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Clumpy galaxies

A Observed in the high-z universe z >1
I clump clusters / chain galaxies

In the high -z In the local universe

NGC 5248 l NGC 3344

10° yr |

with HST Guo et al. (2014) Elmegreen et al. (2013)

A Clumpyod gal axies are for ma
i~ Gi ant (e10uMypastiée largest)

I Clumpy galaxies account for ~ 30-50 % in z=1-3
A Tadaki+14, Livermore+15, Guo+15



Clumpy fraction and cosmic SFR
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Clump formation and star formation

What yet to understand are:

What drives giant-clump formation?
Gravitational instability (Gl)
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




Spiral -arm instability:
glant clump formation via
fragmentation of a galactic spiral arm

Beyond Tavoma’s @ O S



Spiral or Clumpy?

Clumpy galaxies
Giant clumps

Gas-rich (fy,s>30%)

Toomre instability?

Guo et al. (2014)

Spiral-arm fragmentation? | Spiral galaxies emergezt2-3 (Elmegeen+14

OSIRIS/Ha ' BT 4 43&

Y

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
0

t =0000 Myt

1




Set-up for the linear perturbation theory

Now consideringe

Gravitational instability for azimuthal perturbations on an axisymmetric spiral (ring).

1 ©




Set-up for the linear perturbation theory

Now consideringe

Gravitational instability for azimuthal perturbations on an axisymmetric spiral (ring).

y 4

“~ spiralarm A Linear perturbation equations

> Ad6Oo 90
X A consider the first-order terms

continuity: %2 + V- (Zv) =0,

R- and. -momenta: %V + (V . V) vV = —le — Vo.
P




Set-up for the linear perturbation theory

Now consideringe

Gravitational instability for azimuthal perturbations on an axisymmetric spiral (ring).

Assuming:
A The spiral has a rigid rotation since self-
gravitating.

y 4

perturbations

10 A AWN% 1 0)]

m o)

A Replace surface density + with line-mass

"~ spiral arm | p8& & (Gaussian).
>
X
0 1 0 0 o 0
continuity: 8—52 + 2R (RXp0vR) + 9%52 RO 8@5% = 0,

ot IR D¢ "R

0 0 d O [ 90X
R-momentum: 5;0VR T VR550VR + Q25-0vp — 20000y = ((’ —— + 5@)

0 0 0 1 0 [ 50X
- tum: — () — 2Bovp = ——=— P ).
momentum: (‘%5% + UR@R(S% + a@éf% VR = R 30 ( = +90 )




Set-up for the linear perturbation theory

Now consideringe

Gravitational instability for azimuthal perturbations on an axisymmetric spiral (ring).

Assuming:
A The spiral has a rigid rotation since self-
gravitating.

y 4

perturbations

10 A AWN% 1 0)]

m o)

A Replace surface density + with line-mass
~ spiral arm | p8& o (Gaussian).

>
X

continuity: wo Yl = kT&Uqb,

Rrmomentum: —jwovR = 220V,

2

, -momentum: —iw5v¢ = —2Q00vp — ik%@T — 1ko®.



A dispersion relation for a single-component model

One can obtain the dispersion relation for the perturbations,

T
2 2 2 2
W (Cs 5T(5 )k

The Poisson equation for the perturbations is

111% - :
L : Bessel function
0P = /W —GOT Ko(lka|)/Wdz 0 : Struve function

= —7GSY [Ko(kW)L_y (W) + K1 (kW) Lo(kW)]

"QQw @ : half width of arm




A dispersion relation for a single-component model

One can obtain the dispersion relation for the perturbations,

w? = (c; — TG f(kW)T) k? + 40°.
Pressure Selfgravity Coriolis force
(cf. Takahashi, Tsukamoto & Inutsuka 2016)

This can be transformed as

k2 4 A0 — o

= 1.
G f(EkW)Yk?
WhenT 11, the spiral is unstable.
Considering this in the boundary case] T, the new instability parameter and

its criterion can be defined as

2k2 i 492

S_

TG RW) TR




A dispersion relation for a two-component model

A galaxy usually has gas and stars. The dispersion relations of gas and stars are,

T

: 5.
w? — 402 — 2k?
T,

w? — 402 — g2 k2

gas. UJQ _ <C2 4+ 6”1‘1“2, 6(I)> kQ 4+ _LQE 6Tg _ kz

S

stars: 2 — (02 4 f; 5(1)) K2 1402 0Yg =k 5P,

Because gas and stars interact only through gravity, they are connected in the
Poisson eq.,
00 = —7mG [0 gf(EWg) + 06X f(EWs)]

Then, one can obtain the two-component dispersion relation,

TGR2Y f(EW,)  mGR2Ysf (kW)
3k? + 492 —w? - oZk? 44027 — w2

=1,

Finally, | obtain the new instability condition for 2-comp. models,

Tof (W) | Tof (kW)

<
czk? + 403 i o k? + 403




Demonstration

The fragmenting cas}e

Gas density
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Demonstration

The fragmenting cas}e

Gas density

R [kpc]

10
-10 -5 0 5

z [kpc]
t=160 Myr o4
Is) 0.2
i
s 0.0
—0.2




Demonstration

The fragmenting cas}e

Gas density

10
-10 -5 0 5
z [kpc]

t=170 Myr

R [kpc]

R [kpc]

10

Gas density logk

¢ [rad]
Instability parameter logsS; 04
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Demonstration
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The fragmenting cas}e

Gas density

5
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Demonstration

The fragmenting cas}e

Gas density
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Demonstration

-5

The fragmenting cas}e

Gas density
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t=200 Myr

R [kpc]

R [kpc]




Demonstration

The fragmenting cas}e

Gas density
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Demonstration

The fragmenting cas}e

Gas density

10
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z [kpc]

t=220 Myr
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R [kpc]

Gas density logX:, [M, kpc 2]
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Demonstration

The fragmenting cas}e

Gas density
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The fragmenting cas}e

Gas density
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The fragmenting cas}e

Gas density
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Demonstration

The fragmenting cas}e

Gas density
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Demonstration

The stable cas{a

Gas density
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Demonstration

The stable cas{a

Gas density
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Demonstration

The stable cas{a

Gas density
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Demonstration

The stable cas{a

Gas density

t=230 Myr
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Demonstration

The stable cas{a

Gas density
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Instability parameter logS;
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Demonstration

The stable cas{a

Gas density

t=250 Myr

R [kpc]

R [kpc]
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Gas density logkx
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Demonstration

The stable cas{a

Gas density
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Demonstration

The stable cas{a

Gas density
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Demonstration

The stable cas{a

Gas density
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The stable cas{a




