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ABSTRACTThis work examines star formation in the debris asso
iated with 
ollisionsof dwarf and spiral galaxies. While the spe
ta
ular displays of major mergers arefamous (e.g., NGC 4038/9, �The Antennae�), equal mass galaxy mergers are relativelyrare 
ompared to minor mergers (mass ratio < 0.3) Minor mergers are less energeti
than major mergers, but more 
ommon in the observable universe and, thus, likelyplayed a pivotal role in the formation of most large galaxies. Centers of mergers hostvigorous star formation from high gas density and turbulen
e and are surveyed over
osmologi
al distan
es. However, the tidal debris resulting from these mergers havenot been well studied. Su
h regions have large reservoirs of gaseous material that 
anbe used as fuel for subsequent star formation but also have lower gas density.Tra
ers of star formation at the lo
al and global s
ale have been examined forthree tidal tails in two minor merger systems. These tra
ers in
lude young star 
lusterpopulations, H-alpha, and [CII℄ emission. The rate of apparent star formation derivedfrom these tra
ers is 
ompared to the gas available to estimate the star formatione�
ien
y (SFE). The Western tail of NGC 2782 formed isolated star 
lusters whilemassive star 
luster 
omplexes are found in the UGC 10214 (�The Tadpole�) andEastern tail of NGC 2782. Due to the la
k of both observable CO and [CII℄ emission,the observed star formation in the Western tail of NGC 2782 may have a low 
arbonabundan
e and represent only the �rst round of lo
al star formation. While theWestern tail has a normal SFE, the Eastern tail in the same galaxy has an lowobserved SFE. In 
ontrast, the Tadpole tidal tail has a high observed star formationrate and a 
orresponding high SFE. The low SFE observed in the Eastern tail ofNGC 2782 may be due to its origin as a splash region where lo
alized gas heating isimportant. However, the other tails may be tidally formed regions where gravitational
ompression likely dominates and enhan
es the lo
al star formation.i
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Chapter 1INTRODUCTIONThis work fo
uses on galaxies that are merging. Merging galaxies are most often
lassi�ed as irregular or pe
uliar rather than as regularly shaped spiral and ellipti
algalaxies. These mergers are often 
hara
terized by disturbed morphologies and 
anoften have long narrow tails or plumes possibly extending from their 
haoti
 
enters.See Figure 1.1 for example images of galaxy mergers from the Atlas of Pe
uliarGalaxies (Arp, 1966). Possibly the �rst re
ognition of pe
uliar galaxies as 
ollisionsor �
apture� is by Holmberg (1941), who performed the �rst simulation of a galaxy
ollision, long before 
omputers were up to the task. His analog simulationdis
overed that galaxies 
an lose enough kineti
 energy to thermal energy that theywill merge together. In addition, tidal for
es in the 
ollision 
an deform the galaxies.Further simulations (e.g., Toomre & Toomre, 1972; Barnes & Hernquist, 1996) haveshown that whether or not two galaxies merge together is a fun
tion of their mass,their distan
e apart, and their relative velo
ities. If two galaxies are moving toofast, the in
rease in internal energy 
annot make up for the high kineti
 energy, andthen they do not merge together.There 
an also be di�erent types of mergers. If two galaxies are the same orvery similar mass (with mass ratios of 1:1 down to 1:3), this type of merger is
lassed as a major merger. Often, these are de�ned as the merger of two spiralgalaxies. Toomre & Toomre (1972) and subsequent simulations show that the endresult of major merger of two spiral galaxies may resemble an ellipti
al galaxy sin
ethe regular orbits of stars in a spiral are thrown into the random orbits of aspheroid. Lower mass ratio mergers (less than 1:3 to 1:10) are generally 
lassi�ed asminor mergers. These 
an be mergers between a massive ellipti
al galaxy and asmaller spiral galaxy or between a small dwarf galaxy and a larger spiral galaxy. In1



this work, a minor merger is 
onsidered to be between a small dwarf galaxy and alarger spiral galaxy.The tidal tails of merging galaxies are 
aused by the tidal for
es of theintera
tion that pull on opposite sides of the galaxies, laun
hing tails both towardthe other galaxy and on the opposite side. After the �rst passage of two galaxies,the tidal tails begin to extend and a bridge is formed between the two galaxies. Asthe galaxies then spiral in towards ea
h other, the bridge disappears (
onsumed inthe 
ollision) while the tails 
ontinue to move outward. The end fate of the tidaltails is debated; 
ertainly some of the tail material will return to the main mergerremnant, but some of it may rea
h es
ape velo
ity from the merger and 
ontributeto the material that exists between galaxies, the intergala
ti
 medium (IGM). Thesetidal tails 
an be very gas ri
h and some have larger 
onglomerations of gas andstars in them that have masses, similar to dwarf galaxies. These entities are referredto as Tidal Dwarf Galaxies (TDGs), although there is debate about whether theywill survive the merger to be
ome a separate dwarf galaxy of their own or if theywill dissolve or be 
onsumed by the main merger remnant. Smaller in s
ale thansmall dwarf galaxies, tidal tails 
an also have star 
lusters whi
h are 
ompa
t groupsof stars on the order of 104 − 106 M⊙.1.1 MotivationHow does the tidal debris of minor galaxy mergers 
ontribute to stru
tures in spiralgalaxies or in the IGM? Major mergers (e.g., two spiral galaxies) are known to
reate stru
tures su
h as TDGs and star 
lusters within their debris (e.g., Du
 etal., 2000; Weilba
her et al., 2002; Knierman et al., 2003; Mullan et al., 2011). Whilethe spe
ta
ular displays of major mergers are well known (e.g., NGC 4038/9 �TheAntennae�; Whitmore et al., 1999) intera
tions between equal mass galaxies arerelatively rare 
ompared to unequal mass mergers (M2/M1 < 0.3 Lotz et al., 2011).2



Figure 1.1: A montage of Toomre Sequen
e galaxies (Toomre, 1977) taken from theAtlas of Pe
uliar Galaxies (Arp, 1966).In Cold Dark Matter (CDM) models of stru
ture formation, minor mergers arepredi
ted to be of fundamental importan
e in shaping galaxy properties. Indeed,galaxy-size CDM halos are predi
ted to gain most of their mass in 10:1 mergerevents (Zentner & Bullo
k, 2003) and these events are expe
ted to be mu
h more
ommon in the past than they are in the lo
al universe. Minor mergers are lessa�e
ted by dynami
al fri
tion than major mergers, and we generally expe
t tidaltails in these en
ounters (see e.g., the Sagittarius dwarf and tidal stream around theMilky Way; Ibata et al., 1997).The work is motivated not just by the general importan
e of understandinghow these frequent en
ounters shape gala
ti
 stru
ture, but also as a probe of starformation in gas that may be on the edge of �stability�. Minor merger tidal streamsalso are important for understanding stellar halo formation and potentially IGM3



enri
hment. For example, tidally liberated stars that remain bound to the largergalaxy after a minor merger event are believed to play a fundamental role inbuilding galaxy stellar halos (e.g., Searle & Zinn, 1978; Bullo
k & Johnston, 2005).An important puzzle in this 
ase is that the 
hemi
al abundan
e pattern of MilkyWay stellar halo stars does not mat
h that of (non-intera
ting) Lo
al Group dwarfs(e.g., Venn et al., 2005). Star formation that o

urs in the tidal arms may haveimportant impli
ations for understanding these enri
hment patterns. It is importantthen to 
hara
terize the rate of star formation in tidal debris and to estimatewhether it 
ould 
ontribute signi�
antly to the di�use halo. It is also possible thattidal material is thrown out into the IGM after minor en
ounters. If so, then thiswill be an important fa
tor in understanding the metalli
ity of the IGM. Finally, inthe 
ase of TDGs, frequent minor mergers over the last ∼ 10 Gyr 
ould have
ontributed signi�
antly to the dwarf galaxy population in the universe. Therefore,studying the formation of stru
ture in the tidal debris of minor mergers 
an help usunderstand a 
ommon pro
ess in galaxy formation.1.2 Major MergersSigni�
ant work has been done on major mergers. Beginning with su
h work byHolmberg (1941) and Toomre & Toomre (1972), mergers have been seen as animportant part of galaxy evolution. The Toomre Sequen
e (Toomre, 1977) was puttogether as an ordering of ongoing mergers in a time sequen
e from two galaxies just
oming together to those whi
h have already merged into one galaxy. This sequen
eis an opti
ally sele
ted ensemble of strongly intera
ting galaxies representing asuggested evolutionary sequen
e of disk�disk mergers, based on their stellar tidaltail lengths and the separation of the two nu
lei (Toomre, 1977).
4



1.2.1 ObservationsTidal tails in major mergers have blue UBV R 
olors (e.g., B − V = 0.53± 0.13from S
hombert et al. (1990); see also Weilba
her et al., 2000), and regions of [OII℄and Hα line emission have been found within the tails (S
hweizer, 1978; Mirabel,Dottori, & Lutz, 1992; Du
 & Mirabel, 1998, 1999; Iglesias-Páramo & Víl
hez, 2001;Weilba
her, Du
, & Fritze-v.Alvensleben, 2003). The inferred ages of the young starsand giant HII regions are mu
h less than the dynami
al age of the tails, indi
atingthat star formation is o

urring within the tails. Observations of 21 
m neutralhydrogen (HI) observations indi
ate that tails are gas ri
h (Yun, Ho, & Lo, 1994;Hibbard et al., 2001), and the evolution of the HI therein may play a role in the starformation history. Many tidal tails have asso
iated HI whi
h is falling ba
k towardthe 
enter into the remnant. The infalling gas onto the 
entral regions may enablestar formation to 
ontinue for time s
ales on the order of 1 Gyr after tail formation(Hernquist & Mihos, 1995). Finally, tidal dwarf galaxies are found in tidal tails in avariety of environments, parti
ularly at the ends of the tails (Mirabel, Dottori, &Lutz, 1992; Du
 & Mirabel, 1994; Hunsberger, Charlton, & Zaritsky, 1996).1.2.1.1 Star ClustersEven though Knierman et al. (2003) identify dozens of young 
ompa
t 
lusters(0.2 < V − I < 0.9) in the tidal tails of NGC 3256 (after ba
kground 
orre
tions),they �nd that not all tidal debris forms an abundan
e of these obje
ts; the otherthree Toomre Sequen
e mergers in their study, NGC 4038/9 (�The Antennae�),NGC 3921, and NGC 7252 have only a few 
ompa
t 
lusters within their tails.Small populations of 
ompa
t star 
lusters in the tidal debris are found in the Cy
le11 Early Release Observations of NGC 4676 (�The Mi
e�) major merger (de Grijset al., 2003). With only a few examples of 
luster�ri
h debris, we do not yet know5



how 
ommon it is for tidal star formation to result in a population of 
ompa
t
lusters. A number of variables are likely to a�e
t the nature of star formation inmerging systems: the environment of the merging system, the stage of the merger,the mass ratio of the individual galaxies, and the gas properties, size and surfa
edensity of the tails.The super star 
lusters tend to have blue 
olors (V − I ∼ 0.5; Knierman etal., 2003) (B − V ∼ −0.2; de Grijs et al., 2003) with young ages indi
ating theyformed within their tidal tail. Three star 
lusters in the Western Tail of NGC 3256were spe
tros
opi
ally 
on�rmed by Tran
ho et al. (2007) at Gemini South. Fromtheir GMOS-S spe
tra, they determine ages to be ∼ 80 Myr for two star 
lustersand ∼ 200 Myr for the third, assuming approximately solar metalli
ities. The threestar 
lusters in the Western tail of NGC 3256 have masses of 1− 2× 105 M⊙. Usingthe HST/WFPC2 images of the Western tail of NGC 3256, Tran
ho et al. (2007)show the three star 
lusters to have a large size (reff ∼ 10− 20 p
) 
ompared toMilky Way globular 
lusters or other young massive 
lusters (reff ∼ 3− 4 p
). Thelarge size of the star 
lusters may mean that the giant mole
ular 
loud (GMC)underwent weak 
ompression during the star 
luster formation. On the other hand,the tidal tail star 
lusters may not have experien
ed the tidal stripping that otheryoung 
lusters in the 
enters of galaxies have.Chien et al. (2007) observed twelve star 
lusters in the Mi
e with Ke
k/LRISto determine ages and metalli
ities. These star 
lusters were dis
overed with ACSEarly Release Observations by de Grijs et al. (2003). de Grijs et al. (2003) foundmore than 40 star 
lusters in the tails of NGC 4676. Of the brighter 
lustersobserved, Chien et al. (2007) 
on�rmed 6 star 
lusters in the Northern tail and 4star 
lusters in the Southern tail. The Northern tail star 
lusters have ages from2.7-7.1 Myr and one with an age of 163 Myr. Their metalli
ities are greater thansolar and form a tight range of 8.92 < 12 + log(O/H) < 8.97. In the Southern tail,6



ages range from 2.5-6 Myr with one at 172 Myr. One star 
luster has a lowmetalli
ity of 0.04Z⊙ with the others having metalli
ities 
omparable to star
lusters in the Northern tail. The Northern tail has a �at metalli
ity distribution,whi
h provides eviden
e that gas mixing o

urred there. The older star 
lusters inthe tails likely formed via sho
k indu
ed star formation when the �rst passage of thetwo galaxies o

urred ∼ 175 Myrs ago (Barnes, 2004).1.2.1.2 Tidal Dwarf GalaxiesMergers of large equal mass galaxies, su
h as NGC 4038/39 (�The Antennae�) andNGC 7252, 
an 
reate star 
lusters and 
lumps of star forming material, often 
alledTDGs, in their tidal debris (Knierman et al., 2003; Du
 et al., 2000). TDGs are blue
ondensations at the tips of tidal tails and have HI masses ranging from 0.5−6×109M⊙. They also have properties 
onsistent with dwarf irregulars or blue 
ompa
tdwarf galaxies regarding surfa
e brightness, blue 
olors, and strong star formationbursts, but have higher metalli
ities (Du
 et al., 2000). By their metalli
ity, theTDGs are shown to have been pulled out from the outer regions of the spiral disk.Eviden
e for internal dust extin
tion has been found in other TDGs (e.g.,Temporin et al., 2003). With both opti
al and near�IR images and opti
al spe
traof the TDGs, they show that V −K 
olors support the eviden
e for the largeamount of dust as determined from the Balmer de
rement in the opti
al spe
tra.Weilba
her et al. (2002) has opti
al (BV R) and near�IR (H , some JKs)images as well as opti
al spe
tra of 14 mergers in
luding the 13 TDGs. Theirsample was 
hosen from the Arp & Madore (1987) 
atalog and was based on the
haoti
 shape of the merger and the presen
e of any probable knots in the tidalfeatures (see also Du
 et al., 2000; S
hombert et al., 1990). Using SED �tting, theydis
over that the TDGs in their sample of major mergers have both old and youngstellar populations. 7



1.2.2 Simulations of Major MergersEven in early simulations, tidal tails were found to form during the pro
ess of majormergers. The earliest analog simulations of Holmberg (1941) found �spiral arms�forming in the two disks whi
h are the pre
ursors to tidal tails. In this paper, the�rst simulations of galaxy 
ollisions are des
ribed. This simulation used 74 lightbulbs to represent mass parti
les in the two 
olliding galaxies and the inverse squarelaw of light as stand in for gravity. This analog simulation did dis
over that the twogalaxies are deformed tidally, mostly after the �rst passage. As a result of thisdeformation, the gravitational attra
tion between the two galaxies in
reases. Thekineti
 energy of the two galaxies moving past ea
h other is 
onverted into internalenergy in the galaxies and the de
rease in orbital kineti
 energy 
an be enough thatthe two galaxies merge together. Figure 1.2 shows results of this simulationin
luding indi
ations that prograde en
ounters (both galaxies have the same sense ofrotation) will make longer tidal tails. The early N-body 
omputer simulations ofToomre & Toomre (1972) �nd bridges and tidal tails forming in their simulation ofseveral mergers in
luding NGC 4038/9. Further simulations of major mergers byBarnes (1988) 
on�rmed this early result. Later models in
luded pres
riptions forstar formation using an equation of state for the gas density (e.g., Barnes, 2004)whi
h found that only about ∼ 10% of the star formation of the merger would be inthe tidal debris and may be 
aused by sho
ks.Re
ent major merger simulations by Hopkins et al. (2013) in
lude manystate of the art features unavailable in previous de
ades. Using over 200 millionparti
les, these simulations 
an rea
h down to ∼ 1 p
 s
ales. In
luded in thesimulations are realisti
 feedba
k me
hanisms in the interstellar medium (ISM).This feedba
k in
ludes momentum from stellar radiation pressure, radiationpressure from star forming regions, HII photoionization heating, and heating,8



Figure 1.2: Diagrams of the �rst merger simulation (Holmberg, 1941) showing theposition of light bulbs before and after the 
ollision. Left: Retrograde en
ounterwhere the two galaxies have opposite rotation. Right: Prograde en
ounter where thetwo galaxies have the same sense of rotation.momentum, and mass loss from SNe I and II and stellar winds of O and AGB stars.Other improvements in
lude realisti
 
ooling of gas to < 100 K and treating thetransition between atomi
 and mole
ular gas and its e�e
t on star formation. Theresulting simulations �nd that the star formation in mergers is more bursty than inprevious simulations and that the star burst asso
iated with the �rst passage of thetwo galaxies is sensitive to the orbital parameters and initial stru
ture of thegalaxies. Due to the better treatment of star formation on small s
ales, the Hopkinset al. (2013) models show that 20− 50% of star formation in the merger 
an be intails and bridges, whi
h is higher than previous models (∼ 10%; Barnes, 2004).
9



1.2.2.1 Formation of TDGsNumeri
al simulations of major mergers indi
ate that there may be two di�erentmethods for building TDGs. Barnes & Hernquist (1996) predi
t that a stellar
omponent is pulled out from the outer regions of the parent galaxy followed by aninfall of gas into the potential well of the TDG. Elmegreen, Kaufman, & Thomasson(1993) propose that gas 
ondenses �rst in the debris and stars form in the gas. Inanother study, Weilba
her et al. (2002) performed an observational study of 14intera
ting systems (mostly major mergers and groups) in whi
h they found 13TDG 
andidates. Using evolutionary synthesis modeling of TDGs from their opti
aland near�infrared 
olors, they produ
e spe
tral energy distributions whi
h they
ompare to their models. They �nd that the majority of TDGs in their sample havean old population of stars along with the new population, indi
ating that the TDGsformed from stellar 
lumps rather than gas 
loud instabilities (whi
h 
onsist of onlya young population). However, HI studies of a few individual pairs (e.g. NGC 7252;Hibbard et al., 1994) dete
t a large HI 
loud in the tidal debris indi
ating thatTDGs formed from gas 
loud instabilities.1.2.2.2 Star Clusters in Merger SimulationsWhile many simulations have tou
hed on the formation of massive stru
tures intidal tails su
h as TDGs (Barnes, 1998), few have the resolution needed to study theless massive super star 
lusters. In their simulations of major mergers, Du
,Bournaud, & Masset (2004) �nd that the formation of massive TDGs (> 109 M⊙) isdi�erent from the formation of super star 
lusters. TDGs are formed via akinemati
al pro
ess where material a

umulates in the tail via tidal for
es (often atthe tip of the tail) and then later gravitationally 
ollapses. In 
ontrast, the lessmassive super star 
lusters (SSCs) form via lo
al gravitational instabilities along the10



tails. Their simulations also show that it is not ne
essarily the 
ase that the twotypes of stru
ture do not both form in the same tidal tail. However, with the TDGusing about 75% of material in the tail there is not mu
h material left to form SSCs.These �ndings may be 
onne
ted to the observations of Knierman et al. (2003)whi
h found that major merger tidal tails form either star 
lusters along the tidaltail or a TDG whi
h hosts star 
lusters within it. Re
ent simulations by Hopkinset al. (2013) are able to resolve down to star 
luster s
ales, but detailed analysis ofwhen and where they might form in the tidal debris is awaited.1.3 Minor MergersMinor mergers have been de�ned in several ways in the literature. One way is tode�ne those intera
tions as minor where the mass ratio is < 0.1. Intermediateintera
tions are then de�ned as those where the mass ratio is between 0.1 and 0.25(or 0.5). This use of mass ratios 
an then be used to refer to intera
tions between amassive ellipti
al and regular spiral galaxy as minor. Others de�ne minor mergersas intera
tions whi
h preserve the disk of the larger spiral galaxy, whereas majormergers disrupt the disk orbits ending with an ellipti
al galaxy. In this study, minormerger will refer to an intera
tion between a spiral galaxy and a smaller galaxywhere the mass ratio is less than ∼ 0.3 whi
h preserves the disk stru
ture.1.3.1 ObservationsWhile some work on tidal debris in minor mergers has been done on an individualgalaxy basis, no 
omprehensive study has been a

omplished to date. An exampleof a minor merger in this work, UGC 10214 (�The Tadpole�), has been studied in HIby Briggs et al. (2001) who dis
overed the presen
e of a dwarf galaxy behind thewestern side of the spiral disk. The mass ratio between the large spiral galaxy andthe dwarf galaxy that perturbed it is 0.15. There is HI lo
ated in the long streamer11



and Briggs et al. (2001) spe
ulate that this intera
tion is di�erent from simulatedmajor mergers (like NGC 7252; Hibbard et al., 1994) in the low mass of the
ompanion and its high velo
ity in the en
ounter. HST/ACS ERO of UGC 10214 inF475W (g), F606W (broad V ), and F814W (I) show 2 large 
on
entrations ofmaterial mid-point along the tidal tail and very blue 
olors of the tidal debris.Small populations of 
ompa
t star 
lusters in the tidal debris are found along thetidal tail of the Tadpole (Tran et al., 2003; de Grijs et al., 2003).Several groupings of star 
lusters were dis
overed in VLT observations of thetidal tails of the minor merger NGC 6782 (Bastian et al., 2005b). These star
lusters have ages from 1-100 Myr with masses ranging from 104 < M/M⊙ < 107.The ages of the young star 
lusters are 
ondu
ive to having formed within the tidaltails whi
h have an age of ∼ 130 Myr from N-body simulations by Horellou &Koribalski (2007). These simulations mat
h the morphology of the merger,parti
ularly the tail length and thinness of the southern tail. Horellou & Koribalski(2007) also 
ompare the lo
ations and properties of star 
lusters in Bastian et al.(2005b) with the HI distribution. They �nd that the ends of the tidal tails whi
hare low in HI host young, low mass, and low extin
tion star 
lusters.Another sample galaxy is NGC 2782. With VLA HI data, Smith (1994)
onstrains dynami
al models su
h that a head�on intera
tion between a large diskgalaxy and a lower mass disk galaxy (M2/M1 ∼ 0.25) o

urred, leaving a stellarplume in the eastern tail with a putative TDG 
ontained there (Smith, 1994) and along HI-ri
h western tail. A �ve minute exposure in R from WIYN (Jogee et al.,1998) shows a faint western tail at high stret
hes.In NGC 3310, another minor merger, Kregel & San
isi (2001) dis
over alarge southern HI extension. This galaxy may have 
annibalized a dwarf galaxy,perhaps as re
ently as 10 Myrs ago based on its �bow and arrow� stru
ture as well12



as the presen
e of very young super star 
lusters in the 
entral regions (Conseli
eet al., 2000; Elmegreen et al., 2002). The Hubble Heritage image1 of this galaxyonly 
ontains the 
entral region and not the brighter opti
al tidal debris lo
ated afew ar
minutes from the 
enter or the extended HI area. Wehner & Gallagher(2004) study the tidal debris of NGC 3310 and �nd a new loop of tidal debrislo
ated around the outskirts of this system.Ferreiro, Pastoriza, & Ri
kes (2008) observe a sample of minor mergers usingHα observations. They dis
over more massive stru
tures in the tidal tails su
h asHII regions and Tidal Dwarf Galaxies with very few star 
lusters dete
ted. Themasses of the HII regions in the tidal tails range from 106 M⊙ to 3× 107 M⊙ andindi
ate that minor mergers 
an form obje
ts of similar mass to TDGs.1.3.2 SimulationsN-body simulations have given insight into minor mergers starting with Toomre &Toomre (1972) who studied 1:4 mass ratio intera
tions as well as 1:1 mass ratiointera
tions (see Figure 1.4). They found that dire
t en
ounters produ
e moreextended tidal features be
ause the orbits of the parti
les in the disk are nearresonan
e and are mat
hing the orbital angular speeds. Also, the unequal massmergers produ
ed longer lived bridges between the galaxies, but tails formed morein equal mass mergers. True tails that es
ape to in�nity required the violentintera
tions of major mergers, however, the minor merger has 4 out of 120 parti
lesthat do es
ape the merger. Later work by Barnes (1998) shows that in 
omparisonof 1:1 and 1:3 mass ratio simulations, the equal mass mergers show more extendedtidal features and 
on�rm that dire
t passages produ
e more impressive bridges andtails. In addition to the 
reation of tidal debris, Mihos & Hernquist (1994) andWalker et al. (1996) show the ability of minor mergers to fuel 
entral starbursts by1http://heritage.sts
i.edu/2001/26/ 13



driving gas into the 
enters of the larger galaxy. Also, minor mergers 
an indu
espiral arms, bars, and warps and 
ause the disk not to be destroyed but to heat andthi
ken, and the merged satellite to enhan
e the bulge (see Figure 1.5). Hen
e,minor mergers 
an 
ause a spiral galaxy to evolve to an earlier Hubble type.Bullo
k & Johnston (2005) model the formation of the halo of a MilkyWay-type obje
t using a hybrid semianalyti
 plus N-body approa
h. Their modelseparates the light and dark matter evolution to determine resulting stru
tures ofboth the stellar and dark matter halos. They reprodu
e properties of the 
urrentMilky Way satellites and �nd that the luminosity of those satellites that werea

reted in the simulation mat
hes the 
urrent estimates of stellar halo luminosity(109 L⊙). The stellar halo is more 
on
entrated than the dark matter halo, formsinside out, and has most of its mass 
oming from the ∼15 most massive a

retedsatellites, whi
h are dwarf-irregular galaxies with masses of ∼ 1010 M⊙andluminosities of ∼ 107 − 109 L⊙. These satellites were a

reted and destroyed ∼ 9Gyr ago or longer whereas the surviving dwarf galaxy population were 
aptured ∼ 5Gyr ago. Therefore, the stars in the inner halo 
ome from massive satellites thatwere a

reted > 9 Gyr ago. However, the 
urrent dwarf galaxy satellites are lowermass and were 
aptured later. This predi
tion mat
hes the observed di�eren
es in
hemi
al abundan
e between halo stars and those within the 
urrent dwarf satellitepopulation of the Milky Way (Venn et al., 2005).Pisano & Wil
ots (2003) examine analyti
 estimates of orbital times
ale,dynami
al fri
tion times
ale, and tidal mass for a sample of 13 
ompanions to 10isolated galaxies. Their analysis begins with orbital times
ale given by
torbit =

2π∆R
∆V

(1.1)where Mcomp is the mass of the 
ompanion galaxy, ∆R is the separation of14



the 
ompanion from the main galaxy, and ∆V is the velo
ity di�eren
e between thetwo. Simulations of minor mergers by (Walker, Mihos, & Hernquist, 1996) showsatellite orbits de
aying within a few orbital times. The 
omparison 
ontinues withthe dynami
al fri
tion times
ale
tdyn.fric. =

2.5× 1014∆R2∆V
McomplnΛ

yr (1.2)where
Λ =

∆R∆V 2

McompG
(1.3)This dynami
al fri
tion times
ale 
hara
terizes the amount of time requiredfor a 
ompanion within the primary's dark matter halo to spiral into the primary's
enter. This formula assumes an in�nite isothermal halo with no gaseous mediumand so may be high by fa
tors of 2 or more. Both of these estimates assume a
ir
ular orbit (whi
h Pisano & Wil
ots (2003) �nd to be the most 
ommon type oforbit in their sample). They �nd that torbit ranges from 2 to 115 Gyr, with a medianof 6 Gyr. The value of tdyn.fric. is in general higher, ranging from 3 to 138 Gyr witha median of 8 Gyr. Half of the sample should be a

reted within a Hubble timewith these simple assumptions. The 
ompanions showing eviden
e of intera
tionhave the shortest times
ales. Pisano & Wil
ots (2003) then evaluate the stability interms of the Dahari parameter:

QD =
Mcomp/Mgal
(∆R/Rgal)3

(1.4)where QD > 1 is 
onsidered a strong rea
tion and QD ∼ 0.1 is a weakintera
tion. All of the intera
ting galaxies in the sample have QD ranging from afew times 10−4 to 10−2. 15



Seven of the 
ompanion galaxies have a Ja
obi limit
rJ = ±(

Mcomp
3Mgal

)1/3∆R (1.5)less than their observed radius in HI. The Ja
obi limit is an approximationto the tidal radius at the 
urrent distan
e of the galaxy. It appears that even for asample of �eld galaxies in the lo
al universe outside of groups, roughly half willa

rete their 
ompanions within a Hubble time, in
reasing their gas mass by 5-50%an undergoing a burst of star formation.1.4 The Lo
al GroupThe Lo
al Group of galaxies 
onsists of 3 larger spiral galaxies (our own Milky Waygalaxy, the Andromeda Galaxy (M31), and the Triangulum Galaxy (M33)) alongwith many smaller dwarf galaxies. While the major merger in the Lo
al Group,between the Milky Way and Andromeda, will not o

ur for another 3 Gyr, minormergers are more 
ommon. Sin
e minor mergers 
an 
ontribute stru
tures su
h asstar 
lusters and streamers to their parent galaxies, the properties of these obje
tsin the Lo
al Group are examined.1.4.1 Super Star Clusters and Globular ClustersSin
e SSCs are found in mergers, some lo
al analogs of these star 
lusters arereviewed here. A new 
lass of extended, luminous globular 
lusters was dis
overedin the outskirts of M31 (Huxor et al., 2005). The large half light radius (∼ 30 p
)and bright luminosities (MV ∼ −7) are unusual for globular 
lusters. Colormagnitude diagrams show that these star 
lusters are old (> 10 Gyr) and metalpoor (Ma
key et al., 2006). 16



There are a few nearby resolved 
lusters with stellar masses approa
hingthose found in this study, namely the Ar
hes, NGC 3603 Young Cluster (YC), 30Dor, and Westerlund 1, at 7× 103M⊙, 7× 103M⊙, 2× 104M⊙, and 1× 105M⊙,respe
tively. All of these 
lusters 
ontain large numbers of O stars, in
ludingmultiple O3 stars, and so have ages less than 2-3 Myr. The latter three 
lustersextend to 3-4p
, while the Ar
hes has an extent of ∼1 p
, probably due to theGala
ti
 Center tidal �eld. Unlike the Ar
hes and NGC 3603 YC, 30 Dor has anextended halo out to 130 p
. 30 Dor has B − V = +0.13 and U − B = −0.75. NGC3603 YC 
ontains 37 early O stars, while 30 Dor and Westerlund 1 
ontain 52 and53. 1.4.2 StreamersSin
e minor mergers 
an 
reate streamers in galaxy halos, the streamers in theMilky Way halo are reviewed. In re
ent years, the halo of the Milky Way has beenfound to in
lude streams of stars that in 
ertain 
ases are tra
ed to the stripping ofan infalling dwarf galaxy. The �rst of these was the dis
overy of the the Sagittariusdwarf (Ibata et al., 1997) and its tidal streams around the Milky Way (Majewskiet al., 2003, and referen
es therein). While other stellar streams originating fromother sour
es have been dete
ted, the Sagittarius dwarf is the largest 
ontributor ofsubstru
ture to the halo of the Milky Way.The intera
tions of the Large Magellani
 Cloud (LMC) and Small Magellani
Cloud (SMC) with the Milky Way have produ
ed two tidal features: the Magellani
Stream and the Magellani
 Bridge. The Magellani
 Stream is observed to be a puregas feature (Guhathakurta & Reitzel, 1998), while the Magellani
 Bridge is knownto have both young stars and HI gas (Putman et al., 2003). Re
ent work by Harris(2007) has shown that the stellar population of the Magellani
 Bridge 
onsists onlyof young stars with no old stellar population. This means that pure gas with no17



stars was pulled out in the intera
tion that 
aused the bridge to form. By modellingstar formation histories in various �elds a
ross the Bridge, he �nds that starformation started in the Bridge about 200-300 Myr ago and 
ontinued until 40 Myrago. Stars were also only found in the western part of the Bridge, as would beexpe
ted by the HI surfa
e density, whi
h falls below the 
riti
al threshold(Kenni
utt, 1998a) at that point.In their survey of the SMC and Bridge area, Bi
a & S
hmitt (1995) �nd 11star 
lusters and 97 stellar asso
iations in the Magellani
 Bridge along with 3possible 
andidates for forming dwarf galaxies. These 3 tidal dwarf galaxy
andidates are 
lumps of extended obje
ts, two in the Bridge, one in the wing of theSMC. Re
ent work using star 
ount maps of M31 have dis
overed severalsubstru
tures in the halo of M31. The faintest features have µV ∼ 28− 31 magar
se
−2. While the metalli
ity and age varies among the di�erent substru
tures, allmetalli
ities ([Fe/H] > −0.7) are higher than present-day satellites in the Lo
alGroup ([Fe/H] < −1.5). This indi
ates that su
h satellites are not likely to be theprogenitors of the substru
tures. Low latitude substru
tures due to their ages androtation signature are likely to be from perturbations of the thin disk, not from ana

reted satellite. The giant stream has been thought to be linked to inner satellitesof M31 su
h as M32 or NGC 205 due to position on the sky and similarmetalli
ities. However, 
urrent models using stellar velo
ities in the stream provideorbits whi
h do not mat
h this (Ferguson, 2007, and referen
es therein).No substru
tures have been dete
ted around M33 to limits rea
hing similardepth as M31 (∼3 magnitudes below the tip of the RGB) (Barker et al., 2011). Ifsubstru
tures exist around M33, they are at a signi�
antly lower surfa
e brightnessthan those around M31. 18



1.5 Star Formation and Environmental E�e
tsThe pro
ess of atomi
 gas turning into mole
ular gas and then forming stars is afundamental part of understanding star formation in galaxies. However, the fa
torsthat in�uen
e this pro
ess are numerous, and the exa
t details are still un
ertain.Star formation depends on the lo
al 
onditions in the gas (e.g., pressure) and themole
ular gas 
olumn density. Other fa
tors that in�uen
e star formation are lessunderstood, su
h as feedba
k, shear, and global e�e
ts from mergers. The generaldes
ription of how star formation depends on gas density is the Kenni
utt-S
hmidtlaw (Kenni
utt, 1998b, and referen
es therein):
ΣSFR(gas) = 2.5× 10−4(

Σgas
1M⊙pc−2

)1.4[M⊙yr−1kpc−2] (1.6)This uses the surfa
e density of the gas (Σgas, usually mole
ular and atomi

ombined) versus the star formation rate (SFR) surfa
e density, ΣSFR (gas). Thisequation assumes a Salpeter initial mass fun
tion (IMF, Salpeter, 1955) and solarmetalli
ity. This indi
ates that for a higher gas surfa
e density, there will be ahigher SFR surfa
e density. It was initially 
alibrated for galaxies as a whole (globals
ales), but also has been 
ompared to HII regions inside galaxies. Determiningwhether the Kenni
utt-S
hmidt law holds on lo
al s
ales and for di�erent galaxytypes has been the subje
t of ample re
ent work (e.g., Daddi et al., 2010; Bigielet al., 2008; Boselli et al., 2002; Boquien et al., 2011).In spiral galaxies, the 
riti
al surfa
e density above whi
h a self-gravitatingin�nitely-thin rotating gas disk is lo
ally unstable to axisymmetri
 perturbations is,
Σcrit =

ασκ

πG
(1.7)19



with σ as the velo
ity dispersion of the gas, κ as the epi
y
li
 frequen
y and α a
onstant of order unity (Kenni
utt, 1989). However, using this formulation of a starformation threshold is not appli
able for tidal debris sin
e they are not rotating likethe gas disk of a spiral galaxy.Blitz & Rosolowsky (2006) �nd a star formation pres
ription whi
h is basedon pressure determining the amount of the ISM that is mole
ular. Their work usesobservational data of 14 galaxies with a range of masses and metalli
ities to showthat the ratio of atomi
 to mole
ular gas is linearly related to the hydrostati
pressure. Their revised pres
ription redu
es to the Kenni
utt (1998a) star formationrate at high pressures, but provides a more a

urate determination of star formationfor low pressure regions su
h as outer regions of spirals. Their low pressure regimeequation, whi
h gives lower results than Kenni
utt (1998a), is
ΣSFR = 0.1ǫΣg(

Pext
P0

)0.92M⊙pc
−2Gyr−1 (1.8)with Pext given by:

Pext
k

= 272cm−3K(
Σg

M⊙pc−2
)(

Σs
M⊙pc−2

)0.5 × (
vg
kms−1

)(
hs
pc

)−0.5 (1.9)Wallin (1990) suggests a me
hanism by whi
h star formation 
an betriggered in tidal tails. Using a restri
ted three body simulation with test parti
les,this work shows that gas 
an be 
ompressed by fa
tors of two to �ve in a tail by a)twisting of the tidal tail whi
h produ
es a traveling density wave and b) passage ofgas through orbital 
austi
s whi
h results in an extended 
ompression followed by ashort period of rarefa
tion. This study should be taken with 
aution as an upperestimate on the level of density enhan
ements in the tail that 
an seed starformation. The simulation negle
ts hydrodynami
s, self gravity, and 
ooling, all of20



whi
h 
an be expe
ted to drive 
ompression into the nonlinear regime duringself-
ollision of gas within a 
austi
 or density wave.To determine the star formation e�
ien
y (SFE), or how e�
ient a system isat turning its gas into stars, two main but related, methods are used: 
omparison tothe Kenni
utt-S
hmidt Law and the gas depletion times
ale. An estimate of theSFE of a system 
an be done by 
omparing the SFR per area measured via a tra
ersu
h as Hα emission, far ultraviolet emission, or the far infrared luminosity to thegas density per area. These quantities are the ones used in the Kenni
utt-S
hmidtrelation. If a parti
ular system (e.g., an HII region or an entire galaxy) falls abovethe Kenni
utt-S
hmidt law for normal spiral galaxies, it is said to have high SFEwhereas if it falls below the line, it has a low SFE. The gas depletion times
ale is
τdep =Mgas/SFR and 
an be 
al
ulated for mole
ular, atomi
, or the total gas mass.One way to think about gas depletion times
ales is that τdep of 0.1, 1, and 10 Gyr
orrespond to the SFR needed to 
onsume 1%, 10%, and 100% of the gas reservoirin 100 Myr. If τdep > 10 Gyr, then the system has a low SFE (Bigiel et al., 2008). Atypi
al normal spiral galaxy has τdep ∼ 2 Gyr (Kenni
utt, 1998b) indi
ating that
τdep in the range around 1 Gyr 
orresponds to a normal SFE. For τdep < 0.7 Gyr,this 
orresponds to high SFE (Boquien et al., 2011).1.5.1 Star ClustersStar 
lusters are the pla
e where most stars are formed (Lada & Lada, 2003). Bystudying the formation and evolution of star 
lusters, we 
an determine how themajority of stars in the universe are born and evolve. Young 
ompa
t star 
lusterswere dis
overed to be forming in several environments, in
luding starburst galaxies(Meurer et al., 1995), barred galaxies (Barth et al., 1995), some spiral disks (Larsen& Ri
htler, 1999), the inner regions of mergers (Holtzman et al., 1992; Whitmoreet al., 1993; S
hweizer et al., 1996; Miller et al., 1997; Whitmore et al., 1999; Zepf21



et al., 1999) and in the spa
e between galaxies in 
ompa
t groups (Gallagher et al.,2001). Finding 
ommon 
hara
teristi
s between these environments may allow us toidentify the me
hanism that 
auses gas 
louds to 
ollapse and e�
ient starformation to begin (e.g., Jog & Solomon, 1992).1.5.1.1 FormationOne of the prin
ipal mysteries of the tidal debris mode of star formation is therarity of observed mole
ular gas. In order to solve it, the star formation e�
ien
yand times
ales in mole
ular 
louds need to be understood. If the lifetime of a 
loudand its a

ompanying star formation is short, then the problem is largely resolved.It is also useful to know the star formation e�
ien
y so that there is a gauge of howmu
h gas 
an be expe
ted in the tails.The estimation of star formation times
ales in the Galaxy has given a largevariety of answers depending upon the spatial s
ales examined. This turns out to bebe
ause the the evolution of mole
ular 
louds and 
ores are set by the lo
aldynami
al times
ale. For mole
ular density n, tdyn ≡ (Gρ)−1/2 = 61n−1/2 Myr. Ea
hstage of evolution o

urs over a few 
rossing times. In the high density 
ores wherestars are a
tively forming, the dynami
al times
ale is of order 1.5 Myr. In the 
loudenvelope dynami
al times may be of order 50 Myr . This has two 
onsequen
es.When mole
ular gas is in its di�use state, whi
h exists at low densities in the lowpressure environment of tidal tails, its dynami
al time and a

ompanyingevolutionary times
ale are long. On
e 
ollapse begins, the evolution of the entire
loud is 
ontrolled by the dynami
al times
ale in the densest regions. Dense 
luster
ores qui
kly arrive at star forming 
onditions, and star formation o

urs in ∼ 3Myr. At this point the further evolution of the 
loud is 
ontrolled by theevolutionary times
ale of the massive stars whi
h ionize 10-20% or more of the 
loudand disperse the rest through winds and supernovae. The dispersed mole
ular gas22



may undergo triggered star formation at another lo
ation, but the life of themole
ular 
loud as a re
ognizable entity is over. The whole evolution is biasedagainst preserving observable mole
ular gas. Before star formation starts the gasspends most of its time in a di�use stage that is less amenable to the formation ofCO. On
e 
ollapse begins the shortest times
ales in the 
loud take over driving theevolution, dispersing the 
loud in a few Myr when the star forming stru
tures inquestion are 
lusters (Elmegreen, 2007).The se
ond question is the e�
ien
y of star formation in these 
louds. Thetypi
al star formation e�
ien
y for an OB asso
iation is a few per
ent. For denser
lusters this will rise over 10%. Krumholz & Tan (2007) dis
uss the star formatione�
ien
y per free fall time, ǫff . The free fall time is tff = (3π/32Gρ)1/2, whi
h is
(3π/32)1/2 = 0.54 times the 
rossing time. An ǫff of 1% gives an e�
ien
y of 1.8%for a period of 1.5tff , typi
al of OB asso
iations. In denser regions star formationmay persist for a few free fall times before stellar kineti
 energy 
an disperse the
loud, yielding e�
ien
ies of 
loser to 10%, more typi
al for a dense star 
luster. Itis also reasonable to expe
t ǫff to rise slightly with density. Krumholz & M
Kee(2005) suggest that ǫff s
ales with the 
ube root of the Ma
h number, whi
h in turns
ales with ρ−1/2. This gives ǫff ∝ ρ1/6 (Elmegreen, 2007). The amount of gasinvolved in star formation 
an then be fa
tored in. If the ratio of density in the
loud 
ore to the 
loud average is 100, then the ratio of dynami
al times is 10.Therefore 90% of the gas is in in its long evolutionary times
ale phase. If starformation in a dense 
ore is 10% e�
ient, the 
loud as a whole has a star formationrate of ∼ 1%. In a mostly di�use 
loud in the low pressure environment of a tail,the density 
ontrast may be higher, resulting in a lower overall star formatione�
ien
y per burst. Triggered star formation is likely, yielding a few generations ofstars, whi
h agrees with the presen
e of an age spread in tails with a signi�
antnumber of 
lusters. In addition, several dense 
ores may form in any one 
loud.23



Considering these two fa
tors, the total e�
ien
y over the age of the tail may rise toa few per
ent.Using HST/ACS images of NGC 1313 to resolve individual stars, Pellerinet al. (2007) determine that there is a large number of early B-type stars foundoutside of star 
lusters and distributed throughout the disk of the galaxy. Thismeans that the star 
lusters these stars formed within were disrupted within theearly B-star lifetimes of 25 Myr, whi
h indi
ates an infant mortality s
enario. Inthis s
enario, the star 
luster does not survive beyond when the death of the mostmassive stars expel gas and dust from the star 
luster, removing enough mass for itto be
ome unbound. 1.5.2 Outer Regions of SpiralsThe outer regions of spiral galaxies have similar properties to tidal tails. Both ofthese regions have low gas surfa
e density, low star formation surfa
e density, andtend to la
k abundant mole
ular gas. The spiral galaxy NGC 6946 shows a drop in
ΣHα of a fa
tor of 100 at 0.8R25 where R25 is the isophotal radius at the limitingsurfa
e brightness of 25 mag ar
se
−2. This is likely due to the lower 
overing fa
torof HII regions at these large radii, not to any 
hange in the intensity of starformation lo
ally (Ferguson, 2007). To see if gravitational instability plays asigni�
ant role in determining star formation rates at large radii, Ferguson (2007)plot the Σgas

Σcrit
versus radius where Σcrit is as in Kenni
utt (1989). They dis
over thatthe ratio lies within a fa
tor of two of the instability limit Σgas

Σcrit
∼ 1 at all radii. Inaddition, the radius where the large de
line in ΣHα happens is not the same aswhere the instability limit o

urs. This indi
ates that gravitational instability is notruled out as a 
ause of star formation at large radii, but it does not exa
tly mat
hthe pi
ture. Sin
e gas disks �are at large radii, there is a large de
line in the gasvolume density toward galaxy outskirts. This lower density 
ould a�e
t star24



formation by lessening the 
ollisions that allow mole
ular 
loud growth or loweringthe 
han
e of sustaining a 
old neutral medium (Ferguson, 2007). Using highresolution and high sensitivity CO maps of M33, Rosolowsky et al. (2007) �nd thatthe amount of mole
ular gas lo
ated within GMCs (M > 1.3× 105 M⊙) de
linesrapidly at a radius of 4 kp
. Outside that radius, GMCs are nearly absent.1.6 Contributions of Minor Merger Tidal DebrisThe entities formed in minor merger tidal debris 
ould 
ontribute to stru
tures invarious environments and to metals in the IGM.1.6.1 Stru
turesVarious stru
tures 
an form in minor merger tidal debris in
luding stars, star
lusters, and tidal dwarf galaxies. These stru
tures 
an fall ba
k onto the parentgalaxy or es
ape into the IGM.Stars formed in the tidal debris of mergers and intera
tions 
an es
ape fromthe parent galaxy to add to the population of stars between galaxies. Usingplanetary nebulae surveys, Feldmeier et al. (2004) found that 10-20% of stars in theVirgo and Fornax 
lusters are lo
ated in the intra
luster medium. These stars mayhave formed within galaxies and been stripped by infall into the 
luster orintera
tions with other galaxies. These stars 
ould have also formed in the tidaldebris of mergers and intera
tions.The small galaxies (or a subset of them) orbiting our Milky Way galaxy
ould have been formed in tidal debris. Kroupa, Theis, & Boily (2005) show thatthe distribution of Milky Way satellites is 
ould not have 
ome from a distributionof dark matter dominated satellites. They postulate that the dwarf galaxiesoriginated as TDGs during a minor merger with a gas-ri
h satellite. The LMC 
ouldbe a remnant of this satellite, while the smaller dwarf galaxies 
ould have formed in25



the tidal tails of this intera
tion. Previous work by Kroupa (1997) showed thatTDGs may evolve to be dwarf spheroidal galaxies, but without dark matter halos.The TDGs that form in tidal tails may be gravitationally stable and have anorbit su
h that they last beyond the tidal tail lifetime and be
ome a new galaxy.These 
an then add to the new galaxy population. The distribution of TDGsaround a larger galaxy 
ould be 
ompared with those from predi
ted hierar
hi
algalaxy formation s
enarios. Additionally, TDGs 
ould tell us about the distributionof dark matter in a galaxy. It is thought that there may be little dark matter in thedisk of a galaxy. Sin
e TDGs are formed from material originating from a gala
ti
disk, they would likely have little dark matter. Observations of dark matter inTDGs 
ould determine if this model is in
orre
t, and thus help with studies of
osmology (Du
, Bournaud, & Boquien, 2006).1.6.2 Enri
hment of the IGMIf tidal debris es
apes the parent galaxy, any metals formed by new star formationtherein 
an help enri
h the IGM. What is the 
ontribution of star 
lusters formed intidal debris to the metal density of the IGM? In order to answer this it is ne
essaryto identify the pools of gas that are likely to be enri
hed by these obje
ts. Thesample in this work ranges from isolated mergers to a merger in an Abell 
luster, soall 
omponents from hot 
luster gas to Lyα absorbers must be 
onsidered. Figure 1of Davé & Oppenheimer (2007) summarizes the result of simulations that are inreasonable agreement with observed gas phase metalli
ities. Halo gas is enri
hedearly, with log〈z/z⊙〉 of -1.6 at redshift z = 6, instead of rising to -1 by z = 0. Hotsho
ked IGM rises from -1.8 to -1.5. The 
hange in the di�use IGM is more striking,in
reasing from -3 to -1.5. (This in
ludes the damped Lyα systems.) Sub-dampedLyα systems show a stronger evolution rising as high as -0.5 by z = 0 Peroux(2007). Metals in low 
olumn density systems o

ur at lower levels. For NHI > 101426




m−2 metalli
ities fall in the range of -3 to -4. Below this 
olumn density themetalli
ity appears to fall o� rapidly (Cen et al., 2005).1.7 This WorkThis dissertation uses multiwavelength observations of the tidal debris in minormergers to determine the star formation rate and star formation e�
ien
y in theseenvironments that may be on the edge of stability.1.7.1 Sample Sele
tionA sample of 15 minor mergers were 
hosen from UGC pe
uliar galaxies and minormergers found in the literature. Care was taken to sele
t a sample of well studiedgalaxies that have known mass ratios (less than ∼ 0.3 by the HI mass ratio or viasimulations based on HI kinemati
s) or indi
ations of minor mergers (e.g., disk ofspiral galaxy is inta
t, but tidal debris is apparent in the opti
al). To have similarmergers a
ross the sample, the large galaxy was 
hosen to be a spiral galaxy, not adwarf or Magellani
 spiral. The mergers were further 
ut in luminosity so that thesample has a range of −21.8 < MB < −19.5. The presen
e of tidal debris indi
atesthat we observed a 
ertain time in the progression of the merger as well, neither tooearly for tidal debris to be stripped nor too late for the tidal debris to have beena

reted onto the massive galaxy or to es
ape from the system. These minormergers are separated into three 
lasses based on morphology: early, late, andmerged. These stages are also 
onsistent with the dynami
al ages of tidal tails.Early mergers are de�ned as well-separated galaxies displaying tidal intera
tion(e.g., disturbed morphology, tidal tails and bridges). Late mergers have already
ompleted at least one pass by ea
h other. In this 
ase, the dwarf is stilldistinguishable from the disk of the large galaxy, though the dwarf may be tou
hingor 
onne
ted to it. Merged galaxies have only one visible galaxy with no opti
ally27



dete
table dwarf, but they have signi�
ant remaining tidal debris. The sample wasfurther 
ut in distan
e so that any star 
luster 
andidates examined would be
omplete down to at least MV < −11 in order to avoid 
omparing legitimate star
luster 
andidates with a population solely 
omprised of giant HII regions. Thetidal debris of sample galaxies was observed in the opti
al with the 1.8 meterVati
an Advan
ed Te
hnology Teles
ope (VATT) on Mt. Graham, Arizona usingboth broadband �lters (UBV R) and narrowband Hα. The opti
al broadbandimages enable determination of the age, mass, and extin
tion of populations of star
luster 
andidates and TDGs in the tidal debris. The Hα images 
an determine the
urrent rate of star formation over the past 10-20 Myr in the tidal debris.Observations in near infrared broadband �lters (H and some JKs for sele
t tails)were done at the Bok 90-in
h on Kitt Peak using the PISCES 
amera. Thenear-infrared observations 
an help determine if there is a population of old stars inthe tidal debris, whi
h has impli
ations for the formation me
hanism of TDGs.In order to examine gas properties on lo
al s
ales of about a few kp
 inminor merger tidal debris as related to the star formation therein, a spe
i�
 suite ofmultiwavelength observations needed to be available, in
luding atomi
 andmole
ular gas. The galaxy NGC 2782 in the above sample had high resolution 21
m HI observations with the VLA as well as pointed observations of CO(1-0) ofvarious regions in the tidal debris. This enabled determination of atomi
 andmole
ular gas masses as well as total gas mass for regions within the tidal debris ofNGC 2782. These gas masses 
ould be 
ompared to the SFR from Hα observationsto determine the star formation e�
ien
y in tidal debris. NGC 2782 is a late stagemerger with two tidal tails whi
h have di�erent gas properties. By 
omparing howstar formation di�ers between two tails in the same merger, we 
an gain insight intohow gas properties a�e
t star formation. Chapter 2 dis
usses the SFE of an HIIregion hosting a young star 
luster in the Western tail of NGC 2782. Chapter 328




ompares the SFR and SFE between the tidal tails of NGC 2782. The te
hniquesdeveloped by studying NGC 2782 were then applied to UGC 10214 (�The Tadpole�)whi
h is also a late stage merger and has atomi
 and mole
ular gas observations.The Tadpole also has mid-infrared data from Spitzer to help with star formationand dust determinations.
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Figure 1.3: Major merger simulation of two equal mass gas ri
h galaxies from Hopkinset al. (2013). Two perpendi
ular viewing angles are shown with opti
al (left) and gas(right) in ea
h pair. The time in Gyr sin
e the beginning of the simulation is labeledin ea
h step.
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Figure 1.4: Simulation from Toomre & Toomre (1972) of a minor merger with a 1:4mass ratio showing development of a bridge and tails in a minor merger.31



Figure 1.5: Fa
e on and edge on views of a simulation of a minor merger with amass ratio of 1:10 from Walker, Mihos, & Hernquist (1996). Time steps are shownin intervals of 125 Myr. The spiral is 
onsiderably disturbed by merger of the dwarf,thi
kening and warping the disk.
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Chapter 2STAR FORMATION EFFICIENCY IN THE WESTERN TAIL OF NGC 27822.1 Introdu
tionMajor mergers of spiral galaxies are known to 
reate stru
tures su
h as TDGs andstar 
lusters within their debris (e.g., Du
 et al., 2000; Weilba
her et al., 2002;Knierman et al., 2003; Mullan et al., 2011). While examples of major mergers arewell known (e.g., NGC 4038/9 �The Antennae�; Whitmore et al., 1999), intera
tionsbetween equal mass galaxies are relatively rare 
ompared to minor mergers (massratios of < 0.3). As part of a larger study, I aim to understand how these frequenten
ounters shape gala
ti
 stru
ture and probe star formation in gas that may bemarginally stable. Previous work studied how neutral hydrogen may a�e
t star
luster formation in tidal debris (Maybhate et al., 2007; Mullan et al., 2011), butstudies of mole
ular gas in tidal debris have fo
used on larger episodes of starformation su
h as those resulting in the formation of TDGs (Braine et al., 2001).This work examines star formation on smaller s
ales in the tidal debris of the minormerger NGC 2782.NGC 2782, a pe
uliar spiral at a distan
e of (39.5± 2.8) Mp
2, is undergoinga nu
lear starburst (Devereux, 1989). Smith (1994) used a restri
ted 3-bodydynami
al model to show that NGC 2782 is the result of a merger of two diskgalaxies with a mass ratio of ∼ 0.25 o

urring ∼ 200 Myr ago. It has two tidal tails:an Eastern tail whi
h has a 
on
entration of HI and CO at its base and a gas-pooropti
ally bright knot 2.7′ from the 
enter; and an HI-ri
h, opti
ally faint Westerntail (Smith, 1994). Mullan et al. (2011) in their V and I band HST/WFPC2 surveyof tidal tails �nd 87 star 
luster 
andidates in the Eastern tail of NGC 2782 and 10
andidates in the Western tail. 33



Non-dete
tion of CO at the lo
ation of HI knots in the Western tail ledBraine et al. (2001) to argue that the HI �has presumably not had time to 
ondenseinto H2 and for star formation to begin.� However, if this tail was pulled from thelower metalli
ity outer regions of the spiral galaxy like TDGs (Du
 et al., 2000) orthe merged dwarf galaxy, the lower metalli
ity may a�e
t the 
onversion fa
torbetween CO and H2 and result in an underestimated mole
ular mass. It is possiblefor H2 to be present despite CO being undete
ted. While the blue 
olors in theWestern tail suggest that it formed from the disruption of the dwarf 
ompanion, the
mHI/LB ratios suggest that some gas must have originated in NGC 2782's gaseousdisk and is therefore mixed 
omposition (Wehner, 2005).I obtained new Hα observations to determine the star formation e�
ien
y inthe Western tail of NGC 2782. Se
tion 2 presents observations, 
alibration, andresults. In Se
tion 3, I dis
uss global and lo
al star formation in the tail and relateit to star formation in general. 2.2 ObservationsImages in UBVR and Hα were taken with the Loral 2K CCD imager at the Lennon1.8m Vati
an Advan
ed Te
hnology Teles
ope (VATT) (6.4′ �eld of view, 0.375′′ perpixel). Hα images (6×1200 s) used an 88mm Andover 3-
avity interferen
e �lter(λc=6630Å; FWHM=70Å). I observed the tail in Kron-Cousins R (3×300 s) to allow
ontinuum subtra
tion, following Lee (2006). Images were redu
ed using standardIRAF3 tasks. The inset in Figure 2.1 shows the 
ontinuum-subtra
ted Hα imagethat 
ontained the only Hα emission-line sour
e dete
ted at more than 10σ in theWestern tail.2From NED, 
orre
ted for Virgo, Great Attra
tor, and Shapley, whi
h I will use for the durationof this paper. Smith (1994); Braine et al. (2001) use distan
es of 34 Mp
 and 33 Mp
, respe
tively.3IRAF is distributed by the National Opti
al Astronomy Observatory, whi
h is operated byAURA, In
., under 
ontra
t to the NSF. 34



Figure 2.1: V image of Western tail of NGC 2782. The green 
ontour indi
ates thearea de�ned as the Western Tidal Tail. Red 
ir
le marks the lo
ation of the Hαsour
e. The 
rosses mark the lo
ations of massive HI 
louds(Smith, 1994). Magenta
rosses mark the lo
ations of CO observations from Braine et al. (2001) for the northlo
ation and Smith et al. (1999) for the south lo
ation. The inset image is the
ontinuum subtra
ted Hα image of area indi
ated in the white box.
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2.2.1 Hα 
alibrationI 
alibrated our Hα images using observations of 3�5 spe
trophotometri
 standardstars from (Oke, 1990). Zero points were obtained by 
omparing the integral overthe �lter response fun
tion of their spe
tral energy distribution and the instrumentalmagnitude from aperture photometry. Extin
tion 
orre
tions assumed a standardatmospheri
 extin
tion 
oe�
ient of 0.08 mag airmass−1 (Lee, 2006). The dispersionof the zero points from individual standard stars was typi
ally 0.02mag.Following Lee (2006), I removed the 
ontribution to the Hα �ux of the [NII℄doublet (λ6548,6583) and emission line �ux from the R �lter. I used an empiri
alrelation between metalli
ity and the [NII℄/Hα ratio from Figure 9 of van Zee et al.(1998). For a metalli
ity of 0.4Z⊙, 12 + log(O/H) = 8.06 gives
log([NII℄/Hα) = −1.3, from whi
h follows the Hα �ux.2.2.2 ResultsThe Hα observations yielded a dete
tion of one sour
e in the Western tail 
enteredon α = 9:13:51.2, δ =+40:08:07 (see Figure 2.1) with LHα = (1.9± 0.3)× 1039 ergs−1. For 
omparison, this HII region is fainter than the massive star 
luster 30 Dor(LHα = 6× 1039 erg s−1), but > 1000 times brighter than Orion with its handful ofO-stars (LHα = 1036 erg s−1). It is 
onsistent with the formation of a large star
luster. This HII region has also been dete
ted by Bournaud et al. (2004) and,re
ently, by Werk et al. (2011). The HII region is lo
ated ∼ 20′′ away, but wellwithin the 55′′ half power beam size, from the lo
ation where Smith et al. (1999)sear
hed for CO(1-0).
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2.3 Dis
ussionI 
ompare SFR per unit area (ΣSFR) from Hα to that expe
ted obtained from theobserved gas density using the Kenni
utt law, and the SFE in the tail to that seenin other tidal debris, normal galaxies, and starbursts. ΣSFR from Hα for the wholetail is mu
h less than expe
ted given the observed gas density. With only one Hαregion in the tail, the derived ΣSFR is a lower limit, as most of the stars forming arelate B and A stars based on ultraviolet emission. This indi
ates that there is a lowerstar formation e�
ien
y in the tail resulting in the formation of fewer high massstars. Star formation on the few-kp
 s
ale represents a ΣSFR that is less thanexpe
ted from the Kenni
utt law, using the total gas surfa
e density and theobserved Hα. Sin
e the original Kenni
utt law was formulated using observations ofspiral disks, this indi
ates that the star formation in the tail is less e�
ient than inspiral disks. Using the mole
ular gas depletion time, the SFE of the HII region issimilar to the tidal debris regions of Arp 158 and normal galaxies but lower thanobserved in starburst galaxies. Using only the HI gas as a tra
er of the availablematerial, the SFE is higher than seen in the outer disks of spiral galaxies. Given alow SFE from the total gas and a normal SFE from the mole
ular gas, the observedHII region may be a very small, lo
ally dense region. The la
k of observed COemission 
ould be due to destru
tion of mole
ular gas by FUV, e�e
ts of beamdilution, the in�uen
e of low metalli
ity on the CO-H2 
onversion fa
tor, or a lowpressure gas environment.The star formation rate from Hα is (Equation 2 in Kenni
utt, 1998b): SFR(M⊙yr−1) = 7.9× 10−42L(Hα) (ergs s−1). The expe
ted SFR from the gas surfa
edensity is (Equation 7 in Kenni
utt, 1998b):
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Table 2.1: Comparison of Star Formation Rates in Western Tail of NGC 2782Lo
ation Area Hα SFR ΣSFR(Hα) MHIa Mmolb Σgas
c ΣSFR(gas)dkp
2 M⊙ yr−1 M⊙ yr−1 kp
−2 108 M⊙ 108 M⊙ M⊙ p
−2 M⊙ yr−1 kp
−2HI-N 8.6 < 0.0003 < 0.00003 0.73 < 0.086e < 12.9 < 0.006HI-mid 14.7 0.015(.002) 0.001(0.0002) 1.15 < 0.16f < 12.2 < 0.005HI-S 19.3 < 0.0003 < 0.00002 1.16 < 0.16f < 9.4 < 0.004W Tail 2300 0.015 0.000009 20 < 0.4e,f < 11.7 < 0.005

aSmith (1994), 
orre
ted for distan
e
bMmol inferred from CO observations
cIn
ludes Helium (Mgas = 1.36(MHI +MH2

)
dKenni
utt (1998b) Σgas in
ludes only HI and H2
eBraine et al. (2001), 
orre
ted for distan
e
fSmith et al. (1999), 
orre
ted for distan
e

ΣSFR(gas) = 2.5× 10−4(
Σgas

1M⊙pc−2
)1.4M⊙yr

−1kpc−2 (2.1). Table 2.1 
ompares the global and lo
al SFR in the Western tail: taillo
ation, area of HI 
lump or entire tail, Hα SFR with error, SFR per unit areafrom Hα (ΣSFR(Hα)) with error, mass of HI, mass of mole
ular gas, total gassurfa
e density, and SFR per unit area from gas density (ΣSFR (gas)).2.3.1 Star Formation on Global S
alesUsing the entire area of Western tail of NGC 2782, the global ΣSFR(Hα) = 9× 10−6M⊙yr−1kp
−2 is three orders of magnitude below the expe
ted ΣSFR(gas) < 5× 10−3M⊙yr−1kp
−2. The ΣSFR(Hα) is also three orders of magnitude lower than thosetypi
al for spiral and dwarf galaxies, but there is a signi�
ant dilution fa
tor due tothe large area of the tidal tail and low density of stars and gas therein.The Magellani
 Stream is a lo
al example of a gas tail of presumed tidalorigin with no star formation. Putman et al. (2003) measured the total HI gas massin the Stream to be 2.1× 108 M⊙. By 
onverting the angular size of the Stream38



(100◦ × 10◦) to proje
ted physi
al size using a distan
e of 55 kp
 (Putman et al.,2003), I infer an area of 940.9 kp
2. Using the resulting gas surfa
e density of
ΣHI = 2.2× 105 M⊙kp
−2, the Magellani
 Stream has an expe
ted ΣSFR = 3× 10−5M⊙yr−1 kp
−2, two orders of magnitude lower than the Western tail of NGC 2782.The di�eren
e between the ΣSFR values indi
ates a lower SFE. However, theSFR is a lower limit sin
e there is one HII region and Hα represents star formationin the last 5 Myr. Also the SFR in the tail 
ould be higher than inferred from Hα ifit is predominately of a Taurus-Auriga type (Kenyon et al., 2008), produ
ing fewstar 
lusters with high mass stars. If so, the 
olor would be blue, but no Hα wouldbe observed. To examine this further, FUV and NUV images of NGC 2782 from theGALEX All-sky Imaging Survey (AIS; Morrissey et al., 2007) were inspe
ted. Asseen in Figure 2.2, faint UV emission is dete
ted along the Western tidal tail,indi
ating the presen
e of young stellar populations, likely dominated by B and Astars. Sin
e there is no Hα emission (ex
ept for the single knot) the star 
lustersforming along the tail were likely of low mass and had a negligible probability offorming early B and O stars.2.3.2 Star Formation on Lo
al S
alesI also examine star formation within Western tail HI regions. Smith (1994)measured 10 massive HI 
lumps with masses from 3× 107 M⊙ to 1.8× 108 M⊙. Onlythree of these HI 
lumps have star 
luster 
andidates (Mullan et al., 2011). Sin
eonly one HII region was found in the Western tail, I use the Hα dete
tion limit as alimit for the high-mass star formation rate for the other two regions. The 
rosses inFigure 2.1 show the lo
ation of these HI 
lumps with their SFR in Table 2.1.
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Figure 2.2: Galex 
omposite image of NGC 2782. The box indi
ates the region
overed by the opti
al image of Figure 2.1The star formation on few-kp
 s
ales asso
iated with the HII region is lowerthan expe
ted from the Kenni
utt law. ΣSFR 
al
ulated from the Hα luminosity is
0.001± 0.0002 M⊙ yr−1 kp
−2. Due to the non-dete
tion of CO in the Western tailand using a standard CO to H2 
onversion fa
tor, I are only able to establish upperlimits to the SFR from the gas density of ΣSFR(gas) < 0.005 M⊙yr−1 kp
−2. Whilefollow-up spe
tros
opy is ne
essary to determine the 
omposition of the gas in the40



Western tail of NGC 2782, TDGs in major mergers are shown to have ∼ 0.3Z⊙(Du
 et al., 2000). The standard CO to H2 
onversion fa
tor (αCO1−0 = 4.3 M⊙(Kkm s−1 p
2)−1 ) is based on observations of the Milky Way. Using galaxies with
z ≤ 1, Genzel et al. (2011) �nd a linear relation given by logαCO1−0 = 12.1− 1.3µ0where µ0 = 12 + log(O/H). For a metalli
ity of 0.3Z⊙ (or µ0 = 8.19), theappropriate 
onversion fa
tor is αCO1−0 = 27.5 M⊙(K km s−1 p
2)−1 giving a fa
torof 6 higher mole
ular mass limit (Mmol ≤ 6× 107 M⊙) than that from the standard
onversion fa
tor (Mmol ≤ 9× 106 M⊙). This would then give a larger expe
ted
ΣSFR(gas) < 0.01 M⊙yr−1 kp
−2 and would give an even larger di�eren
e from themeasured Hα SFR. Boquien et al. (2011) use multiwavelength data of Arp 158 tostudy the lo
al Kenni
ut-S
hmidtt law in a merger. They �nd that star formingregions in the tidal debris follow a di�erent Kenni
utt-S
hmidt law than those inthe 
entral regions of the merger, falling along a line of similar slope to Daddi et al.(2010), but o�set so that the same gas density gives lower values of star formationrate. Plotting our HII region in the Western tail of NGC 2782 on Figure 6 ofBoquien et al. (2011), I �nd it to be 
onsistent with quies
ent star formation as seenin the tidal debris of Arp 158. This may indi
ate that star formation in tidal debrisis less e�
ient than that in the 
entral regions of mergers and in normal galaxies.However, this HII region has a normal SFE using the mole
ular gas limit.The depletion times
ale of the mole
ular gas is 
al
ulated by τdep,H2

=Mmol/SFR.For the HII region in the western tail of NGC 2782, τdep < 1 Gyr whi
h is
omparable to the mole
ular gas depletion times
ales determined for the starforming regions in Arp 158 (τdep ∼ 0.5− 2 Gyr; Boquien et al., 2011) and in tidaldwarf galaxies (τdep ∼ 0.8− 4 Gyr; Braine et al., 2001). These ranges are alsosimilar to the average gas depletion times
ales in spiral galaxies. The inverse of τdepis related to the SFE. For the HII region in the western tail of NGC 2782,SFE= (τdep)−1 > 9.3× 10−10 yr−1. In 
ontrast to the low SFE implied from the total41



gas density, this HII region appears to have a similar SFE to the tidal tail regions inArp 158 and in normal spiral galaxies based on the mole
ular gas upper limit butlower than dense starburst nu
lei (e.g., NE region in Arp 158; Boquien et al., 2011).Bigiel et al. (2010) �nd very low SFE (< 9× 10−11 yr−1) in the outer disks of spiralgalaxies using FUV and HI observations. The HII region in the western tail of NGC2782 has a higher SFE than these outer disk regions ((τ
dep,HI)−1 = 1.3× 10−10 yr−1)using only the HI gas mass.Sin
e there is a low SFE using the total gas density and a normal SFE usingthe mole
ular gas limit, this HII region may be very small and dense or somethingelse entirely. Due to the la
k of wide-spread massive star formation, using Hα as thestar formation indi
ator likely underestimates the true nature of star formation inthe Western tidal tail. This means that our SFE estimates are lower limits,parti
ularly when 
ombined with the upper limit on the mole
ular gas mass. Thedis
repan
ies between the SFE may indi
ate that there is a denser region of starforming gas that is too small to have been observed. Unlike the very dense regionsin the 
entral regions of mergers su
h as those in the models of Teyssier et al.(2010), there may still be elevated levels of star formation a
ross mergers even outin the tidal debris regions. Star formation in mergers likely depends on lo
al
onditions at a s
ale of 1 kp
, whi
h is the size of the gravitational instabilities inthe ISM of mergers and the inje
tion s
ale of turbulen
e (Elmegreen, 1993;Elmegreen & S
alo, 2004).2.3.3 Impa
t on Star FormationTidal tails provide laboratories for star formation under 
onditions very di�erentfrom quies
ent galaxy disks. With low gas pressures and densities and smallamounts of stable mole
ular gas they are perhaps at the edge of the parameterspa
e open to star formation. The Western tail of NGC 2782 is HI gas ri
h, but CO42



is not observed in the massive HI knots in the tail. This study �nds an HII regionin the tidal tail indi
ating re
ent star formation. Clearly, the la
k of observable COdoes not guarantee the absen
e of re
ent star formation. The presen
e of a youngstar 
luster in a tail without dete
table mole
ular gas requires one of two situations;either there is no CO, or it es
apes dete
tion at the sensitivity of 
urrentinstrumentation.If the mole
ular gas is absent, it may be be
ause it is short-lived. This ismost likely the result of a strong ambient FUV radiation �eld produ
ed by the highlo
al star formation rate. However, the Western tail does not have a high starformation rate, so this is unlikely to 
ause the la
k of observed mole
ular gas.The mole
ular 
loud may be too small to be observed. In general H2 is notdire
tly dete
table, so I must rely on surrogate tra
ers su
h as CO (Solomon &Vanden Bout, 2005, and referen
es therein). At the distan
e of NGC 2782 anar
se
ond 
orresponds to a physi
al s
ale of 190 p
. This is not an unusual size formole
ular 
louds in the Galaxy; 
ompa
t 
louds may be smaller still. The IRAMobservations of Braine et al. (2001) had a 21′′ half power beam size for theirCO(1-0) observations while the Kitt Peak 12m observations of Smith et al. (1999)had a 55′′ half power beam size. If there are only one or a few 
louds at the lo
ationof their observations, then beam dilution is a major detriment to the dete
tion ofCO at the HII region and in the massive HI 
louds.Physi
s also works against the dete
tion of mole
ular gas. If the gas is drawnfrom the dwarf or the outer regions of the large galaxy, it may be de�
ient in heavyelements. The CO to H2 
onversion fa
tor 
an be di�erent for lower metalli
ities,meaning a larger H2 mass for a given CO �ux. Also, CO does not form in amole
ular 
loud until AV ≥ 3, while H2 forms at AV < 1 (Hollenba
h & Tielens,1997). In a low pressure environment su
h as low gas density tidal debris a43



substantial amount of mole
ular gas 
an 
an exist at low AV that will not bedete
table through CO. Theoreti
al models (Wol�re, Hollenba
h, & M
Kee, 2010)show that the fra
tion of mole
ular mass in the �dark gas� (H2 and C+) is f ∼ 0.3for typi
al gala
ti
 mole
ular 
louds, in
reasing for lower AV and lower metalli
ity.2.4 Con
lusionsWhile the mole
ular gas ri
h Eastern tail of NGC 2782 was known to form stars, Ireport the dete
tion of re
ent star formation in the HI ri
h but mole
ular gas poorWestern tail. This is 
ontrary to the 
on
lusion of Braine et al. (2001), that the la
kof dete
ted mole
ular gas in the Western tail implies that no stars are formingthere. Globally, I �nd that ΣSFR based on our Hα observations is several orders ofmagnitude less than expe
ted from the total (HI + H2) gas density. Hαobservations provide only a lower limit on 
urrent star formation rates, as GALEXobservations show extended FUV+NUV emission along the tail. This indi
ates starformation is less e�
ient a
ross the tail, forming lower mass star 
lusters. I �ndthat the observed lo
al ΣSFR from Hα is ∼20% of that expe
ted from the lo
al totalgas density, 
onsistent with that observed in the tidal debris of Arp 158. The HIIregion has a low SFE 
onsidering the total gas density, but a normal SFE
onsidering the low mole
ular gas density. This HII region in the Western tail ofNGC 2782 may be a very small, dense region the mole
ular gas in whi
h is notobservable with 
urrent instruments or may be indi
ative of star formation in lowmetalli
ity and/or low pressure regimes.
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Chapter 3COMPARING STAR FORMATION IN THE TIDAL TAILS OF NGC 27823.1 Introdu
tionMajor mergers (e.g., two equal mass spiral galaxies) 
an form in their debris rangingfrom large tidal dwarf galaxies (TDGs) down to star 
lusters (e.g., Du
 et al., 2000;Weilba
her et al., 2002; Knierman et al., 2003; Mullan et al., 2011). However, thespe
ta
ular displays of major mergers (e.g., NGC 4038/9 �The Antennae�;Whitmore et al., 1999) are relatively rare 
ompared to minor mergers (in this work,de�ned to be between a dwarf galaxy and spiral galaxy with a mass ratio of < 0.3).This work aims to understand how minor mergers shape gala
ti
 stru
ture and alsoto examine star formation in gas that may be marginally stable.Observations of young star 
lusters in tidal debris show varied results, withsome tails forming many star 
lusters, while others only have a few star 
lusterss
attered along the tail or only hosted in the tidal dwarf galaxy. Studies have showna large amount of neutral hydrogen in tidal debris (Smith, 1994; Hibbard et al.,1994; Maybhate et al., 2007), but only 
ertain regions with higher gas densities hostmole
ular gas (Smith et al., 1999; Braine et al., 2001). Previous results (Boquienet al., 2011; Knierman et al., 2012) have also shown that star formation in tidaldebris does not follow the Kenni
utt-S
hmidt law. This work4 aims to 
ompare starformation and gas properties on lo
al and global s
ales using multiwavelengthobservations of two tidal tails with di�erent properties in the same minor merger.The pe
uliar spiral, NGC 2782, is at a distan
e of 39.55 Mp
 (Mould et al.,2000). in the RC3, it is 
lassi�ed as SABa(rs) pe
 sin
e it has a disturbed 
enterwith bright ar
s. A starburst is o

urring in the 
entral regions (Devereux, 1989).4This work uses the Hers
hel Spa
e Observatory. Hers
hel is an ESA spa
e observatory withs
ien
e instruments provided by European-led Prin
ipal Investigator 
onsortia and with importantparti
ipation from NASA. 45



NGC 2782 has two tidal tails: an HI-ri
h, opti
ally faint Western tail extending 5′to the northwest and an Eastern tail whi
h has a 
on
entration of HI and CO at itsbase, but a gas-poor opti
ally bright knot 2.7′ from the 
enter (see Smith, 1994). Atidal dwarf galaxy 
andidate (TDGC) was dis
overed by Yoshida et al. (1994) in theEastern tail near the main body of the galaxy. Their opti
al spe
trum 
on�rms itsasso
iation with NGC 2782 and indi
ates that it may be metal poor, similar toother TDGs (Du
 et al., 2000). CO is not dete
ted at the lo
ation of massive HI
lumps in the Western tail whi
h led Braine et al. (2001) to suggest that the HI inthe Western tail of NGC 2782 is not gravitationally bound and �has presumably nothad time to 
ondense into H2 and for star formation to begin.�To determine the merger age and geometry, Smith (1994) 
onstru
ted arestri
ted 3-body dynami
al model of NGC 2782. This model reprodu
es themorphology and HI velo
ities whi
h indi
ates that NGC 2782 may be the result of amerger between a large disk galaxy and a lower mass disk galaxy with a mass ratioof ∼ 0.25 o

urring ∼ 200 Myr ago. However, this model does not in
lude gasdynami
s or self-gravity of the parti
les whi
h 
ould 
hange the results. Furthersimulations have not been done to test this merger s
enario. Merger age 
an also beinferred by using the maximum tail length (50 kp
) and the disk rotation speed (150km s−1; Smith (1994)) (see Se
tion 3.1 of Knierman et al. (2003)). For NGC 2782, Iinfer a merger age of 50 kp
/150 km s−1 = 300 Myr whi
h is 
lose to the age fromSmith (1994).Wehner (2005) also studied the tidal debris of NGC 2782 with deep,wide-�eld imaging and found that the debris in the Eastern and Western plumes has
olors both 
onsistent with ea
h other and bluer than the main disk of NGC 2782,suggesting that perhaps the two tails formed from the same dwarf 
ompanion that5From NED, 
orre
ted for Virgo, Great Attra
tor, and Shapley, whi
h I will use for the durationof this paper. 46



passed through or along the disk of NGC 2782 and was destroyed in the pro
ess.However, by examining the mHI/LB ratios for the stellar and gaseous debris,Wehner (2005) 
on
ludes that it is unlikely that all the gaseous debris in theWestern plume originated in the smaller 
ompanion, as this would require theex
essively large mHI/LB ratio of 6.4. More likely, a signi�
ant amount of thegaseous debris originated in the gaseous disk of the main galaxy.NGC 2782 also has a well-behaved exponential disk at intermediate radii.Smith et al. (1994) �nd an R1/4 pro�le within the innermost ar
minute, andWehner (2005) �nds that the R1/4 pro�le reemerges at higher radii, 
onsistent withthe idea that the outer stellar plumes are debris resulting from a minor merger.Mullan et al. (2011) in their V and I band Hubble Spa
e Teles
ope/WFPC2 surveyof tidal tails �nd 87 star 
luster 
andidates in the Eastern tail of NGC 2782 and 10
andidates in the Western tail.I obtained deep opti
al broadband and Hα images 
ombined with new [CII℄and CO observations and published HI and CO observations to 
ompare lo
al andglobal star formation, as determined by several di�erent tra
ers, between the tidaltails in NGC 2782. Se
tion 2 
ontains the observations and 
alibrations. Se
tion 3presents the results. In Se
tion 4, I dis
uss the possible reasons for the di�eren
esbetween the tidal tails. 3.2 Observations and Redu
tionsI examine di�erent tra
ers of star formation in the tidal tails of NGC 2782. First, Iexamine both tails for eviden
e of young star 
lusters using ground-based UBV Rimages and HST/WFPC2 images to identify isolated star 
lusters or star 
luster
omplexes. The HST/WFPC2 images are from the Cy
le 16 program 11134 (P.I. K.Knierman) and published in Mullan et al. (2011). Next, I identify young starforming regions using Hα and [CII℄. Then I examine the amount of gas available for47



star formation through new and published CO observations and previous HIobservations. 3.2.1 Opti
al imagesImages in UBV R and Hα were taken with the Loral 2K CCD imager at the Lennon1.8m Vati
an Advan
ed Te
hnology Teles
ope (VATT) on Mount Graham, Arizona(see Table 1 for a log of observations and Figures 3.1 and 3.2). This imager has a6.4′ �eld of view with 0.42′′ per pixel. Images were redu
ed using standardIRAF6IRAF is distributed by the National Opti
al Astronomy Observatory, whi
his operated by the Asso
iation of Universities for Resear
h in Astronomy, In
.,under 
ooperative agreement with the National S
ien
e Foundation. tasks.3.2.1.1 Sour
e Dete
tion and PhotometryTo sele
t sour
es, IRAF-DAOFIND was used with a threshold of 4σ where σ is thestandard deviation of the ba
kground. The standard deviation of the ba
kgroundwas found by averaging several regions around the image, away from the varyingba
kground of the tail. Sour
es with S/N > 3.0 were retained for photometry dueto the smoothness of the ground-based imaging.Aperture photometry was performed on these sour
es using the PHOT taskin the IRAF-APPHOT pa
kage. The radii of the obje
t aperture, the innerboundary of the ba
kground annulus, and the outer boundary were 8, 13, and 18pixels, respe
tively (3.4/5.5/7.6 ar
se
). We retained only sour
es that weredete
ted in all bands (UBV R) and with magnitude errors < 0.2. Photometri
 zeropoints were obtained using Landolt standard stars taken on photometri
 nights.6IRAF is distributed by the National Opti
al Astronomy Observatory, whi
h is operated by theAsso
iation of Universities for Resear
h in Astronomy, In
., under 
ooperative agreement with theNational S
ien
e Foundation. 48



Table 3.1: Opti
al Observations of NGC 2782Tail Date Filter Exp. Time Photometri
?se
Eastern Tail Feb. 15, 2004 U 12× 300 yesFeb. 17, 2004 U 3× 900 noFeb. 15, 2004 B 9× 300 yesFeb. 17, 2004 V 4× 900 noMay 12, 2005 V 2× 300 yesFeb. 17, 2004 R 3× 900 noMay 12, 2005 R 2× 300 yesMay 12, 2005 Hα 3× 1200 yesWestern Tail Feb. 18, 2004 U 8× 900 noMay 22, 2004 U 2× 600 yesFeb. 16, 2004 B 4× 900 noMay 22, 2004 B 2× 300 yesFeb. 17, 2004 V 4× 900 noMay 22, 2004 V 2× 300 yesFeb. 17, 2004 R 3× 900 noMay 22, 2004 R 2× 300 yesO
t. 3, 2004 R 3× 150 yesO
t. 4, 2004 R 2× 300 yesO
t. 3, 2004 Hα 3× 900 yesO
t. 4, 2004 Hα 2× 1200 yesDe
. 6, 2004 Hα 3× 900 noThe foreground extin
tion from the Galaxy was 
orre
ted using the AB values fromS
hlegel, Finkbeiner, & Davis (1998) and the reddening 
urve from Mathis (1990).3.2.1.2 Sele
tion of In Tail and Out of Tail RegionsTo obtain a population of ba
kground obje
ts I identi�ed �in tail� and �out of tail�regions. Previous studies have used various te
hniques to determine tail boundaries,in
luding lo
ation of the HI 
ontours (Knierman et al., 2003), surfa
e brightness
ontours at a spe
i�
 surfa
e brightness (µ) (S
hombert et al., 1990), and visualinspe
tion (Bastian et al., 2005b). For this study, a 
ombination of surfa
ebrightness and 
ontour plotting methods was used. There are two areas to de�ne fortidal debris: the inner regions of the galaxy must be ex
luded to prevent49



Figure 3.1: V image of Eastern tail taken at the VATT 1.8m with �nal star 
luster
andidates marked by small 
ir
les. Green indi
ates �in tail�, while Blue indi
ates�out of tail�. The large green 
ir
le indi
ates the area de�ned as the 
entral region ofthe galaxy. Red 
ir
les mark the lo
ations of Hα sour
es. Magenta boxes mark thelo
ations of massive HI 
louds (Smith, 1994). The inset outlined in red shows theHα emission from the area indi
ated by the white box. The inset image outlined ingreen shows an enlargement of the region of the V image indi
ated by the white box.The bla
k 
ir
le indi
ates the beam size of the CO(1-0) observations with the AROKitt Peak 12 meter teles
ope. 50



Figure 3.2: V image of Western tail taken at the VATT 1.8m with �nal star 
luster
andidates marked by small 
ir
les. Green indi
ates �in tail�, while Blue indi
ates�out of tail�. The large green 
ir
le indi
ates the area de�ned as the 
entral region ofthe galaxy. Red 
ir
les mark the lo
ation of the Hα sour
e, W235 (Knierman et al.,2012). Magenta boxes mark the lo
ations of massive HI 
louds (Smith, 1994). The
rosses denote the lo
ations where Smith et al. (1999) looked for CO. The blue 
rosswas reobserved with more sensitive observations by Braine et al. (2001). The insetshows the Hα emission from the area indi
ated by the white box. The bla
k 
ir
leindi
ates the beam size of the CO(1-0) observations with the ARO Kitt Peak 12 meterteles
ope. 51




ontamination from star 
lusters formed in the dense inner starburst, and the outerextent of the debris region where the debris fades into the general sky ba
kground.To determine where the disk of the galaxy ends and the debris begins, I
onsidered the use of the standard D25 system or the isophotal diameter at thelimiting surfa
e brightness of 25 B mag ar
se
−2. The major and minor axes andthe position angle of the D25 parameters were taken from LEDA7, and assuming anellipse, plotted on the image. Next, logarithmi
ally spa
ed surfa
e brightness
ontours were plotted on the image to determine where the regularity of the 
entralgalaxy region departed into the asymmetry of the debris region. The boundarybetween the 
entral region of the galaxy and the tidal debris was then de�ned to bea 
ombination of the D25 ellipse and the last regularly shaped 
ontour.To determine the divide between the debris region and the generalba
kground, again, a 
ombination of 
ontour plots and surfa
e brightness limits wasused. I �rst plot the Holmberg radius (Holmberg, 1958), the radius at whi
h thesurfa
e brightness in a blue �lter rea
hes 26.5 mag ar
se
−2. This 
ontour at
µB = 26.5 mag ar
se
−2, followed not the 
entral regions of this galaxy, but theouter boundary of the tidal tails and debris regions. Holmberg found that the radiusat whi
h µB = 26.5 mag ar
se
−2 in
luded the outermost HII or star forming regionsin a galaxy, however, re
ent work shows this to not always be the 
ase (Elmegreen &Hunter, 2004). It is, therefore, not surprising that the Holmberg radius in thismerger in
ludes the tidal debris with its star formation. To ensure in
lusion of alltidal debris, I plot logarithmi
ally spa
ed surfa
e brightness 
ontours on the images.At the edges of the tidal debris, there was a rapid de
line in surfa
e brightnessdenoted by the small spa
ing of several 
ontours followed by 2 surfa
e brightness
ontours with larger spa
ing before the tidal debris faded into the ba
kground. Theoutermost 
ontour that en
losed the tail region was 
hosen to represent the tidal7HyperLeda database (http://leda.univ-lyon1.fr) Paturel et al. (2003)52



tail. Upon inspe
tion, this 
ontour followed approximately the Holmberg 
ontour,however, where they di�ered greatly, the 
ontour 
hosen by 
ontour spa
ing waspreferred. Figures 3.1 and 3.2 indi
ate the tidal tail regions sele
ted.3.2.1.3 Completeness TestsCompleteness tests were 
ondu
ted on the images in ea
h band. First, a PSF was
onstru
ted using 6-10 bright, isolated stars in ea
h image with the PSF task. ThenADDSTAR was used to add 100 stars randomly distributed a
ross the image. Starswere added in 0.5 mag bins spanning the range from 13-26.5 instrumentalmagnitudes (e.g., an image with 100 stars added with magnitudes between 13 and13.5, a se
ond image with 100 stars added with magnitudes between 13.5 and 14).Sour
es were dete
ted and photometry performed as des
ribed in Se
tion 3.2.1.1.This pro
edure was run 50 times per image to produ
e a total of 5000 stars addedrandomly to ea
h image. As seen in Figure 3.3, the 
ompleteness limit for theEastern Tail is V ∼ 22.9 (MV ∼ −10.1) and for the Western Tail is V ∼ 23.7(MV ∼ −9.3). The higher ba
kground of the Eastern tail may a

ount for the
ompleteness limit at a brighter magnitude.3.2.1.4 Final Star Cluster CandidatesTo sele
t the �nal sample of star 
luster 
andidates, I used the 3DEF method (Biket al., 2003), a three dimensional maximum likelihood 
ode whi
h �ts the spe
tralenergy distribution (SED) of a 
luster to broad band 
olors, to �t 
luster ages,masses, and extin
tions (number of data points = 4, parameters in model = 3). Forea
h 
luster, the 3DEF method uses a grid of simple stellar population (SSP) modelsof ages between 1 Myr and 10 Gyr, extin
tions ranging from 0 ≤AV ≤ 4 in equalsteps of 0.02, and masses with a range depending on the absolute magnitude of thesour
e. For this analysis, I adopt the models of Bruzual & Charlot (2003) with a53
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Figure 3.3: For Eastern Tail, the fra
tion of arti�
ial stars re
overed by DAOFINDin the V band.metalli
ity of 0.4Z⊙. I assume that the metalli
ity of the star 
lusters in the tidaldebris mat
hes the observed metalli
ity of tidal dwarf galaxies, Z ∼ 1/3Z⊙ (Du
 etal., 2000), whi
h is similar to the metalli
ity of the outer regions of spiral galaxies.Table 3.2 lists the information for star 
luster 
andidates in the Eastern tail. Tables3.3 and 3.4 list the information for star 
luster 
andidates in the Western tail.Table 3.3 shows properties of the star 
lusters su
h as redu
ed χ2, extin
tion, age,and mass, and their asso
iated errors as well as the 
entroid pixel values. Table 3.2and 3.4 show star 
luster photometry and errors in UBV R, 
olors, and MB.The errors in the magnitudes in ea
h band were used to estimate the errorsin the age, mass, and extin
tion. For ea
h UBV R magnitude, I add the error in themagnitude to the magnitude and run the SED �tting 
ode - the output ages,masses, and extin
tions are the upper bound on the error bar for those values. Then54
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Figure 3.4: For Western Tail, the fra
tion of arti�
ial stars re
overed by DAOFINDin the V band.I subtra
t the error in the magnitude from ea
h UBV R magnitude and run theSED �tting 
ode - the output ages, masses, and ext. are the lower bound on theerror bar for those values. For bright sour
es with small error bars, if the outputage, mass, or extin
tion were the same as the data values, the upper and/or lowerbounds for the errors were taken from the grid size of the models. For example, aSCC may have an output age of 6.42 with the same age given when I run both�error� models. The next highest age bin is 6.44, so this is assigned to be the uppererror and the next lowest age bin, 6.40, will be the lower error. (See the star 
luster
andidates with their errors in age, mass, and extin
tion in Table 3.3.)
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For the whole Eastern tail image �eld, out of 153 sour
es sele
ted in theabove method, a total of 55 had redu
ed χ2 < 3.0 when �t to the Bruzual & Charlot(2003) single stellar population models with 29 residing in the tail region. For theWestern tail image �eld, out of 113 sour
es sele
ted in the above method, a total of49 had redu
ed χ2 < 3.0 with 18 in the tail region.In the �out of tail� regions, 18 were �t in the Eastern tail image and 30 in theWestern tail image. These represent our 
ontaminants. Very red sour
es �t withlarge extin
tion are likely to be foreground stars that have similar 
olors. Othersmay be ba
kground galaxies. To estimate the number of foreground stars in ourimages, I use the Besa
on Milky Way star 
ount model by Robin et al. (2003). Forlo
ation of NGC 2782 in the sky, the 6′ �eld of view, and the range of 
olors andapparent magnitudes of our SCCs, I estimate there to be about 13 foreground stars.Sin
e the Eastern tail 
ontains about 40% of the �eld of view, I then expe
t about 5foreground stars within the tail and 8 in the �out of tail� region. The Western tailo

upies about 30% of the �eld of view, so I expe
t about 4 foreground stars in the�in tail� region and 9 in the �out of tail� region. Using the Sloan Digital Sky SurveySkyServer DR6 Sear
h (Adelman-M
Carthy et al., 2008) and the Jester et al. (2005)transformations from UBV R to ugr �lters, our range of 
olor and magnitudes forthe sour
es in the Eastern and Western tail estimate about 11 ba
kground galaxiesin the Eastern tail entire �eld of view and about 18 in the Western tail �eld of view.The transformation from UBV R to ugr �lters is un
ertain, so these numbers areonly rough estimates for the ba
kground galaxies based on 
olor and brightness. Intotal, I estimate about 19 foreground stars and ba
kground galaxies for the Easterntail (
lose to the 18 found in the �out of tail� region) and 27 in the Western tail(
lose to the 30 found �out of tail�). The lo
ations of the �nal star 
luster
andidates and the �out of tail� sour
es �t by the SSP models are marked on the Vimages in Figures 3.1 and 3.2. 56



Table 3.2: NGC 2782 East Star Cluster Candidate Photometry# X Y U B V R U −B B − V V −R MB0 394.152 565.963 21.855 (0.069) 22.343 (0.097) 21.550 (0.087) 21.027 (0.103) -0.488 (0.119) 0.793 (0.130) 0.522 (0.135) -10.6471 360.460 474.580 21.123 (0.039) 20.998 (0.035) 20.772 (0.038) 20.394 (0.070) 0.125 (0.052) 0.226 (0.051) 0.377 (0.080) -11.9922 398.524 507.196 21.269 (0.029) 21.282 (0.028) 21.109 (0.055) 20.521 (0.064) -0.013 (0.041) 0.172 (0.062) 0.588 (0.084) -11.7083 429.452 456.452 22.053 (0.058) 22.250 (0.068) 21.736 (0.096) 22.012 (0.265) -0.197 (0.090) 0.514 (0.118) -0.276 (0.281) -10.7404 383.717 448.772 22.285 (0.085) 22.292 (0.092) 23.056 (0.305) 22.089 (0.303) -0.007 (0.125) -0.764 (0.319) 0.967 (0.430) -10.69861 196.373 192.751 23.320 (0.195) 22.979 (0.115) 22.529 (0.108) 21.918 (0.116) 0.341 (0.226) 0.450 (0.158) 0.611 (0.159) -10.01172 285.484 236.534 23.175 (0.147) 23.057 (0.072) 22.724 (0.118) 21.894 (0.122) 0.118 (0.164) 0.333 (0.138) 0.830 (0.169) -9.93386 95.453 288.121 23.745 (0.231) 23.937 (0.163) 22.978 (0.148) 21.661 (0.100) -0.192 (0.282) 0.959 (0.220) 1.317 (0.179) -9.053146 380.222 357.056 23.619 (0.176) 23.474 (0.132) 22.652 (0.132) 22.100 (0.176) 0.146 (0.220) 0.822 (0.187) 0.552 (0.220) -9.516233 527.075 402.355 22.547 (0.091) 22.002 (0.057) 21.018 (0.063) 20.286 (0.056) 0.544 (0.108) 0.984 (0.085) 0.732 (0.084) -10.988248 343.433 410.918 20.778 (0.022) 20.426 (0.015) 19.831 (0.017) 19.445 (0.025) 0.352 (0.027) 0.595 (0.023) 0.386 (0.031) -12.564358 367.965 467.203 21.705 (0.081) 21.590 (0.067) 20.858 (0.048) 20.410 (0.079) 0.115 (0.104) 0.732 (0.082) 0.448 (0.092) -11.400451 508.510 508.326 23.259 (0.145) 23.299 (0.117) 22.577 (0.163) 21.743 (0.184) -0.041 (0.186) 0.723 (0.201) 0.834 (0.246) -9.691506 512.762 536.482 23.581 (0.214) 23.424 (0.175) 22.092 (0.144) 21.492 (0.162) 0.158 (0.277) 1.332 (0.226) 0.600 (0.217) -9.566530 367.374 549.503 21.755 (0.044) 22.137 (0.059) 21.887 (0.125) 21.191 (0.136) -0.382 (0.073) 0.250 (0.138) 0.696 (0.185) -10.853543 399.654 556.366 22.271 (0.091) 22.348 (0.076) 22.048 (0.129) 21.258 (0.126) -0.077 (0.119) 0.300 (0.149) 0.790 (0.180) -10.642555 370.081 562.678 20.858 (0.028) 20.996 (0.033) 20.579 (0.045) 20.358 (0.080) -0.138 (0.043) 0.417 (0.056) 0.222 (0.092) -11.994596 408.717 595.590 24.289 (0.389) 23.949 (0.184) 22.993 (0.187) 21.622 (0.166) 0.341 (0.430) 0.955 (0.262) 1.371 (0.250) -9.041611 349.476 607.032 22.658 (0.078) 22.272 (0.054) 21.382 (0.055) 20.347 (0.054) 0.386 (0.095) 0.891 (0.077) 1.034 (0.077) -10.718640 573.743 640.455 23.826 (0.218) 23.435 (0.105) 22.894 (0.133) 22.026 (0.137) 0.392 (0.242) 0.541 (0.170) 0.868 (0.191) -9.555650 221.230 646.889 23.340 (0.177) 22.784 (0.094) 21.943 (0.113) 21.266 (0.146) 0.556 (0.201) 0.842 (0.147) 0.676 (0.185) -10.206655 614.905 668.400 23.104 (0.122) 22.772 (0.054) 21.566 (0.047) 20.696 (0.040) 0.332 (0.133) 1.206 (0.071) 0.870 (0.061) -10.218665 101.749 702.029 23.494 (0.158) 23.433 (0.121) 22.704 (0.123) 21.983 (0.149) 0.061 (0.199) 0.729 (0.172) 0.721 (0.193) -9.557682 127.326 743.661 24.429 (0.472) 23.557 (0.159) 22.433 (0.121) 21.004 (0.071) 0.872 (0.498) 1.124 (0.200) 1.428 (0.140) -9.433684 619.316 749.198 23.525 (0.184) 23.915 (0.150) 22.963 (0.172) 22.324 (0.169) -0.390 (0.238) 0.952 (0.228) 0.639 (0.241) -9.075690 513.713 761.758 24.085 (0.285) 23.810 (0.154) 22.902 (0.128) 22.095 (0.126) 0.275 (0.324) 0.907 (0.200) 0.807 (0.179) -9.180695 362.009 777.885 22.894 (0.099) 22.835 (0.059) 22.276 (0.075) 22.125 (0.125) 0.060 (0.115) 0.558 (0.095) 0.151 (0.145) -10.155
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Table 3.3: NGC 2782 West Star Cluster Candidate PropertiesNumber χ2 Extin
tion Age Mass X Y
E(B − V ) log(yr) log(M/M⊙) pixel97 0.1 0.500.49

0.51 7.587.54
7.63 5.675.68

5.66 501.704 266.439101 0.6 0.270.26
0.21 8.068.01

8.21 5.735.75
5.70 498.146 270.219120 0.0 0.630.61

0.64 7.767.70
7.81 6.156.10

6.16 421.899 338.391152 2.5 0.970.96
0.98 6.406.38

6.42 5.965.97
5.95 334.414 421.170172 1.3 0.000.00

0.01 8.468.51
8.40 5.745.82

5.70 451.681 477.299182 0.2 0.990.98
1.01 6.446.40

6.46 5.755.82
5.74 541.170 494.540185 0.7 1.211.18

1.25 6.346.32
6.36 6.066.07

6.05 489.818 501.482204 0.0 1.421.38
1.46 6.346.36

6.26 6.576.55
6.65 348.104 552.657226 0.5 0.010.03

0.00 7.537.49
7.54 5.055.07

5.01 536.171 599.457227 0.9 0.260.82
0.28 9.307.86

9.32 7.066.70
7.08 764.120 600.468234 0.0 0.940.92

0.96 6.406.42
6.32 5.665.67

5.76 810.621 623.717235 0.6 0.570.58
0.64 6.586.60

6.22 5.355.39
5.80 545.504 626.576282 0.0 0.170.20

0.15 7.867.76
7.91 5.305.34

5.25 584.557 710.380299 0.1 0.780.77
0.75 7.917.81

8.11 6.566.52
6.60 558.372 730.295331 1.2 0.820.81

0.83 6.406.44
6.38 5.485.46

5.45 452.459 767.836398 2.4 0.570.55
0.52 7.867.72

8.11 5.945.88
5.97 548.341 836.734412 0.2 1.211.22

1.20 7.327.26
7.42 6.986.95

7.01 641.640 850.058448 0.6 0.750.71
0.81 6.826.84

6.80 5.395.37
5.41 749.070 880.521
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Table 3.4: NGC 2782 West Star Cluster Candidate Photometry# U B V R U −B B − V V −R MB97 23.274 (0.134) 23.411 (0.099) 22.814 (0.092) 22.290 (0.079) -0.136 (0.166) 0.596 (0.135) 0.524 (0.121) -9.579101 22.967 (0.102) 23.061 (0.074) 22.610 (0.081) 22.327 (0.078) -0.094 (0.126) 0.451 (0.109) 0.283 (0.112) -9.929120 23.076 (0.111) 23.016 (0.065) 22.330 (0.072) 21.690 (0.051) 0.060 (0.129) 0.686 (0.097) 0.640 (0.088) -9.974152 22.503 (0.080) 22.978 (0.065) 22.375 (0.067) 21.569 (0.046) -0.475 (0.103) 0.603 (0.093) 0.806 (0.081) -10.012172 22.635 (0.085) 22.573 (0.061) 22.369 (0.104) 22.307 (0.140) 0.062 (0.105) 0.204 (0.120) 0.063 (0.174) -10.417182 23.058 (0.120) 23.488 (0.108) 22.739 (0.098) 22.066 (0.075) -0.430 (0.161) 0.749 (0.145) 0.673 (0.123) -9.502185 23.621 (0.168) 23.832 (0.153) 23.045 (0.120) 22.063 (0.082) -0.211 (0.227) 0.787 (0.195) 0.983 (0.145) -9.158204 23.398 (0.155) 23.429 (0.100) 22.347 (0.082) 21.309 (0.039) -0.031 (0.184) 1.082 (0.129) 1.037 (0.091) -9.561226 22.376 (0.063) 22.841 (0.062) 22.883 (0.113) 22.599 (0.108) -0.465 (0.088) -0.042 (0.129) 0.283 (0.156) -10.149227 22.917 (0.134) 22.637 (0.042) 21.658 (0.040) 20.944 (0.025) 0.281 (0.140) 0.979 (0.058) 0.714 (0.047) -10.353234 23.163 (0.175) 23.585 (0.108) 22.918 (0.135) 22.297 (0.095) -0.422 (0.206) 0.666 (0.173) 0.621 (0.165) -9.405235 21.903 (0.040) 22.492 (0.047) 22.075 (0.059) 21.741 (0.055) -0.589 (0.062) 0.417 (0.075) 0.334 (0.080) -10.498282 23.171 (0.129) 23.404 (0.102) 23.143 (0.148) 22.888 (0.141) -0.234 (0.165) 0.261 (0.180) 0.255 (0.204) -9.586299 23.064 (0.142) 22.793 (0.075) 21.980 (0.083) 21.192 (0.050) 0.270 (0.161) 0.814 (0.112) 0.788 (0.097) -10.197331 22.991 (0.112) 23.660 (0.128) 22.999 (0.113) 22.461 (0.095) -0.669 (0.170) 0.661 (0.171) 0.538 (0.148) -9.330398 23.519 (0.184) 23.348 (0.109) 22.990 (0.136) 22.152 (0.085) 0.171 (0.214) 0.358 (0.174) 0.838 (0.161) -9.642412 22.849 (0.099) 22.556 (0.046) 21.377 (0.028) 20.245 (0.015) 0.293 (0.109) 1.179 (0.054) 1.132 (0.032) -10.434448 23.296 (0.173) 23.358 (0.088) 22.350 (0.063) 21.599 (0.046) -0.062 (0.194) 1.008 (0.109) 0.751 (0.078) -9.632
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3.2.2 Hα ImagesNarrow-band Hα images were also obtained at the VATT with an 88 mm Andover3-
avity interferen
e �lter 
entered at 6630 Å. The FWHM of the �lter is 70Å whi
hin
ludes the [NII℄ lines. Integration times for the Hα images were 3× 1200 s on theEastern tail and 2× 1200 s and 6× 900 on the Western tail. To subtra
t 
ontinuumemission, both �elds were also observed with a Kron-Cousins R �lter usingintegration times of 3× 300 s. Images were redu
ed in a similar manner as statedabove. To 
reate images with only the emission lines, a s
aled R band image wassubtra
ted from narrowband image after alignment using foreground stars. Todetermine an initial s
aling fa
tor, the ratio of integration time for individual framesis multiplied by the ratio of �lter widths. If there were still strong 
ontinuumfeatures in the galaxies, the s
aling fa
tor was varied iteratively until the
ontinuum-dominated regions in the galaxy and the ba
kground sour
e andforeground star residuals rea
hed a minimum (Lee, 2006). The insets in Figures 3.1and 3.2 show the 
ontinuum-subtra
ted Hα images for the regions of interest.3.2.2.1 Calibration of HαSpe
trophotometri
 standard stars from the Oke (1990) 
atalog were observed onea
h night. Aperture photometry of these standards was 
ompared to their absolutemagnitudes. Absolute magnitudes for ea
h spe
trophotometri
 standard star were
al
ulated by integrating their spe
tral energy distribution over the �lter responsefun
tion. I used a standard atmospheri
 extin
tion 
oe�
ient of 0.08 mag airmass−1(Lee, 2006). Zero points were 
al
ulated by 
omparing the absolute magnitude inea
h �lter with the instrumental magnitude from aperture photometry. For ea
hnight, the zero points from all standards (typi
ally 3-5) were averaged.60



Due to the proximity of the [NII℄ doublet at λ6548,6583 to the Hα line, their
ontribution to the �ux needs to be a

ounted for and removed. Also, the use of thebroadband R �lter for the 
ontinuum measurement means that emission line �uxfrom that �lter needs to be removed. The total �ux equation (Equation A13 in Lee(2006)) is:
ftot(Hα + [NII]) =

λ−210−0.4(ZP+2.397−κsec(z))FWHMNBCR(Hα + [NII])
[

TNB(λ)− TR(λ) tR
tNB

1
F

]−1(3.1)
λ: redshifted wavelength of Hα

ZP : zero point
κ: atmospheri
 extin
tion 
oe�
ient (I use 0.08 mag airmass−1)
FWHMNB: width of narrowband �lter in Å
CR(Hα+ [NII]): 
ount rate in 
ontinuum subtra
ted image
TR: Transmission 
orre
tion in R. Cal
ulated by an average of normalizedtransmissions at ea
h redshifted wavelength of Hα and [NII℄ lines, weighted by theirrelative line �uxes.
TNB: Transmission 
orre
tion for narrowband �lter. Cal
ulated by anaverage of normalized transmissions at ea
h redshifted wavelength of Hα and [NII℄lines, weighted by their relative line �uxes.
tR: exposure time in R band �lter
tNB: exposure time in narrowband �lter
F : s
ale fa
tor applied to R band 
ontinuum image when subtra
ting it fromnarrowband image.While TNB would ideally be 
al
ulated by measuring the line ratios of Hαand [NII℄ lines dire
tly from spe
tros
opy, in the absen
e of spe
tra for HII regions,there is a relation between metalli
ity and the ratio of [NII℄ to Hα. In Figure 9 of61



van Zee et al. (1998), an empiri
al relation is shown between these two values:
12 + log(O/H) = 1.02 log([NII]/Hα) + 9.36 (3.2)For the metalli
ity of 0.4Z⊙, as used in the single stellar population models to �tthe star 
luster 
andidates, 12 + log(O/H) = 8.06 whi
h gives

log([NII]/Hα) = −1.3. These numbers were also used to subtra
t the �ux of the[NII℄ lines, giving a resulting �ux that 
ontains only that of Hα. If I instead use thevalue of 12 + log(O/H) = 8.72 as measured by Werk et al. (2011) in the Westerntail of NGC 2782, I �nd log([NII]/Hα) = −0.63. Using this value to determine ourHα �ux, I �nd that for the Western tail region the di�eren
e between the Hαluminosity for the higher metalli
ity ratio and for the lower metalli
ity ratio is
0.1× 1038 erg s−1 whi
h is less than the error bar (±0.4× 1038 erg s−1). I adopt thelower metalli
ity value for this work.3.2.3 [CII℄ observationsTo map the [CII℄ 158µm �ne stru
ture line in the tidal tails of NGC 2782, I usedthe PACS spe
trometer (Poglits
h et al., 2010) on the Hers
hel Spa
e Observatory(Pilbratt et al., 2010). The [CII℄ 158µm line is observed with the 2nd plus 1st ordergratings. I used pointed observations with 
hopping/nodding and a large throw of 6′o� the sour
e. To in
rease the line sensitivity, I set the line repetition fa
tor to themaximum value of 10 for ea
h target. To in
rease the total sensitivity, I repeat ea
hobservation 
y
le 3 times. To rea
h the needed depth, I observed ea
h pointing for3.1 hours.I observed at one lo
ation in ea
h tidal tail 
orresponding to areas of re
entstar formation as shown by Hα emission indi
ated in our narrowband images. ThePACS array has a total �eld of view of 47′′ × 47′′ with 5 × 5 spatial pixels of 9.4′′62



size. Ea
h spatial pixel has 16 spe
tral elements. This size easily en
ompasses thestar forming region in the Western tail of NGC 2782 (Knierman et al., 2012). TheEastern tail of NGC 2782 has a larger spatial extent of star formation; I 
hoose totarget only the area with the highest observed CO and HI.The data were pro
essed using the PACS spe
trometer pipeline of theHers
hel Intera
tive Pro
essing Environment (HIPE) Version 7.3.0. The resultingPACS Rebinned Spe
tral Cube produ
t was exported to a �ts 
ube for furtheranalysis using IDL routines. The [CII℄ line emission peaks at 159.123 µm for thesour
es in the Eastern tail. After subtra
ting a linear baseline, I produ
ed anintegrated intensity map (Figure 3.5) by integrating over the wavelength range from158.997-159.249µm. Contours from 3-10σ are plotted with σ = 0.0028 Jy µm pix−1.I determine σ by taking the rms of spe
tra outside the line area, multiplying by thesquare root of the number of 
hannels integrated for the map (5 in this 
ase), andthe width of one 
hannel, 0.063 µm. Spe
tra (as shown in Figure 3.6) wereextra
ted from a single spaxel from the PACS Rebinned Spe
tral Cube at thelo
ations indi
ated in Figure 3.5. After subtra
ting a linear baseline, the lineintensities were summed over the same range as above and multiplied by thebandwidth. Errors in the intensity were 
al
ulated from the rms value outside theline area. To 
orre
t the amount of �ux that falls outside the single spaxel, I use a�ux 
orre
tion of 1/0.5 at 160 µm a

ording to Figure 7 of the PACS Spe
tros
opyPerforman
e and Calibration Version 2.4 do
ument (Vandenbuss
he et al., 2011).This aperture 
orre
tion assumes that the sour
e is a point sour
e lying at the
enter of the given spaxel. 3.2.4 CO(1-0) observationsThe Eastern tail and Western tail of NGC 2782 were observed in the CO(1-0) line inMar
h and O
tober 2012 using the Arizona Radio Observatory Kitt Peak 12 meter63



Figure 3.5: Contour of [CII℄ in Eastern tail of NGC 2782 from Hers
hel/PACS. Solid
ontours range from 3 − 10σ with σ = 0.0028 Jy µm pix−1. Cir
les with red labelsindi
ate position of extra
ted spe
tra shown in Figure 3.6. Triangles with blue labelsmark the lo
ations of Hα sour
es found here and also listed in Smith et al. (1999).Asterisks mark the lo
ations where CO(1-0) was looked for with the Kitt Peak 12meter teles
ope with the green labeled points indi
ating lo
ations dis
ussed in thetext. The lo
ation labeled �CEN� was observed in this work (Figure 3.7) while allother lo
ations were observed by Smith et al. (1999).
64



Figure 3.6: Spe
tra of [CII℄ extra
ted at lo
ations in Eastern tail indi
ated in Figure3.5. 65



Figure 3.7: Spe
tra of CO(1-0) in Eastern tail of NGC 2782 from ARO Kitt Peak 12meter teles
ope. The lo
ation of the observation is the same as the [CII℄ observationwith Hers
hel.teles
ope. I used the ALMA band 3 re
eiver with 2IFs (both polarizations in USB)using the MAC auto
orrelator in 800MHz bandwidth mode with 2048 
hannels. Thetotal bandpass is 1500 km s−1 wide and was 
entered at 2555 km s−1. I observed inposition swit
h mode with a 10′ throw in azimuth to the o� position. The beam sizeFWHM is 55′′ at 115 GHz. The system temperature ranged from 270-360K. Iobserved at the same lo
ations of re
ent star formation in the Eastern and Westerntails of NGC 2782 as our [CII℄ observations. For both tails, I rea
h an rms value of 1mK whi
h is deeper than the observations of these tails by Smith et al. (1999). The�nal summed s
an for the Eastern tail lo
ation is shown in Figure 3.7.3.3 ResultsAs seen in previous work (Smith, 1994; Wehner, 2005), the deep opti
al imagespresented here show that NGC 2782 has an Eastern tail stret
hing 20 kp
 to the66



northeast. This tail 
onsists of a bright region at the tip with a fainter, yet 
lumpybridge region between the main body of the spiral and the bright region at the tip ofthe tail. There is also a fainter extension to the southeast as well as faint debris tothe north and south of the main body of the spiral. The Western tail stret
hes 50kp
 to the northwest. It has a faint yet 
lumpy stru
ture along its length. There isa single stream stret
hing the full 50 kp
 as well as a smaller extension to the northwhi
h only extends one-third as far.I now examine several di�erent tra
ers of star formation between the tidaltails: the young star 
luster population, HII regions, and the gas propertiesin
luding neutral, ionized, and mole
ular gas.3.3.1 Properties of star 
lusters in the tidal debris of NGC 2782The �nal sample of star 
luster 
andidates in
lude 28 sour
es in the Eastern tail and19 sour
es in the Western tail. As seen in Figure 3.1, the majority (70%) of the star
luster 
andidates found in the Eastern tail are found in the bridge region. Four
andidates are found in the southeast extension while 3 are found in the debris tothe north and 3 are found south of the 
entral galaxy. In the Western tail (Figure3.2), the star 
luster 
andidates are mostly lo
ated along the main tail with only 2in the short tail to the north.3.3.1.1 Overdensity of star 
lusters in the tailsWhile it is di�
ult to remove further 
ontaminants to the star 
luster samplewithout using additional observations (e.g., spe
tros
opy), an idea of the amount ofstar 
lusters in the tidal tails 
an be determined statisti
ally by subtra
ting theba
kground density from the �in tail� sample. This te
hnique was used in Kniermanet al. (2003) to determine the overdensity of star 
lusters in the tidal tails of majormergers. In that paper, young star 
lusters were sele
ted by using MV < −8.5 and67



V − I < 0.7 sin
e only one 
olor was available. For this study, I again use
MV < −8.5, but sin
e I are unable to mat
h the 
olor 
ut exa
tly, I take theBruzual & Charlot (2003) model age of log(age)=8.5 at whi
h V − I = 0.7 as our
riteria. Table 3.5 gives the 
al
ulation of the overdensity of young star 
lusters inthe tidal debris. Both the Eastern and Western tails have similar values for theoverdensity of 0.005-0.006 star 
lusters per kp
2. This is mu
h lower than the valueof 0.108 kp
−2 for the Western tail of major merger NGC 3256. Given the di�eringareas in the Eastern and Western tails, the expe
ted number of a
tual star 
lustersis 14 and 10 respe
tively. In their HST/WFPC2 survey Mullan et al. (2011), also
al
ulate the overdensity of these tails, but for smaller regions within one WFPC2pointing. Their values are 0.234 and 0.016 kp
−2, respe
tively. These values are 39and 3 times larger than the values measured here. I suspe
t the di�eren
e in areasmay have a large a�e
t on this 
al
ulation so I 
al
ulate the overdensity of our star
luster 
andidates within area of their WFPC2 observation. I �nd 9 star 
luster
andidates within this region of the tail, and only 1 that overlaps in the �out of tail�region. This gives an overdensity of 0.02± 0.01 for the Eastern tail, now only afa
tor of ten lower than the value from Mullan et al. (2011).3.3.2 Properties of Star Cluster CandidatesAs shown in Figure 3.8, more luminous star 
luster 
andidates are found in theEastern tail than in the Western tail. The ranges of luminosity are
−12.6 < MB < −9 for the Eastern tail and −10.5 < MB < −9 for the Western tail.The average MB for the Eastern tail is -10.34, while the average MB in the Westerntail is -9.85. A

ording to the Kolmogorov-Smirnov test, these distributions of MBhave a probability of P = 0.019 of being drawn from the same distribution.Whitmore et al. (1999) use a faint end 
uto� of M = −9 sin
e sour
es fainterthan that limit are likely to be bright stars at the distan
e of the galaxy. The68



Table 3.5: Overdensity of star 
lusters in tailsTail Pixel size Nin Areain Areain Nin/kp
2 Nout Areaout Areaout Nout/kp
2 Surplusp
 pix2 kp
2 pix2 kp
2E 80.69 20 345877 2252.0 0.009(0.002) 9 475199 3094.0 0.003(0.001) 0.006(0.002)W 80.69 17 257238 1674.9 0.010(0.002) 19 584730 3807.2 0.005(0.001) 0.005(0.003)69



brighter end (MB = −12) 
orresponds to the luminosity of HII regions in Sa/Sbgalaxies (Bresolin & Kenni
utt, 1997) and to an age of ∼ 60 Myr in the Bruzual &Charlot (2003) models for a 106 M⊙ star 
luster. These star 
luster 
andidates areall mu
h more luminous than the Trapezium 
luster in Orion whi
h has MB = −4.The B magnitude for 30 Dor in the Large Magellani
 Cloud is B = 9.63 whi
h at adistan
e of 50 kp
 gives MB = −8.86. So these star 
lusters are also more luminousthan 30 Dor.Sin
e the Eastern tail has star 
luster 
andidates with brightnesses similar toHII regions and our ground based observations may hide the extended nature ofsour
es in the tidal tails, I examine the HST/WFPC2 images of both tails fromMullan et al. (2011). As shown in their Figure 3.7 and Figure 3.8, the brighterEastern tail sour
es are extended with multiple bright 
lumps, but the Western tailsour
es remain 
ompa
t and isolated. Therefore, our ground based observations ofthe Western tail sour
es are able to be treated as single star 
luster 
andidate withone stellar population, parti
ularly sin
e the HST observations are only in F606Wand F814W bands. However, I must treat the Eastern tail sour
es di�erently due totheir extended nature.Due to the 
ompa
t and isolated nature of the Western tail sour
es, I
ontinue with the 3DEF SED �tting method to determine ages, masses, andextin
tion for this tail. As shown in Figure 3.9, star 
luster 
andidates in theWestern tail tails have ages ranging from 2.5 Myr to 1 Gyr. The median age in theWestern tail is 150 Myr. This tail has a signi�
ant fra
tion (90%) of star 
luster
andidates whose ages are less than the age of the merger ∼ 200 Myr (log(age[yr℄) =8.3). Therefore, there are star 
lusters that formed in situ in the Western tidal tailof NGC 2782. Figure 3.9 shows the range of star 
luster 
andidate masses in theWestern tail. The Western tail has star 
luster 
andidates ranging in mass from
105 − 107.25 M⊙, with a median mass of 5× 105 M⊙. The masses of the star 
luster70
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Figure 3.8: Histogram ofMB for �nal star 
luster 
andidates. The solid line indi
atesEastern tail 
andidates and the dotted line indi
ates Western tail 
andidates. Errorbars represent the Poisson error for ea
h bin: the square root of the number of star
luster 
andidates in the bin.
andidates in this tail are mu
h larger than the 103 M⊙ of the Orion 
luster and the
2× 104 M⊙ mass of R136, but are on the order of masses of star 
lusters in 
entralstarburst of the Antennae galaxy.3.3.3 Star Cluster Complexes in Eastern TailStars often form in pairs or 
lusters, not in isolation, and star 
lusters may also formin groups. These groups, 
alled star 
luster 
omplexes, represent one of the levels ofhierar
hi
al star formation in galaxies and are often seen in spiral galaxies. Innearby spiral galaxies, Elmegreen & Salzer (1999) �nd a linear relation between thebrightness of a star 
luster 
omplex and its linear size. In opti
al and mole
ularobservations of M51, Bastian et al. (2005a) �nd that star 
luster 
omplexes are71
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young (< 10 Myr) and have a strong 
orrelation between mass and size (unlike forisolated star 
lusters) whi
h is similar to that found for GMCs. In studies ofHi
kson Compa
t Group galaxies, Konstantopoulos et al. (2012) �nd a linearrelation in HCG 59, but no relation for HCG 7 (Konstantopoulos et al., 2010).Using the HST images from Mullan et al. (2011) and the methods ofKonstantopoulos et al. (2010, 2012), I �nd the boundaries of these extendedamorphous stru
tures by eye measured by 
ontours whi
h are > 10σ above theba
kground (see Figure 3.10). Photometry was performed on the polygonalapertures in the WF3 
hip (the only one 
ontaining star 
luster 
omplexes in ourtail region) using IRAF/POLYPHOT, zero points from Dolphin (2009), CTE
orre
tion for extended sour
es (Grogin et al., 2010), and foreground extin
tionfrom S
hla�y & Finkbeiner (2011) and NED for the HST �lters. I �nd 11 star
luster 
omplexes in the Eastern Tail in the region between the main spiral and theputative dwarf galaxy. The size of ea
h region was determined by taking the squareroot of the area 
ontained in the polygonal aperture. Sin
e the boundaries of the
omplexes were determined by eye, I estimate the error to be ∼ 10% of the size ofthe 
omplex. The sizes of the star 
luster 
omplexes (0.19 < D < 0.63 kp
) are
onsistent with sizes of star 
luster 
omplexes seen in nearby spiral galaxies(Elmegreen & Salzer, 1999) and in 
ompa
t groups (Konstantopoulos et al., 2010,2012). As seen in Figure 3.11, there is a linear relation between size versusluminosity (MV 606) for star 
luster 
omplexes in the Eastern tail. This indi
ates auniform surfa
e brightness for the star 
luster 
omplexes in the Eastern tail of NGC2782. The properties of the star 
luster 
omplexes are shown in Table 3.6 whi
hlists: ID number, asso
iated star 
luster 
andidate or HII region ID (if any),
entroid pixel values, photometry for F606W and F814W bands and asso
iatederrors, V606 − I814 
olor, size of the region as 
al
ulated above, and MV,606. Of the 11star 
luster 
omplexes, I �nd 6 of these have Hα emission asso
iated with them73



indi
ating ages < 10 Myr. All the 
omplexes have blue 
olor range of
−0.26 < V606 − I814 < 0.65 also 
onsistent with previous observations of star 
luster
omplexes with HST (Konstantopoulos et al., 2010, 2012).3.3.4 HII RegionsThe Hα observations yielded a dete
tion of one sour
e in the Western tail(previously published in Knierman et al. (2012); Werk et al. (2011); Bournaud et al.(2004); Torres-Flores et al. (2012) and six sour
es in the Eastern tail (seeFigures 3.1 and 3.2 for lo
ation of sour
es). Previously, Smith et al. (1999) dete
tednine Hα sour
es in the Eastern tail. Their observations were deeper than the onespresented here. Our dete
tion limit for the Eastern tail is 7.7× 1036 erg s−1 and forthe Western tail is 3.7× 1037 erg s−1. Table 3.3.4 lists the ID number of the star
luster 
andidate along with its letter designation from Smith et al. (1999) in theEastern tail, tail inhabited, B magnitude, MB magnitude, U − B, B − V , V −R,Hα luminosity, and star formation rate (SFR) from the Hα luminosity followingKenni
utt (1998b). One of our most luminous Hα sour
es, E4, is 
oin
ident withthe lo
ation indi
ated for the tidal dwarf galaxy 
andidate in Figure 2 of Yoshidaet al. (1994). In the Eastern tail, LHα = 1.8− 7.5× 1038 erg s−1, while the HIIregion in the Western tail (previously reported in Knierman et al. (2012)) has
LHα = 19× 1038 erg s−1. The Western tail HII region is listed in Torres-Flores et al.(2012) as System 6 whi
h is the brightest of their young FUV sour
es in the Westerntail. These luminosities are at least an order of magnitude less than those of thebrightest HII regions in S
 galaxies (LHα ∼ 1040 erg s−1), but are more typi
al ofHII regions in Sa/b galaxies where the brightest ones are LHα ∼ 1039 erg s−1. Bothtails have HII regions fainter than 30 Dor whi
h has LHα = 6× 1039 erg s−1, butbrighter than Orion (LHα = 1036 erg s−1). In 
omparison with the tidal arm regionof NGC 3077 (Walter, Martin, & Ott, 2006), this very nearby tidal feature has 3674



Table 3.6: Properties of Star Cluster Complexes in the Eastern Tail of NGC 2782ID SCCID X Y Area V606 I814 V606 − I814 Size MV606pixel pixel pixel2 mag mag mag kp
 mag1 E0-A 164.75 637.25 345.5 22.284(0.036) 22.205(0.086) 0.079(0.093) 0.355(0.035) -10.696(0.154)2 E1-E 123.90 259.50 1192.0 20.927(0.019) 20.763(0.042) 0.164(0.046) 0.659(0.066) -12.053(0.151)3 E2-C 231.50 432.33 833.5 21.279(0.022) 21.057(0.047) 0.222(0.052) 0.551(0.055) -11.701(0.152)4 E3-F 399.20 276.60 486.5 22.323(0.043) 22.338(0.114) -0.015(0.122) 0.421(0.042) -10.657(0.156)5 E4-H 240.83 200.50 98.0 23.052(0.041) 23.310(0.128) -0.259(0.134) 0.189(0.019) -9.928(0.156)6 E356 151.27 235.73 1093.0 21.522(0.031) 21.083(0.054) 0.439(0.062) 0.631(0.063) -11.458(0.153)7 E530 76.67 547.50 824.5 21.650(0.030) 21.199(0.052) 0.451(0.060) 0.548(0.055) -11.330(0.153)8 E543 196.40 610.00 367.0 22.972(0.067) 22.321(0.098) 0.651(0.119) 0.365(0.037) -10.008(0.164)9 E555-B 71.67 599.00 869.0 20.979(0.018) 20.610(0.032) 0.369(0.037) 0.562(0.056) -12.001(0.151)10 181.40 136.40 224.5 23.019(0.056) 22.571(0.097) 0.449(0.112) 0.286(0.029) -9.961(0.160)11 226.75 655.50 392.5 23.207(0.085) 23.169(0.216) 0.038(0.232) 0.378(0.038) -9.773(0.172)
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Figure 3.10: Left: HST/WFPC2 image in F606W of the Eastern tail of NGC 2782from Mullan et al. (2011) with star 
luster 
omplexes marked in red. The areadisplayed here is the same as the inset in Figure 3.1.76
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Figure 3.11: Size-luminosity diagram (D-MV 606) for star 
luster 
omplexes in theEastern tail of NGC 2782. I �nd the star 
luster 
omplexes to follow a linear size-luminosity relation similar to 
omplexes found in nearby spirals and in HCG 59.HII regions with a total LHα = 2.9× 1038 erg s−1 whi
h is similar to E3 and E4 andlower than W235. The Hα region in the Western tail has blue 
olors and a youngage �t with the 3DEF models. Given their Hα emission, these 7 sour
es are likelyto be less than 10 Myr old indi
ating star formation in situ in both tidal tails.3.3.5 Comparison to other star 
luster populations in tidal debrisIn 
omparing NGC 2782 with the tidal debris of minor merger NGC 6872 (Bastianet al., 2005b), I �nd that both star 
luster systems have similar ages (∼ 10− 100Myr). However, NGC 6872 has more luminous star 
lusters (〈MV 〉 = −12.2) thanNGC 2782 (〈MV,East〉 = −11; 〈MV,West〉 = −10). The di�eren
e in star formation
an be seen in 
omparisons of Hα maps of both systems. NGC 6872 has widespread77



Table 3.7: Properties of Hα sour
es in Tidal Tails of NGC 2782Number Tail B MB U-B B-V V-R LHα SFR(Hα)mag mag mag mag mag 1038erg s−1 M⊙ yr−1E0-Aa E 20.98 -11.95 -0.49 0.79 0.52 6.5(0.9) 0.0051(0.0008)E1-Ea E 21.57 -11.37 0.12 0.23 0.38 7.5(1.0) 0.0059(0.0009)E2-Ca E 21.17 -11.76 0.01 0.17 0.59 1.8(0.4) 0.0015(0.0003)E3-Fa E 21.60 -11.33 -0.20 0.51 -0.28 2.7(0.5) 0.0022(0.0004)E4-Ha E 21.92 -11.18 -0.01 -0.76 0.97 2.7(0.5) 0.0022(0.0004)E555-Ba E 20.996 -11.994 -0.138 0.417 0.222 6.0(0.9) 0.0047(0.0007)W235 W 22.492 -10.498 -0.60 0.42 0.33 19(3) 0.015(0.002)

aLetter Nomen
lature from Smith et al. (1999)
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Hα emission along both tails (Mihos et al., 1993) whi
h are 
orrelated with youngmassive star 
lusters (Bastian et al., 2005b). On the other hand, NGC 2782 hasonly a few dis
rete Hα emission regions in the Eastern tail, and only one in theWestern tail. NGC 6872 has a slightly younger age (∼ 145 Myr) than NGC 2782perhaps a

ounting for the di�eren
e in star formation in the tidal tails. There mayalso be di�eren
es in the progenitor galaxies; these 
ould a

ount for di�eren
es instar formation rate of the tidal tails. NGC 2782 is a strongly star forming galaxywhile NGC 6872 has little star formation in its 
entral regions. The NGC 6872intera
tion likely stripped o� gas-ri
h outer layers of the large spiral galaxy like theWestern tail of NGC 2782 while the Eastern tail of NGC 2782 may be remnants ofthe smaller galaxy. The sample of minor mergers by Ferreiro, Pastoriza, & Ri
kes(2008) in
lude larger stru
tures dete
ted by Hα emission, leading to younger andmore massive stru
tures su
h as HII regions and Tidal Dwarf Galaxies with very fewstar 
lusters dete
ted.The star 
lusters in the tidal tails of major merger NGC 3256 (Knierman etal., 2003) have similar ages (30-300 Myr) and luminosities (〈MV 〉 ∼ −10) to those inNGC 2782. Three star 
lusters in the Western Tail of NGC 3256 werespe
tros
opi
ally 
on�rmed by Tran
ho et al. (2007) at Gemini South. From theirGMOS-S spe
tra, they determine ages to be ∼ 80 Myr for two star 
lusters and
∼ 200 Myr for the third having approximately solar metalli
ities. The three star
lusters in the Western tail of NGC 3256 have masses (1− 2× 105 M⊙) whi
h aresimilar to the average masses of star 
lusters in the Western tail of NGC 2782.Using the HST/WFPC2 images of the Western tail of NGC 3256, Tran
ho et al.(2007) show the three star 
lusters to have a large size (reff ∼ 10− 20 p
) 
omparedto Milky Way globular 
lusters or other young massive 
lusters (reff ∼ 3− 4 p
).The large size of the star 
lusters may mean that the GMC underwent weak
ompression during the star 
luster formation. On the other hand, the tidal tail star79




lusters may not have experien
ed the tidal stripping that other young 
lusters inthe 
enters of galaxies have.3.3.6 Comparing Gas Properties of the TailsI now examine the gas properties of these two tails. Both tails have been previouslyobserved in HI (Smith, 1994) and in CO (Smith et al., 1999; Braine et al., 2001).The Eastern tail is ri
h in both HI and CO while the Western tail has HI, but nodete
table CO. Table 3.3.6 lists the lo
ation, area, SFR density (ΣSFR) from [CII℄,SFR density (ΣSFR) from Hα, mass of HI, mole
ular gas mass, total gas surfa
edensity, and predi
ted star formation rate density from the gas density fromKenni
utt (1998b). This table in
ludes information for the lo
al regions within ea
htail as well as for the entire tail.3.3.6.1 Neutral Hydrogen - HIThere are 3 massive HI 
lumps in both tails whi
h have star 
luster 
andidatesasso
iated with them. In the Western tail, Smith (1994) measure 10 massive HI
lumps. These range in masses from 3× 107 M⊙ to 1.8× 108 M⊙. Only three ofthese massive HI 
lumps have star 
luster 
andidates found within their bounds.Sin
e only one HII region was found in the Western tail, I use the Hα ba
kgroundlimit as a limit for the Hα star formation rate for the other two HI 
lumps. Themagenta boxes in Figure 3.2 show the lo
ation of these three 
lumps in the Westerntail. In the Eastern tail, individual 
lumps are not tabulated in Smith (1994), buttheir masses and sizes were determined by inspe
tion of their map of HI 
ontours. Ialso in
lude a box of the area surrounding the TDGC found by Yoshida et al. (1994)even though it falls outside the HI peaks. The HI 
lumps in the Eastern tail havemasses from 3− 8× 108 M⊙, but only 4× 107 M⊙ for the lo
ation of TDGC. Thefour regions in the Eastern tail have Hα sour
es whi
h provide the lo
al Hα80



Table 3.8: Comparison of Lo
al & Global Star Formation RatesLo
ation ID Area ΣSFR([CII℄) ΣSFR(Hα) MHIa Mmolb Σgasc ΣSFR(gas)dkp
2 10−3 M⊙ yr−1 kp
−2 10−3 M⊙ yr−1 kp
−2 108 M⊙ 108 M⊙ M⊙ p
−2 10−3 M⊙ yr−1 kp
−2EastTDGC E1,E4 7.09 4.5(0.2) 1.1(0.1) 0.4 2.6f 44 51HI-N E3 11.8 < 0.3 0.27(0.04) 5.2 2.6f 82 119HI-M E2 7.09 2.5(0.3) 0.22(0.05) 3.1 3.69(0.09) 112 184HI-S E0,E555 23.6 2.9(0.1) 0.42(0.03) 8.1 3.8f 62 82E Tail 3000 0.04 0.01 17 8.6 1.1 0.3WestHI-N 8.6 < 0.03 0.73 < 0.086e < 12.5 < 9HI-M W235 14.7 < 1.1 1.0(0.2) 1.15 < 0.22 < 9.1 < 5HI-S 19.3 < 0.02 1.16 < 1.5f < 10.1 < 6W Tail 2300 0.009 19 < 1.8 < 1.6 < 0.5

aSmith (1994), 
orre
ted for distan
e
bMmol inferred from CO observations
cIn
ludes helium (Mgas = 1.36(MHI +MH2

))
dFrom Kenni
utt (1998b), Σgas in
ludes only HI and H2
eBraine et al. (2001), 
orre
ted for distan
e
fSmith et al. (1999), 
orre
ted for distan
e, TDGC and E-HI-N use Far-Far-East pointing while and E-HI-S uses South-Far-Far-East pointing.
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luminosities. If more than one HII region resides in a box, I sum the luminosities ofthe regions. The total Hα luminosity for ea
h region is presented in Table 3.3.6.3. I�nd that TDGC now has the highest LHα in the Eastern tail, however, the Westerntail HII region remains the brightest. The magenta boxes in Figure 3.1 show thelo
ation of these four areas in the Eastern tail.3.3.6.2 Cold Mole
ular Gas - COSmith et al. (1999) used the Kitt Peak 12 meter to look for CO(1-0) in NGC 2782.They used a grid pattern with 25′′ spa
ing and dete
t CO in 5 out of 6 pointings inthe Eastern tail region. These lo
ations are shown as asterisks in Figure 3.5. Only 2pointings (Far-Far-East and South-Far-Far-East) are lo
ated in the same region asthe Hers
hel PACS observations. To 
orrelate the Hers
hel PACS observations morea

urately with mole
ular observations, I made new observations with the Kitt Peak12 meter at the same lo
ation. The Eastern tail lo
ation was dete
ted at a lowersignal-to-noise (about 4σ, see Figure 3.7) than previous observations, but has thesame velo
ity as the areas observed in the Eastern tail by Smith et al. (1999).Assuming the sour
e �lls the beam (a 
oupling e�
ien
y of ηc = 0.64) and a MilkyWay XCO, the mole
ular mass observed at the same lo
ation as the Hers
hel PACSobservations is Mmol = 3.69± 0.09× 108 M⊙. In the Western tail, Smith et al.(1999) looked for CO at two lo
ations, the northern and southern HI 
lumps, butdid not dete
t any CO(1-0) emission. The HII region in the Western tail Kniermanet al. (2012) is lo
ated ∼ 20′′ away from the lo
ation where Smith et al. (1999)sear
hed for CO(1-0), so I made deeper observations at this lo
ation. The Westerntail lo
ation, 
oin
ident with the Hα sour
e (Knierman et al., 2012), remainsundete
ted in CO(1-0) with an upper limit of Mmol < 0.22× 108 M⊙. Braine et al.(2001) reobserved the northern 
lump with IRAM, but still did not dete
t CO.Table 3.3.6 lists the mole
ular gas mass or upper limits from these pointings.82



The use of the standard Milky Way XCO is not without pre
eden
e for tidaldebris regions even though major merger TDGs have been observed to have
∼ 0.3Z⊙ sin
e they are pulled from the outer regions of spiral galaxies (Du
 et al.,2000). The previous observations of the tidal debris of NGC 2782 by Smith et al.(1999) use the Milky Way 
onversion fa
tor for ease of 
omparison with otherobservations. In Boquien et al. (2011) and Walter, Martin, & Ott (2006), thestandard Milky Way CO to H2 
onversion fa
tor (XCO = 2× 1020 
m−2 (K kms−1)−1 or (αCO1−0 = 4.3 M⊙(K km s−1 p
2)−1 ) was used. However, as mentioned inKnierman et al. (2012), XCO has a strong dependen
e at low metalli
ities (Leroyet al., 2011; Genzel et al., 2011). At a metalli
ity of 0.3Z⊙ (or µ0 = 8.19), the
onversion fa
tor is αCO1−0 = 27.5 M⊙(K km s−1 p
2)−1 and gives a fa
tor of 6higher mole
ular mass limit (Mmol ≤ 1.2× 108 M⊙) than that from the standard
onversion fa
tor (Mmol ≤ 2× 107 M⊙).3.3.6.3 Hers
hel/PACS observations of [CII℄Observations of [CII℄ with Hers
hel/PACS show two major peaks in the Eastern tail(Figure 3.5), but no dete
tion in the Western tail. The peaks in the Eastern tail
orrespond with the two strongest Hα sour
es, E0 and E1. The northern peak in[CII℄ (TDGC) is near E1 (the lo
ation indi
ated for the TDGC (Yoshida et al.,1994)) and E4. The southern peak (E-HI-S) is near the brightest Hα sour
e, E0,and the HI peak in the Eastern tail. A se
ondary peak of [CII℄ in this area is nearthe Hα sour
e E555-B. The lo
ations where spe
tra were extra
ted are indi
ated inFigure 3.5 with the spe
tra shown in Figure 3.6. As above, the extra
ted spe
trawere summed, multiplied by the bandwidth (745.96 MHz) and the �ux 
orre
tionfa
tor for a single pixel (2.0), and 
onverted to 
gs units by the 
onversion fa
tor of
10−23 erg s−1 
m−2. I multiply the �ux by 4πD2 to 
al
ulate the luminosity. To
al
ulate I[CII℄, I divide the �ux by the 
ir
ular beam size of 12′. For ea
h lo
ation,83



Table 3.3.6.3 lists the lo
ation, 
oordinates, luminosity of [CII℄, luminosity of Hα,ICO from this work or for the nearest lo
ation observed by Smith et al. (1999),I[CII℄/ICO, the SFR from [CII℄ 
al
ulated using the relation from Boselli et al.(2002), and SFR from Hα using Kenni
utt (1998b). In
luded in the table are limitsfor the regions with no strong dete
tions.The southern sour
e, E-HI-S, is 1.1 times brighter than the TDGC sour
eand has a luminosity of 15.1± 0.6× 1038erg s−1. E-HI-S is similar in brightness toits neighbor, B, though some of the [CII℄ �ux near B 
ould be o� the array. So thisobservation may be a lower limit. I extra
t a spe
trum at the lo
ation of the Hαsour
e, E2-C or E-HI-mid, even though no peak is observed in the line intensitymap. Sin
e there is [CII℄ emission there at a level of 4-5σ, I dete
t a line withluminosity less than half the value of E-HI-S. I also extra
t a spe
trum near thelo
ation of the northeast Hα sour
e, E3/E-HI-N, where there is no [CII℄ emissiondete
ted. The Western tail has an upper limit of < 0.6× 1038erg s−1.To 
al
ulate the SFR from [CII℄, I need to 
orre
t the line luminosity toa

ount for 
ontamination from the warm ionized medium. Boselli et al. (2002) 
itethat 2/3 of the [CII℄ �ux 
omes from the neutral medium based on theoreti
alpredi
tions. Based on models of HII regions, Mookerjea et al. (2011) use 70% of the[CII℄ from the neutral medium for their 
al
ulations whi
h is 
onsistent with theirnon-dete
tion of the [NII℄ 205µm line from BCLMP 302 in M33. The �rstobservational determination of the fra
tion of [CII℄ �ux from the neutral medium isfrom Oberst et al. (2006). They use the �rst dete
tion of the [NII℄ 205µm line andshow that 27% of the [CII℄ line �ux should 
ome from the warm ionized medium,leaving 73% of [CII℄ to 
ome from the neutral medium. While the tidal tails of NGC2782 may be di�erent from the Carina nebula observed by Oberst et al. (2006), Iadopt the Oberst et al. (2006) value for our determination of SFR from [CII℄emission due to the pau
ity of observations of the [NII℄ 205µm line. To 
al
ulate84



SFR from [CII℄, I multiply the [CII℄ �ux by 0.73 (Oberst et al., 2006) and use Eq. 3from Boselli et al. (2002) who observe nearby late-type galaxies in Hα and [CII℄.3.4 Dis
ussionBased on the observations des
ribed above, I �nd both tidal tails of NGC 2782 hostyoung star forming regions that formed within the tidal tail. The Eastern tail hasmore luminous star 
lusters whi
h are hosted in larger star 
luster 
omplexeswhereas the Western tail has only isolated star 
lusters. Therefore, pa
kaging of starformation is di�erent between the tails. The Eastern tail also has CO and [CII℄emission, whereas the Western tail has non-dete
tions. The HII region in theWestern tail is more luminous than any single HII region in the Eastern tail, so thedi�eren
e between the tails is not simply that the Western tail is forming stars at alower level than the Eastern tail. To determine what might be 
ausing thesedi�eren
es between two tidal tails of the same system, I 
ompare the followingproperties: ambient pressure, gas phase, amount of gas, and e�
ien
y of starformation. 3.4.1 Ambient PressureThe di�eren
e in star formation modes between the tails 
ould be due to a di�eringinitial distribution of star 
luster masses. Di�eren
es in 
luster initial mass fun
tion(CIMF) are di�
ult to determine sin
e it is hard to �nd young star 
lusterpopulations that have not experien
ed signi�
ant evolution. A few studies haveattempted determining the CIMF (Portegies Zwart, M
Millan, & Gieles, 2010). TheCIMF is generally des
ribed like a S
he
hter distribution
dN

dM
= AM−βexp(−M/M∗) (3.3)with β ∼ 2 and M∗ indi
ating the mass at whi
h the 
hange in the slope of85



Table 3.9: [CII℄ and Hα Observations of Regions in Eastern and Western TailsLo
ation HαID RA De
 L[CII] LHα ICO I[CII]/ICOa SFR([CII℄)a SFR(Hα)b
1038 erg s−1 1038 erg s−1 K km s−1 M⊙yr−1 M⊙yr−1EastTDGC E1,E4 9:14:10.92 +40:06:48.8 13.4(0.6) 10(1.2) 0.39(0.06)a 2950 0.032(0.001) 0.008(0.001)E-HI-N E3 9:14:12.46 +40:06:50.6 <0.9 4.1(0.6) 0.39(0.06)c <190 <0.004 0.0032(0.0005)E-HI-M E2 9:14:11.46 +40:06:35.6 6.3(0.7) 2.0(0.4) 0.43(0.05) 1840 0.0170(0.005) 0.0016(0.0003)E-HI-S E0 9:14:11.26 +40:06:20.6 15.1(0.6) 6.7(0.9) 0.57(0.08)c 4860 0.0347(0.001) 0.0053(0.0007)E-HI-S-B E555 9:14:10.66 +40:06:26.6 >14.1(0.7)d 6.0(0.9) 0.57(0.08)c 4520 >0.033(0.002) 0.0047(0.0007)Totale all 9:14:10.63 +40:06:41.6 77(2) 29(2) 0.43(0.05) > 1148 0.125(0.003) 0.023(0.002)WestW-HI-M W235 9:13:51.2 +40:08:07 <5.6 19(3) <0.02 <35200 <0.02 0.015(0.002)

a1 K km s−1 = 1.6× 10−9 erg s−1 
m−2 sr−1 (Sta
ey et al., 1991)
bUsing equation from Boselli et al. (2002) (d) Using equation from Kenni
utt (1998b)
cSmith et al. (1999)

dLower limit sin
e sour
e is at the edge of the array.
eTotal of the area of the Hers
hel/PACS spe
tral observations.
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the mass fun
tion o

urs. For spiral galaxies like the Milky Way, M∗ ∼ 2× 105 M⊙,but intera
ting galaxies like the Antennae show M∗ > 106 M⊙ (Portegies Zwart,M
Millan, & Gieles, 2010). Therefore, the environment where star 
luster formationo

urs seems to a�e
t the CIMF and, in parti
ular, the value of M∗.This possible di�eren
e in CIMF between the tails might be due to thedi�eren
e in the spatial arrangement of mole
ular gas. Forming stars tend to destroytheir parent mole
ular environment, leaving behind 
lumpy remnants of mole
ularmaterial. Beam dilution may render the CO unobservable even with moderateresolution (< 1′) like the CO observations of the HI peaks in the Western tail Smithet al. (1999) and Braine et al. (2001). With the 
on
entration of mole
ular gas insmall 
lumps, the tail may have produ
ed 
orrespondingly lower mass star 
lusters.A se
ond possibility for the di�eren
e in CIMF 
ould be due to a lowermetalli
ity. With a lower metalli
ity there would be less 
arbon and oxygen to makeCO so I may not dete
t it. However, why a lower metalli
ity environment wouldmake lower mass 
lusters is an open question.A third possibility for the di�eren
e in CIMF between the tails 
ould be dueto the environment. The ambient pressure in the Western tail 
ould be lower thanin the Eastern tail whi
h would lower the star formation rate (Blitz & Rosolowsky,2006), possibly making lower mass star 
lusters. Even for solar metalli
ities, whenthe ambient pressure is low, CO will form deeper within the dense star forming
loud. I examine the third possibility next. The lo
ations and masses of GMCs arelikely to be regulated by the stru
ture of the HI from whi
h the GMC formed,parti
ularly in galaxies whi
h are dominated by atomi
 gas (Blitz & Rosolowsky,2006). In parti
ular, M33 shows this 
orrelation between its GMCs and peaks in theHI gas (Rosolowsky et al., 2007). 87



While Braine et al. (2001) stated that the la
k of CO down to sensitive limitsat pla
es of high 
olumn density HI indi
ated that the Western tail is notgravitationally bound and so the gas has not 
ollapsed to form H2 and hen
e newstars, the observations presented here show that new star 
lusters are being formedin the tail. Based upon HI peaks in the Western tail of NGC 2782, GMCs areexpe
ted to be at those lo
ations. The largest size of the mole
ular 
loud that onewould expe
t to be asso
iated with the HI 
lump 
an be estimated using theformulation for Mchar of Elmegreen, Kaufman, & Thomasson (1993):
Mchar = πlmincg

√

µ

2G
(3.4)where cg is the velo
ity dispersion of the gas in 3-D, µ is the mass per unitlength of the 
loud (M/lmax), and lmin and lmax are the minor and major axes of theHI 
loud. This equation gives the 
hara
teristi
 mass of a �super
loud� using thesize, mass, and velo
ity dispersion of the HI 
lump. This super
loud is the overallentity whi
h be
omes self-gravitating and the GMCs 
ollapse to form inside thissuper
loud by turbulent fragmentation.Table 3.4.1 has the MHI , velo
ity dispersion, size and resulting Mchar for 3HI 
lumps in the Eastern tail and 3 HI 
lumps in the Western tail. Smith (1994)measured 10 HI 
lumps in the Western tail, but the 3 presented here are ones withstar 
luster 
andidates at that lo
ation. The Mchar for the Eastern Tail 
lumpsranges from 9.5− 18× 108 M⊙while the Western tail is slightly smaller with a rangefrom 6.6− 11× 108 M⊙.While Mchar does not predi
t an exa
t mass for a GMC, this does indi
atethat similar masses of GMCs are expe
ted in both the Eastern and Western tails.However, no mole
ular gas was observed in the Western tail down to a limit twoorders of magnitude below Mchar. A massive HI 
lump in the NW tidal tail of NGC88



Table 3.10: Chara
teristi
 Sizes of HI Clumps in the Tidal Tails of NGC 2782Lo
ation σv
a lmin lmax MHI

a Mchar Observed Mmol(km/s) (kp
) (kp
) (108M⊙) (108M⊙) (108M⊙)E-HI-N 30 2.96 2.96 3.85 15.3 2.6(0.5)bE-HI-M 40 1.78 2.96 2.31 9.50 3.69(0.09)E-HI-S 40 2.96 5.92 6.02 18.1 3.8(0.5)bW-HI-N 49 2.10 3.05 0.54 6.56 < 0.086cW-HI-M 35 5.67 7.56 1.00 10.9 < 0.22W-HI-S 30 3.78 3.78 0.86 8.19 < 1.5bN7252 TDG 31 5.00 5.00 10 33.2 0.2
a(Smith, 1994; Smith et al., 1999)
b(Smith et al., 1999)
c(Braine et al., 2001)7252 has Mchar ∼ 3.3× 109 M⊙. This 
lump, as shown in Table 3.4.1, has more HIthan those in NGC 2782 and mole
ular gas of 2× 107 M⊙.That the Western tail la
ks mole
ular gas at the lo
ations of high HI 
olumndensity 
ould be due to either its absen
e or its inobservability. In the less denseregion of the Western tail, even a small amount of star formation 
ould havedestroyed the mole
ular gas there. The Eastern tail is more dense and so itsmole
ular gas would not be destroyed as easily. If the mole
ular gas is not entirelydestroyed by the radiation of young stars, it 
ould exist instead in smaller 
loudswhi
h would be greatly a�e
ted by beam dilution with single dish teles
opes (beamsizes of 22′′ to 1′). 3.4.2 Gas PhaseI examine whether the la
k of massive star 
lusters and star 
luster 
omplexes in theWestern tail is related to the properties of the ISM in the tidal tail. To do this, Ilook at various tra
ers of the reservoir of gas available for star formation in bothtails on both lo
al and global s
ales. I �rst 
ompare neutral hydrogen gas tomole
ular gas tra
ed by CO emission. Then I 
ompare neutral hydrogen to ionized89



gas tra
ed by [CII℄ emission. Finally, I 
ompare mole
ular gas tra
ed by COemission to ionized gas tra
ed by [CII℄ emission.Comparing the CO and HI mass ratio, I �nd the highest to be TDGC(MH2
/MHI = 6) the other three regions have ratios of 0.5, 1, and 0.5 for the north,mid, and south regions, respe
tively. In the Western tail, I �nd MH2

/MHI < 0.2.This indi
ates that there is less CO in the Western tail for the HI mass as 
omparedto the Eastern tail on lo
al s
ales.I next 
ompare the [CII℄ to HI. In Figure 16 of Sta
ey et al. (1991), theyplot the expe
ted [CII℄ line �ux for given HI 
olumn densities for various phases ofthe ISM in the in�nite temperature limit. The galaxies of their sample lie about 2dex above the lines for �standard� HI 
louds and the inter
loud medium. In dire
t
omparison to their galaxies and Gala
ti
 HII regions, the lo
al regions in theEastern and Western tail of NGC 2782 are de�
ient in [CII℄ by about 2 dex. TheEastern tail has an average HI 
olumn density of 6× 1020 
m−2, with a peak of
1.75× 1021 
m−2 in the E-HI-S region. For a �standard� HI 
loud (nH ∼ 30 
m−3),the peak 
olumn density in the Eastern tail predi
ts I[CII℄ ∼ 5× 10−6 erg s−1 
m−2sr−1 whi
h is a fa
tor of 1.6 larger than that observed in E-HI-S. If I 
onsider theaverage HI 
olumn density for the Eastern tail, then I[CII℄ ∼ 2× 10−6 erg s−1 
m−2sr−1 whi
h is similar to the values observed for the Eastern tail. In the Western tail,the HI 
olumn density is ∼ 1× 1021 
m−2 and the predi
ted value for I[CII℄ is a fewtimes the observed upper limit for [CII℄.To dire
tly 
ompare [CII℄ to CO, I determine the ratio of their intensities.Our values for I[CII℄ are 
al
ulated by dividing the �ux of [CII℄ by the beam size (aHPBW of 12′′). As shown in Table 3.3.6.3, I observe the I[CII℄/ICO ratio to rangefrom 1840-4860 for those where both [CII℄ and CO are dete
ted. This is at the lowerend of the values for most of the normal and starburst galaxies observed Sta
ey90



et al. (1991) and aligns more with the values for Gala
ti
 HII regions and mole
ular
louds. Sta
ey et al. (1991) found that there was a 
onstant ratio between [CII℄ andCO �uxes for starburst and Gala
ti
 OB star forming regions (I[CII℄/ICO = 6300).The ratio for TDGC is 2950 and the ratio for E-HI-S is 4860. These values are a fewtimes lower than the 
onstant ratio. The limit for the Western tail gives a
I[CII℄/ICO > 35200. Sta
ey et al. (1991) �nds the ratio to be lower for non-OB starforming regions in the Milky Way and normal galaxies with lower dust temperaturesand those ratios range from 4400 to as low as 900 whi
h mat
h with ourobservations in the Eastern tail. Our limit in the Western tail is larger than the
onstant ratio from Sta
ey et al. (1991) and is more similar to their value for 30 Dorin the LMC (I[CII℄/ICO = 40, 000) whi
h is also an area of lower metalli
ity thanmost of their other observed regions. If I 
ompare to the more re
ent observations ofarea of the HII region BCLMP 302 in M33 Mookerjea et al. (2011), I �nd our valuesalign to their range of ratios from 1000− 70, 000 shown in Figure 12 of theirerratum. For the HII region BCLMP 302 itself, the values of I[CII℄/ICO range from
6000− 30, 000 whi
h are higher than our ratios for the Eastern tail, but have anupper end similar to the limit for the Western tail HII region. The HII regionBCLMP 302 in M33 has a LHα = 2.2× 1038 erg s−1 whi
h is similar to the HIIregions in the Eastern tail. However, the [CII℄ intensity in BCLMP 302 is 28 timeslower in the Eastern tail and 84 times lower than the Western tail limit.There may be a mismat
h between the CO observations and the [CII℄ peaksfrom the di�erent beam sizes of the two instruments. PACS spe
trometer has abeam with half power beam width (HPBW) of 12′′ at 159µm while the CO data arefrom the Kitt Peak 12 meter whi
h has a beam with FWHM of 55′′. I insteadextra
t [CII℄ spe
tra from the PACS array by summing the �ux from the wholearray to better mat
h the CO beam and by dividing the �ux by the area of thearray (47′′ × 47′′). This is indi
ated in Table 3.3.6.3 as �Total�. Even with summing91



the �ux from the whole PACS array, the CO observations still have a larger beamsize whi
h means I have a lower limit on the ratio of I[CII℄/ICO > 1148.In either 
ase, it appears that the Eastern tail has a de�
ien
y of [CII℄ sin
ethe I[CII℄/ICO ratio is on the low end of regions previously observed. And given thatthis is among the �rst tidal tail region to be observed in [CII℄, having a lower valuefor I[CII℄/ICO may not be surprising.3.4.2.1 Non-dete
tion of [CII℄ in the Western tailGiven the non-dete
tion of CO in the Western tail, I might expe
t the mole
ular gasto be in another form. CO does not form until and AV of 3 or more, while H2 formsat AV of less than 1 (Hollenba
h & Tielens, 1997). In a low pressure environmentlike a tidal tail a substantial amount of mole
ular gas 
an exist with 
onditions thatdo not favor the formation of CO, so the CO to H2 
onversion fa
tor is not a
onstant. In the low gas density environment of tidal debris a substantial reservoirof mole
ular gas 
an exist at low AV that will not be dete
table through CO.However, in this regime, [CII℄ will be present in higher amounts. Theoreti
al modelsfor mole
ular 
louds in Wol�re, Hollenba
h, & M
Kee (2010) show that the fra
tionof mole
ular mass in the �dark gas� (H2 and [CII℄) is f ∼ 0.3 for typi
al gala
ti
mole
ular 
louds. For lower AV and lower metalli
ities (as in these tidal tailregions), the fra
tion of dark mass in H2 in
reases. Given this reason, I observed theWestern tail with Hers
hel to see if [CII℄ was present where CO was not.I do not �nd [CII℄ in the Western tail at the lo
ation of the HII region at asigni�
ant level. This HII region has a higher Hα luminosity than any individualHII region in the Eastern tail, but [CII℄ emission is only dete
ted in the Easterntail. Given that Hα and [CII℄ emission ultimately originate from the same sour
esof hard UV photons with energy greater than 13.8 eV, they are expe
ted to tra
eea
h other. In BCLMP 302 in M33, Mookerjea et al. (2011) �nd [CII℄ emission 8492



times greater than the Western tail limit, even though it has an Hα luminosity 9times less than the Western tail.If 
arbon was not available to be ionized, the most likely pla
e for it to be isin CO. However, the Western tail has no dete
ted CO at this lo
ation. From the
al
ulations of the 
hara
teristi
 mass in Se
tion 4.2 of the paper, I expe
t thelargest size of the mole
ular 
loud mass to be ∼ 1× 109 M⊙, but the upper limit forthis region is 0.2× 108 M⊙. (in the Eastern tail, Mchar is ∼ 3− 5 times the observedvalue of Mmol, so the fa
tor of 54 between Mchar and the upper limit on mole
ularmass in the Western tail is signi�
ant). The la
k of [CII℄ and CO emission wouldthen indi
ate that this HII region is likely to have a low 
arbon abundan
e.However, previous emission line spe
tra of this HII region (Torres-Flores et al.,2012; Werk et al., 2011) from Gemini have shown that it has a metalli
ity greaterthan solar. This seems to be at odds with the non-de
e
tions of [CII℄ and CO in theWestern tail. However, Torres-Flores et al. (2012) use nebular oxygen emission fortheir metalli
ity determination. It is possible for this to be 
ompatible with a low
arbon abundan
e and a very low C/O ratio. Oxygen is the most 
ommon elementprodu
ed in 
ore 
ollapse supernovae events whereas 
arbon is produ
ed inrelatively small amounts. The sour
e of most 
arbon in the ISM is AGB stars. Ifthis material has been primarily enri
hed by re
ent star formation, it is possible tobuild up a high abundan
e of oxygen and alpha elements without produ
ing asigni�
ant enhan
ement of 
arbon and also iron. The age of the Western tail isabout 200-300 Myr and so in situ star formation in the tail is unlikely to havesynthesized large quantities of 
arbon (Arnett, 1996).Also, mole
ular gas may have been disso
iated by a high UV �ux in thisregion, asso
iated with the most massive stars in the star 
luster. FUV-NUV 
olorfrom GALEX observations by Torres-Flores et al. (2012) show that this region showa FUV-NUV 
olor of -0.14 mag. For a simple Salpeter IMF of dN/dM = cM−(1+x)93



with x=1.35, a 105.35 M⊙
luster 
ontains 1660 stars of 8 M⊙ or greater. Even for anextreme value of x=2.35, there are still 40 stars of 8 or more M⊙. This providessu�
ient UV �ux to photodisso
iate H2 out to several hundred parse
s, 
omparableto the size of the Orion Mole
ular Cloud Complex. It is therefore unlikely thatmole
ular gas has long lifetimes unless present at high densities, as in the Easterntail of NGC 2782. 3.4.3 Star Formation in Tidal DebrisTo 
onsider whether the di�eren
e in star formation modes between the two tails isdue to the amount of gas present for star formation, in ea
h tail I 
al
ulate the starformation rates per unit area from the Hα luminosity and also from [CII℄luminosities and 
ompare these to the predi
ted SFR from the gas surfa
e density.This is done for global values of the tidal tails as well as lo
ally over HI 
lumps inboth tails. 3.4.3.1 Star Formation on Global S
alesUsing the entire tail areas as 
al
ulated above, I �nd the SFR and SFR per area(ΣSFR) for both tails. In Table 3.3.6, the global properties of ΣSFR from [CII℄, fromthe Hα luminosity, and the total gas surfa
e density (in
luding both HI andmole
ular gas) are listed for ea
h tail. For this 
al
ulation I use the LHα from Smithet al. (1999) sin
e they dete
ted fainter Hα emission than these observations. In theEastern tail the ΣSFR(Hα) is an order of magnitude below the expe
ted value of
ΣSFR(gas). In the Western tail, ΣSFR(Hα) is two orders of magnitude below theexpe
ted value from the gas density.Using the summed �ux over the entire PACS spe
tros
opy array, asdes
ribed above and equation for SFR from [CII℄ in Boselli et al. (2002), I 
al
ulatethe Global SFR ([CII℄) for the Eastern tail to be 0.125 M⊙ yr−1. If I assume that94



the �ux dete
ted by the PACS pointing is the entirety of the [CII℄ in the Easterntail, ΣSFR = 4× 10−5 M⊙ yr−1 kp
−2. This value is 4 times larger than the valuefrom ΣSFR(Hα), but still 8 times less than the expe
ted value from the gas density.However, Boselli et al. (2002) �nd that the dispersion in their SFR 
orrelation ∼ 10.So a fa
tor of 4 di�eren
e is within the s
atter. They do say that [CII℄ lineluminosity 
an be taken as a star formation indi
ator for normal late-type galaxies(8.0 < logLFIR < 10.5), but may be not appli
able to ULIRGs. The NGC 2782galaxy itself is a LIRG with an IRAS luminosity of 1.6× 1044 erg s−1 whi
h is at thehigh end of this range. However, I study the tidal tails whi
h would have lower FIRemission than the 
entral regions of the merger. Whether to use [CII℄ as a dire
tindi
ator for star formation is a matter of some debate, however, there have beenre
ent 
alibrations of the SFR from [CII℄ for di�erent regimes su
h as starbursts(De Looze et al. , 2011) and HII regions in M33 (Mookerjea et al., 2011).The global ΣSFR(Hα) 
al
ulated for these tidal tails is two to three orders ofmagnitude lower than those found in spiral galaxies as well as dwarf galaxies.Kenni
utt (1998b) �nd that −3.3 < log(ΣSFR) < −0.8 in 61 normal spiral galaxies.The Milky Way galaxy has ΣSFR = 3.6× 10−3 M⊙ yr−1 kp
−2 (Naab & Ostriker,2006). The LMC has a global star formation rate of 0.4 M⊙ yr−1 whi
h gives
ΣSFR = 1.5× 10−3 M⊙ yr−1 kp
−2. The SMC has a global star formation rate of0.05 M⊙ yr−1 whi
h gives ΣSFR = 1.9× 10−4 M⊙ yr−1 kp
−2 (Wilke et al., 2004).The ΣSFR(gas) is similar in magnitude to values in the LMC and SMC. TheMagellani
 Stream is a very nearby example of a gas tail of presumably tidal originthat has no star formation asso
iated with it. Putman et al. (2003) measured thetotal HI gas mass in the Stream to be 2.1× 108 M⊙. Converting the angular size ofthe Stream (100◦ × 10◦) using a distan
e of 55 kp
 (Putman et al., 2003), I infer asize of the Magellani
 Stream to be 940.9 kp
2. Using the resulting gas density of
ΣHI = 2.2× 105 M⊙ kp
−2, the Magellani
 Stream has an expe
ted95



ΣSFR = 3× 10−5 M⊙ yr−1 kp
−2 whi
h is two orders of magnitude lower than that
al
ulated for the Western tidal tail of NGC 2782 and four orders of magnitudelower than the Eastern tail.The di�eren
e between the ΣSFR values 
al
ulated from the Hα �ux andthat predi
ted from the gas density may indi
ate a lower star formation e�
ien
y(Knierman et al., 2012). However, the Hα SFR is a lower limit sin
e it only tra
esmassive star formation in the last 5 Myr. Also, the Hα emission may depend on themasses of the star 
lusters formed. If the tails only formed lower mass star 
lusterswhere few high mass stars reside, similar to the Taurus-Auriga region (Kenyonet al., 2008), there would be young, blue star 
lusters but a la
k of widespread Hαemission. The Western tail has only one small in size HII region, but several otherblue star 
luster 
andidates. Galaxy Evolution Explorer (GALEX) All-sky ImagingSurvey (AIS; Morrissey et al., 2007) images show faint UV emission along theWestern tail, indi
ating a young stellar population, probably dominated by B and Astars (Knierman et al., 2012; Torres-Flores et al., 2012). In addition, the emission is
on
entrated only in spe
i�
 areas in both tails rather than being spread over thetail region. This may indi
ate that global star formation rates from Hα or [CII℄ arenot an a

urate assessment of the total star formation in the tails.3.4.3.2 Star Formation on Lo
al S
alesI also examine the star formation on lo
al s
ales in both tails using Hα and [CII℄.Table 3.3.6.3 shows the SFR from Hα for these massive HI 
lumps using Kenni
utt(1998b) whi
h range from 0.0016-0.008 M⊙ yr−1 in the Eastern tail and 0.015 M⊙yr−1 for the Western tail sour
e. The Western tail sour
e has a fa
tor of 2-3 higherSFR than TDGC and E-HI-S the two most luminous Hα sour
es in the Eastern tail.Using the [CII℄ luminosity and the equation for SFR from Boselli et al. (2002), therange of SFR in the Eastern tail is 0.017-0.035 M⊙ yr−1 and < 0.02 M⊙ yr−1 in the96



Western tail. The SFR is a fa
tor of 7 larger from [CII℄ than from Hα for E-HI-Sthe most luminous [CII℄ sour
e in the Eastern tail while for TDGC, SFR([CII℄)= 4SFR(Hα). I expe
t a lower SFR(Hα) than SFR([CII℄) sin
e Hα is a�e
ted byextin
tion and also only tra
es the most re
ent star formation. However, in theWestern tail the HII sour
e has SFR(Hα) similar to the upper limit for theSFR([CII℄). Sin
e the Eastern tail shows a higher SFR([CII℄) than SFR(Hα), the atmost equal values in the Western tail, but likely lower SFR([CII℄) indi
ates thatperhaps something is happening in the Western tail to suppress [CII℄ emission.These 
omparisons may be a�e
ted by di�ering areas, so I 
al
ulate the SFRper area (ΣSFR) to 
ompare regions. The lo
al values for SFR per area from Hα are
2− 11× 10−4 M⊙ yr−1 kp
−2 for the regions in the Eastern tail. The TDGC regionhas a similar ΣSFR to the Western tail Hα region (ΣSFR = 1× 10−3 M⊙ yr−1kp
−2). The remainder of the Eastern tail sour
es are 2-4 times lower than theWestern tail sour
e. This seems to indi
ate lo
al star formation as indi
ated by Hαis o

uring at similar levels in ea
h tail. The ΣSFR([CII℄) in the Eastern tail rangesfrom 2.5− 4.5× 10−3 M⊙ yr−1 kp
−2 and in the Western Tail is < 1.1× 10−3 M⊙yr−1 kp
−2. The TDGC region has the highest ΣSFR([CII℄) at 2 times the other twodete
ted regions and this region is 4 times larger than the limit in the Western tail.Using the total gas surfa
e density, I �nd even higher expe
ted starformation rates. In the Eastern tail, I expe
t ΣSFR of 0.05-0.18 M⊙ yr−1 kp
−2. Dueto the non-dete
tion of CO in the Western tail, the star formation rates from thegas density are upper limits. Even so, these upper limits are lower than the Easterntail by a fa
tor of 10-40 (ΣSFR(gas) < 0.005− 0.009 M⊙ yr−1 kp
−2).In summary, on lo
al s
ales, I �nd the Western tail HII region has thehighest SFR using Hα as a tra
er, but has a low SFR using its upper limit in [CII℄.This indi
ates that [CII℄ is suppressed relative to Hα in the Western tail.97



Normalized to area, I �nd similar SFR per unit area in both tails using Hα as atra
er. This seems to indi
ate that star formation is o

urring lo
ally at similarrates in both tails. The expe
ted SFR per area from the lo
al gas density is higherthan that observed by both Hα and [CII℄ indi
ating that there may be a lower SFEat the lo
al level in both tails as well. Comparing the tails, the expe
ted lo
al SFRsurfa
e density from the observed lo
al gas density is 14-40 times higher in theEastern tail than in the Western tail. This indi
ates that there is a larger gasreservoir for star formation in the Eastern tail at least on lo
al s
ales.3.4.4 Star Formation E�
ien
yHaving 
al
ulated the SFR for ea
h region, I now examine the star formatione�
ien
y (SFE) for these lo
al regions. Boquien et al. (2011) use multiwavelengthdata of major merger Arp 158 to study the lo
al Kenni
utt-S
hmidt law. They �ndthat star forming regions in the tidal debris follow a di�erent Kenni
utt-S
hmidt lawthan those in the 
entral regions of the merger, falling along a line of similar slopeto Daddi et al. (2010), but o�set so that the same gas density gives lower values ofSFR. As dis
ussed in Knierman et al. (2012), W235 is 
onsistent with the other starforming regions in the tidal debris of Arp 158 indi
ating a lower SFE than in the
entral region of Arp 158. If I 
ompare the Eastern tail star forming regions to thetidal debris of Arp 158, I �nd that for their given total gas surfa
e density, their starformation rates from Hα lie more than 2 dex below the relation for the tidal debrisof Arp 158 indi
ating a substantially lower SFE in the Eastern tail.I 
al
ulate the gas depletion times
ales (τdep) or the amount to time it wouldtake for the 
urrent SFR to deplete the gas (either mole
ular or atomi
). The SFEis the inverse of the gas depletion time. Table 3.4.4 lists region, depletion times
aleof mole
ular gas mass vs. SFR from Hα (τdep,H2
=Mmol/SFRHα), depletiontimes
ale of neutral gas mass vs. SFR from Hα (τdep,HI =MHI/SFRHα), depletion98



times
ale of mole
ular gas mass vs. SFR from [CII℄ (τdep,H2
=Mmol/SFR[CII℄), anddepletion times
ale of neutral gas mass vs. SFR from [CII℄(τdep,HI =MHI/SFR[CII℄)) for the lo
al and global regions in both tails.The highest SFE (τdep,H2

< 1.5 Gyr) is in the Western tail HII region
onsidering the mole
ular gas limit and Hα SFR. This is 
omparable to themole
ular gas depletion times
ales determined for the star forming regions in Arp158 (τdep ∼ 0.5− 2 Gyr; Boquien et al., 2011) and in TDGs (τdep ∼ 0.8− 4 Gyr;Braine et al., 2001). These ranges are also similar to the average gas depletiontimes
ales in spiral galaxies. If I use the value for the CO emission assumed in thedis
ussion of Torres-Flores et al. (2012) using an analog HII region in the tidaldebris near NGC 3077, I might expe
t it to have mole
ular mass of 1.5× 106 M⊙. IfI use this value for the mole
ular mass, τdep,H2
= 0.1 Gyr, making this region similarto gas depletion times
ales in dwarf galaxies (1 -100 Myr). If this mole
ular mass is
lose to the a
tual value, this would mean that this region is highly e�
ient atmaking stars.Considering neutral gas and SFR from Hα, TDGC and W235(τdep,HI = 5− 7.7 Gyr) are less e�
ient than normal star forming regions. But theseareas are still more e�
ient at star formation than outer regions of spiral galaxies at

r25 (τdep,HI ∼ 20 Gyr) or dwarf galaxies at r25 (τdep,HI ∼ 40 Gyr). Using themole
ular gas and Hα SFR, TDGC and E-HI-S have depletion times
ales of 33 Gyrand 38 Gyr similar to these less e�
ient regions. Bigiel et al. (2010) �nd very lowSFE (τdep,HI ∼ 100 Gyr) in the outer disks of spiral galaxies using FUV and HIobservations. Even less e�
ient than outer disk regions is the E-HI-mid region.Smith et al. (1999) also found low star formation e�
ien
y in the Eastern tail usingthe ratio of LHα/MH2
. Overall, our results 
omparing SFR(Hα) and gas massindi
ate that on lo
al s
ales the Western tail is more e�
ient at forming stars thanthe Eastern tail. 99



Considering mole
ular gas and SFR from [CII℄, the Western tail limitremains with the highest SFE, however, both the gas mass and SFR([CII℄) areupper limits. In the Eastern tail, E-HI-S has the highest SFE, but with a depletiontimes
ale of 5.6 Gyr is still less e�
ient than normal star forming galaxies.Considering the neutral gas, TDGC has the highest SFE (τdep,HI = 1.3 Gyr)indi
ating e�
ient star formation. Using [CII℄, the Western tail is also moree�
ient at star formation than most of the Eastern tail ex
ept for TDGC
onsidering its HI mass.Sin
e the CO observations were taken with a large beam, I examine theEastern tail on larger s
ales. Even if I 
onsider the total mole
ular and neutralhydrogen for the entire Eastern tail, the SFE remains low (16-43 Gyr). For theWestern tail as a whole, I sum the limits from the three CO pointings and use thetotal HI mass from Smith (1994). The Western tail has a low SFE 
onsidering themole
ular gas mass limits and the single HII region (< 12 Gyr), but is veryine�
ient 
onsidering the HI mass of the tail (133 Gyr). So on global s
ales, itappears that the Western tail is less e�
ient at forming stars.On both global and lo
al s
ales, it appears the Western tail is more e�
ientat forming stars than the Eastern tail. The Western tail also la
ks high mass star
lusters and star 
luster 
omplexes whi
h are hosted in the Eastern tail. These twopoints are not in
onsistent. In the Eastern tail, star 
luster 
omplexes of highermass will form many more high mass stars than isolated lower mass star 
lusters inthe Western tail. These high mass stars provide feedba
k and energy into the ISMin the form of stellar winds and supernova. This feedba
k 
an suppress further starformation and have a lower SFE in the area. In addition, Smith et al. (1999)suggest that the Eastern tail formed as a �splash� region (versus a tidal region ofmerger debris) and may have inhibited star formation due to gas heating during theen
ounter. A tidally formed region su
h as the Western tail, would have100



Table 3.11: Comparison of Star Formation E�
ien
ies Between Eastern and WesternTails Lo
ation τadep,H2,Hα
τ bdep,HI,Hα τ

c
dep,H2,[CII]

τddep,HI,[CII](Gyr) (Gyr) (Gyr) (Gyr)EastTDGC 33 5 8.2 1.3HI-N 81 160 >70 >141HI-M 232 200 21 18HI-S 38 81 5.6 12E Tail 16e 43 2.7e 7WestHI-N <29e >240HI-M <1.5 7.7 <1.4b >7.3HI-S <53f >390W Tail < 12 133 < 4f > 45

a τdep,H2,Hα =Mmol/SFR(Hα)
b τdep,HI,Hα =MHI/SFR(Hα)
c τdep,H2,[CII] =Mmol/SFR([CII℄)
d τdep,HI,[CII] =MHI/SFR([CII℄)
eUsing observations from this work.
fBoth gas mass and SFR are upper limits.gravitational 
ompression and possibly enhan
ed star formation. Given the higherSFE in the Western tail, this may be eviden
e for gravitational 
ompression in thetidal tail.

101



3.5 Con
lusionsTidal tails provide laboratories for star formation under extreme 
onditions verydi�erent from quies
ent galaxy disks. With low gas pressures and densities andsmaller amounts of stable mole
ular gas they are perhaps on the edge of theparameter spa
e open to star formation.The two tails of NGC 2782 are an interesting pla
e to 
onsider in thisdis
ussion. The Western tail is ri
h in HI gas, but CO is not observed in themassive HI knots in the tail, leading Braine et al. (2001) to 
on
lude that HI �...haspresumably not had time to 
ondense into H2 and for star formation to begin.� Thisstudy �nds that at least 10 star 
lusters have formed in the Western tail based onthe overdensity of bright, blue obje
ts in the tail. The Western tail also hosts abright HII region whi
h was explored in Knierman et al. (2012) while 6 additionalyoung regions are found in FUV and NUV by Torres-Flores et al. (2012) and in Hαby Werk et al. (2011). Clearly the la
k of observable CO does not guarantee theabsen
e of re
ent star formation. It may play a role, however, in the properties ofstar 
lusters forming therein sin
e the Western tail la
ks high mass star 
lusters andstar 
luster 
omplexes. The Eastern tail has a dense knot of HI and CO-ri
h gas atits base. Based on the overdensity 
al
ulations, at least 14 young star 
lusters areobserved in this region of the tail. The Eastern tail also hosts several HII regions(Smith et al., 1999), of whi
h I dis
over [CII℄ asso
iated with �ve of these regions.In 
ontrast, the Western tail Hα sour
e shows only an upper limit on [CII℄ 
ontraryto expe
tations based on its bright HII region and its HI 
olumn density.I examined in turn the reasons for the di�eren
es between the two tails:ambient pressure, gas phase, SFR, amount of gas available for star formation, ande�
ien
y of star formation. 102



Ambient pressure: Based on the 
al
ulation for Mchar in lo
al regions in theWestern tail, I �nd that the Mchar in the Eastern tail is only slightly larger than inthe Western tail. I surmise that the relatively small di�eren
e between the predi
ted
lump mass in the two tails indi
ates that the ambient pressure between the twotails is not very di�erent. However, there is a large di�eren
e between Mchar and theupper limit on mole
ular mass in the Western tail indi
ating that the Western tail isde�
ient in mole
ular mass (or at least, in CO).Gas phase: I �nd that the Western tail has mu
h less mole
ular gas mass(tra
ed by CO) for its neutral hydrogen mass than the Eastern tail. This indi
atesthat CO may be suppressed in the Western tail. Both tails are lower in their [CII℄intensity based on their HI as 
ompared to observations of nearby galaxies andGala
ti
 regions. The Eastern tail HI regions are 
lose, but still below, the expe
ted[CII℄ values for �standard� HI 
louds while the Western tail limit is a few timesbelow that. I also �nd a lower I[CII℄/ICO in the Eastern tail than studies of nearbystar forming galaxies and Gala
ti
 HII regions whi
h is in line with GMCs andnormal galaxies.SFR: Using the entire tail area, I �nd that the global SFR from Hα and from[CII℄ are mu
h less than the SFR expe
ted from the gas surfa
e density suggestingthat both tails have low SFE. On lo
al s
ales, I �nd the Western tail HII region hasthe highest SFR from Hα, but has only an upper limit for SFR from [CII℄. Thisindi
ates that [CII℄ emission is suppressed in the Western tail relative to Hα.Normalized to their areas, I �nd similar lo
al ΣSFR(Hα) in both tails indi
atingthat star formation is o

urring similarly on the lo
al s
ale in both tails. For ea
hlo
al region, the expe
ted SFR from the gas density is higher than from Hα or [CII℄indi
ating lower SFE at the lo
al level as well. Comparing the two tails, theexpe
ted lo
al SFR density from the gas density in the Eastern tail is 14-40 timeshigher than in the Western tail. 103



Gas Reservoirs for SF: I examined di�erent tra
ers for the reservoirs of gasfor star formation in these two tidal tails and found that these tra
ers were not
onsistent. Both tails have abundant neutral hydrogen gas, but the Eastern tail hasmore mole
ular gas (tra
ed by CO) and ionized gas (tra
ed by [CII℄). However, theWestern tail has a higher lo
al SFR and both tails have similar SFR per unit area,indi
ating that star formation a

ording to Hα emission is similar in both tails. If Iuse [CII℄ emission as a SFR tra
er, I �nd that the Eastern tail has a higher SFRthan the Western tail. Looking at gas density, the Eastern tail has a higher totalgas surfa
e density than the Western tail. So I expe
t a higher SFR per area in theEastern tail. That these tra
ers are not 
onsistent between the tails indi
ates thatsomething di�erent is going on between the tails. In the Western tail, thenon-dete
tions in CO and [CII℄ 
ompared to its HI and Hα may be due to itsinability to produ
e dete
table CO or [CII℄ emission. This may be due to ade�
ien
y in 
arbon even though it has a high oxygen abundan
e, be
ause the tailmaterial is going through its �rst generation of stars and has not had enough timeto build up a higher 
arbon abundan
e.SFE: By 
al
ulating the gas depletion times
ales for mole
ular gas andneutral hydrogen, I examine SFE in the tails. As dis
ussed in Knierman et al.(2012), the Western tail HII region has a normal SFE when 
onsidering itsmole
ular mass upper limit, but less e�
ient star formation if I 
onsider its neutralhydrogen mass. The Eastern tail regions have a low SFE, in some 
ases as low asspiral or dwarf galaxies at r25. I suggest that the lower SFE in the Eastern tail maybe due to its more massive star 
lusters providing feedba
k to prevent further starformation. Also, the Eastern tail may have a lower SFE due to its formationme
hanism as a splash region where gas heating has a higher e�e
t. The Westerntail has a higher SFE even though it has a lower lo
al gas surfa
e density than theEastern tail, possibly due to its tidal formation where gravitational 
ompression has104



more of an e�e
t and 
an in
rease star formation.
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Chapter 4STAR FORMATION IN THE TIDAL TAIL OF UGC 10214 (�THE TADPOLE�)4.1 Introdu
tionThe 
enters of galaxy mergers where high gas densities 
ause bursts of starformation are well studied. However, a 
omparable mass of gas to that in the 
enter
an be in the tidal debris whi
h 
an fuel star formation in these less denseenvironments. To help determine if star formation in tidal debris is related to gasproperties, I use the methods of Knierman et al. (2013) (hereafter K13) and applythem to another merger system. In this 
ase, I examine UGC 10214 (�The Tadpole�)whi
h is also known as Arp 188 and VV 29. The Tadpole is known for its distin
tiveshape whi
h results from the minor merger of a spiral galaxy with a dwarf galaxy.The dwarf galaxy is still partially inta
t and 
an be seen to the west of the nu
leusin the HST/ACS opti
al image shown in Figure 4.1 (Tran et al., 2003) and as adistin
t velo
ity feature in HI 21 
m (Briggs et al., 2001). A long narrow tidal tailextends to the east and is twi
e as long as the main spiral galaxy's long axis. Thisparti
ular tidal tail is interesting due to the lo
ation of its large star forming 
lumpin the 
enter of its tail. In major mergers, a large blue star forming 
lump is oftenfound at the end of the tidal tail. These 
lumps 
an be dwarf galaxy sized and 
anearn the name �Tidal Dwarf Galaxy� (e.g., Knierman et al., 2003; Du
 et al., 2000;Mullan et al., 2011). For this paper, I use a distan
e to the Tadpole of 134.2± 9.48Mp
 (Mould et al., 2000).This system has been studied in many wavelengths in
luding 21 
m (Briggset al., 2001), HST/ACS opti
al (Tran et al., 2003; de Grijs et al., 2003), and Spitzer(Jarrett et al., 2006). Briggs et al. (2001) were sear
hing for eviden
e of a dark halo
olliding with the Tadpole, but instead dis
overed the normal dwarf 
ompanion8From NED, 
orre
ted for Virgo, Great Attra
tor, and Shapley.106



galaxy that now resides behind the western edge of the main spiral galaxy. Theyalso dis
over the tidal tail and the main spiral galaxy to be gas ri
h features. Thetidal tail 
ontains about one third of the total amount of gas in the system (Briggset al., 2001) whi
h is a normal result for a gas ri
h merger (e.g., Hibbard et al.,1994). The ACS Early Release Observations of the Tadpole were taken in 2002 inF475W, F606W, and F814W. These images were examined in detail by Tran et al.(2003); de Grijs et al. (2003). Tran et al. (2003) found over 40 young star 
lusters inthe tidal tail with ages from 3-10 Myr. The most luminous star 
luster has
MV = −14.45 and a half light radius of 161 p
 indi
ating that it may be a SSC,however, at the distan
e of the Tadpole, it may also be a superposition of severalstar 
lusters or OB asso
iations. This SSC has an age of ∼ 4− 5 Myr with a massof ∼ 6.6× 105M⊙ and is likely to be unbound and will not survive to be
ome aglobular 
luster. A long slit spe
trum of the SSC was obtained with the E
helletteSpe
trograph and Imager on Ke
k II by Tran et al. (2003). This spe
trum showsstrong, narrow emission lines and an observed Balmer de
rement of Hα/Hβ = 2.76,indi
ating little to no reddening at the position of the SSC. de Grijs et al. (2003)�nd about 8 bright young star 
lusters in the tidal tail. They also examine theTadpole on a pixel by pixel basis that the area of the tidal tail is very blue and
orresponds to 
olors on the Western edge of the spiral galaxy. They also estimatethe dynami
al age of the tail by 
omparing the length of the tail (∼ 110 kp
) with atypi
al velo
ity dispersion in spiral galaxies (150-300 km s−1) and estimate adynami
al age for the tail of the Tadpole as tdyn ∼ 400− 800 Myr.Jarrett et al. (2006) took advantage of the in
lusion of the Tadpole in theELAIS N1 �eld of the Spitzer Wide-Area Infrared Extragala
ti
 Survey (SWIRE)and the multiwavelength data sets provided by this survey. They used ground-basedopti
al, near-infrared, and Spitzer Spa
e Teles
ope observations of the Tadpole toexamine the star formation in the main spiral and the tidal tail. Their opti
al data107



are images in Ug′r′i′ and opti
al spe
tros
opy of the nu
leus and the SSC foundpreviously. The ground-based near-infrared observations were in J and Ks and theSpitzer observations span from 2-70 µm. They �nd an estimated mean SFR of
∼ 2− 4 M⊙ yr−1. The mid-IR emission in the main spiral is in a ring morphologyindi
ating that the Tadpole may be a 
ollisional ring system that also has a tidaltail. While there is substantial star formation in the disk of the Tadpole, thenu
leus is dominated by older stars with little star formation. There are severalinfrared-bright �hot spots� that have strong PAH emission in the disk outside thenu
leus. In the tidal tail, they study two bright 
lumps: the previously mentionedSSC 1, also 
alled J160616.85+552640.6, studied in detail by Tran et al. (2003), andthe se
ondary 
lump SSC 2 further along the tail from the nu
leus. The lo
ations ofboth 
lumps show strong 24 µm emission. The SSC 1 lo
ation is the brighter oneand has an estimated SFR of ∼ 0.1− 0.4 M⊙ yr−1whi
h is about 10% or more of thetotal star formation in the merger. They estimate the mass of the SSC to be
∼ (1.4− 1.6)× 106 M⊙ using g′ and Ks �uxes using a mass to light ratio for young
lusters. Also, they quote a dynami
al age of the Tadpole intera
tion to be ∼ 150Myr whi
h is signi�
antly less than that from de Grijs et al. (2003).To determine the dynami
al age of the Tadpole tidal tail for this paper, Itake the HI velo
ity dispersion for the main spiral from Briggs et al. (2001) whi
h ishalf of the total width of the velo
ity spread in the main spiral (∼ 330 km s−1). Imeasure the tail length to be 452 pixels whi
h equals 190′′ and using the adopteddistan
e measurement of 134.2 Mp
, gives a tail length of 123.5 kp
. This gives adynami
al age of 123.5 kp
 /330 km s−1= 370 Myr.This paper examines SFR and SFE in lo
al regions of the tidal tail (∼ 10kp
) and in the tidal tail as a whole. Se
tion 2 outlines the new Hα, CO, and HIobservations and redu
tions. Results are presented in Se
tion 3. Se
tion 4 dis
ussesthe impli
ations for star formation in tidal debris.108



Figure 4.1: UGC 10214 (�The Tadpole�) Hubble Spa
e Teles
ope Advan
ed Camerafor Surveys Early Release Observation 3 
olor image produ
ed from F475W, F606W,and F814W images (Tran et al., 2003).
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4.2 Observations and Redu
tionsTo examine star formation on lo
al s
ales of ∼ 10 kp
 and on global s
alesen
ompassing the entire tidal tail of the Tadpole galaxy, ground based Hα imageswere obtained. The resulting star formation rates are 
ompared with the amount ofgas available for star formation using CO and HI observations.4.2.1 Hα Observations and CalibrationsObservations to obtain Hα images were taken with the Loral 2K CCD imager at theLennon 1.8m VATT on Mount Graham, Arizona on May 22, 2004. This imager hasa 6.4′ �eld of view with 0.42′′ per pixel. Narrow-band Hα images were obtained atthe VATT with an 88 mm Andover 3-
avity interferen
e �lter 
entered at 6780 Å.Integration times for the Hα images were 6× 1200 s. To subtra
t 
ontinuumemission, this �eld was also observed with a Kron-Cousins R �lter using integrationtimes of 3× 300 s. Images were redu
ed using standard IRAF9 tasks.To 
reate images with only the emission lines, a s
aled R band image wassubtra
ted from narrowband image after alignment using foreground stars. Todetermine an initial s
aling fa
tor, the ratio of integration time for individual framesis multiplied by the ratio of �lter widths. For this observation, the ratio ofintegration times is 4 (1200/300) and the ratio of �lter widths is
0.068 = 81Å/1186.35Å. This initial s
aling fa
tor then equals 0.272. I nextdetermine the s
aling fa
tor by performing photometry of non-saturated stars in theHα and R band images. By plotting the instrumental �ux of both �lters againstea
h other (Figure 4.2), I determine a linear �t of
f(Hαinst) = 0.256 ∗ f(Rinst) + 185.79. The slope of this �t indi
ates the appropriate9IRAF is distributed by the National Opti
al Astronomy Observatory, whi
h is operated by theAsso
iation of Universities for Resear
h in Astronomy, In
., under 
ooperative agreement with theNational S
ien
e Foundation. 110



s
aling fa
tor between the R and Hα images while the y-inter
ept indi
ates theo�set between the images. I adopt the s
aling fa
tor from the ratio of stars in theimage. The R band and 
ontinuum subtra
ted Hα images are shown in Figure 4.3.For 
alibration of the Hα �ux, spe
trophotometri
 standard stars from theOke (1990) 
atalog were observed. Aperture photometry of these standards was
ompared to their absolute magnitudes. Absolute magnitudes for ea
hspe
trophotometri
 standard star were 
al
ulated by integrating their spe
tralenergy distribution over the �lter response fun
tion. A standard atmospheri
extin
tion 
oe�
ient of 0.08 mag airmass−1 was used (Lee, 2006). Zero points were
al
ulated by 
omparing the absolute magnitude in ea
h �lter with the instrumentalmagnitude from aperture photometry. For ea
h night, the zero points from allstandards (in this 
ase, 4) were averaged. These zero points had a standarddeviation of 0.016 mag.I also need to remove 
ontamination from the [NII℄ doublet at λ6548,6583 inthe Hα �lter. In addition, emission line �ux from the R �lter needs to be removed.The total �ux equation (Equation A13 in Lee (2006)) is:
ftot(Hα + [NII]) =

λ−210−0.4(ZP+2.397−κsec(z))FWHMNBCR(Hα + [NII])
[

TNB(λ)− TR(λ) tR
tNB

1
F

]−1(4.1)
λ: redshifted wavelength of Hα

ZP : zero point
κ: atmospheri
 extin
tion 
oe�
ient (I use 0.08 mag airmass−1)
FWHMNB: width of narrowband �lter in Å
CR(Hα+ [NII]): 
ount rate in 
ontinuum subtra
ted image
TR: Transmission 
orre
tion in R. Cal
ulated by an average of normalized111



transmissions at ea
h redshifted wavelength of Hα and [NII℄ lines, weighted by theirrelative line �uxes.
TNB: Transmission 
orre
tion for narrowband �lter. Cal
ulated by anaverage of normalized transmissions at ea
h redshifted wavelength of Hα and [NII℄lines, weighted by their relative line �uxes.
tR: exposure time in R band �lter
tNB: exposure time in narrowband �lter
F : s
ale fa
tor applied to R band 
ontinuum image when subtra
ting it fromnarrowband image.
TNB is ideally be 
al
ulated by measuring the line ratios of Hα and [NII℄lines dire
tly from spe
tros
opy. Jarrett et al. (2006) has an opti
al spe
tra of thebrightest tidal tail region from the Hale 200 in
h, but it does not have su�
ientresolution to distinguish [NII℄ from Hα. However, the Tran et al. (2003) reportsthat their Ke
k spe
trum gives a line ratio of [NII℄6583/Hα = 0.0705. Sin
e theratio of [NII℄6583/[NII℄6548 = 3, this observation indi
ates a total[NII℄/Hα = 0.094. I adopt this value to subtra
t the �ux of the [NII℄ lines, giving aresulting �ux that 
ontains only that of Hα.4.2.2 CO(1�0) and CO(2�1) ObservationsI observed the CO(1�0) and CO(2�1) at their redshifted frequen
ies between Augustand O
tober 2005 with the IRAM 30-meter teles
ope on Pi
o Veleta. I observed thetidal tails at positions 
entered at RA 16:06:15.5, De
 55:25:47 and RA 16:06:20.2,De
 55:25:56 Dual polarization re
eivers were used at both frequen
ies with the 512

× 1 MHz �lterbanks on the CO(1�0) line and the 256 × 4 MHz �lterbanks on theCO(2�1). The observations were done in wobbler swit
hing mode with a wobblerthrow of 200′′ in azimuthal dire
tion. Pointing was monitored on nearby quasarsevery 60�90 minutes. During the observation period, the weather 
onditions were112



Figure 4.2: Photometry of non-saturated, isolated stars in the R and narrowband Hαimages plotted as instrumental �ux. The slope of the �tted line indi
ates the s
alingfa
tor between the R and Hα images and the y-inter
ept indi
ates the o�set.generally good (with pointing better than 4 ′′), The average system temperatureswas ∼200 K at 115GHz and ∼420K at 230GHz on the T ∗A s
ale. At 115 GHz (230GHz), the the IRAM forward e�
ien
y, Feff , was 0.95 (0.90), the beam e�
ien
y,
Beff , was 0.75 (0.54), and the half-power beam size is 21′′. All CO spe
tra andluminosities are presented on the main beam temperature s
ale (Tmb) whi
h isde�ned as Tmb = (Feff/Beff)× T ∗A. For the data redu
tion, I sele
ted theobservations with a good quality (taken during satisfa
tory weather 
ondition andshowing a �at baseline) and summed the spe
tra over the individual positions andsubtra
ted a baseline whi
h was a 
onstant 
ontinuum level for the CO(1�0) spe
traand a linear baseline for the CO(2�1) data.I smoothed the spe
tra by averaging 4 adja
ent 
hannels to a velo
ity113



Figure 4.3: Images of UGC 10214 (�The Tadpole�) taken with the 1.8m VATT. Upper:
R band image with an integration time of 300 s. Lower: Continuum subtra
ted imageshowing Hα emission throughout the inner region of the main galaxy and in severalknots along the tidal tail stret
hing to the east. The 
ir
les indi
ate the 21′′ beamsizeand positions of the IRAM CO(1-0) observations. The polygon indi
ates the regionof the tidal tail used to determine the total Hα �ux in the tail.resolution of 10.7 km s−1. I then determined the upper limit as:

ICO < 3× rms×
√
δV ∆V , (4.2)where δV is the 
hannel width and ∆V the total line width based on the observedFWHM of the HI spe
tral line extra
ted at the lo
ation of the sour
e (see nextse
tion). 114



4.2.3 HI ObservationsUGC 10214 was observed with the VLA C array (with a FWHM beam of 15′′) onMar
h 1, 2004. The total on-sour
e time was 9 hours. Observations were made withthe 21 
m mode tuned to a helio
entri
 wavelength of 9420 km/s. The narrowband
orrelator mode was 
hosen to 
orrespond to a bandwidth of 1.56 MHz with 63
hannels and a spa
ing of 5.3 km/s. The wide band 
orrelator mode was 
hosen to
orrespond to a bandwidth of 6.25 MHz with 15 
hannels and a spa
ing of 88 km/s.The phase 
alibrator was 1634 + 627 and the �ux 
alibrator was 1331 + 305.The data were redu
ed using standard redu
tion pro
edures in theAstronomi
al Image Pro
essing System (AIPS) (e.g., Greisen, 2003). Maps weremade of the narrowband and wideband data with both natural and uniformweighting. Natural weighting provides even weighting of the uv plane and issensitive to di�use emission. Uniform weighting down plays the well sampled innerparts of the uv plane, emphasizing long baselines and provides better resolution.For the narrowband maps, the natural weighting produ
ed a �nal beam size of
16.1′′ × 15.5′′ with a rms noise of 0.40553 mJy beam−1 
hannel−1. The uniformweighting produ
ed a �nal beam size of 12.8′′ × 12.5′′ with a rms of 0.56852 Jybeam−1 
hannel−1. The maps were made with 4′′ pixel−1 and a size of 512×512. Forthis paper, I use the natural weighting as it is more sensitive to the di�use emissionin the tail. Sin
e the narrowband map is not line free, the 
ontinuum subtra
tionwas done in the image plane using di�erent image 
ubes for the line-free 
hannels.This produ
ed FITS 
ubes with x and y pixels 
orresponding to the RA andDEC of the image and third dimension sli
es for ea
h velo
ity 
hannel. Ea
h pixelin ea
h 
hannel has an asso
iated �ux density in units of Jy beam−1. These FITS
ubes were used with IDL s
ripts for extra
tion of spe
tra and 
al
ulating 
olumn115



densities and HI mass. Spe
tra of ea
h SSC were extra
ted using a 
ir
ular aperturewith a diameter of 21′′ and 11′′ to mat
h the beam sizes of the CO(1-0) and CO(2-1)observations.To 
al
ulate the mass of neutral hydrogen in the aperture, I 
al
ulate thetotal the HI �ux, Si, and the average HI �ux, 〈S〉i, in the sele
ted region for ea
h
hannel. I then multiply this total �ux in the region, Si, by the 
hannel width
dv[km s−1℄ to get the total HI �ux in the region (Fi in Jy beam−1 km s−1). I thensum the total HI �ux over all 
hannels with HI emission:

F =
∑

nchan

Fi (4.3)where nchan is the number of 
hannels with HI emission. To determine whi
h
hannels had HI emission, I sele
ted 
hannels with greater than 1 rms above zero. Idid not want to sele
t any 
hannels with �ux density less than zero whi
h wouldbias our results to lower �uxes. To 
onvert the units of F from Jy beam−1 km s−1 toJy km s−1, I multiply by the ratio of the pixel size in square ar
se
onds to the beamsize in square ar
se
onds (Apix/Abeam). The error on this quantity is:
σF =

√
nchan
√
npixσ1pixdvApix/Abeam (4.4)Using the equations in Mullan et al. (2013), the HI mass in this sele
tedregion is then:

MHI [M⊙] = 2.36× 105(D[Mpc])2 ∗ F (4.5)where MHI is the HI mass in solar masses and D is the distan
e to theTadpole in Mp
 and F is in Jy km s−1. The error on MHI is116



σMHI = 2.36× 105D
√

D2σ2
F + F 2σ2

D (4.6)where σD is the error in the distan
e measurement.The average 
olumn density was 
al
ulated using the mean �ux for ea
h
hannel (〈S〉i) and 
onverting it to a 
olumn density (Mullan et al., 2013).
NHI [cm−2] = 1.82× 1018 ∗ 684977.24 ∗

∑

nchan

〈S〉idv/Abeam (4.7)with an error of
σNHI = 1.82× 1018 ∗ 684977.24 ∗ √nchanσ1pixdv/(Abeam

√
npix) (4.8)A 
ontour map of integrated 
olumn density was also 
reated by usingequations 4.7 and 4.8 with 〈S〉i equal to the �ux density value of the individualpixel for ea
h 
hannel and npix equal to 1 pixel. For the 
ontour map, I integratefrom 
hannels 25-50 (or a velo
ity width of 137 km s−1).4.3 ResultsI now examine the star formation tra
er, Hα, in the tidal tail of the Tadpole. Thelo
al and global SFR are 
ompared to the properties of the gas available for starformation in the tidal tail based on mole
ular gas measurements from CO(1-0) andCO(2-1) and neutral hydrogen gas measurements from the 21 
m HI line.4.3.1 HII regions in the Tidal TailAs shown in Figure 4.3, the tidal tail of UGC 10214 is host to multiple Hα emissionregions. These regions are arranged in two bright 
lumps, 
orresponding to the117



bright, blue regions in the tidal tail also examined as SSC 1 and SSC2 in Jarrettet al. (2006). In the HST/ACS images in Tran et al. (2003) (see Figure 4.4), the twobright 
lumps break up into multiple star 
lusters also found by de Grijs et al.(2003). Outside of these two bright regions, there are a few modest amounts of Hαemission, also 
orresponding to bright blue regions. In the bottom panel of Figure4.4, I identify and label the 5 HII regions studied here. The labels of SSC 1 andSSC 2 are from Jarrett et al. (2006), but I also label other smaller 
lumps of Hαemission with letter designations. SSC 1 is in a U-shaped stru
ture in theHST/ACS images whi
h has a brighter northern arm. Our Hα image shows thisbright northern arm to host two bright HII regions, SSC 1 and 1a, whi
h 
orrespondin position to the two brightest star 
lusters in the arm. SSC 1 shows an oval shape,whi
h the HST image shows to be due to a fainter blue star 
luster to the south. Inthe southern arm of the U, there is an Hα peak, labeled 1b, at the lo
ation of a bluestar 
luster. The Hα image shows a bright peak at at the lo
ation of SSC2 with afainter peak to the east, labeled as 2a.I �rst examine the Hα emission in the tidal tail by looking at ea
h HIIregion using an aperture with a diameter of 6′′ whi
h 
orresponds to a size of 3.9kp
 at the distan
e of the Tadpole. I also extra
t the emission from Hα usingaperture sizes more 
losely mat
hed to that of the mole
ular gas observations (12′′and 21′′). Our dete
tion limit for the Hα image is found by taking 5 times thestandard deviation of the sky ba
kground whi
h is 7.06 
ounts, 
orresponding to aluminosity of 3.9× 1036 erg s−1. Table 4.1 lists the lo
ation, area of the aperture inkp
2, LHα, SFR(Hα) from Kenni
utt (1998b), and the star formation rate surfa
edensity, ΣSFR(Hα) in M⊙ yr−1 kp
−2.On 4 kiloparse
 s
ales (from the 6′′ aperture), the brightest HII region is SSC1 with a LHα = 5.3± 0.7× 1040 erg s−1 whi
h is four times brighter than eitherregions 1a or 2. Using the SFR formulation from Kenni
utt (1998b), this SSC 1 has118



a SFR of 0.41 M⊙ yr−1. Taking the SFR along with the area of the aperture (11.97kp
2), I �nd ΣSFR(Hα) = 0.035± 0.004 M⊙ yr−1 kp
−2. These HII regions in thetidal tail of UGC 10214 are brighter than the HII regions of either tidal tail of NGC2782 (Knierman et al., 2012, 2013). In parti
ular, SSC 1 is 27 times more luminousthan W235 in the Western Tail of NGC 2782. SSC 1 is as luminous as the brightestHII regions in S
 galaxies (LHα ∼ 1040 erg s−1).On 8 kp
 s
ales, (from the 12′′ aperture), I now examine only the SSC 1 andSSC 2 lo
ations. For this aperture, LHα = 6.7× 1040 erg s−1 in SSC 1 whi
h is 3.7times brighter than LHα in SSC 2. The SFR in SSC 1 at 0.53 M⊙ yr−1 is alsoalmost 4 times the rate in SSC 2 (0.14 M⊙ yr−1). This is also the s
ale that wasobserved by Jarrett et al. (2006) in their examination of SSC 1 and SSC 2. Jarrettet al. (2006) estimates the SFR in SSC 1 at 0.23 M⊙ yr−1using the integrated Hαline �ux from their opti
al spe
tros
opy. This value is more than half the SFR Idetermine based on our 12′′ aperture, and it is also less than the SFR from our 6′′aperture. The Hα measurement from Jarrett et al. (2006) was made using a longslit opti
al spe
tra with a slit width of 1.5′′ under poor seeing 
onditions (3′′-4′′) sothey may have missed a portion of the Hα emission whi
h I re
over in our narrowband observations.On 14 kp
 s
ales (from the 21′′ aperture), I also examine only the SSC 1 andSSC 2 lo
ations whi
h now en
ompass the majority of the Hα emission in theirregions of the tail. For this aperture, LHα = 8.2× 1040 erg s−1 in SSC 1 whi
h is3.7 times brighter than SSC 2. The SFR in SSC 1 is 0.65 M⊙ yr−1and is 3.8 timesthe value for SSC 2 (0.17 M⊙ yr−1).On the global s
ale, I sum the �ux in the polygonal aperture en
ompassingthe tail (see Figure 4.3). For the entire tidal tail, I �nd LHα = 1.6± 0.2× 1041 ergs−1 and a SFR of 1.3 M⊙ yr−1. This tidal tail has a SFR 56 times that of the entire119



Eastern tidal tail of NGC 2782 and 87 times that of the Western tail of NGC 2782.Smith et al. (1999) lists the LHα for several tidal debris regions in di�erent mergerswhi
h range from < 1.6× 1039 erg s−1 in NGC 4438 to 1.1× 1040 erg s−1 in NGC4676 (�The Mi
e�). LHα in these other tidal debris regions are lower than the LHαin the Tadpole tidal tail. By 
omparison, the SFR in the Tadpole tail is similar tothe SFR for the entire Milky Way galaxy (1.9± 0.4M⊙ yr−1; Chomiuk & Povi
h,2011), whi
h indi
ates that the Tadpole tidal tail is forming a larger amount of starsthan is seen in other tidal tails as referen
ed above.4.3.2 Mole
ular Gas - CO(1-0) and CO(2-1)SSC 1 was observed with IRAM to an rms of 1.51 mK in CO(1-0) and to an rms of2.33 mK in CO(2-1) , however no dete
tions in either line were observed. Thespe
trum for these observations are shown in Figure 4.5) and Figure 4.6 where Tmbis plotted versus velo
ity o�set from the helio
entri
 velo
ity of the Tadpole.Similarly, no dete
tions for SSC 2 were made in either CO(1-0) (rms = 1.70 mK,Figure 4.7) or CO(2-1) (rms = 3.45 mK, Figure 4.8).Using the equations in Braine et al. (2001), I �nd that the mole
ular mass is:
Mmol[M⊙] = 1.36ICOXCOD2Ω2mp (4.9)where ICO is the average CO line intensity expressed in km s−1, XCO is the
onversion fa
tor between CO and H2 (the Milky Way 
onversion fa
tor is used herefor 
onsisten
y with prior work, see Se
tion 4.4.5 for dis
ussion of a di�erent XCO),D is the distan
e, Ω is the solid angle whi
h the sour
e is average over (for aGaussian beam with θFWHM as the half power beam width (Ω = 1.13θ2FWHM), and

mp is the mass of a proton. Sin
e I do not have a dete
tion of CO(1-0) or CO(2-1), Iuse Equation 4.2 to determine the upper limit for ICO. The CO(2-1) line is a higher120



Figure 4.4: Close up of Tadpole eastern tidal tail region. Top: Tidal tail taken fromHST/ACS Early Release Observation 3 
olor image produ
ed from F475W, F606W,and F814W images. Center: Tidal tail from 
ontinuum subtra
ted Hα image as inFigure 4.3 with SSC 1 and SSC 2 labeled. Bottom: As in Center image with 
ir
leswith 6′′ apertures with labels. 121



Table 4.1: Properties of Hα sour
es in Tidal Tail of TadpoleLo
ation Area LHα SFR(Hα) ΣSFR(Hα)kp
2 1039erg s−1 M⊙ yr−1 10−3 M⊙ yr−1 kp
−21 11.97 53(7) 0.41(0.06) 35(4)1a 11.97 14(2) 0.11(0.02) 9(1)1b 11.97 2.1(0.4) 0.017(0.003) 1.4(0.3)2 11.97 13(2) 0.10(0.01) 8(1)2a 11.97 2.9(0.5) 0.022(0.004) 1.9(0.3)1 47.87 67(9) 0.53(0.07) 11(2)2 47.87 18(3) 0.14(0.02) 2.9(0.4)1 146.6 82(1) 0.65(0.09) 4.4(0.6)2 146.6 22(4) 0.17(0.03) 1.1(0.1)Tail 2318 160(20) 1.3(0.2) 0.54(0.08)ex
itation line and probes a warmer gas. Braine et al. (2001) uses CO(2-1)observations for mole
ular gas in the tidal dwarf galaxies of NGC 7252W and NGC4038W. For these measurements, they use the intrinsi
 line ratio of
CO(2− 1)/CO(1− 0) = 0.75 to obtain a mole
ular mass and I use the same ratiohere. Table 4.2 lists the lo
ation, the limit for ICO, Mmol, FWHM of of the HImeasured in the same aperture size as the CO beam, the velo
ity width ∆v of theHI, NHI, MHI, and the total gas mass Mgas, for the two SSCs and the total tidal tailarea. From the CO(1-0) observations, the upper limit on the mole
ular gas massfor SSC 1 is Mmol < 1.06× 108 M⊙ and is lower by a fa
tor of 0.96 than the upperlimit for SSC 2 (Mmol < 1.09× 108 M⊙). The mole
ular gas mass upper limits fromCO(1-0) are higher by a fa
tor of 1.8 and 1.3 than the CO(2-1) upper limits for SSC1 and SSC2. This is likely due to the smaller beam size of the CO(2-1) observationsin spite of their higher rms values. The upper limits for the mole
ular mass from theCO(2-1) observations are Mmol < 6.0× 107 M⊙ for SSC 1 and Mmol < 8.1× 107 M⊙for SSC 2. By summing the upper limits for the mole
ular gas mass, I estimate anupper limit for the entire tidal tail to be Mmol < 2.15× 108 M⊙.122



Table 4.2: Mole
ular and HI Gas in Tadpole Tidal Tail Lo
ationsLo
ation ICO Mmol FWHM ∆v 〈NHI〉 NHI MHI MgasK km s−1 108 M⊙ km s−1 km s−1 1021
m−2 1021
m−2 108M⊙ 108M⊙CO(1-0) 21′′SSC1 < 0.115 < 1.06 60 82.2 0.73(0.01) 6.56(0.01) 3.6(0.3) < 6.00SSC2 < 0.118 < 1.09 50 60.3 0.65(0.01) 5.85(0.01) 3.2(0.2) < 5.44CO(2-1) 12′′SSC1 < 0.178 < 0.60 60 82.2 0.76(0.02) 3.78(0.02) 2.1(0.2) < 3.45SSC2 < 0.240 < 0.81 50 60.3 0.66(0.02) 3.31(0.02) 1.8(0.1) < 3.26Tail < 2.15 60 109.6 0.120(0.001) 164.0(0.1) 90(6) < 125
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Figure 4.5: Spe
trum of CO(1-0) taken with IRAM at the lo
ation of SSC 1.The upper limits for mole
ular mass in the Tadpole tidal tail are one thirdlower than the observed mole
ular gas mass for 
louds in the Eastern tail of NGC2782 (Mmol = 3.69± 0.09× 108 M⊙, from K13). Even with the di�eren
e in beamsizes and distan
es between the two observations, the two observations are probingsimilar size mole
ular 
louds. The beam size of the 12 meter Kitt Peak teles
ope is55′′ and at the distan
e of NGC 2782, this is probing about 10 kp
 diameter 
louds.With IRAM, the CO(1-0) observations are probing about 13 kp
 sized 
louds at thedistan
e of the Tadpole. In the Eastern tail of NGC 2782, the mole
ular gasspanned a larger area than a single beam, so there is likely to not be a mole
ular
loud of similar size in the area of SSC 1 even with the great di�eren
e in distan
esbetween the galaxies. 124



Figure 4.6: Spe
trum of CO(2-1) taken with IRAM at the lo
ation of SSC 1.4.3.3 21 
m HIThe VLA 21
m observations of the Tadpole reveal similar features to the �ndings ofBriggs et al. (2001): the main spiral galaxy, the dwarf galaxy, and the tidal tail. Iexamine the tidal tail in detail here. An integrated 
olumn density map was 
reatedas above and is shown in Figure 4.9. As from equation 8, σNHI = 5.0× 1019 
m−2.The 
ontour map indi
ates the 5σ level of the map with the outer 
ontour whi
hgives a broad outline of the tidal tail region and the main spiral. A small gap ispresent in this map between the main spiral and the tidal tail and may just beindi
ative of the la
k of gas at the velo
ities in
luded in the map sin
e I onlyintegrated over velo
ities found in the tidal tail. In the tidal tail, there is eviden
e of125



Figure 4.7: Spe
trum of CO(1-0) taken with IRAM at the lo
ation of SSC 2.two massive HI 
lumps. The HI 
lump 
losest to the spiral galaxy is 
oin
identwith SSC 1, while SSC 2 is at the western end of the HI 
lump farther to the east.Integral spe
tra of HI were extra
ted at the lo
ations of the two SSCs,indi
ated by dashed 
ir
les in Figure 4.9. The �ux density in Jy beam−1 are plottedagainst the helio
entri
 velo
ity for summed pixels in the region as stated above. Iplot the HI spe
tra from a 21′′ sized aperture at the lo
ation of SSC 1 in Figure 4.10. This shows a strong line with a fairly symmetri
 pro�le with a velo
ity width of76.7 km s−1. Figure 4.11 shows the integrated HI spe
trum of SSC 2. Thisspe
trum has an asymmetri
 pro�le with a velo
ity width of 82.2 km s−1.Table 4.2 lists the FWHM, velo
ity width (full width at zero intensity),126



Figure 4.8: Spe
trum of CO(2-1) taken with IRAM at the lo
ation of SSC 2.average 
olumn density of HI, total 
olumn density of HI, NHI, and total HI massfor a 21′′ aperture and for a 11′′ aperture for SSC 1, SSC 2 and the total area of thetidal tail. The average 
olumn densities at the lo
ation of SSC 1 and 2 range from
6.5− 7.6× 1020 
m−2. These values are larger than the threshold for �ndingsigni�
ant amounts of star 
lusters in tidal tails of major mergers (1020.6 
m−2(Maybhate et al., 2007)). The range of MHI for SSC 1 and SSC 2 are 3.2− 3.6× 108M⊙ whi
h are similar to the HI masses in the Eastern tidal tail of NGC 2782, but afew times larger than the Western tail HI 
lumps of NGC 2782 whi
h are around
108 M⊙.I also sum the HI �ux density over the entire area of the tidal tail using abox around the tail. Figure 4.12 shows the integrated HI spe
trum of the tail area.127



This shows a broader spe
tral 
omponent with a narrow peaked 
omponent. Thevelo
ity width of the entire line is 109.6 km s−1. The narrow peaked region may
orrespond to the narrow peak at 9401 km s−1 seen in single dish HI measurementsby Briggs et al. (2001). The average 
olumn density in the tidal tail is 1.2× 1020
m−2 whi
h is lower than the threshold from Maybhate et al. (2007), but notsurprising sin
e the tail is a large feature with only a few lo
alized sites of starformation. The total amount of HI mass in the tidal tail is 9× 109M⊙ whi
h ishigher than that observed in the single dish observations by Briggs et al. (2001).4.3.4 Metalli
ityKnowing the metalli
ity of the material in the tidal tail has impli
ations for many ofthe derived properties su
h as the SFR and the CO to H2 
onversion fa
tor. Thereare many di�erent methods to estimate metalli
ity, but this se
tion fo
uses onmethods using opti
al emission line spe
tra taken by Tran et al. (2003) and Jarrettet al. (2006). Methods to estimate metalli
ity using opti
al emission lines tra
e theabundan
e of heavy elements, parti
ularly oxygen, in the gas phase (see Kewley &Dopita, 2002, for a review of these methods).The �rst method used to estimate metalli
ity in the tidal tail of the Tadpoleis the ratio of the emission line intensity of [NII℄ to Hα. In Figure 9 of van Zee et al.(1998), an empiri
al relation is shown between these values as:
12 + log(O/H) = 1.02 log([NII]/Hα) + 9.36. (4.10)For a [NII℄/Hα = 0.094 (from above, based on the spe
trum from Tran et al.(2003)), SSC 1 has 12 + log(O/H) = 8.3. This metalli
ity, based on oxygenabundan
e, is 
onverted to a more generalized metalli
ity through128



Figure 4.9: Top: This image shows the HST/ACS image of the Tadpole. Bottom:This image shows the 21 
m HI integrated 
olumn density 
ontours for the velo
ityrange from 9321-9458 km s−1. This range only in
ludes the velo
ity width of the tidaltail, but some HI from the main spiral galaxy is in
luded as well. The 
ontour levelsare: 2.5, 3.5, 5.0, 5.6, and 7.5× 1020 H atoms 
m−2. The dashed 
ir
les indi
ate thelo
ation of the extra
ted HI spe
tra with 11′′ and 21′′ apertures. The box indi
atesthe area used for the global HI emission from the entire tidal tail. The solid 
ir
leindi
ates the beam size of the HI map.
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Figure 4.10: Extra
ted 21 
m HI spe
trum at the lo
ation of SSC 1 using a 21′′aperture.
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Figure 4.11: Extra
ted 21 
m HI spe
trum at the lo
ation of SSC 2 using a 21′′aperture.
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Figure 4.12: Extra
ted 21 
m HI spe
trum of the entire Tadpole tidal tail region.
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Z ∼ 29× 10[12+log(O/H)]−12 (4.11)where solar abundan
e is 12 + log(O/H) = 8.72 (Kolbulni
ky & Kewley,2004). For this massive young star 
luster in the Tapole tidal tail, Z = 0.006, whi
hfor a Z⊙ = 0.02, indi
ates Z/Z⊙ = 0.3 for SSC 1. This is is similar to the metalli
ityof tidal tail regions observed in other systems (Du
 et al., 2000).To 
he
k this value, R23, the ratio of the intensity of the oxygen emissionlines to Hβ (Pagel et al., 1979), is 
al
ulated next. R23 is 
ommonly used be
ause itin
ludes the brighter and more easily observed lines of oxygen and hydrogen.However, R23 is double valued with metalli
ity and so needs another line diagnosti
(e.g., O23) to help break the degenera
y. Various e�orts over the years have beenmade to 
alibrate this method using empiri
al and/or photoionization models.Kolbulni
ky & Kewley (2004) has a review of these methods. I use their Equations8, 10, 13, and 16 to 
al
ulate the metalli
ity. Our initial metalli
ity 
al
ulation,
12 + log(O/H) = 8.3, pla
es SSC 1 on the lower bran
h of R23 where the ionizationparameter, q, plays more of a role. Physi
ally, the ionization parameter, orionization state of the gas, 
an be thought of as the velo
ity of the ionization frontin an HII region that is driven by the radiation �eld lo
ally. The equation for theionization parameter is

q =
SH0

n
(4.12)where the ionizing photon �ux through a unit area is SH0 and the lo
alnumber density of hydrogen atoms is n (Kewley & Dopita, 2002). The ionizationparameter, q, is 
al
ulated from Eq. 13 in Kolbulni
ky & Kewley (2004) with theinitial guess for the metalli
ity from the [NII℄ to Hα line ratio. The metalli
ity fromthe R23 method is then 
al
ulated using 133



x = logR23 =
I[OII]λ3727 + I[OIII]λ4959 + I[OIII]λ5007

I[Hβ]

(4.13)
y = logO23 = log(

I[OIII]λ4959 + I[OIII]λ5007

I[OII]λ3727

) (4.14)along with the equations from Kolbulni
ky & Kewley (2004). Sin
e this
al
ulation assumes an initial metalli
ity to 
al
ulate q, the 
al
ulations wereiterated until 
onvergen
e. The metalli
ity for SSC 1 from the R23 method is
12 + log(O/H) = 8.4 or Z/Z⊙ = 0.35 whi
h is remarkably similar to the value from[NII℄/Hα. The ionization parameter for SSC 1, based on this method, is
q = 3.4× 107 
m s−1. 4.4 Dis
ussionI now 
ompare the derived physi
al properties for SSC 1 and SSC 2. Spe
i�
ally, Iwill examine star formation rates, gas available for star formation, and starformation e�
ien
ies for these two sites of young massive star 
lusters in the tidaltail of the Tadpole. In addition, the global derived physi
al properties for the entiretidal tail of the Tadpole will be 
ompared to tidal tails in other mergers.4.4.1 SFRThe brightest tidal tail star 
luster, SSC 1, has LHα brighter than HII regions in S
galaxies and indi
ates 
onsiderable star formation in a tidal tail region. The SFR ofthis region has also been studied in Jarrett et al. (2006) who examine three tra
ers:24 mi
ron �ux, Hα from opti
al spe
tros
opy, and [OIII] + Hβ from opti
alspe
tros
opy. Their SFR values range from 0.11 M⊙yr−1(24 mi
ron) to 0.23 M⊙yr−1(Hα from opti
al spe
tros
opy) to 0.39 M⊙yr−1([OIII]+Hβ). These are all lessthan our value of 0.53 M⊙yr−1 at the same aperture size (12′′). As mentioned above,134



the measurements using opti
al spe
tros
opy (Hα and [OIII]+Hβ) may be a lowerlimit on the a
tual Hα �ux for SSC 1 due to a slit width of 1.5′′ under poor seeing
onditions. Jarrett et al. (2006) also 
autions that their SFR from 24 mi
rons is alower limit sin
e they use a 
alibration from Calzetti et al. (2005) based on HIIregions in the disk of M51 whi
h has a di�erent metalli
ity and star formation ratedensity than the tidal tail of the Tadpole. The SFR in this paper may be 
loser tothe a
tual SFR of SSC 1, however, by using the formulation of Kenni
utt (1998b), Iam assuming a Salpeter IMF and solar metalli
ity whi
h may not be 
orre
tassumptions for tidal tails. In addition, Hα may be a�e
ted by dust absorption.However, the Balmer de
rement from opti
al emission lines tra
ing the photoionizedgas from Tran et al. (2003) (Hα/Hβ = 2.76) indi
ates very little reddening (theexpe
ted Balmer de
rement is 2.86). But the value from Jarrett et al. (2006) isHα/Hβ = 2.56 whi
h does indi
ate more reddening, but still not a lot of reddening.To take into a

ount any obs
ured star formation due to dust, I use the SFRindi
ator from Equation 7 in Calzetti et al. (2007) whi
h uses both Hα and 24mi
rons:
SFR(M⊙yr−1) = 5.3× 10−42[L(Ha)obs + (0.031± 0.006)L(24µm)]. (4.15)This relation is empiri
ally 
alibrated from observations of 220 star formingregions in the 33 nearby SINGS galaxies (whi
h span a range of morphologies and afa
tor of 10 in oxygen abundan
e) along with integrated measurements of lowmetalli
ity starburst galaxies and luminous infrared galaxies (LIRGs). The dataused for the 
alibration in
lude MIPS 24 mi
ron photometry, NICMOS Paαphotometry, and ground based Hα photometry. Comparison of this relation withmodels suggest that it is appli
able to large systems or galaxies with their energyoutput dominated by young stellar populations. Calzetti et al. (2007) also �nd that135



using 24 mi
rons alone is robust for high metalli
ity obje
ts, but it deviates byfa
tors of 2-4 for lower metalli
ity obje
ts. This may explain the lower value for theSFR in SSC 1 using just 24 mi
rons from Jarrett et al. (2006) sin
e SSC 1 has a lowmetalli
ity. The SFR relation from Calzetti et al. (2007) assumes an IMF based onthe Starburst99 (Leitherer et al., 1999; Vazquez & Leitherer, 2005) default (2 powerlaws with slope -1.3 from 0.1-0.5 M⊙ and a slope of -2.3 from 0.5-100 M⊙),
ontinuous star formation for 100 Myr, and solar metalli
ity, but does take intoa

ount both unobs
ured and obs
ured star formation. Paα is less a�e
ted by dustthan Hα and also tra
es the 
urrent SFR over a times
ale of about 10-20 Myr,similar to Hα Kenni
utt (1998b).Using our value for the Hα luminosity and the 24 mi
ron �ux from Table 2of Jarrett et al. (2006) for SSC 1 and Figure 6 of Jarrett et al. (2006) for SSC 2(assuming a 20% error), I �nd a SFR of 0.39± 0.05 M⊙ yr−1for SSC 1 and
0.10± 0.01 M⊙ yr−1for SSC 2. These values are lower than our SFR usingKenni
utt (1998b), but, for SSC 1, similar to the highest SFR from Jarrett et al.(2006) using [OIII]+Hβ.Another SFR indi
ator that is widely in use is the bolometri
 infraredluminosity whi
h is found to be dire
tly proportional to the SFR in dusty starburstgalaxies. However, this indi
ator is also subje
t to errors from evolved stars heatingthe dust in the IR, from 
alibrations done at sparsely sampled wavelengths or onlyfor entire galaxies, not individual HII regions, and for assumptions of solarmetalli
ity. The Tadpole is observed with PACS broadband photometry atwavelengths over 60-210 mi
rons; however, SSC 1 has little dust (based on theBalmer de
rement) and a low metalli
ity, the bolometri
 infrared luminosity is likelynot a good SFR indi
ator in this tidal tail.On a global s
ale, the global SFR of the entire tail (1.3 M⊙ yr−1) is between136



∼ 30− 50% of the global SFR of the entire Tadpole galaxy from FIR, 24 mi
ron or70 mi
ron data (Jarrett et al., 2006). However, the high ratio of SFR in the tidaltail to the SFR of the entire merger may not able to be generalized to other minormergers, sin
e Jarrett et al. (2006) found that the nu
leus of the Tadpole galaxy isnot undergoing a starburst in spite of the high HI 
ontent. For example, the minormerger NGC 2782 is a luminous infrared galaxy (LIRG) undergoing a starburst(Devereux, 1989). Using Equation 4 in Kenni
utt (1998b) and its far infrared (FIR)luminosity of ∼ 1044 erg s−1, NGC 2782 has a total SFR of 4.5 M⊙ yr−1 whi
h istwi
e the SFR from FIR luminosity for the Tadpole.4.4.2 Star Formation Rate Surfa
e DensityTo make a better 
omparison of the star formation rate between di�erent regions intidal tails, I 
ompare the star formation rate per unit area, ΣSFR from the observedHα to the expe
ted SFR per unit area from the gas density. Table 4.3 lists the tidaltail lo
ation, area of the extra
ted region, the star formation rate surfa
e densitybased on the Hα emission ΣSFR(Hα), the gas surfa
e density Σgas, and theexpe
ted star formation rate surfa
e density from the gas surfa
e density ΣSFR(gas).These quantities are listed for aperture sizes and mole
ular measurements
orresponding to both the CO(1-0) and CO(2-1) observations.The ΣSFR(Hα) with a 21′′ aperture for the SSC 1 is 0.0044± 0.0006 M⊙ yr−1kp
−2 whi
h is 3.7 times the value for SSC 2. SSC 1 is 4.4 times the value forW-HI-M in the Western tail of NGC 2782 and is 4 times the value for the tidaldwarf galaxy 
andidate in the Eastern tail of NGC 2782 (K13). For the smaller 11′′aperture, SSC 1 in
reases to ΣSFR(Hα) = 0.011± 0.002 M⊙ yr−1 kp
−2.The global star formation rate density for the entire tidal tail of the Tadpoleis 0.00054± 0.00008 M⊙ yr−1 kp
−2 whi
h is lower than SSC 1 by a fa
tor of morethan 8. It is also a fa
tor of 60 higher than the global star formation rate density for137



Table 4.3: Comparison of Lo
al & Global Star Formation Rates in the Tadpole TidalTail Lo
ation Area ΣSFR(Hα) Σgas ΣSFR(gas)kp
2 10−3 M⊙ yr−1 kp
−2 M⊙ p
−2 10−3 M⊙ yr−1 kp
−2CO (1-0)1 146.6 4.4(0.6) < 4.06 < 1.82 146.6 1.2(0.2) < 3.71 < 1.6Tail 2318 0.54(0.08) < 5.37 < 2.6CO (2-1)1 47.9 11(2) < 7.2 < 4.02 47.9 2.9(0.4) < 6.8 < 3.7either tail in NGC 2782. This indi
ates the great amount of 
urrent star formationin the tidal tail. 4.4.3 Gas Available for Star FormationAs listed in Table 4.3, the gas density in the tidal tail regions is around 4 M⊙ p
−2in the 21′′ aperture and around 7 M⊙ p
−2 in the smaller 11′′ aperture. These areboth 11-30 times smaller than the gas density in the HI 
lumps in NGC 2782 (K13).This indi
ates that the Tadpole tidal tail had less gas available for star formation orthat it has used up gas already in forming its stars.The upper limit for the expe
ted star formation rate per area based on thegas density is < 0.0018 M⊙ yr−1 kp
−2 for SSC 1 using the 21′′ aperture. For thesmaller aperture, the ΣSFR(gas) is < 0.0040 M⊙ yr−1 kp
−2. Sin
e the gas densitiesfor SSC 1 and SSC 2 are similar, their expe
ted star formation rate per area is alsosimilar.By 
omparing the ΣSFR(Hα) to the expe
ted SFR from the gas density(ΣSFR(gas)), the SFE 
an be estimated. For the 21′′ aperture, SSC 1 has anobserved ΣSFR(Hα) more than twi
e as large as the SFR expe
ted from the gasdensity. This indi
ates very e�
ient star formation for SSC 1. For SSC 2, the138



expe
ted SFR from the gas density is larger by a fa
tor of more than 1.3 than theobserved SFR per area, indi
ating less e�
ient star formation in this area.On a global s
ale, the tidal tail of the Tadpole galaxy has an expe
ted
ΣSFR(gas) that is almost 5 times larger than the observed ΣSFR(Hα). Thisindi
ates that, on a global s
ale, the tidal tail of the Tadpole is 5 times less e�
ientat forming stars. However, the di�eren
e in ΣSFR(Hα) to the expe
ted ΣSFR(gas) ismu
h smaller than the fa
tor of 30 between the expe
ted ΣSFR(gas) and theobserved ΣSFR(Hα) in the Eastern tail of NGC 2782 (K13), indi
ating that theTadpole tidal tail is at least more e�
ient than the Eastern tail of NGC 2782.4.4.4 Star Formation E�
ien
yCombining the measures of gas availability and SFR, I examine the SFE for lo
aland global regions in the Tadpole tidal tail. Previous observations have shown thatstar formation in tidal debris is less e�
ient than star formation in starburst ornormal galaxies (Boquien et al., 2011), where multiwavelength data of major mergerArp 158 was used to study the lo
al Kenni
utt-S
hmidt law. In addition, it wasobserved that the star forming regions in Arp 158 were seen to follow a di�erentKenni
utt-S
hmidt law than those in the 
entral regions of that merger and wereo�set so that the same gas density resulted in a lower SFR. In NGC 2782, the HIIregion in the Western tail (W-HI-M) has an apparent SFE that is 
onsistent withthe star forming regions in the tidal debris of Arp 158 (Knierman et al., 2012), whilethe Eastern tail exhibits a SFE that is more than 2 dex lower (K13). For theTadpole tidal tail, SSC 1 and SSC 2 lie above the relation of total gas surfa
e densityversus SFR surfa
e density for the tidal debris of Arp 158 whi
h indi
ates moree�
ient star formation in the Tadpole tail than in the tidal debris of that merger.I 
al
ulate the gas depletion times
ales (τdep) or the amount of time it wouldtake for the 
urrent SFR to deplete the gas (mole
ular, atomi
, and total). The SFE139



is dire
tly related to the inverse of the gas depletion time as it is a 
onsumptionrate. The gas depletion times
ale for normal galaxies is τdep,H2
∼ 2 Gyr (Kenni
utt,1998b) and for TDGs is τdep ∼ 0.8− 4 Gyr (Braine et al., 2001). These ranges of gasdepletion times 
orrespond to normal SFE. A higher SFE will have τdep < 0.8 Gyrand a lower SFE will have τdep > 2 Gyr. Table 4.4 lists the tidal tail lo
ation, gasdepletion time using mole
ular gas mass and Hα SFR (τdep,H2
=Mmol/SFRHα), gasdepletion time using 21 
m HI gas mass and Hα SFR (τdep,HI =MHI/SFRHα), andthe gas depletion time using the total gas mass and Hα SFR(τdep,tot =Mgas/SFRHα) for SSC 1 and SSC 2 for both apertures and the tidal tailas a whole.SSC 1 has a gas depletion time of τdep,H2

< 110 Myr from CO(2-1) and
τdep,H2

< 160 Myr as measured by CO(1-0), whi
h are lower than the gas depletiontimes for W-HI-M in the Western tail of NGC 2782 (τdep,H2
< 1.5 Gyr, K13). SSC 1has a lower gas depletion time than the star forming regions observed in Arp 158(Boquien et al., 2011) and in TDGs (Braine et al., 2001). However, SSC 1 is seen tobe more similar to the gas depletion times
ales in dwarf galaxies (1 -100 Myr)(Braine et al., 2001). The low gas depletion times
ale for SSC 1 indi
ates that it hasa SFE higher than other tidal debris or normal spiral galaxies. Instead, SSC 1 has ahigh SFE similar to dwarf galaxies when 
onsidering its mole
ular gas upper limit.SSC 1 also has a high SFE when 
onsidering its HI gas (τdep,HI = 400− 560 Myr),but a normal SFE 
onsidering its total gas mass (τdep,tot < 650− 900 Myr). SSC 2 isless e�
ient than SSC 1 at star formation, but with gas depletion times ranging from

< 0.6− 3 Gyr, it has a normal SFE similar to TDGs and normal spiral galaxies.On global s
ales, the SFE 
al
ulated for the entire tail depends on themethod used. Considering the upper limit to the mole
ular mass and Hα SFR, thetail has a low gas depletion times
ale (high SFE) of τdep,H2
< 170 Myr. This issimilar to the SFE from SSC 1 and in dwarf galaxies. However, 
onsidering the high140



Table 4.4: Star Formation E�
ien
ies in Tadpole Tidal Tail RegionsLo
ation τadep,H2,Hα τ
b
dep,HI,Hα τ

c
dep,tot,Hα(Gyr) (Gyr) (Gyr)CO(1-0) 21′′SSC 1 < 0.16 0.56 < 0.92SSC 2 < 0.63 1.9 < 3.2Total < 0.17 7.2 < 9.9CO(2-1) 11′′SSC 1 < 0.11 0.40 < 0.65SSC 2 < 0.58 1.3 < 2.3

a τdep,H2,Hα =Mmol/SFR(Hα)
b τdep,HI,Hα =MHI/SFR(Hα)
c τdep,tot,Hα =Mtot/SFR(Hα)gas depletion times
ales from the HI gas mass (τdep,HI = 7.2 Gyr) and the total gasmass (τdep,tot = 9.9 Gyr), the tail has a low SFE and is less e�
ient at forming starsthan normal spiral galaxies, but is still more e�
ient at star formation than theouter regions of spiral galaxies at r25 (τdep,HI ∼ 20 Gyr).On lo
al s
ales of ∼ 10 kp
, it appears that the tidal tail of the Tadpole hashighly e�
ient star formation around its super star 
lusters. Like the Western tailof NGC 2782, the material in this tidal tail may be experien
ing gravitational
ompression whi
h enhan
es the star formation. On global s
ales, however, the tidaltail indi
ates a high SFE via the mole
ular gas upper limit, but a low SFE based onthe HI mass. This may indi
ate that the Tadpole tidal tail is de�
ient in mole
ulargas, as 
ompared to its HI, on a global s
ale. This de�
ien
y may be due todestru
tion of the mole
ular gas via UV radiation from new stars formed in SSC 1and SSC 2, low metalli
ity 
ausing the formation of less CO versus H2, or the CO ispresent, but on smaller s
ales than observed here.
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4.4.5 Variations in XCOIn the 
al
ulations above, I use the value of XCO based on observations of the MilkyWay to 
al
ulate the upper limit for mole
ular mass based on our non-dete
tions inCO(1-0) and CO(2-1). The standard CO to H2 
onversion fa
tor (XCO = 2× 1020
m−2 (K km s−1)−1 or αCO1−0 = 4.3 M⊙(K km s−1 p
2)−1 ) is based on observationsof mole
ular 
louds in the Milky Way (Leroy et al., 2011). Using galaxies with
z ≤ 1, Genzel et al. (2011) �nd a linear relation given by logαCO1−0 = 12.1− 1.3µ0where µ0 = 12 + log(O/H). For a metalli
ity of 0.3Z⊙ (or µ0 = 8.3), the appropriate
onversion fa
tor is αCO1−0 = 20.4 M⊙(K km s−1 p
2)−1 giving a fa
tor of 4.7 higherlimit on the mole
ular mass (Mmol < 5× 108 M⊙ for SSC 1 from CO(1-0)) than thatderived from the standard 
onversion fa
tor (Mmol ≤ 1.06× 108 M⊙). This higherupper limit on the mole
ular mass derived from the CO(1-0) measurement indi
atesthat there may be as mu
h mole
ular gas as 3− 4× 108 M⊙, whi
h is similar towhat I see in the Eastern tail of NGC 2782 (K13) and the CO(1-0) observations ofSSC 1 and SSC 2 are too shallow to dete
t. Despite the fa
t that the CO(2-1)measurements tra
e warmer mole
ular gas, the observed upper limit in this linewhen 
ombined with the gives Mmol < 2.8× 108 M⊙ whi
h is still less than themole
ular mass dete
ted in the Eastern tail of NGC 2782 (K13).Using the higher mole
ular gas mass upper limit from the XCO for lowermetalli
ity, I examine 
hanges to the SFE as explored by the di�eren
e between
ΣSFR(Hα) and the expe
ted ΣSFR(gas) as well as the SFE as estimated by the gasdepletion times
ale. For SSC 1, the higher mole
ular mass limit results in a largerexpe
ted ΣSFR(gas) < 0.0036 M⊙ yr−1 kp
−2 whi
h is now only 0.8 times the
ΣSFR(Hα). Having a larger ΣSFR(Hα) than from the expe
ted ΣSFR(gas) indi
atese�
ient star formation in SSC 1, but the di�eren
e between the two ΣSFR using thenew XCO is less than the di�eren
e from using the Milky Way XCO. For SSC 2, the142



expe
ted ΣSFR(gas) < 0.0034 M⊙ yr−1 kp
−2 is almost 3 times the ΣSFR(Hα),indi
ating less e�
ient star formation in SSC2. The di�eren
e between the two
ΣSFR is now greater in SSC 2. Regarding the gas depletion times
ale 
al
ulationsand SFE, SSC 1 still has a lower gas depletion times
ale (τdep,H2

< 530− 770 Myr)
onsidering the new mole
ular mass upper limit and a normal gas depletiontimes
ale (τdep,tot < 1.1− 1.5 Gyr) 
onsidering the total gas mass upper limit. SSC 1still has a high SFE 
onsidering mole
ular gas, but a normal SFE 
onsidering thetotal gas mass. These gas depletion times
ales are 
loser to the values in the tidaldebris of Arp 158 (Boquien et al., 2011) and TDGs (Braine et al., 2001). For SSC 2,the in
reased upper limit for mole
ular mass gives τdep,H2
< 2.7− 3 Gyr, and withtotal gas mass in the system gives τdep,tot < 4− 5 Gyr. Both values are similar to theobserved gas depletion times
ales in normal star forming galaxies, indi
ating normalSFE in SSC 2. The di�eren
e in SFE observed before between SSC 1 and SSC 2still remains with SSC 1 having higher e�
ien
y star formation and SSC 2 havingnormal SFE. Even with a higher mole
ular gas mass upper limit using a new XCOfor the metalli
ity of the Tadpole tail, our major results do not 
hange.4.5 Con
lusionsBy applying the te
hniques developed in the 
omparison of the tidal tails of NGC2782 (K13), I examine the 
onditions for star formation in the tidal tail of theTadpole galaxy. This tidal tail has two large sites of star formation, SSC 1 and SSC2, whi
h have been previously studied (Tran et al., 2003; de Grijs et al., 2003;Jarrett et al., 2006). In this paper, I present the �rst Hα narrowband images, COobservations, and VLA HI observations to examine the star formation and starformation e�
ien
y in this tidal tail. From the Hα observations, I �nd 5 HIIregions in the tidal tails whi
h are grouped into two regions asso
iated with SSC 1and SSC 2. The HII regions in this tidal tail are more luminous than 
omparable143



tidal tail regions in other galaxies. The global LHα of the Tadpole tidal tail is higherthan that seen in tidal debris regions in other mergers. The global SFR of theTadpole tidal tail is 
omparable to the SFR of the entire Milky Way galaxy. Onlyupper limits for mole
ular gas mass were found with IRAM observations forCO(1-0) and CO(2-1). The new HI observations improve on the resolution a
hievedfor the Tadpole by a fa
tor of 3 (from 36′′ to 12′′). I �nd a higher star formationrate surfa
e density in the Tadpole when 
ompared to that measured in tidal tails ofNGC 2782, whi
h indi
ates that the Tadpole has a higher level of 
urrent starformation. However, the gas density in the Tadpole tidal tail is less than observed inthe tails of NGC 2782 whi
h possibly indi
ates that the gas in the Tadpole tidal tailhas been depleted by its 
urrent star formation rate. For SSC 1, I measure a higherobserved SFR surfa
e density from Hα when 
ompared with the expe
ted SFRsurfa
e density measured from the gas density whi
h indi
ates a higher e�
ien
y ofstar formation. This 
orrelates well with the gas depletion times
ales in SSC 1whi
h have been seen to range from < 100− 900 Myr depending on the parti
ularphase of gas mass used for the 
al
ulation. Similarly, SSC 2 has gas depletion timesthat range from < 0.7− 10 Gyr whi
h indi
ates less e�
ient star formation modethan seen in SSC 1. With gas depletion times of < 100 Myr based on the mole
ulargas upper limit, SSC 1 is as e�
ient in forming stars as a dwarf galaxy. If I use adi�erent CO to H2 
onversion fa
tor appropriate for the lower metalli
ity of SSC 1,the derived mole
ular mass upper limit in
reases giving a less extreme SFE of
< 0.4− 1.5 Gyr, whi
h still indi
ates e�
ient star formation whi
h is as e�
ient asthat seen in TDGs. Su
h high star forming e�
ien
y may be 
aused by gravitational
ompression in the tidal tail whi
h 
an in
rease the rate of star formation.
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Chapter 5CONCLUSIONSThis dissertation examines star formation in the tidal tails of minor galaxy mergers.Minor mergers are less severe versions of major mergers, but are more 
ommon inthe universe and likely played a role in forming most large galaxies, in
luding ourMilky Way Galaxy. Vigorous star formation o

urs in the 
enters of many mergersdue to the high gas density and turbulen
e from the merger. Due to its brightnessand visibility over 
osmologi
al distan
es, star formation in 
enters of mergers hasbeen well studied. However, the tidal debris of mergers has not been as well studied.These areas are lower density, but have large reservoirs of gas as fuel for starformation and may have the higher turbulen
e of the merger. Studying tidal debrisof mergers gives insight into star formation near the threshold. Unlike the outerregions of spiral galaxies, whi
h are also studied for star formation thresholds, tidaldebris gives a regime with higher turbulen
e, but low densities. Due to the higherfrequen
y of minor mergers, the tidal debris of minor mergers was 
hosen for study.Various tra
ers for star formation were studied to determine the di�erent fa
torsthat may in�uen
e star formation in tidal debris. These tra
ers in
lude young star
luster populations, star 
luster 
omplexes, Hα emission, and [CII℄ emission. Starformation tra
ers 
an be 
ompared to the reservoirs of gas available for starformation to estimate the star formation e�
ien
y. To examine star formation indetail on lo
al and global s
ales, multiwavelength data were needed whi
hne
essitated the 
areful sele
tion of whi
h galaxies to use for this study. The resultsfrom this study 
an be used to 
onstrain models of star formation, parti
ularly atlow densities.
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5.1 Star Formation in Tidal Debris of Minor MergersThe multiwavelength data sets of the minor mergers NGC 2782 and UGC 10214(�The Tadpole�) allow examination of star formation on s
ales of ∼ 10 kp
 andsmaller in both galaxies. In all three tidal tails, I �nd eviden
e for star formationo

urring in situ within the tails indi
ating that minor mergers, like major mergers,host star formation in their tidal debris.5.1.1 Star Clusters and Star Cluster ComplexesYoung star 
lusters are found in all tidal tails in this study. In NGC 2782, I dis
overpopulations of young star 
lusters in both tidal tails. However, the distribution ofstar 
lusters and their properties are di�erent between the two tails of NGC 2782.In the Eastern tail, the star 
lusters are found in 
lumps of multiple star 
lustersknown as star 
luster 
omplexes. However, the Western tail hosts only lowerluminosity isolated star 
lusters. In the Tadpole, over 40 young star 
lusters havebeen previously found along the tidal tail (Tran et al., 2003; de Grijs et al., 2003),but mostly 
lustered in two bright 
lumps in the 
enter of the tail. The brightest ofthese 
lumps, SSC 1, has a very luminous point sour
e whi
h is found to be verymassive and quali�es as a super star 
luster.Mullan et al. (2011) explore star 
luster populations in both major andminor merger tidal tail regions using HST images. This work built on the priorstudy by Knierman et al. (2003) of star 
lusters in the tidal debris of major mergers.Comparisons of the star 
lusters in this thesis to their work in 23 tidal tails �ndsless star 
lusters in the Eastern tidal tail of NGC 2782 than Mullan et al. (2011)however they have a more generous de�nition of the tidal tail area. They �ndeviden
e for young star 
luster populations in 10 out of the 23 tidal tails studied.Contrary to the (admittedly fewer in number) sample of tidal tails in major146



mergers, they �nd tidal tails that have both TDGs and star 
lusters along the tail.Comparing various properties of the merging systems and tidal tails, they �nd thattails with the largest number of star 
lusters are likely to be young (< 250 Myr) andhave a brighter V band surfa
e brightness. This may be due to the strong bursts ofstar formation that o

ur soon after the periapse of the merger.5.1.2 HII regionsRegions of Hα emission were found in all the tidal tails of this study, and generallytra
e the more luminous star 
lusters in the tails. In the Eastern tail of NGC 2782,there are several HII regions in the area between the main spiral and the remnantdwarf galaxy. These are spread over an area a little more than 10 kp
 a
ross indis
rete points. In the Western tail of NGC 2782, I �nd one isolated HII regionmidway along the tidal tail. In the Tadpole galaxy, I �nd a total of 5 bright HIIregions. These are grouped into two main areas 
orresponding to the two star
lusters SSC 1 and SSC 2. SSC 1 has an irregular shape likely to be the result ofmultiple point sour
es blending together. The SFR of these individual HII regionsranges from the higher range of 0.02− 0.4 M⊙ yr−1 in the Tadpole to 0.015 in theWestern tail of NGC 2782 to the lower range of 0.002-0.008 in the Eastern tail ofNGC 2782.However, the SFRs presented here are lower limits sin
e they are based onnarrowband Hα imaging. Hα represents star formation in the last ∼ 10− 20 Myr.Also the SFRs in the tails 
ould be higher than inferred from Hα if it ispredominately of a Taurus-Auriga type (Kenyon et al., 2008), produ
ing few star
lusters with high mass stars. If so, the 
olor would be blue, but no Hα would beobserved. In the 
ase of the Western tail of NGC 2782 (Knierman et al., 2012), faintUV emission is dete
ted along the Western tidal tail, indi
ating the presen
e ofyoung stellar populations, likely dominated by B and A stars. Sin
e there is no Hα147



emission in the Western tail of NGC 2782 (ex
ept for the single knot) the star
lusters forming along the tail were likely of low mass and had a negligibleprobability of forming early B and O stars.5.1.3 Possible Tidal Dwarf GalaxiesThere are two tidal dwarf galaxy 
andidates (TDGCs) in this work, the TDGC inthe Eastern tail of NGC 2782 and SSC 1 in the Tadpole. TDGs have similarluminosities as dwarf galaxies (−18 < MB < −14, 108 < LB < 1010 L⊙), but higheraverage metalli
ities (Z ∼ 0.3Z⊙), blue 
olors, and high SFR (1039 < LHα < 2× 1040erg s−1 Braine et al., 2001). TDGs have HI masses ranging 0.5− 6× 108 M⊙. SomeTDGs have been measured to be gravitationally independent (Du
 et al., 2000).TDGC in the Eastern tail of NGC 2782 was found serendipidously byYoshida et al. (1994) using opti
al spe
tros
opy and R band imaging of NGC 2782.Using the velo
ity of the Hα line, TDGC is estimated to have a dynami
al mass of
∼ 4× 108 M⊙. It has a blue 
olor (V − I = 0.3, but is fainter than most TDGs(MV 606 = −13) and is small with a diameter of ∼ 1.3 kp
. It has star formation onthe low end of TDGs with LHα = 1039 erg s−1. Also, it has a lower HI mass(2.6× 108 M⊙) than other TDGs. Yoshida et al. (1994) �nd an enhan
ed [OIII℄
λ5007 to Hβ ratio whi
h indi
ates low metalli
ity, but they only dete
t 3 lines intheir spe
trum whi
h lessens the ability to determine metalli
ity. Even thoughYoshida et al. (1994) 
alled it a TDG, it seems to be at least a very low mass TDG.It does not seem to be dynami
ally di�erent than other parts of the Eastern tail inthe HI data (Smith, 1994; Smith et al., 1999). More 
areful 
onsideration of HIdata at this lo
ation in the Eastern tail of NGC 2782 may shed more light on thisquestion.
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While the super star 
luster SSC 1 itself may not be a TDG 
andidate, theentity studied over a 21′′ aperture at the lo
ation of SSC 1 is worth 
onsideration.The s
ale measured by 21′′ at the distan
e of the Tadpole is 13. 7 kp
 whi
h 
oulden
ompass a dwarf galaxy. SSC 1 has an HI mass of ∼ 4× 108 M⊙whi
h is on thelower end of the TDG HI masses. However, this HI mass only en
ompasses 21′′ andinspe
tion of Figure 4.9 shows that the 
lump of HI at the lo
ation of SSC 1 islarger in size than 21′′, so the HI mass would in
rease. The g′ luminosity is 3.8× 108L⊙whi
h is also on the lower end of the luminosity for TDGs. The metalli
itydetermination of SSC 1 shows a metalli
ity similar to other TDGs but it has ahigher SFR. Tran et al. (2003) �nd that SSC 1 is not likely to be a bound obje
t,but this is on the smaller s
ale of the HST observations. Jarrett et al. (2006) �nd ahigher mass for SSC 1, but in
on
lusive results on whether SSC 1 is gravitationallybound. These data will help to �nd a more 
orre
t mass, and the velo
ity dispersionof the HI line will also help with determining whether SSC 1 is gravitationallybound. In summary, SSC 1 is of similar brightness, 
olor, and metalli
ity to otherTDGs. It may be smaller than most TDGs, but it has very high SFR.5.1.4 [CII℄ emissionThis work presents the �rst dete
tion of [CII℄ in the Eastern tidal tail of NGC 2782.The [CII℄ is 
oin
ident with the brightest HII regions. The Western tail of NGC2782 has a non-dete
tion of [CII℄ even though its HII region is brighter than any inthe Eastern tail. This indi
ates that [CII℄ emission is suppressed relative to Hα inthe Western tail. This la
k of [CII℄ in the Western tail together with thenon-dete
tions of CO and the higher than solar abundan
e of oxygen (Torres-Floreset al., 2012) indi
ates that perhaps the Western tail has a high oxygen to 
arbonratio and is undergoing its �rst generation of star formation.The SFR using the [CII℄ emission for the Eastern tail regions ranges from149



0.02-0.03 M⊙yr−1whi
h is higher than that found from the Hα emission. However,the SFR equation for [CII℄ that I use here is based on star forming galaxies, notindividual HII regions in tidal debris. There may be metalli
ity e�e
ts or di�eren
esat lower pressures or gas densities that 
ould a�e
t the SFR based on [CII℄. Theseresults may help 
alibrate star formation rates based on [CII℄ observations inregions whi
h are di�erent than star forming galaxies where many of the
alibrations are based. Future results from Hers
hel observations of [CII℄ in HIIregions in galaxies of various metalli
ities and types are eagerly anti
ipated.5.2 Gas Reservoirs for Star Formation on Lo
al S
ales in Tidal DebrisI examine several tra
ers for the reservoirs of gas for star formation in the tidal tailsand �nd that these tra
ers are not 
onsistent. All three tails have abundant neutralhydrogen gas as tra
ed by the 21 
m line of hydrogen. However, only the Easterntail of NGC 2782 has dete
ted mole
ular gas and ionized gas (though there are noobservations of [CII℄ in the Tadpole). One might expe
t the Western and Easterntails of NGC 2782 to have similar mole
ular gas masses due to their similar SFRsurfa
e density from Hα. The Tadpole tidal tail has larger SFR surfa
e densitiesthan in the tails of NGC 2782, so one might expe
t it to have dete
ted mole
ulargas. The dete
tion limit for CO (1-0) is less than the dete
ted mole
ular gas in theEastern tail of NGC 2782 whi
h indi
ates that there is a la
k of mole
ular gas in theTadpole (or, at least, a la
k of CO). This la
k of CO may be due to its lowmetalli
ity (Z = 0.3Z⊙).Examining the gas surfa
e density, I �nd that the Eastern tail of NGC 2782has a higher Σgas than the Western tail. That it does not also have a higher SFRper area indi
ates that something di�erent is going on between the Eastern andWestern tails of NGC 2782. Due to the non-dete
tions in CO and [CII℄ 
ompared toits HI and Hα, the Western tail of NGC 2782 may be unable to produ
e dete
table150



CO or [CII℄ emission. This may be due to a di�eren
e in the ratio of 
arbon tooxygen, sin
e it has a high oxygen abundan
e from previous spe
tra. This 
ould bebe
ause the Western tail material is going through its �rst generation of stars andhas not had time to build up a higher 
arbon abundan
e.The Tadpole tidal tail has a gas surfa
e density that is 11-30 times smallerthan in the tails of NGC 2782, but it has a higher SFR density than NGC 2782.The expe
ted star formation rate from the gas density is mu
h higher than theobserved SFR from Hα in the NGC 2782 system, but the two values are moresimilar in the Tadpole. This 
ould indi
ate that star formation is less e�
ient in thetidal tails of NGC 2782, but more e�
ient in the Tadpole. Also, I measure starformation via Hα whi
h tra
es only very re
ent (< 10 Myr) star formation and withmassive enough stars nearby. This means that our SFR values are only a lower limitand, for NGC 2782, there may be star formation on smaller s
ales whi
h did notprodu
e enough massive O and B stars that would 
ause Hα emission. Theexamination of the GALEX images supports this sin
e there is FUV and NUVemission along the tidal tails whi
h 
an 
ome from lower mass B and A stars.The HI 
olumn density in tidal tails of mergers was studied on lo
al s
alesby Mullan et al. (2013). They found that tidal tails in minor mergers have morerelatively high 
olumn density than tidal tails in major mergers. They also studythe velo
ity gradients of the HI gas and �nd that major mergers generally drive gasto higher velo
ity gradients on 10 kp
 s
ales. However, their sample has twi
e asmany major mergers than minor ones, so small numbers may be at fault.Examination of the Tadpole galaxy using similar methods as Mullan et al. (2013)would be informative sin
e it is a minor merger with ample star formation in its tail.
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5.2.1 The Possibility of Dark Gas in Tidal DebrisBased on the non-dete
tions of CO(1-0) in the Western tail of NGC 2782, one mightexpe
t the mole
ular gas to be in another form. The stability diagram for CO alsogives a 
lue as to how mole
ular gas 
an go undete
ted. CO does not form until andAV of 3 or more, while H2 forms at AV of less than 1 (Hollenba
h & Tielens, 1997).In a low pressure environment like a tidal tail a substantial amount of mole
ular gas
an exist with 
onditions that do not favor the formation of CO, so the CO to H2
onversion fa
tor is not a 
onstant. In the low gas density environment of tidaldebris a substantial reservoir of mole
ular gas 
an exist at low AV that will not bedete
table through CO. However, in this regime, [CII℄ will be present in higheramounts. Theoreti
al models for mole
ular 
louds in Wol�re, Hollenba
h, & M
Kee(2010) show that the fra
tion of mole
ular mass in the �dark gas� (H2 and [CII℄) is
f ∼ 0.3 for typi
al gala
ti
 mole
ular 
louds. For lower AV and lower metalli
ities(as in these tidal tail regions), the fra
tion of dark mass in H2 in
reases. Given thisreason, I observed the Western tail with the Hers
hel Spa
e Observatory to see if[CII℄ was present where CO was not.I do not �nd [CII℄ in the Western tail at the lo
ation of the HII region at asigni�
ant level. This HII region has a higher Hα luminosity than any individualHII region in the Eastern tail, but [CII℄ emission is only dete
ted in the Easterntail. Given that Hα and [CII℄ emission ultimately originate from the same sour
esof hard UV photons with energy greater than 13.8 eV, they are expe
ted to tra
eea
h other. This indi
ates that the mole
ular gas in the Western tail of NGC 2782does not have signi�
ant amounts of CO or [CII℄. However, this region may havesigni�
ant amounts of mole
ular gas in the form of H2. Unfortunately, H2 is di�
ultto dire
tly dete
t. The mole
ule has no dipole moment to produ
e dete
table radioemission, and 
an only be dete
ted through ele
tron transitions. In general H2 is152



not dire
tly dete
table, so I generally rely on surrogate tra
ers su
h as CO. The
CO(1− 0) spe
tral line at 2.6 mm probes the 
old (∼ 5K, NH2

≈ 1021cm−2)mole
ular gas 
omponent. Although su
h observations allow inferen
es of amole
ular gas mass, they are rather insensitive to the highly energeti
 mole
ularenvironment where stars have re
ently formed. In order to probe this hot (∼ 2000K) 
omponent and gain a better understanding of the feedba
k me
hanisms betweenthe young stars and gas within these regions, 2.12µm H2 emission at the edges ofmole
ular 
louds 
an be observed with narrow band �lters.The 2.12µm H2 line 
an be ex
ited by either UV radiation from nearbyyoung massive stars or via sho
ks from dramati
 events su
h as supernova ormerging gas 
louds in a galaxy merger. Studies of star forming regions of normaland starbursting galaxies show that H2 emission from �uores
en
e tra
es theamount of star formation a
tivity (Pak et al., 2004). Davies et al. (1998) also dete
tH2 in Blue Compa
t Dwarf Galaxies using a Fabry-Perot etalon. They see emissionfrom the bright 
enters as well as some di�use emission in a tidal tail shape from apossible galaxy merger. Spitzer Spa
e Teles
ope observations of Stephan's Quintet,a 
ompa
t group of galaxies, show very high levels of H2 emission aligned with tidaldebris where star formation o

urs at a high rate (Appleton et al., 2006). These H2lines o

ur in the 5− 38µm range and result from sho
ks in the intergala
ti
medium, not UV radiation from stars. Though these are longer wavelength lines,one would expe
t to also see the 2.12µm H2 line from this region. I 
an observe thisand other 
ompa
t groups for eviden
e of this emission ex
ited due to sho
ked gaswhi
h may be the more 
ommon ex
itation me
hanism in these systems. Sho
ksalso o

ur in the tidal debris of major merger NGC 4676 (�The Mi
e�). Barnes(2004) suggested that the observed properties of the merger mat
hes the modelsin
luding sho
k-indu
ed star formation in the merger as opposed todensity-dependent star formation. Subsequent observations of star 
lusters in NGC153



4676 show the ages of the star 
lusters to be 
onsistent with the sho
k-indu
ed starformation model (Chien et al., 2007). Deep observations of these sho
ked regions ofNGC 4676 may show the 2.12µm H2 line. Observing the 2.12µm H2 may giveinsight into how mu
h dark gas is in these tidal debris regions.5.3 SFE on Lo
al S
ales in Tidal DebrisOne proxy for SFE is the gas depletion time (τdep) or the amount to time it wouldtake for the 
urrent SFR to deplete the gas (mole
ular, atomi
, or total). The SFEis then the inverse of the gas depletion time. Other work �nds gas depletion timesmeasured using mole
ular mass and SFR based on FUV and 24 mi
ron observationsto range from 0.5-2 Gyr in the star forming regions of the major merger Arp 158(Boquien et al., 2011). TDGs were found by Braine et al. (2001) to have
τdep ∼ 0.8− 4 Gyr using mole
ular gas and Hα emission. TDGs have similar gasdepletion times to average spiral galaxies. For our tidal tails, I �nd short gasdepletion times (< 100− 900 Myr) in the Tadpole tidal tail region SSC 1 indi
atinge�
ient star formation. SSC 2 in the Tadpole has gas depletion times ranging from
< 0.6− 3 Gyr, it has a similar SFE to TDGs and normal spiral galaxies. W235 inthe Western tail of NGC 2782 has a higher star formation e�
ien
y 
onsidering itsmole
ular gas limit (< 1.5 Gyr), but a low star formation e�
ien
y 
onsidering itsHI mass (7.7 Gyr). The HII regions in the Eastern tail of NGC 2782 all have verylow SFE (12-200 Gyr) ex
ept the tidal dwarf galaxy 
andidate (TDGC) when
onsidering its HI mass and its SFR from [CII℄ and Hα (1.3 Gyr and 5 Gyr,respe
tively). A tidally formed region su
h as the Western tail of NGC 2782 or theTadpole, would have gravitational 
ompression and possibly enhan
ed starformation. Given the higher SFE in SSC 1 or W235, this may be eviden
e forgravitational 
ompression in the tidal tail. I examine this further in the next se
tion.154



5.4 Comparison with Star Formation LawsTo dire
tly 
ompare our HII regions in tidal tails of minor mergers to star formingregions in other mergers and in other galaxies, I plot our data onto plots from otherstudies of star formation. First, I 
ompare our tidal tail regions to star formingregions in Arp 158 whi
h is an intermediate stage merger. Boquien et al. (2011) usemultiwavelength data of major merger Arp 158 to study the lo
alKenni
utt-S
hmidt law. They �rst use the mass of mole
ular hydrogen, H2, and thestar formation rate from FUV and 24 mi
rons for individual regions in Arp 158(in
luding the nu
lei of the merging spirals and regions in the tidal debris) as
ompared to the Kenni
utt-S
hmidt Law for spiral galaxies (from Bigiel et al., 2008,see dashed line in Figure 5.1). For Arp 158, they �nd that the tidal debris regionsC3 and C5 follow the same Kenni
utt-S
hmidt Law for mole
ular hydrogen gas asin spiral galaxies. The tidal debris region C2 lies above the line, having more starformation per area than expe
ted based on its H2. Comparing our regions to theirs(see Figure 5.1), I �nd that ΣH2
for W235 in the Western tail of NGC 2782 and SSC1 and SSC 2 the Tadpole have 
omparable values to C5 and C2 in the tidal tails ofArp 158. For these sour
es, our ΣH2

is an upper limit sin
e I have non-dete
tions inCO(1-0) and CO(2-1). I also indi
ate the upper bound of our determinations of ΣH2based on a larger XCO = 9.4× 1020 
m−2 (K km s−1)−1 
orresponding to ametalli
ity of 0.3Z⊙. SSC 1 in the Tadpole lies above the relation for spiral galaxiesand the sour
es in Arp 158 indi
ating that it is more e�
ient at forming stars. Thisholds for both the CO(1-0) and CO(2-1) observations and di�erent beam sizes. Thisalso holds even for the di�erent CO to H2 
onversion fa
tor, though it does lie 
loserto the line, but still above it. For both CO observations and aperture sizes, SSC 2 inthe Tadpole lies above the relation 
onsidering a Milky Way XCO, indi
ating that ithas more e�
ient star formation than in a spiral galaxy, but less e�
ient than SSC155



1. However, for a higher XCO for a lower metalli
ity, SSC 2 lies just below the line,indi
ating slightly less SFE than in a spiral galaxy. W235 in the Western tail ofNGC 2782 is 
onsistent with the values for C5 in Arp 158 indi
ating a similar SFEas in spiral galaxies. For a lower metalli
ity XCO, W235 lies below the lineindi
ating a less e�
ient star forming region. The HII regions in the Eastern tail ofNGC 2782 have a similar ΣH2
to the nu
lear regions of Arp 158 and the tidal tailregion C3, but they lie well below the Kenni
utt-S
hmidt relation for mole
ularhydrogen indi
ating a very low SFE. The 
lear separation of the Eastern tail ofNGC 2782 from the other tidal tail regions indi
ates that something very di�erent ishappening there.Next, I 
ompare the total mass surfa
e density from HI, H2, and He to theSFR surfa
e density. Boquien et al. (2011) �nd that star forming regions in the tidaldebris of Arp 158 follow a di�erent Kenni
utt-S
hmidt law than those in the 
entralregions of the merger, falling along a line of similar slope to Daddi et al. (2010), buto�set so that the same gas density gives lower values of SFR. Using our total masssurfa
e densities from HI and CO upper limits (or dete
tions in the 
ase of theEastern tail of NGC 2782) and SFR from Hα emission, I plot our HII regions as
ompared to the regions in Arp 158 (see Figure 5.2). For this 
omparison, I have alower bound to the total gas density based on the assumption that the total gasmass is equal to just the mass of HI. In Figure 5.2, the upper limits are denoted byarrows where the terminus of the arrow demar
ates the lower bound of the gasdensity from the HI observation. The upper end of the arrow (or line segment) thenindi
ates the total gas density if the mole
ular gas mass is determined using a largerXCO 
orresponding to a metalli
ity of 0.3Z⊙. SSC 1 in the Tadpole again lies abovethe Kenni
utt-S
hmidt laws for Arp 158 (both quies
ent and starburst), nowdetermined for total gas surfa
e density. SSC 1 also lies above the Daddi et al.(2010) relation for quies
ent galaxies, but below the Daddi et al. (2010) relation for156



starburst galaxies. This indi
ates a higher SFE for SSC 1 than in normal spiralgalaxies and perhaps at least in one starburst galaxy, Arp 158. If I 
onsider thetotal gas density using the larger XCO, SSC 1 lies 
lose to the line for starburstsfrom Boquien et al. (2011). W235, as mentioned previously, is 
onsistent with thestar formation in the tidal tail region C5 in Arp 158, whi
h lies below the line fromDaddi et al. (2010). This indi
ates a less e�
ient star formation than in normalspiral galaxies. The HII regions in the Eastern tail of NGC 2782 again lie wellbelow the other tidal tail regions indi
ating a very low SFE. Again, the total gassurfa
e density for these regions is similar to the nu
lear regions of Arp 158, butwith very suppressed star formation. Even 
onsidering the total gas density,something di�erent is going on with the Eastern tail of NGC 2782.Finally, I 
ompare the Kenni
utt-S
hmidt Law for HII regions in manydi�erent types of galaxies as well as integrated observations of galaxies to ourregions in minor merger tidal debris. Figure 6 from Renaud et al. (2012) ispresented in Figure 5.3. This �gure shows the total gas surfa
e density for lo
al andglobal regions in normal, spiral, and dwarf galaxies at low and high redshift versustheir SFR density. These observations are 
ompared to analyti
al models usingphysi
ally motivated parameters. Of parti
ular attention to our sample is the small
yan stars representing the Arp 158 observations from Boquien et al. (2011) and anew sample of tidal debris and outer regions in nearby major mergers (Du
 et al.,2012). Our magenta stars from the Tadpole and the Western tail of NGC 2782overlap with the upper part of the 
yan stars. This indi
ates a similar starformation law as those regions in major mergers. This region at around 10 M⊙p
−2and 0.003 M⊙yr−1kp
−2, is also o

upied by normal spiral galaxies from Kenni
utt(1998b) and Bigiel et al. (2008) as well as the lower bound of HII regions in M51from Kenni
utt et al. (2007). The HII regions in the Eastern tail of NGC 2782 havea star formation rate law whi
h is similar to the SMC (Bolatto et al., 2011). This157



may indi
ate that both the SMC and the Eastern tail of NGC 2782 have repressedstar formation given their relatively high gas density. The SMC observationsin
luded inferred H2 from HI maps and infrared observations to get a dust to gasratio and SFR from Hα.The analyti
al models of Renaud et al. (2012) des
ribe the relation betweenthe surfa
e density of gas and the surfa
e density of SFR as observed over regionswithin galaxies and galaxies as a whole and over several galaxy types. Theparameters of the model are the gas density probability density fun
tion (PDF) anda lo
al star formation law. The PDF represents the turbulen
e in the ISM. The lo
alstar formation law has a threshold from the beginning of supersoni
 turbulen
e andregulation by stellar feedba
k. They �nd that this threshold translates to a break inSFR at low surfa
e densities for all s
ales (regions in galaxies and galaxies as awhole). They also �nd that turbulent regulation explains the 1-2 Gyr gas depletiontimes
ales in nearby spirals. For more dense and more turbulent systems as in highredshift galaxies and Milky Way mole
ular 
louds, a more shallow relation betweengas surfa
e density and SFR surfa
e density is seen. Another area that needs morestudy is the low surfa
e density gas with star formation. Renaud et al. (2012) �ndthat regions in Boquien et al. (2011) and in Du
 et al. (2012) have mu
h higher SFRsurfa
e densities for their very low total gas surfa
e densities. Additionalobservations of mole
ular gas and HI in tidal debris 
an probe these areas.As 
ompared to the models of Renaud et al. (2012), the region of W235 liesnear the model line tra
ing spirals whi
h has a Ma
h number of 1, a thi
kness of 100p
, and a volume density threshold for star formation of 100 
m−3. SSC 1 lies 
loserto the model line tra
ing low-z mergers whi
h has a Ma
h number of 2, a thi
knessof 200 p
, and a volume density threshold for star formation of 10 
m−3. The HIIregions in the Eastern tail of NGC 2782 are less than the model for the SMC whi
hhas a Ma
h number of 2, a thi
kness of 500 p
, and a volume density threshold for158



star formation of 100 
m−3. Sin
e the SMC has a low metalli
ity (∼ 0.2 Z⊙), thereare less metal lines available to 
ool the ISM, leading to less e�
ient ISM 
ooling, sothe transition to supersoni
 turbulen
e happens at a higher density. In the 
ase ofthe SMC, 
old gas is less abundant possibly due to metalli
ity e�e
ts or in
reasedheating from UV radiation from star formation. In the Eastern tail of NGC 2782, Isuspe
t that feedba
k from stars forming in higher mass star 
luster 
omplexes orpossibly its formation as a �splash� region (versus a tidal region of merger debris)may have inhibited star formation. In a splash region, sho
ks may o

ur providinggas heating during the en
ounter whi
h 
an inhibit star formation. Feedba
k fromnew stars 
an also heat the gas and suppress new star formation. Furtherobservations of the metalli
ity of the HII regions in the Eastern tail of NGC 2782 aswell as the Kenni
utt-S
hmidt law in other tidal debris regions 
an help to sort outthe parameters that a�e
t star formation in these environments.5.5 Future WorkSeveral avenues for exploring how star formation pro
eeds in the tidal debris ofminor mergers are yet to be explored 
ompletely. In parti
ular, only two systemsout of �fteen minor mergers were explored in this work. Further study 
an be doneon additional minor mergers individually and on the sample as a whole. Additionalwork 
an be done on star formation in tidal debris, gas properties on lo
al s
ales,and TDG formation. 5.5.1 Star FormationFuture work looking for young star 
lusters, star 
luster 
omplexes, and HII regionsin tidal debris of minor mergers in
ludes examination of existing ground basedimages in UBV R for 13 additional minor mergers and of ground based Hα imagesfor 7 of those minor mergers. This sample of minor mergers spans a range of159



Figure 5.1: Figure 5 from Boquien et al. (2011) whi
h plots the SFR density versusthe H2 (no He is in
luded) gas surfa
e density for regions in the merger Arp 158.The regions from this thesis are over plotted as des
ribed in the legend. The arrowsindi
ate upper limits for non-dete
tions of CO(1-0). The upper end of the arrowsindi
ates the mole
ular hydrogen surfa
e density with a larger XCO 
orresponding toa metalli
ity of 0.3Z⊙. The solid line indi
ates the Kenni
utt-S
hmidt Law for H2 inspiral galaxies (Bigiel et al., 2008).intera
tion stages, mass ratios, and distan
es. Using these ground based images ofminor mergers 
an help to pinpoint areas for examining in detail with future HSTobserving programs of minor mergers. The high resolution images of HST are thebest way to determine whether a point sour
e observed from the ground to be a star
luster 
andidate is a star 
luster or a star 
luster 
omplex. Ground based imagingalone 
annot a

omplish this at the distan
es of these minor mergers. The use ofmore sophisti
ated stellar population models whi
h have emission lines in
luded 
analso be 
ompared to the SEDs using photometry of star 
luster 
andidates in these160



Figure 5.2: Figure 6 from Boquien et al. (2011) whi
h plots the SFR density versusthe total gas surfa
e density for regions in the merger Arp 158. The regions fromthis thesis are over plotted as des
ribed in the legend. The arrows indi
ate upperlimits for non-dete
tions of CO(1-0) and the terminus of the arrow demar
ates thelower bound of the gas density from the HI observation. The upper end of the arrowsindi
ates the total gas density if the mole
ular gas mass is determined using a largerXCO 
orresponding to a metalli
ity of 0.3Z⊙.images. This will enable better determinations of ages, masses, extin
tions, andmetalli
ity of star 
lusters and star 
luster 
omplexes. Careful modeling andsubtra
tion of the ba
kground light in the tidal tails will be ne
essary for 
orre
tSEDs as well.Further examination of HII regions in minor merger tidal debris as well as inthe main intera
ting galaxies 
an be done with existing ground based narrowbandHα images for 7 additional minor mergers. These observations 
an then be used to161



Figure 5.3: Figure 6 from Renaud et al. (2012) whi
h plots the SFR density versusthe total gas surfa
e density for lo
al and global regions in normal spirals, mergers,and dwarf galaxies. The regions from this work are over plotted with magenta stars.
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determine the SFRs for lo
al and global properties of the tidal debris and the minormerger as a whole. Early work on this sample (Knierman, 2010) examining 6mergers (in
luding NGC 2782, presented here), shows a weak trend of in
reased Hαluminosity (and, thus, SFR) with merger stage. However, the se
ond highest Hαluminosity was from UGC 260 whi
h is an early stage merger, indi
ating perhapsthat individual merger properties are more important. If I add the Tadpole, its SFRis higher than all of those and it is a late stage merger, also indi
ating that theindividual properties of the merger itself (e.g., gas 
ontent, gas density, pressure) aremore important determinations of star formation than just the stage of the merger.Mullan et al. (2011) found that the age of the tail was not strongly 
orrelated to thenumber of ex
ess star 
lusters in the tail, also indi
ating more 
omplex fa
torsin�uen
ing star formation in tidal tails.Additional studies of SFR in minor mergers 
an be done using UVobservations. Ar
hival data exists for some of the minor merger sample in FUVand/or NUV with GALEX and some minor mergers have ar
hival UV imaging withHST. UV studies of star formation are often plagued by extin
tion 
onsiderations,however, tidal tails are generally thought to have less dust than the 
entral regionsof mergers giving UV a better 
han
e at giving a more 
orre
t SFR. Also, while Hαemission generally probes star formation on relatively short times
ales (< 10 Myr),UV emission 
an probe longer times
ales (up to 100 Myr) and down to lower massstars (B and A stars versus just O and B stars with Hα). These observations willhelp to determine better ages for young star 
lusters and better age and massdeterminations for star 
lusters and determining whether TDGC and SSC 1 aretidal dwarf galaxies.
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5.5.2 Mole
ular GasTo determine a more 
omplete pi
ture of the gas properties in minor mergers,additional CO and HI observations are needed. In my sample of minor mergers,most published CO observations are only of the 
entral regions. While I have takenprevious observations with the ARO 12 meter submillimeter teles
ope (Kniermanet al., 2013), its beam size is ∼ 1′, making it useful for only the 
losest galaxies inmy sample. IRAM has a beam size of 21′′, whi
h is better than the ARO 12 meter,but is still very large 
ompared to opti
al observations. To study star formatione�
ien
y on smaller s
ales within tidal debris, a higher spatial resolution forCO(1-0) observations is needed to better mat
h the Hα and [CII℄ data in NGC2782 and the Tadpole as well as for the other sample galaxies. Rather than singledish submillimeter observations, observations with arrays su
h as ALMA, CARMA,or Plateau de Bure Interferometer (PdBI) are needed. CARMA has an angularresolution of a few ar
se
onds for CO(1-0) and a

ess to the northern skies whereNGC 2782 and the Tadpole reside. PdBI has ∼ 1′′ resolution, high sensitivity, anda

ess to northern skies whi
h would make it ideal for 
omparing to opti
alobservations. Most ideal for tidal debris is ALMA whi
h has very high spatialresolution (< 0.1′′) and high sensitivity. However, ALMA is lo
ated in the SouthernHemisphere and 
an only observe more southern obje
ts (δ < +40◦). However,many of the minor mergers in the larger sample are able to be observed withALMA. By examining the mole
ular gas on smaller s
ales, some results in this workmay be a�e
ted. For example, the Eastern tail of NGC 2782 has a very low SFEbased on the observations presented here. However, the mole
ular gas dete
tions arefor a 55′′ beam whi
h is mu
h larger than the individual HII regions in the Easterntail of NGC 2782. By having a better mat
h between the s
ales sampled for ea
hobservation, the SFE 
an be determined with more a

ura
y.164



5.5.3 Turbulen
e in Tidal DebrisThe relationship between turbulen
e and star formation is a 
ompli
ated one forany environment. Sometimes turbulen
e 
an help star formation, but other times it
an suppress star formation. One outstanding question in tidal debris is howturbulen
e 
an a�e
t star formation. Using velo
ity dispersions and line of sightvelo
ities from VLA HI maps of mergers, Mullan et al. (2013) study the kinemati
sand turbulen
e in tidal debris and how it relates to star 
luster formation. Theirstudy uses a pixel by pixel approa
h to determine the line of sight velo
itydispersion, vlos, and (squared) velo
ity dispersion, σ2
los. These values are 
al
ulatedby using the �rst and se
ond moments, respe
tively, of the velo
ity-intensitydistribution. The dynami
al state of the gas is then determined from the kineti
energy density, ΣKE = αΣMHIσ

2
los. For an isotropi
 velo
ity distribution, α = 3/2,however, this assumption may not hold for tidal tails whi
h have streaming motionsin the tidal tails along with proje
tion e�e
ts and in
lination angle to 
onsider. Thetransition between turbulent and thermal gas is at σlos ∼ 10 km s−1. Mullan et al.(2013) also determine the line of sight velo
ity gradient a
ross the plane of the sky,

dvlos/dr⊥ using the root mean square of the velo
ity gradient between the lo
al pixeland neighboring pixels. For 
omparison, the value of the shear in the Milky Waynear the sun is dvlos/dr⊥ = 15 km s−1 kp
−1. Both tails of NGC 2782 have high
olumn densities and kineti
 energy density, but very few star 
lusters are in theWestern tail. Further exploration of the lo
al turbulen
e measures between the tailsof NGC 2782 may lead to in
reased understanding of the 
ause for di�erent starformation morphology in the two tails. Mullan et al. (2013) suggests that minormerger tidal debris have a higher kineti
 energy density than tidal debris in majormergers, however, with only a 
ouple minor mergers this is a tentative result. Mysample of minor mergers 
an help to 
on�rm this result with larger numbers. Many165



of my sample mergers have ar
hival VLA HI observations, and I will apply forEVLA time to 
omplete the sample.5.5.4 Formation of TDGsThere are two main hypotheses on TDG formation: a top-down s
enario and abottom-up one. In the top-down s
enario, gas 
louds are pulled out from the outerregions of the parent galaxy whi
h then 
ollapse to form a dwarf galaxy sized obje
tat the end of the tidal tail (Elmegreen, Kaufman, & Thomasson, 1993). Thebottom-up s
enario 
onsists a stellar 
omponent pulled out of the parent galaxywhi
h then has gas falling into it to form new stars (Barnes & Hernquist, 1996).Observationally, these are di�erent be
ause the top-down s
enario will have only ayoung stellar population, but the bottom-up s
enario will have both an old andyoung stellar population. Whether TDGC has an old population with its youngpopulation is best found by using near-infrared imaging with opti
al imaging.Images taken with PISCES in JHKs on the Bok 90-in
h are available and 
an helpdetermine whether there is a signi�
ant old population in TDGC. SSC 1 has beenstudied in near-infrared 2.2 mi
rons in Jarrett et al. (2006) who determine thatthere is not a signi�
ant population of old stars indi
ating that SSC 1 likely formedvia a top-down s
enario. This is di�erent than the 13 TDGs in the major mergers ofWeilba
her et al. (2000) who found that TDGs in their sample had an oldpopulation along with the young population. This may indi
ate that TDGs inminor mergers may be formed via top-down s
enarios, but major merger TDGs areformed via bottom-up formation. However, the TDGs in the major merger NGC7252 have large HI masses indi
ating perhaps formation from gas 
loud instabilitiesand a top-down s
enario (Hibbard et al., 1994). Further work on more minormergers with TDGs will help to determine whether the strength of the merger has arole in TDG formation or if individual system properties are more important.166



5.6 Contribution of Tidal Tails to Star FormationThe total amount of star formation in minor merger tidal debris is examined todetermine what its 
ontribution is to star formation as a whole. To estimate thetotal amount of stars formed in the tidal debris of minor mergers, I take abra
keting approa
h, estimating an upper bound and a lower bound. In the �rstapproa
h, I 
onsider the mass of star 
lusters formed in the tidal debris. Eventhough these star 
lusters may or may not persist as separate entities over longtimes
ales, the stars within them do 
ontribute mass to their merger or the IGM. Asa very generous upper bound for the stellar mass 
reated in minor merger tidaldebris, I take the mass of SSC 1 from Jarrett et al. (2006) using 2.2 mi
ron imagesas 1.6× 106 M⊙, and assume that all star 
lusters in tidal debris are the same massas SSC 1. This is an unrealisti
 value as most star 
lusters in the tidal debris arelower mass, but this gives us a maximum possible value. I also assume that thevalue from Tran et al. (2003) of ∼ 40 star 
lusters in the tidal tail of the Tadpole isthe same for all tidal tails in minor mergers. Using these values, I �nd a total massin star 
lusters of 6.4× 107 M⊙. As a lower bound, I 
onsider the mass of W235from SED �tting in Knierman et al. (2013), 2.2× 105 M⊙. For the Western tail ofNGC 2782, an overdensity of 10 star 
lusters is found in the Western tidal tail whi
hgives lower bound on the total mass in star 
lusters in a tidal tail in a minor mergerof 2.2× 106 M⊙.The mass of star 
lusters formed in major merger tidal debris 
an beestimated in a similar manner. In the tidal tails of major merger NGC 4676 (�TheMi
e�), de Grijs et al. (2003) �nd about 40 star 
lusters with 
hara
teristi
 massesof 3× 106 M⊙. For the tidal tails of the Mi
e, the total mass in young star 
lustersis 1.2× 108 M⊙, assuming all star 
lusters are the same mass. This value for thetotal mass in young star 
lusters from major mergers is almost twi
e the value167




al
ulated as the maximum value for minor merger tidal debris. Even though theseestimates are very 
rude, this may indi
ate that more young star 
lusters and moremassive star 
lusters are found in major mergers whi
h is not surprising sin
e majormergers have more material available for star formation.Merger rates from various observational methods are synthesized togetherwith a formulation to a

ount for the visibility of mergers over time (Lotz et al.,2011) . They �nd that the merger rates di�er based on the 
riteria for sele
tion ofthe parent galaxies at di�erent redshifts. They �nd that the minor merger rate at
z ∼ 0.7 is three times the major merger rate. The minor merger rate does notevolve strongly with lower redshift, as opposed to the major merger rate.Kaviraj et al. (2013) use HST/WF3 observations of massive galaxies at z ∼ 2in the GOODS-S ERO to �nd that, 
ontrary to expe
tation, major mergers a

ountfor only ∼ 27% of the star formation at that redshift. On the other hand, ∼ 55% ofthe star formation 
omes from late type galaxies whi
h may 
ome from minormergers. If I assume that all of the star formation in late type galaxies at z ∼ 2
omes from minor mergers and that the typi
al minor merger at this redshift issimilar to the Tadpole galaxy (where 30-50% of the total star formation is o

urringin the tidal tail), then 17-28% of all star formation at z ∼ 2 
omes from tidal debrisin minor mergers. However, it is unlikely that all of the late type galaxies are starforming be
ause of a minor merger. To determine what fra
tion of massive galaxiesmay be having a minor merger, I use the minor merger rate per galaxy from Lotzet al. (2011) 
al
ulated for z ∼ 2, Rgal = 0.8− 1, using the age of the universe at
z = 2 as 3.3 Gyr (Wright, 2006). Using this rate, I �nd that between 14-28% of thetotal star formation at z ∼ 2 may be due to star formation in tidal tails like in theTadpole galaxy. Of 
ourse, not every minor merger may behave like the Tadpole, sothis is an upper limit to the 
ontribution to star formation at this redshift.168



Sin
e major mergers are less 
ommon, what are their 
ontributions to thestar formation at z ∼ 2? Using NGC 4676 (The Mi
e) and Hα observations inHibbard & van Gorkom (1996), they �nd that 31% of the total Hα luminosity is inthe tidal debris whi
h, translated to a SFR using Kenni
utt (1998b), indi
ates that34% of the total 
urrent star formation is in the tidal debris. This is similar to thelower bound for the Tadpole. Using the major merger rate at z ∼ 2 from Lotz et al.(2011) (Rgal ∼ 0.6) and the fra
tion of star formation due to major mergers at thatredshift (27%), I �nd that the tidal debris of major mergers may a

ount for ∼ 16%of star formation at that redshift. This value is at the low end of the fra
tion of starformation from minor merger tidal debris as 
al
ulated above.Due to the higher frequen
y of minor mergers, they may a

ount for morestar formation than major mergers, parti
ularly at higher redshifts. Even if majormergers may form more stars in their tidal debris, the higher merger rate fromminor mergers 
an 
ompensate for the lower SFR in tidal debris. This indi
ates theimportan
e of studying minor merger tidal debris sin
e it 
an 
ontribute to starformation on 
osmi
 s
ales, even more than major mergers.
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