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Spiral or Clumpy?

at low-z Spiral galaxies

NGC 5248

Low redshifts

Gas-rich (f;,s~10%)

Toomre instability

Clumpy galaxies

Giant clumps
High redshifts (mainly)
Gas-rich (fy,5~30%)

Toomre instability

with HST Guo et al. (2014) really...?



What was Toomre instability?7??

From local and linear perturbation theory for
axisymmetric perturbations in smooth discs,

or sound speed
(pressure)

Velocity dispersion

Epicyclic frequency
(Coriolis force)

The stability condition: —

Surface density
(self-gravity)

If Q<1, the local region is
gravitationally unstable,
going to collapse.



Spiral or Clumpy?

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

Moving-mesh code: Arepo

fgas=0-2 fgas=0-25
£ = 0000 Myr

10




Spiral-arm fragmentation as a clump formation mechanism

Spiral arms can fragment into clumps,

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

Spiral-arm fragmentation is not Toomre instability!

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

Beyond Toomre’s Q

The aims of this study:
How spiral-arm fragmentation occurs?
Derive an instability parameter and its criterion

Discuss if the fragmentation can form high-z clumps

Let’s go to linear perturbation theory for a spiral arm!!

(FRT E BN ER)




Set-up for the linear perturbation theory

Now considering...

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

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

yA

perturbation
6A expli(kR¢p — wt)]

Q1 =-B

» Replace surface density X with line-mass

™ spiral arm Y = 1.4WZX (Gaussian).
>
X
0 1 0 s, Yo O
continuity: 8—52 + TR (RXodvR) + 9%52 RO a@&% = 0,

0 0 0 0 0%
R-momentum: a—(SUR + 'UR@(SUB + Qa—QD(SUR — 29(5@@ = —— (CE— + (S(I)) y

$-momentum: agdvqs - UBaZ(SUqb + Qaﬁgb(syqb — 2BovR = N (025—2 + (5(1)) :



Set-up for the linear perturbation theory

Now considering...

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

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

yA

perturbation
6A expli(kR¢p — wt)]

Q1 =-B

» Replace surface density X with line-mass

™ spiral arm Y = 1.4WZX (Gaussian).

>
X

continuity: woY = kT(S”UCb,

R-momentum: —z’wéva = QQ(S’Uqﬁ,

2

momentu: —itwdvy = 2080k — ik 8T — ikoP.



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<I>>k + 40)°.

The Poisson equation for the perturbations is

W K :Bessel function
0d = / —GOT Ko(|kx|)/Wda L : Struve function

W
= —7GSY [Ko(kW)L_1 (kW) + K1 (kW) Lo(kW)]

f (kW) W : half width of arm




A dispersion relation for a single-component model

One can obtain the dispersion relation for the perturbations,
w? = (2 —nGf(kW)T) k* 4 49Q°.

(cf. Takahashi, Tsukamoto & Inutsuka 2016)

This can be transformed as
k% 4 402 — w?
TG f (kW)Y k2

When w? < 0, the spiral is unstable.

= 1.

Hence, the new instability parameter and its criterion can be defined as

cok? 4 49

> = G FRWTIE




A dispersion relation for a two-component model

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

gas: 9 o, g 2 | 102 ; 2 Ty ;
W = cS + ,7_(5(1) I‘L + —LQ . OT == nli ; ; (I'J(I)
( S0, ) g w? — 402 — 22
stars: 2 = (o2 + T b | k2 + 402 0T = k> — TS 0D.
wo = | Yy 5Ts ' S wz — _LQQ — (}.{2)'112

Because gas and stars interact only through gravity, they are connected in the
Poisson eq.,
0P = —7G [0 f(kWy) + 01 f (kW)

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

TGk Yo f(kWy) — 7GE* Y f(kWs) | !
cik? +4Q2 —w? ok 4 407 — W? o

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

1[0 (bWy) | Yof (k)

- <
TGR2 | 2h2 + 402 o2k + 402
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Clump mass estimation

- An unstable perturbation is expected to collapse
along the arm (1D collapse)




Clump mass estimation

- An unstable perturbation is expected to collapse
along the arm (1D collapse)

'Mcl ~XW A




Clump-mass prediction
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An unstable perturbation is expected to collapse

along the arm (1D collapse)
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Limitations of our models

Our simulations are ideal
Isolated models
Isothermal gas
No star formation or stellar feedback

Very thin discs

Our analytic model is also ideal
Razor-thin spiral arms
Tight-winding approximation
Equilibrium for spiral arms

Gaussian density distribution assumed

We also find a few non-linear fragmentation
Clump formation can occur even if the instability condition is not satisfied.

But, non-linear fragmentation is quite rare in our simulations.




Violent Disc Instability (VDI)

(based on Toomre instability; Dekel et al. 2009)

V.S.

Spiral-Arm Instability (SAI)



VDI vs SAI

* Violent Disc Instability » Spiral-Arm Instability

Toomre instability and/or
) . swing amplification
Toomre instability
o<1 | spralam formation
' Spiral-Arm Instability
S<1




VDI vs SAI

* Violent Disc Instability » Spiral-Arm Instability




VDI vs SAI

* Violent Disc Instability » Spiral-Arm Instability
- 2D collapse

¢ MCINTL'Z(A/Z)Z




VDI vs SAI

* Violent Disc Instability » Spiral-Arm Instability
- 2D collapse - 1D collapse

M ~72(1/2)? M ~3ZW2




Scaling relations of high-z clumps

From our analysis, we can obtain scaling relations of properties of giant clumps.

822
T >

expected clump mass: A, ~ Ay — = AmMuAdA—W.

fe fe
expected velocity dispersion o 1GMo 2 | X L2 4 W 5
within a clump: 7 ¥ 3 — 39z, WA= gonBAEf) T 7oV

_1
TaGEF AW I—\ 2-«
the most unstable wavelength: A\pu = 27 .

Spiral-arm instability

expected scaling relation:

Toomre instability
expected scaling relation:

R clump radius, oc):vel. disp. with in clump, Ry: disc radius, V: disc rot. vel.




Scaling relations of high-z clumps

1.2 T | !
=== Spiral-arm instability
1.0 || === Toomre instability
- -+ Fisher et al.(2017)

0.0 0.5 10 15 2.0 2.5
RdO'Cl/V [kpC]
Both models of the spiral-arm and Toomre instability can explain the observations.
Neither is rejected by the observations.

Our spiral-arm instability theory can be a possible

mechanism of giant clump formation in high-z galaxies.



Scaling relations of high-z clumps

From our analysis, we can obtain scaling relations of properties of giant clumps.

1

/ 3—2a | 2=a
A]cl ~ 2 llOdF(} (AB)'B—O: ‘T) ( W) ]

J\/{d,g—l—s 8 Rd

Spiral-arm instability
expected scaling relation:

Toomre instability

expected scaling relation: M
g

R clump radius, oc):vel. disp. with in clump, Ry: disc radius, V: disc rot. vel.




Scaling relations of high-z clumps

Violent Disc Instability

N _05 T

Spiral-Arm Instability

T
g,cl/]w&dchgode_l'3 T

; | ~HO[|4: ¥ Fisher+17
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1
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-35 ‘\¢‘ | —25F
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2 a0l o T 30l
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—45r o H+ H4 Fisher+17 -
* —3. -
_50 A 1 l l 1 | 1 1 | l 1 l l 1 1
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2 0.7p—-1.3
log f, log ( g L4 )

The observations may prefer our SAI model.

But, the sample size is too small.

If the most gas-poor one is excluded, the fittings become comparable in both models.

0.0



Summary

We analytically derived an instability parameter and its criterion for spiral-
arm fragmentation.

1 [P f Wy T (W)

< 1.

_|_
TGE2 | 2k2+402 T o2k + 402

Our novel instability parameter can characterize remarkably well
fragmentation of spiral arms and clump formation following.

Neither model of our spiral-arm nor Toomre instability is inconsistent with
current observations.

The spiral-arm instability could be a possible mechanism of giant
clump formation in high-redshift galaxies.

It is also interesting to adopt our instability analysis to
local spiral galaxies.




