated control sample are alone in thei

ter in the theoretical relationship betwelgandn using syn-

dark matter halos and that 93% of the isolated pairs are in Nthetic spectra with star formation histories predicted dayis
=2 halos. Thus, the bottom of F[g. 6 provides us with a nearly analytic models. For a typical distribution of star fornoati

direct measure of the effects of an interaction, by allowing
us to compare the true progenitors (the N =1 “control”) of
the paired (N = 2) systems. A Kolmogorov-Smirnov test indi-
cates that the control and close-patistributions differ, with
Px-s=6.1x 107,

histories, this scatter is substantial. We adopt the scat-
ter in then-b distribution in/Madgwick et al.| (2003) in our
Monte Carlo simulation, drawing deviations at random from
the averagé for a given (measured). We resample the en-
tire b distribution for the control, pair, and very close (30 h

In Fig.[4, we use the approximate values in Figure 7 of kpc) pairn distributions and remeasure the weighted average

Madgwick et al. ((2003) to convert into b, the ratio of the
current star formation rate to the average past star foomati
rate, for the isolated control and isolated pairs samplégs on
Relative to the N = 1 “control” galaxies, the isolated pairs
have fewer galaxies forming stars at their historical agera
rate p ~ 1). Pairs include an excess of low- and high-star-
formation-rate galaxies. While 24% of the control sampke ar
forming stars with < 0.1, 29% of the< 50 h* kpc pairs and
26% of the< 30 h kpc are forming stars at these low rates;
thus, 50 h! kpc (30 h! kpc) pairs have a 5% (2%) excess of
slow (or non-) star formers.

At the high end of the star-formation rate distribution, 10%
of the control (N = 1) sample have rates boostedy factor
of 5. In contrast, 50 1 kpc (30 i kpc) pairs are boosted
by b > 5 24% (30.5%) of the time, for a 14% (20%) excess
of high star formation rate galaxies. Binning the data with
fine bins, weighting byb, and limiting the largest (extrapo-
lated) boost td = 100, the highb (b > 5) excess in the pairs,
the shaded region in Figl 7, has an averagé ef 31 (34).
In other words, statistically, this technique shows thatliie
population of pairs with triggered star formation, the aggr

boost of the excess strong star formers with 5 in the pairs.
Because the scatter bfas a function of; is much larger in
the highb direction, the 1s range of resulting values of the
average boost of triggered star formation is 42 — 65 for the
50 ht kpc pairs and 39 — 61 30 hkpc pairs. We conclude
from this analysis that the large scatter betwbeandr re-
sults in a wide range of possible star formation boosts tesul
ing from triggered star formation. This type of uncertainty
would be typical for other popular parameterizations of sta
formation history derived from optical spectra, as well.rnyla
optical spectral measures of star formation break downen th
“bursty” star formation regime that is typical of interaxi
galaxies.

The excess fraction of starbursting galaxies is enhanced in
even closer (30 1 kpc) pairs, while the excess of low star
formation rate galaxies is not. We explore the dependence
of starbursting galaxies on separation further by dividimg
data into bins based on\D With 50 H? kpc bins, only the
Dy < 50 ht kpc bin has a statistically significant excess of
high-b galaxies compared with the N = 1 control; with 25 h
kpc bins, only the R < 50 ™! bins show a significant excess.
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star formation at small separations results from the playsic
i interaction and not merely the different mix of halo types at
) smaller separations. A boostederagestar formation rate

1 does not persist beyond a few tens of kpc, probably be-
cause the strength of the star formation fades as the bugst ag
(see Barton et al. 2000; Barton Gillespie €t al. 2003), and be
cause the fraction of galaxies that have had a recent clase pa
is a strong function of R.

The halo substructure model tracks close pericentric pas-
sages between satellites and the central galaxy in the dark
matter host halo. These simulations show that for the isdlat
close pair galaxies in true N = 2 systems, 12% of 1% ht
kpc pairs and 16% of the30 h! kpc pairs have had a close
pass with Reii < 30 i kpc within the last Gyr. In addition,

40% of the 50 it kpc pairs and 45% of the 30°hkpc pairs

i : T have had a pass withpR; < 50 it kpc within the last 1.2

L | ‘ | Gyr. Thus, the 2dF data are consistent with a range of scenar-

0.2 0.4 0.6 ios, including at its extremes, (1) the possibility thatmeall
Projected Dy (Mpc/h) galaxies with< 30 't kpc passes burst by an average factor of

FIG. 9.— Denser environments: the distribution of host halo stes a N.?’O for 1 Glyr’ or (2) the pOSSIbIlIt_y that half of the galaxies
function of distance to the nearest neighbok, lut restricted to galaxies ~ With <50 h ! kpc passes burst this much fefl.2 Gyr. If star
with 3-8 neighbors within 700 kpc andAV= 1000 km s. The points are formation continues for these long timescales, more widely
the same as Fifi] 3. separated pairs will contain some systems with triggerad st
6. UNDERSTANDING THE TRENDS formation. However, the average star formation rate at wide

: separations is not affected because pairs that have haal clos

These trends with separation on the sky have been notegasses are diluted. The model shows that only 3% of the true
previously by several authors using many different pair N =2 systems with separations 1a@y < 200 h™* kpc have
datasets (Barton etlal. 2000; Lambas €t al. 2003; Nikolit.et a had a close< 30 h*kpc) pass within the last Gyr.

2004;/ Alonso et al. 2004, 2006; Lin etal. 2007). Thus, the We will attempt further exploration of these scenar-
fact that we reproduce them here is not surprising. However,ios in later work.  However, preliminary analysis of
as Figs[ll anf]5 show, all pair samples suffer from system-Sloan Digital Sky SurveypR4 NYU Value-Added Galaxy
atic environmental differences as a function of separation  Catalog data [ York et al. [(2000); Blanton etlal! _(2005b);
the sky that are not directly related to interactions. Tgpic [Adelman-McCarthy et all (2006) — albeit with quite differ-
galaxy samples with no environmental controls are doméhate ent star formation measures — suggests that the burstiag fra
by cluster galaxies at separatioggs200 H* kpc and field  tion is a strong function of the cutoff luminosity of the sam-
galaxies at separatiods200 it kpc. Even the mostisolated ple studied. The fraction also depends in detail on the star
samples of pairs are dominated by pairs in N = 2 halos at sepaformation measure and on the luminosity cutoff used for con-
rations< 200 ! kpc and by N = 1 halos at separatigp200 structing the volume-limited sample, probably because sta
h™ kpc. Here, for the first time, we are uniquely poised to ex- formation rate is a strong function of galaxy luminosity.au
plore these effects and construct appropriate control Emmp itatively, the results remain quite consistent betweer2iie
using models. and SDSS samples.

Although we note that isolated galaxies in pairs are the sim-  The optical spectra available in the 2dFGRS (and the SDSS)
plest interactions to study and compare with isolated gedax  do not measure the amount of star formation that is embed-
they still may be affected by other processes. N = 2 halos areded in dust clouds. Thus, the typical boost of the higx-
often the result of the merger of two N = 1 systems, but they cess provides an approximate lower limit to the amount of
can also result from an N = 3 system after two of the three triggered star formation in a close galaxy-galaxy pass. As
baryonic galaxies coalesce. An origin as a N = 3 system is|/Cox et al. [2006) demonstrate, high-resolution hydrodyinam
however, much less likely for a given system. Although our cal simulations predict a wide range of star formation beost
models are not presently capable of tracking these mengers i from these close passes. Their models predict SFR boosts
detail, we note that the density of N = 3 is only 8% of the den- of 6 — 20 above a galaxy’s isolated star formation rate in pro-
sity of N = 1 systems. Thus, the simplest interpretation ef th grade encounters during theGyr between the first close pass
resultin Fig[Y is that the 5% excess of low-star-formatisis  and the final merger. Surprisingly, our estimate<d >~ 30
tems in the N = 2 galaxies results from the fact that galaxiesi averaged over the galaxies that have triggered star forma-
N = 2 halos are more likely than isolated galaxies to have ex-tion exceeds this range. However, the uncertainties associ
perienced previous gas-consuming interactions, and hieat t ated with the mapping betweerandb are substantial. Thus,
14% excess of strongly star-forming galaxies in N = 2 halos this 2dF analysis remains broadly consistent with the mod-
resultsdirectly from recent interactions. Future investigation els described in Cox etlal. (2006) and does not yet distitguis
of these models will clarify this evolution. among them.

Supporting this picture, the boosted star formation doés no .
extend to all systems with N = 2. In Figl 8, we plptas a 6.1. The effects of survey incompleteness
function of separation for the isolated {0y = 1) sample. A The 2dFGRS is not spectroscopically complete; the survey
high meany persists only out te-40-50 ! kpc. However, is especially deficientin close pairs. We examine the effetct
the model plotted below the points for clarity shows thatithe incompleteness using the measured completeness of the sec-
= 2 halos dominate well past 100%kpc. Thus, the boosted  tors in which the galaxies fall, and the 2dF parameters “Wsel
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a weighted measure of whether the ten nearest galaxies havierent environmental mix from the rest of this intermediate
high-quality redshifts, and “bjlim,” the limiting magnitie of density sample. The mix is a strong function of distance to
the relevant sector (Colless etlal. 2001; Norberg et al.[002 the nearest neighbor, and even the pairs reside in a huge rang
Restricting the sample to sectors with known completenessof hosts, from halos with N = 2 galaxies to halos with-N\d.
> 90% and with wseb> 1.3 and bjlim>19.35, we find are-  However, as Alonso et al. (2006) show, pairs in dense envi-
duced isolated pairs sample with only 67 pair galaxies andronments do exhibit a rise in star formation rate with a very
2132 control galaxies. As a result, a K-S test no longer levea close encounter.
any statistical significance of the differencenjmlistributions The ineffectiveness of comparing pairs and “control” galax
(Pk-s = 0.35). Nevertheless, the differences in star-forming ies in intermediate- or high-density environments is not
properties of the isolated control and isolated remainitptal merely a result of the exact technique we use. Group-
tively unchanged: in the restricted control sample, 12%eft finding algorithms can be tuned to lower the incompleteness
galaxies havé > 5; in the restricted isolated pairs, 21% have and/or impurity rates on various scales (e.g., Yanglet &520
b > 5. Thus, contamination of the isolated control sample ap-/Gerke et al. 2005; Weinmann et al. 2006; Berlind &t al. 2006;
pears to have no significant effects on our results. Koester et al. 2007), but these algorithms will always idelu
We further test the effects of redshift survey complete- isolated galaxies in denser systems from the control saatple
ness by applying the same analysis to the SDSS DR4 sampla higher rate than they appear in the pairs. Because thée distr
(Blanton et al! 2005hb; Adelman-McCarthy etlal. 2006). Al- bution of star formation rates in isolated galaxies has &-ig
though the detailed results are beyond the scope of thigpape star-formation tail, their contamination will always lonthe
we are able to use SDSS to find a pure isolated pair sample ancheasured difference in star formation rate between pairdd a
a pure control sample with SDSS. We construct these sam-non-paired galaxies in loose groups. One effective approac
ples because we are able to exclude all systems with neighin these environments is to estimate the contamination of N
bors that have unmeasured redshifts. The measured excessl galaxies to the sample of interest and to statisticalb su
of star formation in isolated pairs compared with the cdntro tract its contribution.
sample, from SDSS depends sensitively on the cutoff lumi- What is the appropriate control sample for pairs in dense
nosity of the volume-limited sample. This dependence arise environments? Even if one could identify the host halo mass

because higher-luminosity galaxies have less star fooméati

and occupation of galaxies perfectly, this would still befa d

general. Using K equivalent width as a measure of star for- ficult question to answer. The immediate progenitors ofgair

mation, the measured excess of pairs with EWYE 25 A

in dense environments can range from isolated galaxies that

ranges from somewhat lower than the 2dF results we presenbave just fallen into the system to galaxies that have been in

here (4%) for a sample volume limited to M —-20+5logh to
19% for a sample volume limited to M- -19+5logh. The

a loose group for along time but are just encountering one an-
other for the first time. Tracking the evolution of the orhifs

2dF luminosity limit corresponds to galaxies that are migwa subhalos in the models will reveal the progenitors of intera
between these numbers. Thus, the 2dF and SDSS analysdions in crowded environments, but that analysis is beybad t

agree qualitatively, and the fraction of galaxies in cloaggp
with triggered star formation increases when lower lumityos
galaxies are included. The differences may result from flee u
of very different measures of star formation or from the use o
galaxies in an intrinsically different luminosity range oW
ever, this analysis suggests that “impurity” in the 2dF sl@mp
—the inclusion of galaxies and pairs that are not truly itela
— is not biasing our results significantly.

7. MORE COMPLEX ENVIRONMENTS

Isolated pairs of galaxies are the easiest systems to con-
struct an appropriate control sample for. However, isolate
pairs are by no means the only pairs that show evidence for
triggered star formation. Alonso etlal. (2006) show thatill
increases as pair separation on the sky decreases for close
pairs in denser environments.

In Sec.[4, we describe the effectiveness of isolating the
lowest-density environments to create an appropriaterabnt
sample for galaxies in isolated pairs. Unfortunately, tias
type of technique does not work for higher-density environ-
ments. One cannot separate galaxies into a density bin and
expect the non-pairs to be a good control sample for the.pairs

To illustrate this point, we restrict the sample to interme-
diate values of our environment statistic; in Hig. 9 we plot
galaxies with 3K N7gp < 8. As expected, isolated N = 1 halos
are missing from the 507h kpc pairs sample (3.1%) but still
constitute a significant fraction of the overall sample (31%
This result immediately illustrates the problem with break
ing sets of galaxies into low, intermediate, and high-dgnsi
samples and separating the pairs from these samples (e.g.,
Alonso et al! 2006). The close pairs have a completely dif-

scope of the present paper.

8. CONCLUSION

Here, we use mock catalogs based on simulations of cos-
mological structure formation in the prevailingC DM model
to understand the properties of galaxies in pairs. We examin
the typical host dark matter halos of galaxies in appareins pa
in the simulations and find that:

1. Our simulations show that galaxies in close pairs are

preferentially located in cluster and group environ-
ments. As a result, typical close pairs are not ideal
for understanding triggered star formation in galaxy-
galaxy interactions. This result explains why galaxies
in pairs can appear redder or can appear to have less
star formation than the typical “field” galaxies. If the
goal is to isolate the effects of a recent interaction, the
“field” is not an appropriate control sample with which

to compare typical galaxies in close pairs.

. Using the simulations, we show that close pairs in the

sparsest environments, with only one neighbor within
700 ! kpc, provide the simplest situation for isolating
the effects of an interaction. Close 60 or < 30 H?
kpc) isolated pairs are almost exclusively in N =2 halos
(93%). Very isolated galaxies with at most one neigh-
bor within 700 h' kpc that is at least P> 300 H* kpc
away are almost exclusively in N =1 halos (99.5%).
Thus, isolated field galaxies are the ideal control sam-
ple of the progenitors of isolated pairs.
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3. We study isolated pairs and galaxies in a volume-
limited sample of M; < -19 galaxies from the 2dF-
GRS. Isolated pairs witlAD < 50 h?! kpc (< 30
h™ kpc) show an excess of both strongly star-forming
galaxies and of non-star-forming galaxies when com-
pared to N = 1 control sample. While 24% of the con-
trol sample is forming stars bt< 0.1 of its average past
rate, 29% (26%) of the close pairs lack star formation
to this extent. In addition, 24% (30.5%) of the pairs are

6. By tracking orbits in the substructure model, we show

that for the isolated close pair galaxies in true N = 2 sys-
tems, only 12% (16 %) of the 50 (30)rkpc pairs have

had a close pass withpR; < 30 H! kpc within the last

Gyr, and 40% (45%) have had a pass wifja/R< 50 b

kpc within the last 1.2 Gyr. Thus, the detection of trig-
gered star formation in 14% (20%) of thesednd sub-

L* systems in the 2dF data suggest that a large frac-
tion of the galaxies that experience close passes respond

forming stars ab > 5 times their average past rate while

only 10% of the control sample has rates this high. The
rapidly-star-forming excess population in the pairs is
almost certainly due to the direct effects of the inter-

action. However, we note that the fraction of galaxies We gratefully acknowledge the hard work of the 2dFGRS
ﬁi%%e;%gg:gtté'%qgféﬁguséirgﬂﬁésslgnig)lljengtelzgl?;haerlr']rﬂéhteam and thank them for making their data public. We also
; . . gratefully acknowledge use of the 2dFGRS mask software by
?(;Tr]r%";g;;ag:'gn of more luminous galaxies are able to Peder Norberg and Shaun Cole. We thank Joel Berrier and
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. For the isolated close galaxy pairs in the 2dFGRS, theuse of these cosmological models to study galaxies in pairs.
galaxies with triggered star formation have an average We thank Margaret Geller, Alison Coil, Joel Primack, Sara El

star formation boost df = SFR{SFR) ~ 30. lison, and an anonymous referee for giving us many insight-
ful and useful comments at various stages. We thank Ana-
. The measurement of the optical boosbe#f 30 for in- toly Klypin for running the numerical simulation used here,
teractions in 2dFGRS is approximate, due in large part which was performed on the IBM RS/6000 SP3 system at
to the large scatter in relationship between star forma- the National Energy Research Scientific Computing Center
tion history and measured optical spectral parameters.(NERSC). EJB, JAA, and JSB acknowledge support from the
The measure also excludes embedded star formatiorCenter for Cosmology at UC Irvine; JSB is supported by Na-
that is not detectable at optical wavelengths. Thus, it is tional Science Foundation (NSF) grant AST-0507916. ARZ is
an estimate of the lower limit to the boost in star forma- supported by the NSF Astronomy and Astrophysics Postdoc-
tion rate caused by triggered star formation. This boost toral Fellowship Program under grant AST-0602122, by the
is higher than predictions derived for boosts from trig- Kavli Institute for Cosmological Physics at The Univeritly
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