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Minor Galaxy Mergers

BNNGC 6872
Horellou &
Koribalski (2003)

NGC 2782, VATT,
Knierman+13

Minor Merger

Merger between dwarf and spiral
galaxies with mass ratio of <0.3 which
preserves the disk of the spiral galaxy.

UGC 10214
“Tadpole”
ACS ERO




Importance of Minor Mergers

Minor mergers more common than major mergers

(Based on studies of merger rates out to z~2, a typical massive galaxy has had about
6 minor mergers and only | major merger in that time (9.3 Gyr) - Lotz+2011)

Galaxy-sized CDM halos are predicted to gain most of
their mass in ~10:1 merger events (zentner & Bullock 2003)

Minor mergers were more common in the early
universe (up to 55% of star formation may be from minor mergers at z~2
Kaviraj+2013)

Tidal debris from interactions may be important in
building galaxy halos (eg, Searle & Zinn 1978; Bullock & Johnston 2005)



Importance of Tidal Debris

Models with Star Formation:
20-50% of total star formation in merger

Is in tidal debris using Hopkins+12 models
of major mergers
[vs. ~10% from early models of Barnes 2004]

Tidal debris can possibly:

« Fall onto parent galaxy creating
streams in the halo, contribute to
structures (e.g., thick disk), or add to
the star cluster population

» Escape galaxy and enrich IGM and
Lyman Alpha Forest

Minor Merger

Simulation _ _
(Johnston+02) « Form new dwarf galaxies as Tidal

Dwarf Galaxies



Structures Forming in Tidal Debris

Major Mergers Minor Mergers
(M/M; ~ 1)

Star Clusters (My/M, <0.3)

(Gallagher+01; Knierman+03, |3; Bastian+05;
Mullan+1 |; Rodruck+16)

NGC 6872 WFPC2

Pl: Knierman, Mullan+11

Color composite; Judy Schmidt
@SpaceGeck

Tidal Dwarf Galaxies

(Hunsberger et al. 1996; Duc et al. 2000;
Weilbacher et al. 2000)




TALES Minor Merger Sample

Merger Velocity Mass Interaction Mp; Mpga  Projected
Ratio Stage Separation
kms—1 mag  mag kpc
Arp 269 965 0.1 early -20.39 -18.02 15
NGC 3310 993 < 0.3 merged  -20.25 ~ —18 0
Arp 279 1708 ~ 0.1 early -20.22 -18.50 25
UGC 00260 2131 0.1 early -19.78 -17.43 23
NGC 5666 2221 < 0.3 merged -19.53 ~ —17 0
NGC 7479 2381 0.1 merged -21.64 ~ —19 0
NGC 2782 2562 0.25 late -20.98 -19 10
NGC 7303 3697 T merged -20.34 ? 0
NGC 1614 4778 < 0.3 merged -21.34 ~ -19 0
UGC 06665 5560 ? merged -20.16 ? 0
UGC 06503 6143 < 0.3 late -20.02 ~ —18 25
UGC 10214 9401 0.15 late -21.84 ~ —19 5
Arp 219 10521 < 0.3 late -21.56 ~ —19 130
AM 0318-230 10699 < 0.3 merged -20.91 ~ —19 0
UGC 10084 13880 ? merged -21.74 ? 0

Early —» Late —» Merged
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NGC 2782

Peculiar Spiral that had a Minor
Merger (M2/M~0.25) ~200 Myr

AgO (Smith 1994; Smith et al. 1999)

g _Cobin BVR Two Tails:
images from VATT. EaSt: Opt|ca”y bﬂght, HI, CO

® Knierman+13

A may be shocked “splash” region from spiral

West: Optically faint, HI, no CO
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6 in E (9 in Smith et al. 1999)
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(Knierman+13)




Is There Dark Molecular Gas in Western Tail?

*East 0.6[TTDGC [CNI]

v CO(1-0): confirm detection from Smith+99 ~ 04
Y[CII]: clumpy structure, near luminous Ha = 02
\West - 0.0

« CO(1-0): non-detection with deeper observation 021,
« [CIl]: non-detection 061 HI-M

NGC 2782E Integrated Intensity Map
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Why are the two tails different?
* High UV radiation?

* Metallicity?

* Origin of tails?

NGC 2782 East

GG 2782 West o

 High-L(Ho)

£7TCIMNES pm,,

».

'; ; ,‘..‘Q‘.'i’e‘éj' ; o CO (<‘C) 3 .
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Is There Dark Molecular Gas in Western Tail?

Stars are forming in the Western tail, so there should be molecular gas.
 Ha in W is 3-6 times E tail HIl regions, BUT

«COINW<O0.05E, [Cll] in W <0.4 times E
In low pressure and low density environment (A,,<1), expect:
v H,
* No CO
- Harder to form (need A,,>3)
v C+

Non-detection of [Cll] 158um so dark molecular gas is not C+.
Where is the molecular gas?
» Dissociated from high UV flux?
e But CO easier to dissociate so should still see C+
o W tail: GALEX: FUV-NUV =-0.14 mag (Torres-Flores+12)
o Low metallicity? From O lines: Z > Z_ , (Torres-Flores+12)

« Only H, ? (but very difficult to detect)
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Star Formation Efficiency - K-S Law

kpe

‘\“\Fl'l I.\l - ¥I E

log

Total gas vs. SFR(Ha)

e Different SFE
E: very low SFE
i W: normal SFE
(similar to Arp 158 tidal tail)

q .
-0.5 0.0 0.5 1.0 1.5 2.0
log oy i, +10 (M pE7 )

Gas depletion time:
Tgep = Mo / SFR(H)
E: 140, = 33-230 Gyr
W: 140, < 1.5 Gyr

Fig. 6 from Boquien et al. 2011 with
W HIl region and E regions. Black
points are Hll regions in the major
merger Arp 158, including tidal

debris regions.
13



Origin of Talls

NGC 2782 West . .
NGC 2782 East | - iELHa)
i regions | S TN (o) ST AT
a : G R N |
oLl -H-”é,-:. ; N
ok .-;:_:.,_"tll_i'f'. L CO ( ) S

L .o :
- . Normal SFE.
tidal compression

heated / shocked
“splash” region =~ .

k)
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Tadpole Tidal Tall

*SSC 1 - U shaped grouping of star clusters
«hosts a massive super star cluster (6.6 x 106 M

.Z=0.3Z,,,
«SSC 2 - Linear grouping of star clusters

Entire Tail: SFR = 1.5 M_,_/yr which is 30-50% of total SFR in tail
(FIR, 24um, 70um Jarrett+06)

<un Jarrett+06)
from optical emission lines (Tran+03, Jarrett+06)

2
SSC 2
Wi, SSC 1

N
. -
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Gas Properties of the Tadpole’s Tall

v Atomic gas: ~ equal in SSC 1 & SSC 2 (similar to NGC 2782 tail clumps)
— Entire tail: 9x10° M, (5 times larger than NGC 2782 tails)

* Molecular gas: Non-detections of CO(1-0) & CO(2-1) with IRAM 30m

' HI-SSC 1
SSC 1:
M__ < 0.6-1x108 M,
M, = 2-4x108 M,
g ¥ — |
HI - SSC 2 3
M_,<08-1x108 M, AN *
0 ) \g\(\&\[f%\/:\\/ﬁ _ 3
mmzaaom,  Hl SR Sy
] ~ TN
, O
—— \M ,:




Star Formation Efficiency - K-S Law

-1.0 :
—|- Arp 158 Boquien+11 o o
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Total gas vs. SFR(Ha)

SSC 1: high SFE
SSC 2: normal SFE

Gas depletion time:
Tyep — Mo / SFR(H)

E: 140, = 33-230 Gyr
W: 140, < 1.5 Gyr
TSSC1: 140, = 0.2 Gyr
TSSC2: 1y, = 0.6 Gyr
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Minor Merger Tidal Debris CO(1-0) survey
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8 newly observed tails have CO(1-0) detections with ARO 12m
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SFE in Minor Merger Tidal Tails

-1.0

SFR vs. Molecular Gas Den5|ty

'@N2782E [IN3310S T
VN2782W QA269NW ¢ .-° 7.
*Tadpole + A158 (Boquien+2011) / ’ e g
s - Cr
—3.0:— s ://’ .
1. O
—0.5. ... OI.OI ... OI.5. ... 1I.O. D ll.‘. ...

log Yy, M pc_z]

Gas depletion time:

Tyep — Mo / SFR(H)

E: tyep = 33-230 Gyr

W: 140, < 1.5 Gyr

Tad1: 14, = 0.2 Gyr
Tad2: t4,, = 0.6 Gyr
A269Dw: 14, = 0.3 Gyr
N3310-S1: tg4e, = 0.4 Gyr
N3310-S2: 14, = 1.8 Gyr

In 10 minor merger tidal tail regions presented:
4 have low t4ep = High SFE

2 have normal tdep = Normal SFE

4 have high tdep = very low SFE
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Star Formation - The Big Picture

Star formation laws and thresholds from ISM structure and turbulence

 Tadpole & W tail of NGC 2782 T AR T S S AR T SR R
consistent with other tidal
debris (cyan)

» Tadpole enhanced SF
(gravitational Aty
compression in tail) | b ek

o W tail NGC 2782 similar
to normal spirals & Milky = .

Way
o E tail of NGC 2782 very low SF *
for its gas (similar to SMC) T G

e SF is suppressed here

due to feedback or
shocks (“splash” region)

log(L M. pe”*))

Renaud+12 with ¥ from Knierman+13 and in prep. 22



Summary & Future Work

o E tail of NGC 2782

o Discover [CIll] emission

e Lowest SFE region reported (lower than even SMC)
e Star formation in minor merger tidal tails:

e Can be as high as half of the total SFR of the entire merger (Tadpole,
consistent with merger simulations by Hopkins+12)

e Ha may not trace all of recent star formation if low mass star clusters
are preferred (W tail of NGC 2782)

* high or low efficiency, depending on formation mechanism
(gravitational compression in tidally formed regions increasing SF or
shocks in “splash” regions suppressing SF).

« Future work

— Full Sample: local and global SFR/SFE (HI + CO), origin (Z/Zg,,,)
— Is H, the dark molecular gas in tidal tails?
— UKIRT observations of 2.12 micron H, line (T~2000K)

— Estimate the contribution to cosmic SF by tidal debris from major and
minor mergers using merger rates

23



Preliminary Results of the first survey
for Hzin tidal tails using UKIRT WFCAM

Arp 269
K-band

continuum subtracted
H2 1-0 S1 2.12um




Thank you all very much!




CO (1-0);

e . Tadpole |

NGC 2782 g . |

i '. N & . : ) ‘

[C11] 158 pm,. - _ - C(XO) |
| | i |

High SFE %

-

N o
"30-50%.0f SF in Tail

' NGC 3310

. 4 CO (1-0)
. High SFE CO (1-0) %
" Normal SFE
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Gas depletion time:

Tyep — Mo / SFR(H)

E: 140, = 33-230 Gyr

W: Ty, < 1.5 Gyr

TSSC1: tye, = 0.2 Gyr
TSSC2: 1y, = 0.6 Gyr
A269Dw: t4,, = 0.3 Gyr
N3310-S1: tg4e, = 0.4 Gyr
N3310-S2: 1y, = 1.8 Gyr



Is There Dark Molecular Gas in Western Tail?

Stars are forming in the Western tail, so there should be molecular gas.
 Ho in W is 3-6 times E tail HIl regions, BUT
«COINW<O0.05E, [Cll] in W <0.4 times E
In low pressure and low density environment (A,,<1), expect:
v H,
* No CO
- Harder to form (need A,,>3)

v C+

Non-detection of [Cll] 158um so dark molecular gas is not C+.
Where is the molecular gas?
 Dissociated from high UV flux?
» But CO easier to dissociate so should still see C+
o W tail: GALEX: FUV-NUV =-0.14 mag (Torres-Flores+12)
* Low metallicity?

« Only H, ? (but very difficult to detect)

30



Why Lack of [CII] in Western Tail?

Recent star formation with lack of CO & lack of [CII]:
Is the gas just very low metallicity?

Torres-Flores+12 show Z > Z_ ., using optical emission line spectra of

young star clusters in the western tail.
BUT they use the nebular oxygen emission for their abundances.

The Western tall

- may have a different C/O ratio than solar.

because

- it may be undergoing its first generation of stars:
- O is the most common element produced in core-collapse SN
- C in the ISM is mostly from AGB stars (Arnett 1996)
- tail age is 200-300 Myr so it is unlikely to have built up much C
- have a low C/QO ratio
- origin in dwarf galaxy?

31



Star Formation Efficiency - T,

Gas depletion time: t4,, = Gas mass/SFR = 1/SFE

Normal Spiral: 2 Gyr (Kennicutt98)
Arp 158: 0.5-2 Gyr (Boquien+11); TDGs 0.8-4 Gyr (Braine+01)

Mmol | SFR([CII]):
Mo / SFR(H): E: normal SFE (PACS field)
E: low SFE W: low SFE
W: normal SFE
(similar to Arp 158 .
tidal tail) Location 740, 1, Ha Tdep,HL,Ha Tdep,H2,[C11] Tdep,H1,[CH1]
(Gyr) (Gyr) (Gyr) (Gyr)
[ast
TDGC 33 5 8.2 1.3
MH| / SFR(HOL): H1-N 81 160 >70 >141
|OW SFE Hi-M 232 200 21 18
H1-S 38 =1 5.6 12
E Tail 16* 13 2. ™ 7
M, / SFR([CHI]): West
low SFE Hi-N <29° >240
Hi-M <1.5 v i <1.4 >7.3
H1-S <53b =390
W Tail <12 133 < 4° > 45

“Using observations from this work.

bBoth gas mass and SFR are upper limits.



Star Formation Efficiency - Tgep

Gas depletion time: t4,, = Gas mass/SFR = 1/SFE

Normal Spiral: 2 Gyr (Kennicutt98)
Arp 158: 0.5-2 Gyr (Boquien+11); TDGs 0.8-4 Gyr (Braine+01)

M. / SFR(Ha): M, / SFR(Ho): M,.. / SFR(Ha):
SSC 1: high SFE SSC 1: high SFE SSC 1: normal SFE
SSC 2: normal SFE SSC 2: normal SFE SSC 2: normal SFE
(similar to Arp 158 tidal tail) Total: low SFE Total: low SFE

Total: high SFE

Location 7, » Ha TiapHIHa Taeptot.Ha

(Gyr) (Gyr) (Gyr)

CO(1-0) 21”
SSC 1 < 0.16 0.56 < 0.92
SoC 2 < (.63 1.9 <32
Total e )T 7.2 <99

CO(2-1) 11”
SSC 1 <0.11 0.40 < 0.65
SSC 2 < 0.58 1.3 <23

42



Major Galaxy Mergers

Major Merger
Mass ratio between galaxies
of ~0.5-1.0

NGC 4676 “The Mice” ACS ERO

NGC 4038/9 “The Antennae” WFPC2




Simulations - Phil Hopkins et al.

200 million particles, Parsec scales

Feedback on small scales in GMCs/
SF regions
— Momentum from:
 Stellar radiation pressure
. Radiation pressure from SF
regions
 HII photoionization heating

* Heating, momentum, mass loss
— Sne land ll
— Stellar winds (O & AGB stars)

Realistic coolingto T <100 K

Treatment of molecular/atomic
transition in gas and its affect on SF

Reproduces Star Formation Law with :
no tuning of parameters

20-50% of total star formation®

in merger in tidal debris (vs. Major Mergers

~10% in early models; Barnes 2004) 2 Gas Rich Spiral Galaxies
Hopkins et al. 2012

17



Sample Selection

For examination of star formation on few kpc scales need:
« Star Formation

— Deep UBVR optical broadband (VATT 1.8m)

— High resolution optical images (Hubble)

— Star Formation Rate (SFR): Ha narrowband (VATT)
« Molecular Gas Mass

— CO(1-0) (ARO Kitt Peak 12m/IRAM)

— Dark gas: [CllI] 158um Herschel PACS spectroscopy
* Neutral Gas Mass

— High resolution 21 cm HI from VLA

NGC 2782 has these data, and then test the techniques for UGC
10214 (“The Tadpole”).

21



Why are there Differences between the Tails?

We find:
-Lack of massive star clusters & complexes
iIn Western tail
-Lack of CO and [CII] in Western tall
-But most luminous HIl region in Western tail

Examine:

Ambient pressure

Gas phase

«Star Formation Rates

cAmount of gas available for star formation

*Star formation efficiency

28



Gas Phase

* Molecular to Neutral
W deficient in molecular gas (or CO) compared to HI
e M /My E: 0.5-6, W=<0.2
* lonized to Neutral
* Both tails deficient in [Cll] compared to HI
 Similar or lower [CII] than Standard HI clouds (Stacey+91)
* lonized to Molecular
* licilco:
* SF regions = 6300 (Stacey+91)
* M33 Herschel = 1000-70,000 (Mookerjea+11)
* E tail is deficient in [Cl]] compared to CO
« E (HII): lig)y/lco = 1800-4900
* E (tot): >1200 (CO & [ClI] spatial scales match)
* W tail upper limits have higher [CIlI] compared to CO limit
« W: ligiy/lco >35,000% (similar to LMC 30 Dor: Iic/lco = 40,000)

29



Gas Reservoir for Star Formation

Inconsistent results:
- Both tails: abundant neutral gas
- E - more molecular & ionized gas
- W - highest local SFR
- E - higher X
- E - higher SFR([CII])
- BUT Both tails - similar local 2grr(Ha)

- similar SFE?

32



Conclusions — NGC 2782

Both tails of NGC 2782 host young star clusters or star
cluster complexes that formed in situ. But the Western
tail lacks massive star clusters & star cluster complexes.

Discover [ClI] emission in the Eastern tail (coincident with
Ha) and no detection for Western tail HIl region to a
significant level.

Due to lack of CO and [CIl] emission, Western tail may
have low C/O and be undergoing first generation of stars.

Western tail has a normal SFE, but Eastern tail has a low
SFE. Eastern tail may be shocked “splash” region where
gas heating is important, whereas Western tail is a tidally
formed region where gravitational compression enhances
star formation.

35



Motivation

NGC 2782 has different SFE in the tidal debris depending on
which indicators (total gas vs. molecular)

— Is this true for other minor mergers?
Test methods in 2nd galaxy of same merger stage (late):
UGC 10214 (“Tadpole”)
— Mass ratio ~0.15
— Tail age ~ 150 Myr (Jarrett+06) or ~400-800 Myr (deGrijs+03)
— Has similar observations to NGC 2782 plus
— HST optical images (Tran et al. 2003, de Girijs et al.
2003)
— Spitzer IRAC & MIPS, near infrared (Jarrett et al.
2000)
— Optical spectra (Tran et al. 2003, Jarrett et al. 2006)
Determine
— SFR from Ha

— expected SFR from gas surface density
— SFE

37



Higher SFR in Tadpole Talil

* Hoa has clumpy structure associated with SSC
| and SSC 2

* 6" scale
— SSC 1: 3 HIl regions

* Brightest is elongated - multiple SCs
— SFR 4-24 times higher than la and

Ib
e o Ha  _ 55C 2:2 HIl regions
e k S * Brightest is rounder
L — ~5 times higher SFR than 2a
b — All brighter than NGC 2782 tail HIl
g ANy regions
LRI LS L loEe 127 scale CO(2-1) & 217 scale CO(1-0)
ow oo s He 65C | has SFR 4 times SSC 2
Y 3P T o GRS s * EntireTail
e B®e o mag 0 U SFR=I5Mjyr
J RS N 1bé“~ e : — Similar to SFR of entire Milky Way galaxy
- | .30 . _ 30-50% of total SFR in Tadpole (using

FIR, 24 wm, or 70 um of Jarrett+06) 39



Conclusions from Tadpole Tidal Tail

Confirm methods used for NGC 2782

Tadpole tail also shows different SFE from different indicators
(molecular vs. atomic gas mass)

Local SFR higher than in NGC 2782 tails
Global tail SFR is 30-50% of entire SFR for Tadpole
SFE is higher than in tidal tails of NGC 2782 or Arp 158

-1.0

| 7
-I— Arp 158 Boquien+11 | ¥ 4
4
® NGC 2782 East + ¥ g
~1.51 ¥ NGC 2782 West ¥ 4
= ® Tadpole CO(1-0) 21"
o r Tadpole CO2-1) 11"
iy
-~ =20
=
g —2.5
be
A
¢ .
-3.0} &
s\»— \,
x »«//
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-3.5 -

.5 -
-0.5 0.0 0.5 1.0 1.5 ’J& 43
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Summary of Observations

e Observed minor mergers with multiwavelength data to
examine star formation on local scales in tidal debris

e Star formation rates
 Molecular gas mass
e Atomic gas mass
e Derived properties:
e SFR
* Expected SFR from gas density
o Gas depletion time
« SFE

 Found first detection of [CII] in tidal debris (E tail of NGC
2782)

e Different indicators for star formation and how it relates to

gas properties can tell different stories in the same object.

44






Star Formation Laws

« Stars can form when a gas cloud cools and collapses
* Factors that influence SF include
— Gas density
— Pressure
— Temperature
* The surface density of gas is related exponentially to the surface density

of star formation via Schmidt Law ZSFR - AZNgaS

: . 3 .
Kennicutt-Schmidt Law: ! "
(Kennicutt 98): ~ 2 ot
Zgpr = 24x10° X1 2 0 b 8" - Does Schmidt Law vary
Using normal spirals, = 4| '."n. 1in d/fferf?cnt enwronmlent
' : . e ] r different i
Circumnuclear - .h_y_:. . 1 ord Secglesgpa a
starbursts, and centers . | o $ ° ] :
of disks R Q(
S el 8 ]
- L
.
4
O 1 o :l'; -+ ~
Log L. (Mg pc )
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Star Formation Laws

Star formation laws and thresholds from ISM structure and turbulence

« Recent studies explore the
Schmidt Law in different
environments & scales

— High redshift starburst
galaxies
— Regions inside galaxies
(~1 kpC) &
 The form is similar, but
there are variations of
~ 2 dex between
environments due to

different gas pressures &
densities

pe

IN, vr' K

k'il“;cn

Renaud+12

log(E [Mg pc”¥)) . "4 19



Are there differences in star clusters between tails?

Eastern Tail: 28 SC Candidates
Western Tail: 19 SC Candidates
Eastern tail has more luminous SCC than Western tail, indicating
possible difference in the mass of star clusters formed.
But what are spatial scales of star formation?

7 g L ¥

- -
Eastern Tad
Eastem Taid Errors
Waestern Tall =»=-==e
Westomn Taill Errors

6

TDG  GHIR  SSC

Ranges taken from

Ferreiro, Pastoriza,
& Rickes 2006

Number of Star Cluster Candidates

-
! i L i isil L] ‘
19 . 1_ . \|\__J e o
[7A~‘ A\‘ 2 A A ' |

13 <12.5 12 115 N -10.5 <10 9.5 9 8.5
M_B




Star Formation Morphology

Using Hubble Space Telescope observations (Mullan et al. 2011)
» E tail has groupings of star clusters called Star Cluster Complexes
» Has linear Size-Luminosity relation, similar to complexes in nearby
spirals (Elmegreen & Salzer 1999) and compact group HCG 59

(Konstanopoulos et al. 2012)
« W tail has isolated star clusters

- :,. s
| L ‘ -10.5
!’. : .' é ' 9.5
RSN e .;.0 '
F606W HST/WFPC2

Y a -
Star Cluster Complexes »—e—

M_V=-5.220-8 52
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Tidal Tales of Major Mergers



Major Mergers

6 tidal tails in 4 merging galaxy pairs from the Toomre
Sequence

These tails have a range of dynamical state, HI mass, and
presence of tidal dwarf galaxy.

d® 124 3

In collaboration with:
Sarah Gallagher (UWOQ), Jane Charlton, Sally Hunsberger (PSU), Bradley Whitmore
(STScl), Arunav Kundu (Eureka), J. E. Hibbard (NRAQO), Dennis Zaritsky (Arizona) 6



NGC 4038/9




Western Tail of NGC 3256

NGC 3256 Western Tail

‘N r”-\-'
l 18 20 22 24 26
E -] - T T T r 1 rrrrrr 13
_.5 o E . -
X ¢ In Tall .
u 65 T‘* : .
O =intail . | ;
. 0 , ; 4 Z
= out of tail . - . '
T sE '. 1 O
Tk : 1 W
. I\ ' . . ND
1B : 1 w
E b 4 &
. o puo 1 =
- SO oo .
- Q - o n
2 I BT R DT o T J 1
-14 -12 -10 -8 -B
" : - — -Lg P'AH H
WFPCY/HST image taken with FS55W filter “ Knierman et al. 2003

*Overdensity of sources within the tail

*Average (V-I) of brighter sources ~0.5

*Sources in and out of the tail are not drawn from the same distribution
*Evolutionary tracks with observed colors imply cluster ages ranging as

low as 30 Myr (tail age = 400 Myr) [Bruzual & Charlot tracks with solar
metallicity and cluster mass of 10°M ]



NGC 7252

NGC 7252 Western Tail and Tidal Dwarf

Enlargement of tidal dwarf galaxy

*Tidal dwarf galaxies contain
young star clusters 10-100 Myr
(tail age = 730 Myr)

*No convincing evidence for
clusters along length of tail

Enlargement of tidal dwarf galaxy o)



Conclusions - Major Mergers

Star clusters form either along tails or in dwarf galaxies, but
not both.
Tails without tidal dwarfs have young clusters along tail
length (NGC 3256)
*Tails with tidal dwarfs have young clusters only in tidal
dwarf (NGC 4038/9, NGC 7252)

Increased star formation rate in the central regions is
correlated with higher star formation in all regions in
merger.
*‘NGC 3256 has the highest star formation rate and
formed many clusters along its tails

10



WFPC2 Survey: Expanded Sample

.'-‘ﬂ. S

. -
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e Ay y - : ‘v
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o1 b i ‘.. .1 .
s ] SEORR
o R ey IS S R T e
g el B
. o

NGC 164N -

‘@?

¥ uacmu

Mullan+2011, 2013

- eum | ~Total of 23 tails
~ *Variety of properties

*Mass ratio

*Ages

*HI content
*Optical properties
*TDG

Examine
«Star clusters
*Hl mass &
Kinematics
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NGC 6872

"

Star Forrnation in Tidal Tail and
Bridge | -

Color Image by Judy Schmidt @SpaceGeck |
Featured as Hubble Image of the Week




NGC 6872:

young, minor merger, high HI density

Mullan et al. 2011
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Expanded Sample

Star clusters form in variety of environments
either along tails or in dwarf galaxies, but not both.
+10/23 have star cluster excesses along tail
» 3 BOTH along tail and in TDG
= 3 “beads on a string”
4+13/23 with no star cluster excess along tail
= Age (>400 Myr), low gas density, or only in TDG
Most star clusters likely form soon after periapse.
4+young (<250 Myr) and bright (<24 mag/arcsec?)
Tails with star clusters= high pressure, young ages.
+log N,;>20.6 cm-2, log 2, >46 erg/pc?, age<250 Myr

Minor merger tails have higher Hl column density,
major mergers have high velocity dispersion.
+But is this an age vs. mass ratio degeneracy?

14



Number Density of Star Clusters in the Tails

A5 I ‘ I ' .
1 | © Number of candidate clusters per
o | kpc? in the tails with M,, < -8.5 and

] - (V-l) < 0.7. Background sources
F ; subtracted statistically, using
O S source densities from “out of tail”
) © areas.

# Clusters /kp02
Q
5
|
1

3256W
3256E
3921
7252W —
7252E

NGC 3256W has the highest number density of clusters.

Specific Frequency of Young Clusters:
In a tidal tail:
NGC 3256W: S =25

young
In the central regions of mergers:
NGC 4038/9 : S~2 (Whitmore & Schweizer 1995)

NGC 1316: Sy=1.7 (Goudfrooij et al. 2001)



W Tail Star Cluster Properties

SED fitting of UBVR to determine age, mass, & extinction.
= 3DEF method (Bik et al. 2003) with Bruzual & Charlot 2003 models
Star cluster candidates:
W: median age = 150 Myr
90% have age < 200 Myr (16)
W: median mass = 5x10° M,

N wr Of S C
w

Number of Star Cluster Candadab
PRN—

50
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B ' a2
In collaboration with: Brendan Mullan (Pittsburgh Plafetarium), Iraklis Konstantopoulos
(Australia Nat. Obs),-Jane Charlton, Caryl Gronwall, Sally Hunsberger, Chris Palma (Penn
State), Rupali Chandar (University of Toledo), Sarah Gallagher (Westegn Ontario), Pat Durrell
(Youngstown State), Nate Bastian (Munich), J. E. Hibbard (NRAQ), Kelsey Johnson (Virginia),
Debbie EImegreen (Vassar), Aparna Maybhate (STScl), Jayanne English (Manitoba)



imaged in
Radio from Australian
Telescope Compact Array

Why so much Star Formation in
Tidal Tail and Bridge???

For dust need CO from A.LMA in Atacama Desert of
Chile -






Gas Phase

“Molecular to Neutral

W deficient in molecular gas (or CO)
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CO(1-0) from ARO 12m
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Overdensity of Star Clusters

To statistically remove foreground and background contaminating sources, we use the
technique of Knierman et al. (2003):

Calculate the number of young (<300 Myr) star cluster candidates per unit area
in the tail and subtract the number of SCCs per unit area out of the tail.

Both tails have a positive overdensity 0.005-0.006 SCCs/kpc? or ~14 (E) and ~10 (W)
star clusters.

Table 6. Overdensity of star clusters in tails

Tail Pixel size Nin Area; ., Areag,, Nin/kpe* Nout Areague Areagye Nout <kp("“' Surplus
pc pix* kpc? pix? kpc?
E 80.69 20 345877 2252.0 0.009(0.002) 9 175199 3094.0 0.003(0.001) 0.006(0.002)
W R0.69 17 207238 1674.9 0.010(0.,002) 19 584730 3IR07.2 0.0050.001) 0.005(0.003)
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Ambient Pressure

Location & mass of GMCs likely regulated by structure of HI, particularly
where dominated by atomic gas (Blitz & Rosolowsky 2006).

From Elmegreen, Kaufman, & Thomasson (1993):

Mehar = T lin Cg (W/2G) = mass of “super cloud” which then fragments
c, = 3D velocity dispersion

u= M/l

|in = Minor axis of cloud

| o= Major axis of cloud

Similar M not large ambient pressure difference. Lack of Molecular gas

char’
(orC,Q??mW.‘ . . ' _ e
I'able 10. Characteristic Sizes of HI Clumps in the Tidal Tails of NGC 2782
Location O™ Reads: | AT Mg * M phas Observed M,,, .1
(km/s) (kpc) (kpe) (1° M) (10° M) (10° M)
E-HI-N 30 2.96 2.96 3.85 15.3 2.6(0.5)
E-HI-M 10 1.78 2.96 2.31 9.50 3.69(0.09)
E-HI-S 10 2.96 5.92 6.02 18.1 3.8(0.5)®
W-HI-N 19 2.10 3.05 0.54 6.56 < 0.086°
W-HI-M 35 5.67 7.56 1.00 10.9 < 0.22
W-HI-S 30 3.78 3.78 0.86 8.19 < 1.5°

N7252 TDG 31 5.00 2.00 10 33.2 0.2 58




Star Formation Rate

Global Scales: SFR(Ha) & SFR ([Cll]) << expected SFR(gas)
Low SFE in both tails?

Local Scales (few kpc):

W: highest SFR(Ha) but upper limit on SFR([CII])
([Cll] emission is suppressed)

SFR(Ha) & SFR ([Cll]) << expected SFR(gas)

Low SFE in both tails on local scales, too?

Per area:

Sser(HO) similar in both tails

Expected Zger(gas): E > W (14-40 times)
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Star Formation Rates

Comparing SFR per kpc? from Ha with the

expected SFR from gas density (Kennicutt 1998)

Table 1

Comparison of Star Formation Rates in the western Tail of NGC 2782

d

Area Ha SFR Tsrr(Ha) My * Mpma® ) Y Zsrrigas)
(kpc) (Mg, yr 1) (Mg yr=! kpc—2) (10° M) (10° M) (Mg pc2) (Mg, yr= kpc—2)

5.6 <0.0003 <0.00003 0.73 <().086° <12.9 <0.006

14.7 0.015(.002) 0.001(0.0002) 1.15 <0.16' <12.2 <0.005

19.3 <0.0003 <().00002 1.16 <() l()'i <94 <0.004
2300 0.015 0.000009 20 <().4¢1 <|11.7 <0.005

There is slightly less current star formation per
kpc? than expected from the gas density (but gas

density is an upper limit).
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Origin of Tidal Debris - Motivation

« Tidal dwarf galaxies have metallicities of ~1/3 Zsun, (= outer regions of
spiral galaxies), so they likely originate from material pulled from the
outer part of the merging spiral (Duc et al. 2000).

12+10g(0/H)

I PPN SRR S AN WS e .-~

Duc et al. 2000 61



Origin of Tidal Debris - Methods

« Optical spectra from Bok 90-inch with the B&C

— 2 Hll regions in tidal talil

— Central region (absorption line)

— HlIl regions in spiral arms

— Dwarf galaxy (fainter emission lines)

* Compare metallicity of tidal tail

to spiral and dwarf regions

,M«sw':‘\-‘wt-) 'l~'“7~ AV e e,




Hopkins’ New Models

* Quasi-steady ISM with GMCs forming and dispersing

« |SM with different phases which agree with
observations
* Able to predict winds from the stellar feedback



Hopkins Models

* Major mergers
— ldealized mergers
— Mass ratios of 1:1
— 4 sets of disk models
- MW
« Sbc
 Hi-Z
« SMC
— Base much of their physics on Starburst99 models



Hopkins Global
Properties

* Merger morphology
(movies)
 Remnant: similar

— More massive core
 Dissipation > efficient

— More SF at ~10 kpc

o . Disk survival
— Similar to EOS




L | A ek .
ool Hopkins SFH

¢ A
J * More bursty
— ISM less homogenous
« SMC has stronger
bursts

 Tail of SFH enhanced
— Winds help recycle gas

— SB winds make
quenching less efficient




Hopklns K-S Relatlon

x Observed
4 o HlZ

— o Sbe
“ a MW
& | gsMmc 3
"~ ¢ orbit e

r orbit f
= s
—~ 0

g

w
W
g2

0 1 2 3 4

log( £,..) [Mgpc?]
EOS models were constructed to lie on line
No feedback: above line by factor of 20-100

These fall on relation with no fiddling, even for SB
No bimodality, but might push upper envelope at high SFR



Where is SF?

Full Feadback t=13

 SF in center is consistent

« But SF greater at large radii
— 20-50% of total SFR in tidal and
bridge regions (vs. only 10% in
previous models)
— Shocks better treated with higher

resolution and more compressible
gas




Hopkins Result Summary

« Compare their models with previous
ones (EOS models)
— Match on global properties

— Differ on sub-galactic scale and SFR
« Higher SFR in tails/bridges (shocks)
* Resolve Super Star Clusters
 SF more time variable



NGC 2782

DECLINATION (B1950)

B Combined BVR
images from VATT.

s |
n

“®[Optical = Contours
:H°I°=. Gre)ascale

-

o
° . ¢ |
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2, ol B
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pA
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Peculiar Spiral that had a Minor
Merger (M2/M|~0.25) ~200 Myr

AgO (Smith 1994; Smith et al. 1999)

Two Tails:
East: Optically bright, HI, CO
West: Optically faint, HI, no CO

Western Tail HI is not gravitationally bound and has
“not had time to condense into Hj; and for star

formation to begin.” (Braine et al. 2001)
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Galex FUV & NUV

VATT V—band

Right: V-band image of Western tail of NGC 2782 from VATT. White box indicates
region shown by inset which shows continuum subtracted narrowband Ha image.
Red circle indicates HIl region Magenta crosses indicate locations of massive Hl
clouds with non-detections of CO (both: Smith 1994; North: Braine et al. 2001). Blue
cross indicates massive HI cloud (Smith 1994). Left: Galex FUV & NUV composite 21

image with box indicating region shown in right image.



Local Star Formation Rate in Western Talil

Comparing SFR per kpc? from Ha with the
expected SFR from gas density (Kennicutt 1998)

> ser(HO) Mol 2 gas 2 ser(93as)

[Mgyn Yr' kpc?] [108 M,]| [MgunPC? | [Mg, yr' kpc?]

sun

Position

HIl Region| 0.0010(0.0002) | <0.16 | <12.2 | <0.005

There is slightly less current star formation per kpc? than expected from the
gas density (but gas density is an upper limit).
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Star Formation Law & Efficiency

R /
-—*—l—‘ J
’ /

* Low SFE from total gas
density: Star formation in
Western tail of NGC 2782 is
proceeding similar to major
merger Arp 158 tidal debris
but less than normal and
starburst galaxies.

 BUT normal SFE from
Molecular gas T4, < 1 Gyr.

3.5
-0.5 0.0 0.5 1.0 1.5
log Ly 4 a1, +10 (M PE 7|

Fig. 6 from Boquien et al. 2011 with
HIl region in blue. Black points are
HIl regions in the major merger Arp
158, including tidal debris regions.

5 (Arp 158 -Boquien et al. 2011:
0.5-2 Gyr; TDGs from Braine
et al. 2001: 0.8-4 Gyr)

Western tail of NGC 2782 is
either a locally dense region,
or a low metallicity or low
pressure region.
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Why don’t we see CO if stars are forming?

Molecular gas might be in smaller clouds and not
visible since observed with large beam sizes

Molecular clouds could have been disrupted by UV
radiation of young massive stars (possibly see in C*)

Lower metallicity gives less C,0 but still have H,

Ambient pressure might be lower in Western tall
(Blitz & Rosolowsky 2006)
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Conclusions

Western tail of NGC 2782 hosts star formation despite
undetected molecular gas.

From total gas density and star formation rate density, the
tail is hosting SF at a lower rate than expected from
normal or starburst galaxies.

Low SFE from total gas density, but normal SFE from
molecular gas limit.

Star formation may occur differently in tidal tails, which
are seen to have lower pressure and density.
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Minor Merger Sample

Merger Velocity Mass Interaction Mp; Mpgas  Projected
Ratio Stage Separation
kms—! mag mag kpc
Arp 269 565 0.1 early -20.39 -18.02 15
NGC 3310 993 < 0.3 merged -20.25 ~ —18 0
Arp 279 1708 ~ 0.1 early -20.22 -18.50 25
UGC 00260 2131 0.1 early -19.78 -17.43 23
NGC 5666 2221 < 0.3 merged  -19.53 ~ —17 0
NGC 7479 2381 0.1 merged -21.64 ~ —19 0
NGC 2782 2562 0.25 late -20.98 -19 10
NGC 7303 3697 ? merged -20.34 ? 0
NGC 1614 4778 <03 merged -21.34 ~ -19 0
UGC 06665 5560 ? merged -20.16 L 0
UGC 06503 6143 <03 late -20.02 ~ —18 25
T e s iy
Arp 219 10521 < 0.3 late -21.56 ~ —19 130
AM 0318-230 10699 <0.3 merged -2091 ~ —19 0
UGC 10084 13880 ? merged  -21.74 ? 0
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Star Formation in Tidal Tail

e Narrowband image shows Ha has clumpy structure
(6" scale)
— SSC I: 3 HIl regions, brightest is elongated
« SFR=0.017-041 M__/yr

sun

— SSC 2:2 HIl regions

. SFR =0.02-0.1 M__ /yr
B On 127 scale (CO(2-1) & Jarrett+06)
| P e e ”“ — SSC |:SFR(Ha) = 0.53 M,
Rbeg - R . SFR(Ha+24um) = 0.4 M
e _.SSet . SSC2:SFR=0.14 M, Jyr

. | + SFR(Ha+24um) = 0.1 M
S On 21 scale of CO(1-0)
~#a — SSC I:SFR = 0.65 M

lyr
lyr (Calzetti+07)

sun

lyr (Calzetti+07)

sunl YT
il b s o e — SSC2:SFR=0.17 M fyr
ari | B C A
BN @@, . 1ay EntireTail
N e ® o SFR=1L5 M yr
ﬂ ' O g A % . — Similar to SFR of entire Milky Way galaxy
| o 77




Star Formation in Tidal Tail

e Ha has clumpy structure associated with SSC | and
SSC 2

6’ scale

— SSC 1: 3 HIl regions

* Brightest is elongated
— SFR 4-24 times higher than la and Ib

— SSC 2:2 Hll regions

'-.'Ha_ * Brightest is rounder
BN — ~5 times higher SFR than 2b

G e e ,
lable 4.1: Properties of Ha sources in Tidal Tail of l ul| -O))
Location Area TON SFR(Ha Yern(Ha) — I has SFR 4 tlmeS SSC 2

kpet  10%erg s Mz yr=* 10 M.oyr *kpe*

I2” scale (CO(2-1) & in Jarrett+06) & 21" scdié

1 11.97 237 0.41(0.06 35(4 all

la 11.97 14(2 0.11(0.02) o(1 —

1 11.97 2.1(0.4) LOLT(0.003) 1.40.3) ?\ |5 Msun/)’r

2 11.97 13(2 IIIIIHHI 201 . . .

v o S o i A <A nilar to SFR of entire Milky Way galaxy

e QEr Sam DN 11(2 -50% of SFR from entire Tadpole (using FIR,
2 7.87 8(: 0.14(0.02 2.9(0.4)

| 16,6 82(1 0.65(0.09) 1.3(0.6) um, or 70 um of Jarrett+06)

2 1466 22(4 0.17(0.03 1.1(0.1)

Tail 2318 160(20 1.3(0.2) 0.51(0.08)

/8



Gas Properties of the Tadpole’s Tall

Molecular gas: Non-detections of CO(1-0) (<1x108 M,,) & CO(2-1)

(<0.6-0.8x108 M_,,.)

Atnmir nac SSC 1 & 2 ~2%x1N8 M

M

sun

(12”Y R 2-2 Ax1N8 M

(217\

Table 4.2: Molecular and HI Gas in Tadpole Tidal Tail Locations

[,U('.liinll /."«) .\L,,.,; F\\'H.\l _}\' Z:.\'“ | .\'HI .\[”[ .\1,,,,,
Kkms* 10° M. km s ! km s ! 10%'cm 2 10*'cm 2 10° M- 10° M -
CO(1-0) 217
SSC1 < 0.115 < 1.06 60 82.2 0.73(0.01) 6.56(0.01) 3.6(0.3) < 6.0
SSC2 < (.118 < 1.09 o0 60.3 0.65(0.01) 5.85(0.01) 3.2(0.2) < 5.44
CO(2-1) 12"
SSC1 < (0.178 < ().60 Oo 82.2 0.76(0.02) 3.78(0.02) 2.110.2) < 3.45
SSC2 < .240 < (.81 ol 60.3 0.66(0.02) 3.31(0.02) 1.8(0.1) < 3.26
Taul < 2,15 60 109.6 0.120(0.001) 164.0(0.1) 90(06) < 125
ok ey A N
a0 0 =) 20
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Star Formation in Tadpole Tidal Debris

e SSC1:
— Zgrr(Ha) > 2.4 times SFR expected from = : very efficient

< 0.16 GYF, T4op 4 = 0.56 GYT, Tyep 1o < 0.92 Gyr

- Tdep,mol

« SSC 2:
— Zgpr(Ha) > 0.8 times SFR expected from X, low-normal efficiency

— Tepmor < 0-16 GYT, Tyep 1y = 0.56 GYI, Tyepor < 0.92 Gyr

« Entire Tall
— Zger(Ha) > 0.2 times SFR expected from X low efficiency

Location 7, 4, Ha TapHILHa TacpsotHa
(Gyr) (Gyr) (Gyr)

CO(1-0) 21"

SSC 1 < 0.16 0.56 < 0.92

SSC 2 < 0.63 1.9 < 3.2

Total < 0.17 7.2 <99
CO(2-1) 11"

SSC 1 < 0.11 0.40 < 0.65

SSC 2 < 0.58 1.3 <23




Star Formation in Tadpole Tidal Debris

Table 4.3: Comparison of Local & Global Star Formation Rates in the Tadpole Tidal

Tail
Location Area Ysrr(Ha) 2 gas Ysrr(gas)
kpc  1073Mgyr—tkpe=2 Mgpc™® 10~ 3Mgyr—kpc™2
CO (1-0)
| 146.6 4.4(0.6) < 4.06 <18
2 146.6 1.2(0.2) < 3.71 Z1.6
Tail 2318 0.54(0.08) &3 < 2.6
CO (2-1)
1 47.9 11(2) ol < 4.0
2 47.9 2.9(0.4) <6.8 3T
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Star Formation in Tidal Tail - Methods

« Data:
— IRAM CO(1-0) and (2-1) observations - 2 locations in tail

» Taken in 2005 by Ute Lisenfeld
« Data reduced by them

* Table of upper limits (rms ~ 1.5mK) in tidal debris emailed to me.

M o< 1.1x108 M,
Ho from Jarrett et al. 2006 optical spectra indicate SFR = 0.23 M_

SFR ~200 times larger than Western tail HIl region in NGC 2782
Tyep ~0-4 Gyr (More efficient!)

lyr
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Early Merger Simulations

* (Can begin to see formation
of large scale structures
(tidal tails, bridges, loops)

from tidal forces.

« Prograde encounter
produces better “tails”

First Simulation

By Holmberg 1941
Used light bulbs as
Test particles.



Early Minor Merger Simulations

Early comparison of minor and
major merger simulations

Minor mergers have shorter tidal
tails than in major mergers

But Minor mergers have longer
lasting tidal tails

— Not accreted back onto parents
as quickly

Minor merger tidal debris can be
lost from the system to the IGM
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Minor Merger, Mass ratio = 1:4
Toomre & Toomre 1972



Early Minor Merger Simulations

« Can see formation of large scale
structures (tidal tails, bridges,
loops)

 But

— Low resolution
— Average SF properties

« Stellar feedback added by
hand

— Physics of ISM not included
or only limited prescriptions

« ~10% of total star formation of
merger is in tidal tails and
bridges (e.g., Barnes 2004)

Minor Merger, Mass ratio = 1:3
Barnes 2001



