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{lis a very ambiguous word.
7 e.g. gas clouds, star cluster, dwarf galaxies etc.
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T found in gagich galaxies (mainly in highgalaxies)
' massive star clusters containing much gas

T 1M, atthe largest, 1 kpc in size.
{ actively stafforming




Star formation In galaxies
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Star formation In galaxies
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Star formation In galaxies

9 Colourc stellar mass relation
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1 Tight correlations between stellar mass and SFR

1 Evolving with redshifts

9 The origin is still a mystery

log(SFR) [Me yr™']
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Most of starforming galaxies
are rotating discs.

Most of star formation takes
place in disc galaxies.




Many of SF galaxies are clumpy

91 Clumpy galaxies

A observed mainly at high
redshifts z~2.
A Quite rare at lowredshifts.

Guo et al. (2014)
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1 They are staforming clumps
T 10 M,, at the largest, 1 kpc in size



Many of SF galaxies are clumpy

1 Clumpy galaxies |
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1 Each clump accounts for 10% of the galactic total SFR.

1 The total SFR in the clumps accounts fds0% of the galactic SFR

1 although the SFR fraction depends on spatial resolutions
1 seeDessaugeZavadsket al. 2016, Cava et al. 2017

Giant clumps are the main SF sites in gah clumpy galaxies.



Clumpy fraction and cosmic SFR
Shibuya et al. (2016)
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Clumpy fraction and cosmic SFR
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E Chicken or Egg?

Shibuya et al. (2016)

A Formation of clump increases SFR?

A Gas accretion (increase of SFR) triggers clump format

Redshift

on:



Fate of giant clumps: longevity or ephemerality?

1 The longlived scenario

1 Noguchi 98, 99; Immeli + 04; Bournaud + 06, 08, 14;
Ceverino + 10, 12; Inoue+ 11, 12, 14; Forbs+ 13; Moody+ 14

9 Observed giant clumps are gravitationally bound structures.
1 migrate to the galacticentresby dynamical friction and finally form bulges.

1 Possible if feedback processes are weak and/or clump masses are large.

{1 The shortlived scenario
1 Genel+ 12; Hopkins+ 11; Buck+ 17; Okl o p7. |

1 Observed giant clumps are lelssund and/or tidally disrupted soon.
1 cannot migrate to the galactimentresand are transient structures.

9 Possible if feedback processes are strong and/or clump masses are small.

Still under debate




Clump formation and star formation

{1 Thus, formation mechanisms of giant clumps are closely
related to (global) physics of star formation in galaxies.

1 What drives gianrtlump formation?
1 Gravitational instability (GI)
9 Cosmological gas accretion
1 Galactic mergers

1 What suppress giaatlump formation? (why clumps disappear?)
9 Disc stabilization by gas consumption and/or heating
91 Growth of a massive bulge
1 Cessation of galactic mergers
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N N elinear violent disc instability with high
T o 0 mrQeirohgyh-redshift clumpy disc
gal axi eso

MNRAS, 456, 2052 (2016)

SI, Avishal Dekel, Nir Mandelker, Daniel Ceverino,
Frederic Bournaud, Joel Primack



Why are they clumpy?

Alt has been proposed;
| Galaxies are highly gas -rich (stream -fed) in their early formation stages.
| Cold gas discs in the galaxies are Toomre unstable: (Noguchi 1998, 1999).

t Clump formationn is sause @by Joordre ibryshtbasb i

Inoue & Saitoh (2012)



Toomre instability

AFrom a local and linear: perturbation theory for
axisymmetricc perturbations,

Aln observations,

Q

ZC782941z=2.18
2.1

AQ<0.5

Genzel et al. (2011)
with SINFONI

E im olbserved clumpyydiscs:




Toomre instability

AHowever, dynamically unstable states cannot be
long-lasting.

| The unstable regions will collapse soon, then their disc
(inter -clump) regions turn over to stable states within
the local dynamical time -scales.

The observation might be
underestimatinjoomreQ &




‘ Toomre analysis in cosmological sims.
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Cosmological simulations
Ceverino et al. (2010, 2013) using ART code
10pc-order resolution with radiation pressure.



How to measure U
A2-component model (Romeo & Wiegert 2011)
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I IS velocity dispersion (not sound speed).
| II'is calculated from mean velocity fields of gas/star.

Ik \/c ( )
| Young stars (age<100 Myr) ar e consi dered t
| Bulge stars are removed N "OrQ X
| Gaussian smoothing with FWHM=1.2 kpc

| to focus on 0 PTT M,

| A razor -thin disc model (which gives lower limits)




Cosmological simulations
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Purple Q<1: linear instability

Blue Q=1-1.8: non-linear instability

Green Q=1.8-3: dissipative instability
Yellow, Red, Black: Q>3: stable state
White: i ma g i n @&Q cannad be defined)
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A Instability (Q<1) can only be seen in/around the clumps.
A Disc (inter-clump) regions seem to be stable (Q>2).

A Purple Q<1: linear instability
'/ Blue Q=1-1.8: non-linear instability
o5 Lo 1 Green Q=1.8-3: dissipative instability
: " | Yellow, Red, Black: Q>3: stable state
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A Instability (Q<1) can only be seen in/around the clumps.
A Disc (inter-clump) regions seem to be stable (Q>2).
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Purple Q<1: linear instability

Blue Q=1-1.8: non-linear instability
Green Q=1.8-3: dissipative instability
‘ellow, Red, Black: Q>3: stable state
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Cosmological simulations
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A Instability (Q<1) can only be seen in/around the clumps.
A Disc (inter-clump) regions seem to be stable (Q>2).

Purple Q<1: linear instability
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‘ Non-linear formation of clumps
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Non-linear formation of clumps
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‘ Non-linear formation of clumps
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‘ Non-linear formation of clumps
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‘ Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps
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Non-linear formation of clumps

ADistributions of Q on proto -clumps.
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Non-linear formation of clumps

ADistributions of Q on proto -clumps.

| The initial masses Mgymp, > P TTMg
12 | | | | | - | | |

Clump detection scheme
(Mandelker + 2014)

We trace clumps:back:in,
time:andispace;. and/then
we look into)protoo-clumps
which are-detected for,

ber of proto-clumps

Significant fraction Ing with Q>1.8
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How do giant clumps form?

ANon -perturbative scenarios
tGas dissipatiom
0 ¢ oif gas cooling is rapid. (Emegreen 2011)




How do giant clumps form?

ANon-perturbative scenarios
Gas dissipation
0 ¢ oifgas cooling is rapid. @megreen 2011)
 Smalll-scale formatiomandimergeriaccretion growth
|Q can be <1 on small scales (e.g. Romeo et ai 2010)

| Q-measurement can depend on physical scales, e.g. Larson low
| We applied the Gaussian smoothing with FWHM=1.2  kpc

iR —— 1 S 3o Rt
logyy(Zr0s) Mo pe?] logyo(Sr0s) Mo Pc]

A giant clump may form by
mergers of small clumps.
(Behrendt et al. 2015)




How do giant clumps form?

ANon -perturbative scenarios

tGas dissipatiom

0 ¢ oifgas cooling is rapid. @megreen 2011)
 Smalll-scale formatiomandimerget/decretion growthth

|Q can be <1 on small scales (e.g. romeo et al 2010)
t Non-axisymmetrié pesttnbationon

| Tperturbations (v & Gedalin 2012)

lunstable up to 0 e ¢ for finite thickness.




How do giant clumps form?

APerturbative scenarios
tMinorrmergerss
| Satellite accretion can disturb a disc.
t Pre-existingzclumpss

| Clumps also disturb a disc and stimulate formation of
other clumps.

tCold stream fldwingdna discsc
| Streams can join a disc with slow or counter rotation.
| Slow rotation leads to low |l




How do giant clumps form?

APerturbative scenarios
tMinorrmergerss
| Satellite accretion can disturb a disc.
I Pre-existingzclumpss

| Clumps also disturb a disc and stimulate formation of
other clumps.

tCold stream fldwingdna discsc

| Streams can join a disc with slow or counter rotation.
tCompressive turbuléncec

| Compressing gas can indicate a high , (i.e. high Q)

| But a clump will form there ngh and high Q

»%ﬁ

But, stars will form




‘ Toomre instability

Aln observations,

ZC782941z=2.18

Genzel et al. (2011)
with SINFONI

E im the:ohsenvations:
E im our-simulations:



‘ ODbs. VS. sims.

AToomre Q of gas component.
AlE im tHe-obsenvations:

Genzel et al. (2011)

O 3-5 times lower in the obs.



ODbs. VS. sims.

AToomre Q of gas component.
AlE im tHe-obsenvations:

| The observation might be underestimating Q.
| Perhaps, it might be die to overestimation of gas density.
'The gas density in obs. is measu

Hh

(observable)

SFR {

conversion factg

| e.g.
| KS relation may be differentinhigh -z gal axi es é?
| Star -formation efficiency may be higherinhigh -z gal axi es



‘ Summary

AQ>2-3 in disc (inter-clump) regions,
AQ<1 inside/around giant clumps.

AFormation of new clumps can start with Q>2-3.

AClump formation is NOT NECESSARILY
due to the (standard) Toomre instability.

AMaybe induced by other mechanisms.
| minor mergers, pre -existing clumps, cold streams, etc..

AThere IS tension between our sims and IFS obs.
| Gas density may be overestimated in I[FS?



Transition of giant clump formation
mechanisms at z~2:
from Toomre to spiral -arm instabilities

Beyond Tavoma’s @ O S



Spiral or Clumpy?

Clumpy galaxies
Giant clumps

Gas-rich (fy,s>30%)

Guo et al. (2014)

Spiral-arm fragmentation? | Spiral galaxies emerge at z<2 (Elmegeen-+

OSIRIS/Ha ' BT 43&
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Elmegreen & Elmegreen (2014

Law et al. (2012)



Spiral or Clumpy?

Isolated disc galaxy simulations
Gas + stellar discs
Isothermal gas (no star formation, no feedback)

Moving-mesh code: Arepo

R.. 8
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t =0000 Myt
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Spiral-arm fragmentation as a clump formation mechanism

Spiral arms can fragment into clumps,

if the gas fraction is high and/or the disc is kinematically cold.

Spiral-arm fragmentation is not Toomre instability!

Spiral-arm fragmentation could be a possible mechanism of giant clump formation.

Beyond Tapom's @ O S

The aims of this study:
How spiral-arm fragmentation occurs?

Derive an instability parameter and its criterion

linear perturbation theory for a spiral arm




Takahashi, Tsukamoto & Inutsuka (2016)

| Proto-planetary discs
{ Spiratarm fragmentation:takes place onlyif — 1@ on the spiralarm.

1 Their linear perturbation analysis also supports this criterion.

(a) t=3856yr (b) t=4142yr () t=4428yr

(d) t=4714yr (f) t=5285)

() t=58idyr (i) t=6142yn
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