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». UDF 2007 1003 galaxies > 10 px'in UDF to z~5 -
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Clumps, are reratlve1y blue. (star formlng)
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Peculiar galaxies dominate beyond z£1.5

.
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R M Consélice 2004
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Dlstant UDF galaxLes are mostly clumpy typ.es

| selection against red gaIaX|es at hlgh Z (|nc|
splrals clgle elllptlcals) Y- |

| 1 I

stel<0.8, y°<1 chain double
i N=85 7 U N=96 ]
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clump cluster tadpole ! elliptical |
N=141 Jvor N=64 7 ™ N=85

'rEImggrgen, Elmegreen,_Ra\(indranat’h, Coe 2007 _



. Cham galaxnes are Aot edge~on splrals —
only spirals hayve exponentlal radial proflles
‘and color. gradlents chaln clumps have %

; hlgher contrast : ~

Normal
Spiral

¢ {EImegreer, Elmegreen & Sheets 2004, .




Compaﬁson of tWo' Clump Clusters W|th
¢ t . a Ioca‘l flocculent galaxy

Left, rfight have .
sameyJest - , | A
wavelengths and y i - & - GOODS
same physical ; * [ - _ - ¢ clump::.
resolution | - =+ B Ty clusfef

Clump Clusters - | SuESIEEIeS N7793 ——1kpc 0.14 34443 B
have-higher clump

‘contrast, more:.

massive clumps,

- | oy . | 5 ' e
and no central " - e it g ~ GOODS
cqpcentratlon’ | L . = S clump

- 5 E o - ;;clys_ter |

— 2 KpC N7793 = ===2 kpc 1.08 17969
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O Chain Galaxies Whole galaxies

+ Clump Clusters

Tadpole field: -

_Chain and’ .
cIump cluster
CI\/IDs are’.
similar; .

~ _spirals have

red bulges- -' 25
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Chaln galaxieS ate edge on clump clusters

A

"Thelr comblned aX|aI ratlo D ' l
dISIrIbUtIOn IS flat et R

Clrcular d45ks oL
“ Models show W/D distribution for ,
' ‘randomly orlented pure- clump gaIaX|es

ﬂattenlng Z/D=0. 1 (black) 0.3 (red)
0.5 (_b|l_,l‘e) 0.7. (yeIIow) 1 (green).

-

— relative clump positions in chains =
— model for random 6 position in exp. disk

Relative Number from Models
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" olutive Posiion of Glump' . oo Elmegreen etal. (2005) %




- €'g:, no..per radial ihtelrvalf: Z Sk
| ~.'-galaxy overall radlus

- for relative radius = 0.4,
- 0.8and 0.9 here

""Clump dISk Iccatlons
. Mmeasure every clump
posﬂlen & brlghtness

' b

Deterrmne deprolected
> 'radlus (assummg galaxy

is a gircle) divided by

Plo‘t‘tota_l number -

~per unit area in%®ach.
‘radial interval versus the
relative radi ys

; S °




. Result: cumulative: clump’ number.and, clump -
flux ys. radius. are exponentlal g] Splrals as well
..as |n clump clusters A

— — - Clump Clusters

—— Spirals

: clumps dlsperse to make
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Devjations of chaln
| clump centers from
midplane are small

£
v R

suggests in s:tu

B “formation of

/. clumps.rather _*
than accretion . - -

Number of Galaxies

Number of Galaxies

| |
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log—linear plot

Number (log scale)

[ L

0.2 0.4 0.6 0.8
rms Clump Deviation (kpc)

[ [ [ I [

b o

0.5 1.5 2 25 3
rms Clump Deviation (pixels)

_IE/Irﬁegreen‘&' Elmegreen 2006



Tha Use.l\IJCI\/IOS to search for: red bulges .
Clumpy gaIaX|es with gentralized Bulge -like Clumps (BLCS)

o |

_comparison:

_spiral with
bulge

ACS




» . Clumpy'galaxies without obvious BLCs .
‘ : : - s < '

NIGFH$ ACS™ . NIG-H




Photometry of Iarge olumps

. F|t SEDs to baridshifted Bruzual & -Charlot ‘03
models with variable age, SF exponentlal decay ..
- time, and extlnctlon ok i e G

Include Madau ’95"|ntergalact|cH absorptron
Calzettl / Leltherer extlnctlon

Assume metaIIlC|ty Is 0. 4 solar e TR e

Determlne qump masses from ages and

.- magnitudes . |
| 9.’ e gttt

mass agxd age dependency on- metalllolty IS small

2

| > (0.02 solar > 1.5x age,’ '1..-1,x mass)_'/‘; ;

5 . ‘ 3 . &5

.'/~ : :



SEDs of gaIaX|es with: and W|thout
bulge Ilke clumps (UDF) J

‘& Clump cluster v % Clump. cluster «
. with bulge-like clump- ' wﬂhodt,BI.C.

on ] | | | '
NICMOS resolution UDF 4999 | UDF 7230 |

(Ay = 0.69 mag, T = 0.093 Gyr,
log MMM = 7.40, Reat Masgs = —17.42)  Zphoe = 1.29 (020, 0.097, 761, Zpper = 2.57
- -18.4)
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) T (0.18,031,7.77, -17.3)
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- Symbols: observed points
Lines: Pépulation,synthesis models
rms deviation$ b&ween model & observed colors are ~ 0.1 fhag -




-UDF: Gfdimp masses from model, fits

Bulges
- 108-109 Mo
(up to101° MOAII;I gpirals)

0g Mass (Mg)

[ TR T NN NN N S

Chain Buige—tike Clump

SF clumps:
107 10° M

og Mass (Mg)

‘Ratio: clump/bulge
. ~ 1/26 for spirals
-~ 1/3 for.cc’s & chains
- R
'BLCs are more similar
: 'tO'star-formlng émmps in
‘clumpy galaxies than: , "
‘bulges are to SF clumps 0 e Rednh
, inspirals ki ' '

0g M(clump)/M(buge)




L o s g = L

Comparlsén’Of bulge and Clump param.eters

" .Relative Mass Age Decay time. 'EX“”-C“O” i

T T T T l T

40 - f“lumpClugter

Clumpy
galaxies

| Chain Galaxies ,

SF clumps

BLCs

Spiral AL
gaIaX|eS . = Spiral Galaxiesi

SF clumps

bulges ’ 5
‘. . . .'. 3 0 AMM"’””I“ML . " mfﬂd MJH

5 4321014321401 -3-2-101 2 864202 46 8
log Meyymg/Mpuige log Ageciump/Agepuige 109 T ciumg/Tbuige log Exteyymg/Extysge
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' s‘u‘m‘mary ~frbm UDF -

. 30 -90% of clumpy gaIaX|es in UDF have bulge-" |

“_Ilkeclumps e 8 4 ,', Gk -

Bulges in splrals are older and. miore masswe

. than star- formmg c‘lumps in splrals TS
4 Bulge-hke clumps |n chams and clump cIusLers -4

have ‘similar masseS and ages as star formmg

| ol _
clumps . & o

¥ 4
Chalns and clurﬁp clusters W|th BLCS are |n
transmon as they evolve mto splrals |




GEMS GOODS gal‘axres
: f, (to z’~1 4)

» .

-

& several hundred gaIaX|es
; "Jnsampb R




Di%k galaxies have a range of morphologies. -

.

>

22747 1.20 27950

0.31 : 40361/ 1. 6662 | 1.09 38159 | 0.63 17688

spiral«  flocculent 'Clu‘rﬁp,cluste'r .clumpclusteg: -
' ' spiral . . red underlying disk- no red disk - .
o, . ! i # /.‘ : i .. ; -
_ Elmegreen, Elmegreen, Marcus,
L o ' Shafinyan, Yau, Petersen 2009




- Denstty wave spirals'in GOODS,
-

: | i o 0.27 23478 | 0.31 4036
Note scale ;=@ i

28244 10.53 28688

0.69 44602 0.71 26353

-
2 -
a e ®

Redshift,
COMBO}]? nao. 0.71 34757 (1. 27779*1.12 .24123
(Wolf et al. 2008) A !




Floctulent spirals in GOODS .

=2 Kkpc ‘ — 5

‘ .

\
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28879 24673 27513

36021 27383

Redshift,
COMBO17 no. "%




Clumpy gaIaX|es ,
W|th red underlymg dISkS

2 kpc

- Y

34443 (0.15 29039 {0.30 20832 | 0.44 26757

- -~

16404 |0.62 43737 | 0.71 34966 |0.83 47999 - |

¢ |

29501 | 0. " 48639/1.04 39919 [1.07




i ClumpClusters: .
W|th nQ red underlymg dISkS £

2 kpc

"
» L

e

28751 | 0. 4368110.13 26313 | 0.13 23000/22986

i

0.14 44365 [0.18 39638 | 0.20 31809 [0.20 34721 2

0.87

v ‘0.24 33576 | 0. 48259 1 0.63 17688
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*Impllcatlons for clump clusters

CIumpy appearance is not due to- bandshlftlng
-since they occur..at same redshlf'ts as splrals .

Clump cIusters are |ntr|n5|cally clumpy, even |n
restframe B and V ‘

Also W e R e g e

*.
‘

' Clumpy appearahce.m general IS not due to
. .inter@tions since tidal feat.ures can b!seen in
& obV|ou5'|nteract|ons at same z: | e




| In;eractlons
_Antennae |n
the GEMS
and GOODS

fleIdS

." Colliding Galaxies NGC 4038 and NGC 4039 HST « WFPC2
PRC97-34a + ST Scl OPO » October 21, 1997 « B, Whitmore (ST Scl) and NASA

'+ Elmegreen, Elmegreeri', Feréuson, Mullan 2007
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- M51 types - .
smaII nearby

companlon(s) ,




GEMS & GOODS Clump mass S L

. Left 3 o e Clum IVlassV Galaxv nght

Bul’ges 16X mass. of
- clumps.in spirals;

2x mass of clumps

Jn clump clusters
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Surface den3|ty, M pc2 Ll TR
SU rfaCe denSIty - Seial | nterclump regton

Bulge surface denS|ty s N
compared to clump surface
density is 8x'in splrals but
LOofly 1xin clump clusters

0' ".’

/ v L

=¥ I_ntercliump;edrface de_nthy-.. ~
2x_higher in spirals than -

~ clump clusters s '

-—

@

Evolutlcy o bulges and }
~ mterclump medium towards
“higher surfade densities as
| 'cIump clusters convert into
splrals |

Redshift

’ .‘Red=bu_lg/es orBLCs, ‘Blue:non-bulge cleamps



Age “+ T 7 Chimp, bulgé or BLC - ‘Interclump:

| (Ieft) Bulges 10x older than
“clumps in splrals BLCs -
~same ages as clumps in
| clump clusters i .

(nght) Interclumps are 3% g
- /oldér than clumps- |n sp|ra‘ls
and CC’s wrth =70 B et
_ underlylng dlsks but: same
-age as clumps in.CC’s -
. without red-underlying dlsks* S — ——
. . | ! I _
.Evolutiorjfrom clumps to
older mterclumps and

bu'QeS ' ' ) . i | . Redshm1

a = B

Clump Cluster, Red Disk

= |
oF




*“"Milky Way, " __.
_-star complex

- L= o Bulge-like Clump |
. x Clump

I

& ’S‘W

i!" b -

DD Q*ﬂ% DNDCD
“E

SFR per unlt area in clumps,
~10x that'in star-forming
| Complexes |n Idcal gaIaX|es

log SFR/area (M0 yr'1 kpc2)

,(clumpsfa O.‘1'_'-1. fl\/lb-ﬁyif"?' kpC'?)
-~ s ‘. e
.’ Ao.._ S *
j__Use local Corpplex of 5x705 M, (e.g. 5%
'.eﬁlc:lency in 107 M, cloud), radlus 300
_pc; age 5x107 yr X ! | . C
‘ = 0035 Mo yr- e kpC_z; | B = ' ‘  Redshif




Dynamical rate

Ratlo of clump age to dynamlcal tlme
L . *

~1 10for Clumps i

N

| ~1 10 for BLCS in clump clusters and .

‘\ ~1O 100 for butges in splrals

_f Bulges and some clumps are

- L
grawtatlgnally bound.

- : q '

iy -Clumps ha‘ve recent star formatlon

Clump Cluster, Red Disk
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X
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o

Redshift




Proposed evolutlonary sequencef-'.
‘as clumps dissolve |
or m1grate to center




*Conclusions

Clumpy galaxy morpholbgy is due to in- dISk star
formahon =, . ol ',

. i <

_Star formmg clumps are more massrve in. hlgh
redshift galaxres than in Io&al galaxles by 100X -

Bulges resemb]e clumps m cIumpy galaxres but are
" older and more massive than clumps in splrals :

.. Interclump densrty 2x,h|gher in splrals.than in e

clump clusters e ‘« i Pl

. ‘ . -" ‘
clump E'rusters evolve mto splrais as clumps dlssol\/e‘ !
to form the disk whlle the bulge grOWS/ e

L ' i s
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