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ABSTRACT

We use pair and environmental classifications-d?11 000 star-forming galaxies from the
Sloan Digital Sky Survey, along with a suite of merger sirtialss, to investigate the enhance-
ment of star formation as a function of separation in galaaiysp Using a new technique for
distinguishing between the influence of nearby neighbondslarger scale environment, we
find a clear enhancement in star formation out to projectpdrsgions of~ 150 kpc, beyond
which there is no net enhancement. We find the strongest eatramts at the smallest sep-
arations (especially 20 kpc), consistent with earlier work. Similar trends arerse the
simulations, which indicate that the strongest enhancésveae produced in highly disturbed
systems approaching final coalescence, whereas the moeshesthancements seen at wider
separations are the result of starburst activity triggeitditst pericentre passage, which per-
sists as the galaxies move to larger separations. The abséaay net enhancement beyond
150 kpc provides reassurance that the detected enhancearerdue to galaxygalaxy in-
teractions, rather than larger scale environmerffatcés or potential pair selection biases. A
rough census indicates that 66 per cent of the enhancedostaation in our pair sample
occurs at separations 30 kpc. We conclude that significant interaction-inducea 8rma-
tion is not restricted to merger remnants or galaxies witls€lcompanions; instead, a larger
population of wider separation pairs exhibit enhancedfstanation due to recent close en-
counters.

Key words: galaxies: evolution- galaxies: interactions galaxies: star formation.

1 INTRODUCTION are due to galaxygalaxy interactions, larger scale environmental

] ) effects or sample biases (e.g., Sol Alonso et al. 2006; Park et al
The observational study of close galaxy pairs has revedlsat ¢ 2007/ Robaina et &1. 2009: Robaina & Eell 2012).

evidence of enhanced star formation rates (SFRs) in irtterac This leaves open a crucial question: at what projected sepa-
ing and merging galawgs. Th? strongest enhancements amel o rations do interaction-driven enhancements disappeagaiiswer
in the closest pairs, with projected separatians30 kpc (.9, o this question is needed for a full accounting of the contions

Barton, Geller, & Kenyon 2000; Lambas etlal. 2003; Ellisoalet of interaction-induced star formation to the cosmic SFR] aan
2008; Freedman Woods et al. 2010). These enhancementsrare Co g5 provide insight into the orbits of interacting galaxighe or-

sistent with interaction-induced star formation seen muations bital extent of enhanced star formation depends on a nurber o
of merging galaxies, with the closest pairs comprised ofesys factors, such as the energies and angular momenta of pais,orb
seen near their first pericentre passage, as well as those are the strength and duration of induced star formation, thélahik
coalescing (e.g._Mihos & Hernquist 1996: Di Matteo €1al020 ity and distribution of gas, stellar and AGN feedback, th@an of
Cox et all 2008; Montuori et &l. 2010). contamination by non-interacting pairs (e.g., chance qsitions
More recently,_Scudder etlal. (2012) have shown that SFR within groups or clusters), etc.
enhancements are present out to the 80 kpc limit of theirspair With this Letter, we address this question using a spectro-
sample. These enhancements are accompanied by bluerl centrascopic sample of Sloan Digital Sky Survey (SDB&laxy pairs
colours |(Patton et al. 2011), diluted metallicities (Scerdet al. which extends out to much larger separations than earliek,wo
2012), and an increased incidence of active galactic ng&@Ns; and which carefully controls for environment. We then comapa

Ellison et al. 2011) and luminous infrared galaxies (EHisd al.
2013). While some studies have probed enhanced star famati
out to even larger separations, it is unclear if these erdraents 1 sdss.org
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our findings with predictions from a suite of merger simulat
spanning a range of orbital eccentricities, impact paramseand
disc orientations. We adopt a concordance cosmolog¥,of 0.7,
Qu = 0.3 andH, = 70 hyg km stMpc throughout.

2 SAMPLE SELECTION
2.1 Input catalogue

We begin by identifying a large spectroscopic sample of>gala

ies drawn from the SDSS Data Release 7 (DR7; Abazajian et al.

2009). We require that all galaxies have secure spectrasceg-

shifts (zConf> 0.7), redshifts of M2 < z < 0.2, photometric and
spectroscopic classifications as galaxies, and extinciorected
Petrosian apparent magnitudes ofdl4 m < 17.77.

We employ the photometric total stellar mass measurements

of [Mendel et al.[(2013), which were estimated using the wgtiat
g- andr—band photometry of Simard etll. (2011), along with new
photometry in theu— andi—bands. We note that the photometry
of|Simard et al.[(2011) has been shown to provide a significant
provement over the standard SDSS pipeline, especiallydtaxg

ies in crowded systems such as close pairs _(Patton et all).2011

Following|Patton et al. (2011), we take full advantage of tini-
proved photometry by requiring that each galaxy’s obsefime
g — r colour be within 0.1 mag of its Simard et al. (2011) model-
predicted fibre colours. This yields an input catalogue 607 000
galaxies for which secure redshifts and stellar masses/ai@lale.

2.2 Pair and environmental classifications

For every galaxy in this catalogue, we identify the closesgin-
bour, and characterize the environment with several additimea-
surements. We define the closest neighbour to be the galaky wi
the smallest projected physical separation (hereafjewvhich has

a rest-frame relative velocity (hereaft&v) of < 1000 km s* and

is within a factor of 10 of the galaxy’s stellar mass. We alscord
the projected separation of the second closest neighbetedfier
r,) and the total number of neighbours within 2 Mpc (heredftgr

2.3 Star formation rate measurements

Ellison et all 2008; Patton etlal. 2011; Scudder et al. 204yv-
ever, this approach is robust only for relatively close canipns;
extending this approach to wider separations yields a cbsam-
ple whose galaxies are substantially more isolated thapahed
galaxies they are being compared with.

One method of dealing with this issue is to match paired and
control galaxies on local density (Ellison etlal. 2010; Sirrdet al.
2012). However, as local density probes a substantialjelescale
than the pairs, this matching cannot account for importaffierd
ences in the smaller scale environment, as exemplified byaom
groups embedded in loose groups (Mendel gt al. [2011). Anothe
approach is to require that both pairs and control galaxesd-
lated on larger scales (Barton eilal. 2007). However, as gadak-
ies reside in groups or clusters, this may remove the mgjofithe
sample under consideration. Instead, we introduce a nelvadet
ology which addresses this issue by matching the contropkaim
both local density and isolation. A brief description ofsthiethod
is provided here, with additional details and validatiofetleed to
a subsequent paper (Patton et al. in preparation).

For each galaxy, we identify a control sample which is
matched in stellar mass, redshift, local density, and igwlaWe
begin by requiring each control galaxy to be within 0.01 id-re
shift and 0.1 dex in stellar mass. We then hgeas a proxy for
local density (which is reasonable given the match in rétiahid
stellar mass), and require that thie of a galaxy and its controls
agree within 10 percent. Finally, to match in isolation, wguire
ther of the control galaxy’s closest companion to be within 10 per
cent of the distance to the galaxy’s second closest compgnip
Control galaxies are chosen with replacement, yieldingvaneae
of 34 controls for each galaxy. We determine weighted meap-pr
erties of each galaxy’s control sample, assigning higtegissical
weights to the control galaxies which provide the best siamd-
ous matches iz, mass,N, andr,. This approach yields excellent
agreement between galaxies and their controls in the fapepr
ties that are being matched. The same statistical weigbtthan
also used to compute the mean SFR of the controls for eackygala

3 ENHANCED STAR FORMATION IN SDSS PAIRS

Armed with the SFRs of galaxies and their statistical cdrgam-
ples, we now proceed with a direct comparison between theasvo

We now focus on galaxies which have secure SFR measurementsg fynction of pair separation. First, followihg Scudderé(2012),

in order to examine how the presence of nearby companiorb (wi
or without SFR measurementdfects galactic stafforming prop-

we restrict our analysis to pairs witkv < 300 km s, thereby fo-
cusing on the pairs which are most likely to be undergoingram-

erties. Our SFR measurements are drawn from the catalogue ofijons. Next, we must account for the under-selection ofectsyu-

Brinchmann et al. (2004), which has been updated to inclugeé.D
Following |Scudder et al! (2012), we restrict our analysidilboe
SFRs only. We require each galaxy to be classified as stanifigr
using the criteria of Kafimann et al. [(2003), and we require a
signal-to—noise ratio of at least one in each of the emission lines
used for this classification. These criteria yield a sample 811
000 star-forming galaxies. No SFR requirements are imposed
neighbouring galaxies; therefore, our sample will inclet form-

ing members of both ‘wet’ and ‘mixed’ galaxy pairs.

2.4 Control sample

We wish to determine the influence (if any) that nearby com-
panions have on the staiorming properties of galaxies. A com-

lar pairs & 55 arcsec) in SDSS due to fibre collisians. Ellison ét al.
(2008) dealt with this #ect by randomly culling 67.5 per cent
of pairs with separations 55 arcsec, using the results of the
Patton & Atfield (2008) census of SDSS pairs. We instead apply
a statistical weightv, (as defined in_Patton etlal. 2002) of 3.08 to
each galaxy in close angular paims,(= 1/(1 — 0.675)), thereby
avoiding a cull of the wide pairs crucial to this analysis.

In the lower panel of Fid.]1, we plot the mean SFR of paired
and control galaxies as a function igf. In the upper panel of the
same figure, we plot the ratio of pairs versus control SFR&;hwh
we interpret as the enhancement of SFR due to interactiaiadi¢a
of one means no enhancement). At small separations, paitax-g
ies are found to have substantially higher SFRs than cenftg
to a factor of 3), with very high statistical significanceirP&FRs

mon approach is to compare with a control sample of galaxies exhibit moderate enhancements-0f20 per cent over the range

which have similar selection criteria but no close compasi.g.,

50 < r, < 120 kpc, and then decline to match their controls by
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Figure 1. Lower panel: the mean SFR of SDSS paired galaxies (blue sym-
bols) and their associated control galaxies (red symbslg)dtted versus
projection separatiorr ). Upper panel: mean SFR enhancement (ratio of
pair SFR to control SFR) is plotted versys with the dashed horizontal
line denoting zero enhancement. The inset plot extendsotitito 1000
kpc, using largerp bins. All error bars show the standard error in the mean.

rp ~ 150 kpc. Fig[2 shows a striking example of enhanced star
formation in a relatively wide pair (91 kpc) with a clear tidall
linking the member galaxies. Above 150 kpc, there is no exide
of net enhancement (or suppression) in the pair SFR (thiziés t
out to at least 1000 kpc, as shown in the inset panel offFig. 1).
Over the range, < 80 kpc, these results are broadly consis-
tent with the findings of Scudder et al. (2012), despite soifie d
ferences in data (e.g., stellar massg®| &quirements), pair se-
lection, and environmental matching. At larger separatioor re-
sults indicate that we have achieved our goal of measuririg SF
enhancements out to fiiciently wide separations that the en-
hancements reach zero. Since our paired galaxies haveoksontr
which are closely matched in galaxy properties (stellargvasl
2) and environment (local density and isolation), we coneltitht

The orbital extent of enhanced star formation
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Figure 2. This SDSSyri image shows a wide galaxy paii,(= 91 kpc) with
an obvious tidal tail linking the member galaxies. Tidaltieas are also
seen on the opposite side of each galaxy. The galaxy on the ($PSS
0bjID=587736619324735891) has an SFR of 8 yr-!, which is 5.6
times higher than its controls. The companion galaxy is nobur star-
forming sample, since it has a composite spectrum (staretbom+ AGN).

Specifically, our simulation suite has been run using the N-
Body/SPH simulation codeGADGET (Springel | 2005) which

— in addition to including gravity and hydrodynamics — ac-
counts for radiative cooling of gas (Katz, Weinberg, & Hariwq
1996), a densitydriven SFR prescription with associated feed-
back (Springel & Hernguist 2003), and gas recycling frormggi
stellar populations (Torrey etlal. 2012).

Our goal is to construct a set of galaxy merger simulations,
where we can compare the evolving SFRs in isolated galagies t
the SFRs in merging systems, as a function of galactic stpara
To achieve this, we construct two isolated galaxies ofahgtellar
massM; = 5.7 x 10°M, and M, = 1.4 x 10'°M,. These masses,
and the resulting stellar mass ratio-of2.5 : 1, were chosen to
match the median mass and mass ratio of our SDSS pairs sam-
ple. Each isolated galaxy contains a dark matter halo, lsseid
gaseous disc (20 per cent initial gas fraction), and a steiifge
(which contains 20 per cent of the stellar mass). We ensateotir
galaxies are stable against bar formation or other ingtiaisilvhen
evolved in isolation, and then set them on merging trajéesoas
described in the following subsection. Since our isolatelduges
are stable against bar formation or any rapid changes in $feR,

galaxy-galaxy interactions appear to be able to boost the mean 4y major changes seen in the SFR for the merging galaxielsecan

SFR out tor, ~ 150 kpc, but not further. If true, this implies that
enhanced star formation extends out to larger separatiamshas
previously been appreciated, and that studies of strontgyacting
galaxies may miss a sizeable population of galaxies whidilibéx
enhanced star formation due to recent close encountergamnaiee

if this interpretation is physically plausible, we now taasimula-
tions.

4 N-BODY/SMOOTHED PARTICLE HYDRODYNAMICS
(SPH) SIMULATIONS

4.1 Overview of the Simulations

We investigate the possibility that mergers are respoasibt

confidently attributed to the merger interaction.

4.2 A suite of 75 merger simulations

For our merger suite, we adopt a set of five eccentricitied5(@.9,
0.95, 1 and 1.05) and five impact parameters (2, 4, 8, 12 and 16
kpc) which are consistent with orbital element distribaotioinc-
tions derived from cosmological simulations (Wetzel 2014 ile
many previous merger studies have limited their scope tdystu
ing zero energy orbits with fixed impact parameters, the 26-co
binations of eccentricity and impact parameter used in cenger
suite yields substantial flerences in the resulting apocentre sep-
arations (apo). This is critical for this Letter, where we are inter-
ested in assessing the feasibility of driving SFR enhanoésnat

the observed SFR enhancement using a controlled suite ofrelatively large galactic separations 100 kpc) via galaxygalaxy

numerical simulations. The numerical methods employect her
are similar to those described in detail lin_Torrey et al. €)01
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plane of the merger (e.g. Khochfar & Burkert 2006), we seleete
representative merger disc orientations (the e, f and ktaiions
from [Robertson et al. 2006), yielding a suite of 75 mergerusim
lations. We emphasize that this merger suite is not interholdx
complete, as we are still failing to sample a large portioail-
able merger parameter space (e.g., variations in galaxphobr
ogy, mass, mass ratio, gas fraction, etc.). Moreover, thiesgated
pairs are pure binary systems, without the cosmologicalecomf
additional galaxies spanning a range of environments. kewe
by including a range of orbital parameters as we have done her
we gain specific insight about interaction-driven starbactivity
at large galactic separations which has not been previaxgn-
sively studied.

We track the total and central (within 1 kpc) SFR of each sim-
ulated galaxy as a function of time. In order to facilitatengr-
ison with our SDSS sample, we translate the simulated SRBs in F
SFR enhancements by normalizing by the SFR of the galaxy when 50 f
evolved in isolation. In Fid.]3, we show how pair separatind - [
tal SFR enhancement depend on the time relative to firstquare ok
passaget{e) for a representative subset of orbital configurations tpeet (GyT)
in this merger suite. The resultimg,, varies from~55 to 220 kpc,
with the largest ., corresponding to the highest eccentricity and

SFR enhancement
- »
- o IS o @

e
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Figure 3. A subset of our suite of simulated orbits is shown. The lower

largest impact parameter (and vice versa). panels depict 3D pair separatiar) ¢ersus time since first pericentrige).
For each of the orbits shown in Figl 3, a strong burst of star The upper panels show how the total SFR enhancement varies i,
formation begins shortly after the first close passage, withax- with the horizontal dashed lines denoting zero enhancerfigatleft-hand,
imum SFR enhancement of a factor of 1.3—2.2. This enhandemen middle and right-hand columns correspond to eccentricitie0.85, 0.95,
persists for about 1.5 Gyr for all orbits in which the galaxiemain and 1.05 respectively. The colour scheme depicts impaeinpeters of 2
apart from one another during this timeframe. In every casec- kpc (black), 4 kpc (blue), 8 kpc (green), 12 kpc (magentajl 26 kpc

(red). For clarity, we plot only the f disc orientation, whigenerally has

ond and stronger burst of star formation begins shortly teefo- ! ! X
SFR enhancements between the e and k disc orientations.

alescence. For orbits with relatively high eccentricitesl impact
parameters, there is enough time for the first episode ofreelta
star formation to subside, followed by a period of supprésgar

formation (quenching). This intriguing result would nowve@een
seen if, like many other studies, we had restricted our ®tbitow

eccentricities and small impact parameters.

__+ Simulations (central SFR)

2.5 17 _ o SDSS (fibre SFR) N

4.3 SFR enhancements as a function of, [ —+ Simulations (total SFR)

In order to compare these results with our SDSS measureroents
SFR enhancements (F[d. 1), we observe each of these ouits fr
a large number of random orientations, and at random timesgiu
the orbits, computing, andAv in each case. While the simulated
orbits begin at a initial separation of 165 kpc (correspngdb the
virial radius of the more massive galaxy), we extrapolathea-

bit backward in time to an initial separation of 10 Mpc, to @m®s
that we follow each orbit forféectively all the time that the pair has
rp < 200 kpc. We then compute the average SFR enhancement over
all 75 orbital configurations, treating each 10 Myr timesgpally,
which accounts for the fact that some orbits take longer &besze

SFR enhancement

than others. We exclude all data points for which> 300 km s?, T T T e T T e e o

as was done with our SDSS pairs. The results are shown ifiJFig. 4 r, (kpe)

(the corresponding error bars are vanishingly small, smeaver-

age over so many viewing angles). Figure 4. Mean SFR enhancement is plotted versus projected separatio

Within the simulations, we see strong SFR enhancements at(r ;) for both the simulations (black and red symbols) and theniagions
small separationsr§ < 10 kpc) which are driven by coalescing  (blue; from Fig. 1). The horizontal dashed line denotes B#B enhance-
systems. The simulations yield moderate enhancements atea w ment. The SDSS SFRs are measured using fibres with a medigatprb
range of separations (roughly 20-100 kpc), with smalleragck- radius of 2.5 kpc, whereas the central SFRs for the simulatare com-
ments extending out te 150 kpc. As seen in Fiff] 4, the total and ~ Puted within a 3D radius of 1 kpc.
central SFR enhancements in the simulations roughly btabke
SDSS enhancements, with a similar dependenag.ofhese simu-
lations suggest that the SFR enhancements seen in widelseseg
SDSS pairs are the result of star formation triggered byezalose
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passages. In the simulations, it typically take$ Gyr for galaxies ies to form and maintain gas—rich discs in cosmological famu
to reachr, ~ 150 kpc after their first close passage, travelling at a tions (Vogelsberger et al. 2012; Torrey etlal. 2012) whicly mk
time-averaged transverse speed-df50 km s*. This is consistent low for direct measures of the SFR enhancement for pairexckigs
with the relatively long time-scale of enhanced star foiorateen using analogous methods to those applied in our SDSS asalysi
in Fig.[3.

6 CONCLUSIONS

5 DISCUSSION i .
We have used a well-defined sample~0f211 000 star-forming

galaxies to measure SFR enhancements as a function of pair se
aration. Our novel method of characterizing the local dgred
isolation of paired galaxies yields the first secure measargs of
enhancements at wide separations. We find that SFR enhaniseme
the absence of any net enhancement on larger scales isteohsis gre detectable out tq, ~ 150 kpc, with no net enhancement (or
with star formation triggered by galaxgalaxy interactions. suppression) seen at larger separations. As with earliek, we
Although it has been appreciated that mergers can drive star find the strongest enhancements at the smallest pair siepatat

burst activity following close passages (elg.. Barnes &ndaist We have compared these results with the predictions fronita su
1996), much of the focus has been on very close separatisns as  of N-bodySPH simulations of merging galaxies, and find broad
ciated with final coalescence. Here, we have used numeiival s agreement. In particular, the enhancements seen outlf0 kpc

We have found clear evidence of enhanced star formationiis pa
with separations as large as 150 kpc, and have demonstheted t
such enhancements can be produced in simulations witstieali
orbits. The rise in enhancements towards the smallestsseald

ulations to show that this same physical picture can applyRB
enhancements that occur at large galactic separationsvfalj first
pericentre passage. Specifically, since there is a timg telaveen
close passages and peak starburst activity of the order arftétial
or dynamical time, it is possible for SFR enhancements t@app
prominently at large galactic separations as the galaxdparate
after first pericentre passage.

While a detailed census of interactinterging pairs is be-
yond the scope of this Letter, we can estimate the fractiostaf
forming galaxies which are found in these wider pairs. Fuoihg
Patton et al.| (2000), we weight the observed pair fractiornthey
reciprocal of the overall spectroscopic completenessefbtirvey

(88 per cent according 1o _Patton & Atfield 2008), and also Wweig

close angular pairs by an additional factor of 3.08 (seei@&8),
and find that 12.3 per cent of galaxies are jn< 150 kpc pairs,
versus 1.8 per cent in, < 30 kpc pairs. Moreover, by applying

this methodology to the data in the lower panel of Eig. 1, we es

timate that of the enhanced star formation occurring ingaith
rp < 150 kpc, 66 per cent occursigt> 30 kpc. This implies that
interaction-induced star formation is much more prevalean has
been appreciated to date.

We caution that our SDSS sample is not complete for the 1:10

stellar mass ratio pairs considered in this study, and we hav
attempted to correct for this in our rough census. We notethkst
our SDSS paired galaxies (and their controls) were reqtireédve
secure SFR measurements; as a result, our sample is egbitt
marily to ‘blue cloud’ galaxies which lie on the star-formise-
guence|(Salim et al. 2007). Finally, we cannot rule out enban
ments in individual pairs at even wider separations (inclgdly-
bys); however, any such enhancements appear, to first codes,
cancelled out by the suppression of star formation in othésp

are a natural outcome of mergers in which the eccentricéties
impact parameters arefigiently high to lead to the required sepa-
rations before the interaction—induced SFR enhancemehside.
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