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L ŀƳ ƎƻƛƴƎ ǘƻ ǘŀƭƪ ŀōƻǳǘ άƎƛŀƴǘ ŎƭǳƳǇǎέ ƛƴ ƎŀƭŀȄƛŜǎ

¶άŎƭǳƳǇέ
¶is a very ambiguous word.
¶e.g. gas clouds, star cluster, dwarf galaxies etc.

¶Lƴ ǘƘƛǎ ǘŀƭƪΣ άŎƭǳƳǇέ L ǊŜŦŜǊ ǘƻ ŀǎ ƛǎ 

¶άƎƛŀƴǘ ŎƭǳƳǇǎέ
¶found in gas-rich galaxies (mainly in high-z galaxies)

¶massive star clusters containing much gas

¶ 108 M
¼

at the largest, 1 kpc in size.

¶actively star-forming



Star formation in galaxies

¶Colourςstellar mass relation

Schawinskiet al. (2014)Quiescent/
Quenched

Star-forming



Star formation in galaxies

¶Colourςstellar mass relation
Red sequence

blue cloud

Schawinskiet al. (2014)
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Star formation in galaxies

¶Colourςstellar mass relation

Schawinskiet al. (2014)

Ellipticals

Discs



Star-ŦƻǊƳŀǘƛƻƴ άƳŀƛƴ ǎŜǉǳŜƴŎŜέ

¶Tight correlations between stellar mass and SFR
¶Evolving with redshifts

¶The origin is still a mystery

Low-redshift

high-redshift

Whitaker et al. (2012)



²Ƙŀǘ Řƻ ǘƘŜ άƳŀƛƴ-ǎŜǉǳŜƴŎŜέ ƎŀƭŀȄƛŜǎ ƭƻƻƪ ƭƛƪŜΚ
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Stellar mass 
distributions

Line-of-sight velocity distributions

Most of star-forming galaxies 
are rotating discs.

Most of star formation takes 
place in disc galaxies.

Wisnioskiet al. (2015)

Wisnioskiet al. (2015)



Many of SF galaxies are clumpy

¶Clumpy galaxies

¶¢ƘŜ ŎƭǳƳǇȅ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ŘŜǘŜŎǘŜŘ ǿƛǘƘ Iʰ ŀƴŘ ¦± ƭƛƎƘǘΦ
¶They are star-forming clumps

¶ 108 M
¼

at the largest, 1 kpc in size

Guo et al. (2014)

Å observed mainly at high 
redshifts z~2.

Å Quite rare at low-redshifts.



Many of SF galaxies are clumpy

¶Clumpy galaxies

¶¢ƘŜ ŎƭǳƳǇȅ ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ŘŜǘŜŎǘŜŘ ǿƛǘƘ Iʰ ŀƴŘ ¦± ƭƛƎƘǘΦ
¶They are star-forming clumps

¶ 108 M
¼

at the largest, 1 kpc in size

¶Each clump accounts for 10% of the galactic total SFR.

¶The total SFR in the clumps accounts for 50% of the galactic SFR.
¶although the SFR fraction depends on spatial resolutions 
¶see Dessauges-Zavadskyet al. 2016, Cava et al. 2017

Guo et al. (2014)

Guo et al. (2012)

each
total

Giant clumps are the main SF sites in gas-rich clumpy galaxies.



Clumpy fraction and cosmic SFR

Clumpy fractions
Cosmic SFRD

Shibuya et al. (2016)



Clumpy fraction and cosmic SFR
Shibuya et al. (2016)

Chicken or Egg?
Å Formation of clump increases SFR?
Å Gas accretion (increase of SFR) triggers clump formation?

Clumpy fractions
Cosmic SFRD



Fate of giant clumps: longevity or ephemerality?

¶The long-lived scenario
¶Noguchi 98, 99; Immeli + 04; Bournaud + 06, 08, 14; 

Ceverino + 10, 12; Inoue+ 11, 12, 14; Forbs+ 13; Moody+ 14

¶Observed giant clumps are gravitationally bound structures.
¶migrate to the galactic centresby dynamical friction and finally form bulges.

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

¶The short-lived scenario
¶Genel+ 12; Hopkins+ 11; Buck+ 17; Oklopľiļ+ 17. 

¶Observed giant clumps are less-bound and/or tidally disrupted soon.
¶cannot migrate to the galactic centresand are transient structures.

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

Still under debate



Clump formation and star formation

¶Thus, formation mechanisms of giant clumps are closely 
related to (global) physics of star formation in galaxies.
¶What drives giant-clump formation?

¶Gravitational instability (GI)

¶Cosmological gas accretion

¶Galactic mergers

¶What suppress giant-clump formation? (why clumps disappear?)

¶Disc stabilization by gas consumption and/or heating

¶Growth of a massive bulge

¶Cessation of galactic mergers 

Guo et al. (2012)

Shibuya et al. (2016)



ñNon-linear violent disc instability with high 
ToomreôsQ in high-redshift clumpy disc 

galaxiesò

SI, Avishai Dekel, Nir Mandelker, Daniel Ceverino,

Frederic Bournaud, Joel Primack

MNRAS, 456, 2052 (2016)



Why are they clumpy?

Stars

Gas

Inoue & Saitoh (2012)

ÅIt has been proposed;
ÍGalaxies are highly gas -rich (stream -fed) in their early formation stages.

ÍCold gas discs in the galaxies are Toomre unstable (Noguchi 1998, 1999).

ÍClump formation is caused by ôToomre instabilityõ



Toomre instability

ÅFrom a local and linear perturbation theory for 
axisymmetric perturbations,

ÅIn observations,

Genzel et al. (2011)

with SINFONI

Ἕ in observed clumpy discs.

Qgas

Qgas



Toomre instability

ÅHowever, dynamically unstable states cannot be 
long-lasting.

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

Q

The observation might be 

underestimating ToomreQé



Toomre analysis in cosmological sims.

ÅCosmological simulations
ÍCeverino et al. (2010, 2013) using ART code

Í10pc-order resolution with radiation pressure.



How to measure ὗ
Å2-component model (Romeo & Wiegert 2011)

Íὗ ,     ὗ
Ȣ

Í

ὗ ὡὗ ὗ ὭὪὗ ὗ

ὗ ὗ ὡὗ ὭὪὗ ὗ

Íὡḳ

Í„is velocity dispersion (not sound speed).
Í‖is calculated from mean velocity fields of gas/star.

Í‖ḳ ς

ÍYoung stars (age<100 Myr) are considered to be ògas ò 

ÍBulge stars are removed ȠὮȾὮ πȢχ

ÍGaussian smoothing with FWHM=1.2 kpc

Íto focus on ὓ ρπ M
8

ÍA 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:imaginary ə(Q cannot be defined)



Å Instability (Q<1) can only be seen in/around the clumps.

ÅDisc (inter-clump) regions seem to be stable (Q>2).

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:imaginary ə(Q cannot be defined)

log Q2comp
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pc-2] log ǲSFR [M
8

yr -1 kpc-2]



Cosmological simulations
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Å Instability (Q<1) can only be seen in/around the clumps.

ÅDisc (inter-clump) regions seem to be stable (Q>2).

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:imaginary ə(Q cannot be defined)
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log ǲgas+stars [M

8
pc-2] log ǲSFR [M

8
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Cosmological simulations
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8
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Å Instability (Q<1) can only be seen in/around the clumps.

ÅDisc (inter-clump) regions seem to be stable (Q>2).

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:imaginary ə(Q cannot be defined)

log Q2comp



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps



Non-linear formation of clumps

ÅDistributions of Q on proto -clumps.
ÍThe initial masses  M clump > ρπM

8

Clump detection scheme

(Mandelker + 2014)

We trace clumps back in 

time and space, and then 

we look into proto -clumps 

which are detected for 

the first time.



Clump detection scheme

(Mandelker + 2014)

We trace clumps back in 

time and space, and then 

we look into proto -clumps 

which are detected for 

the first time.

Non-linear formation of clumps

ÅDistributions of Q on proto -clumps.
ÍThe initial masses  M clump > ρπM

8

Significant fractions of clumps start forming with Q>1.8



How do giant clumps form?

ÅNon-perturbative scenarios

ÍGas dissipation

Íὗ ς σif gas cooling is rapid. (Elmegreen 2011)



How do giant clumps form?

ÅNon-perturbative scenarios

ÍGas dissipation

Íὗ ς σif gas cooling is rapid. (Elmegreen 2011)

ÍSmall -scale formation and merger/accretion growth

ÍQ can be <1 on small scales (e.g. Romeo et al 2010)

ÍQ-measurement can depend on physical scales,  e.g. Larson low

ÍWe applied the Gaussian smoothing with FWHM=1.2 kpc

A giant clump may form by 

mergers of small clumps. 

(Behrendt et al. 2015)



How do giant clumps form?

ÅNon-perturbative scenarios

ÍGas dissipation

Íὗ ς σif gas cooling is rapid. (Elmegreen 2011)

ÍSmall -scale formation and merger/accretion growth

ÍQ can be <1 on small scales (e.g. Romeo et al 2010)

ÍNon-axisymmetric perturbation

Íά πperturbations (Griv & Gedalin 2012)

Íunstable up to ὗḙςfor finite thickness.



How do giant clumps form?

ÅPerturbative scenarios

ÍMinor mergers

ÍSatellite accretion can disturb a disc. 

ÍPre-existing clumps

ÍClumps also disturb a disc and stimulate formation of 
other clumps.

ÍCold stream flowing in a disc

ÍStreams can join a disc with slow or counter rotation.

ÍSlow rotation leads to low ‖



How do giant clumps form?

ÅPerturbative scenarios

ÍMinor mergers

ÍSatellite accretion can disturb a disc. 

ÍPre-existing clumps

ÍClumps also disturb a disc and stimulate formation of 
other clumps.

ÍCold stream flowing in a disc

ÍStreams can join a disc with slow or counter rotation.

ÍCompressive turbulence
ÍCompressing gas can indicate a high „(i.e. high Q)

ÍBut a clump will form there High ̀ and high Q

But, stars will form



Toomre instability

ÅIn observations,

Genzel et al. (2011)

with SINFONI

Ἕ in the observations.

Ἕ in our simulations.

Qgas

Qgas



Obs. vs. sims.

ÅToomre Q of gas component.

ÅἝ in the observations.

Genzel et al. (2011)

Ṍ3-5 times lower in the obs.



Obs. vs. sims.

ÅToomre Q of gas component.

ÅἝ in the observations.

ÍThe observation might be underestimating Q.

ÍPerhaps, it might be die to overestimation of gas density.

ÍThe gas density in obs. is measured from HȀ luminosity.

Íe.g. 

ÍKS relation may be different in high -z galaxiesé?

ÍStar -formation efficiency may be higher in high -z galaxiesé?

Hh
(observable)

conversion factor SFR KS relation ɫ



ÅQ>2-3 in disc (inter-clump) regions, 

ÅQ<1 inside/around giant clumps.

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

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

ÅMaybe induced by other mechanisms.
Íminor mergers, pre -existing clumps, cold streams, etc..

ÅThere is tension between our sims and IFS obs.
ÍGas density may be overestimated in IFS?

Summary 



Transition of giant clump formation 
mechanisms at z~2: 

from Toomre to spiral -arm instabilities

Shigeki Inoue(KavliIPMU / U Tokyo)

w/ NaokiYoshida, TakatoshiShibuya

Beyond ToomreôsQ 

MNRAS in press 

arXiv : 1706.01895



Spiral or Clumpy?

ÅClumpy galaxies

ÅGiant clumps

ÅGas-rich (fgas>30%)

Guo et al. (2014)

Spiral-arm fragmentation?

Law et al. (2012)
Elmegreen & Elmegreen (2014)

Spiral galaxies emerge at z<2 (Elmegeen+14)



Spiral or Clumpy?

ÅIsolated disc galaxy simulations

ÅGas + stellar discs

ÅIsothermal gas (no star formation, no feedback)

ÅMoving-mesh code: Arepo

█▌╪▼ Ȣ █▌╪▼ Ȣ



Spiral -arm fragmentat ion as a c lump formation mechanism

ÅSpiral arms can fragment into clumps,

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

ÅSpiral-arm fragmentation is not Toomre instability!

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

ÅThe aims of this study:

ÅHow spiral-arm fragmentation occurs?

ÅDerive an instability parameter and its criterion

linear perturbation theory for a spiral arm

Beyond ToomreôsQ 



Takahashi, Tsukamoto & Inutsuka (2016)

¶Proto-planetary discs

¶Spiral-arm fragmentation takes place only if ὗ πȢφon the spiral arm.

¶Their linear perturbation analysis also supports this criterion.


