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Clumpy galaxies
« Observed in the high-z universe (z > 1)
— clump clusters / chain galaxies

in the high-z in the local universe

NGC 5248 | NGC 3344

5 Kkpc

with HST  Guo et al. (2014) Elmegreen et al. (2013)
« "Clumpy’ galaxies can be formative stages of spiral galaxies.
— "Giant clumps’ (~ 108° M, at the largest)

— Clumpy galaxies account for ~ 30-50 % at z=1-3
« Tadaki+14, Livermore+15, Guo+15



In this workshop last year...

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

Moving-mesh code: Arepo

fgas = 0.2




In this workshop last year...

One can obtain the dispersion relation for the perturbations,

w? = (c; — nGf(EW)T) k* +4Q°.

Pressure Self-gravity Coriolis force

(cf. Takahashi et al. 2016)

When w? < 0, the spiral is unstable.

Considering this in the boundary case w? = 0, the instability
criterion can be defined as

21.2 2
- Spiral-arm instability q = Csk + 4()
(Inoue & Yoshida 2018) - WGf(kW) TkQ

Line-mass: Y = 1.41X W, Half-width of spiral arm: W
F(EW) = [Ko(EW)L_1 (kW) + K1 (EW)Lo(EW)],

< 1.




Demonstration

The fragmenting case

Gas density

g
=
10
-10-5 0 5
x [kpc]
t=150 Myr
g
8t

Inoue & Yoshida (2018)

¢ [rad]
Instability parameter log$,
R R S T A S
T '\ ------------------------------ Sk . o
L G Y]
| | i i | b |
0 1 2 3 4 5 6

0.4

0.2

0.0

-0.2



Demonstration

The fragmenting case

Gas density

R [kpc]

10
-10 -5 0 5
z [kpc]

t=160 Myr

R [kpc]

Inoue & Yoshida (2018)

0.4

0.2

0.0

-0.2



Demonstration

The fragmenting case

Gas density .

R [kpc]

Gas density logk

10
-10 -5 0 5
z [kpc]

¢ [rad]

t=170 Myr *°

R [kpc]

SCOOOFfOCO0OCOOCCOO0CONCOEPOCOODCOCO0ODCDOOO0CNO000C00000,C00C00C00000C0000C00000C0000GC 0 o

ifféifififffféfffifffféfffffifféfffi:iifféi;_ifffféf: 0.2

Instability parameter logsS; 04

Inoue & Yoshida (2018)

fﬁfﬁﬁfﬁﬁ{ﬁéﬁ;ff;ffﬁffﬁffﬁfﬁfﬁflffffﬁ%&;f;ﬁﬁfﬁf@f: 0.0
..... SN G A e Y
i i \ | | i _02
1 2 3 4 5 6
¢ [rad]



Demonstration

-5

The fragmenting case

Gas density

5
0

R [kpc]

-10 -5 0 5
z [kpc]

¢ [rad]

t=180 Myr *°

R [kpc]

Instability parameter log.5, 04

0.2

0.0

-0.2

Inoue & Yoshida (2018)




Demonstration

The fragmenting case

Gas density

R [kpc]

10
-10 -5 0 5
z [kpc]

¢ [rad]

t=190 Myr *°

R [kpc]

Instability parameter log.5, 04

0.2

0.0

-0.2

Inoue & Yoshida (2018)




Demonstration

-5

The fragmenting case

Gas density

5
0

R [kpc]

-10 -5 0 5
z [kpc]

t=200 Myr

R [kpc]

Inoue & Yoshida (2018)




Demonstration

The fragmenting case

Gas density

5 ’ _
v

-5

72105 0 5

z [kpc]
t=210 Myr

8
=

Inoue & Yoshida (2018)

¢ [rad]
Instability parameter logsS;

Kff]fiff]fffZif]ffiﬁﬁ;f]ff]ffffififififfi"f]ffifff:

-~ \ £
Seeos Eg -------------------------------- R L A
\"\'\1

| | . | | | Ny

0 1 2 3 4 5 6

0.4

0.2

0.0

-0.2



Demonstration

The fragmenting case

Gas density

R [kpc]

10
-10 -5 0 5
z [kpc]

t=220 Myr

R [kpc]

Inoue & Yoshida (2018)

0.4

0.2

0.0

-0.2



Demonstration

The fragmenting case

Gas density

g
~
10
-10 -5 0 5
z [kpc]
t=230 Myr
A

Inoue & Yoshida (2018)

¢ [rad]
Instability parameter logsS;
i R e ¢ P
:ffﬁﬁfﬁfﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁfﬁﬁfﬁﬁfﬁﬁf]ﬁffﬁﬁﬁﬁﬁﬁﬁﬁf&ﬁﬁﬁﬁﬁﬁﬁfﬁﬁfj}ﬁﬁﬁﬁfiﬁ-f-ﬁ{
m | | i i | i
0 1 2 3 4 5 6

0.4

0.2

0.0

-0.2



Demonstration

-5

The fragmenting case

Gas density

5
0

R [kpc]

-10 -5 0 5
z [kpc]

¢ [rad]

t=240 Myr *°

R [kpc]

Instability parameter logsS;

Inoue & Yoshida (2018)

0.4

0.2

0.0

-0.2



Demonstration

-5

The fragmenting case

Gas density

> /
0

R [kpc]

-10 -5 0 5
z [kpc]

¢ [rad]

t=250 Myr *°

R [kpc]

Instability parameter logsS;

Inoue & Yoshida (2018)

0.4

0.2

0.0

-0.2



Demonstration

The fragmenting case

Gas density

R [kpc]

10
-10 -5 0 5
z [kpc] ¢ [rad]

(=260 M . Instability parameter logS;
= yr ! ! ! !

R [kpc]

Inoue & Yoshida (2018)

0.4

0.2

0.0

-0.2



How does magnetic field
affect spiral arm?

Does magnetic field stabilize or
destabilize the arm?




Declination (J2000)

Toroidal magnetic fields in a disc galaxy

- Galactic B-fields are approximately toroidal and/or following spiral arms.
* Bg~1 uG around the sun (e.g. Inoue & Tabara 1981, Mouschovias 1983).
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Toroidal magnetic fields in a disc galaxy

* Galactic B-fields are approximately toroidal and/or following spiral arms.
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Toroidal magnetic fields in a disc galaxy

* Galactic B-fields are approximately toroidal and/or following spiral arms.

* Radial perturbations
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cf. EImegreen (1987, 1991), Kim & Ostriker (2001)



Toroidal magnetic fields in a disc galaxy
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Toroidal magnetic fields in a disc galaxy

* Galactic B-fields are approximately toroidal and/or following spiral arms.

 Radial perturbations
* The magnetic pressure work against the perturbations. B

Toroidal B-fields can stabilize radial

perturbations by magnetic pressure. ‘

« Azimuthal perturbations

 The B-fields do nothing in ¢-direction.

* But, work against Coriolis force. t

R

cf. EImegreen (1987, 1991), Kim & Ostriker (2001)
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Toroidal magnetic fields in a disc galaxy

* Galactic B-fields are approximately toroidal and/or following spiral arms.

 Radial perturbations
* The magnetic pressure work against the perturbations.

Toroidal B-fields can stabilize radial
perturbations by magnetic pressure.

« Azimuthal perturbations
* The B-fields do nothing in ¢-direction..
* But, work against Coriolis force.

Azimuthal B-fields can destabilize azimuthal
perturbations by cancelling Coriolis force.

B

2

Coriolis force

1

R

cf. EImegreen (1987, 1991), Kim & Ostriker (2001)

>




Set-up for the linear perturbation theory

* Now considering...

* Gravitational instability for azimuthal perturbations on an axisymmetric

spiral (ring).

continuity: gz +V - (EV) — ()
t )

0 1 1
R- and ¢- ta: — : = —Vp—-—VP —B
and ¢-momenta vl +(v-V)v pr V p X
(ideal) Faraday's law: 8—B =V x (v x B)

ot

™ spiral arm  Linear perturbation equations
> « A—> A, + 64
X « consider the first-order terms

(V x B)



Set-up for the linear perturbation theory

* Now considering...
* Gravitational instability for azimuthal perturbations on an axisymmetric

spiral (ring).
y 4 Assuming:
erturbations  The spiral has a rigid rotation since self-
P gravitating.

SA expli(kR¢p — wt)]

Q=-B

* Replace surface density X with line-mass
™~ spiral arm Y = 1.4W3X (Gaussian).

>
X

continuity: gz +V - (EV) — ()
t b

9, 1 1
R- and d-momenta: av +(v-V)v = —EVp — Vo —%B x (V x B)
(ideal) Faraday's law: B—B =V x (v x B)

ot



Set-up for the linear perturbation theory

* Now considering...

* Gravitational instability for azimuthal perturbations on an axisymmetric

spiral (ring).

perturbations
SA expli(kR¢p — wt)]

™~ spiral arm

>
X

continuity:

Assuming:

 The spiral has a rigid rotation since self-
gravitating.

Q=-B

* Replace surface density X with line-mass

Y =14WZX (Gaussian).

wo Y = kY ovy,

32,

R-momentum: —?:(.UCS’UR = QQ(S’U(;b — ?,—’UA(S’UR,

W
2

¢-momentum: —iwdvy = —2Q0vR — ik%(ST —1koD.

T




The dispersion relation of MHD

* One can obtain the dispersion relation for the perturbations,

5 5 5 402 w2
W = [CS — WGTf(kWﬂ k< + 5 kﬂ .Magnetics
Thermal Self-gravity w @
pressure Coriolis force

Basically, a high w? means a stable state.

- Strong magnetic field (large v,) cancels Coriolis force.
* Coriolis force has a stabilizing effect.
- Canceling the stabilizing effect is a destabilizing effect.

* Toroidal magnetic fields can drive spiral-arm fragmentation.




Ideal MHD simulations
at t=400 Myr
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How can we predict the spiral-arm instability

* One can obtain the dispersion relation for the perturbations,

5 5 5 402 w?
W = [CS — WGTf(kWﬂ k< + 5 kﬂ .Magnetics
Pressure Self-gravity W @

Coriolis force

* If w? > 0 for all wavenumbers k, the arm is stable.
- If w? < 0 for some wavenumbers k, the arm is unstable.
- If w? is complex for some wavenumbers k, the arm is unstable.

* Growth rates of perturbations can be computed as

B —Re(w?) + \/Rez(cﬂ) + Im?(w?) ’

wI‘OW_
& 2

* Wgrow = 0 for stable perturbations.
* Wgrow > 0 for unstable perturbations.
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Two-component model: gas and stars

* This analysis can be applied to a multi-component model
- Stars are not affected by magnetic fields.

- However, the dispersion relation becomes very complicated...
* The two-component dispersion relation is

WGkQTgf(ng) | WGkZTSf(kWS) _
Gas Stars

* This is reduced to a sixth-order (bi-cubic) equation of w
s + (B_lqgacg — g — Qg — 1) st
-+ [ozsag — ﬁ_lqgm‘g (s + ag) + g — fysfyg} 52
T 5_1qg$§ (asag - fYSng) = 0.



Clump mass estimate

* A clump mass can be estimated from our linear analysis.
* Assuming typical values of clumpy disc galaxies
* Disc rotation velocity V, = 200 km/s =Clump formation radius R = 5 kpc

* Spiral arm width W = 0.5 kpc High turbulence o~50 km/s
Typical : . g
a~50km/s | | Magnetic case } The estimated mass M, ~10" Mg
with § = 0.1 - Consistent with observed clumps
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* The estimated mass is almost
independent from magnetic fields.
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Clump mass estimate

* A clump mass can be estimated from our linear analysis.
* Assuming typical values of clumpy disc galaxies
* Disc rotation velocity V, = 200 km/s =Clump formation radius R = 5 kpc
* Spiral arm width W = 0.5 kpc

Typical : .
c~50km/s | | Magnetic case | The estimated mass M;~10% Mg

with 5 = 0.1 * Consistent with observed clumps
10 '
/
L8
QL o g
0] R
B>
c O 2
D 3

log Mg [M@]
oo

d Non-magnetic case

Surface density
og

1 with f = o 51
64 i i i i i ! —1.0 1 : :
1.00 1.25 1.50 1.75 2.00 2.25 ; :
log o [km/s] 1.50 1.75

Velocity dispersion log o [km/s]



Summary

- Toroidal magnetic fields can destabilize spiral arms
and drive the formation of giant clumps.

* By canceling Coriolis force.

* Presence of magnetic fields may induce clump formation and stimulate star
formation in spiral galaxies.

* In MHD simulations, our linear analysis can characterize
fragmentation of spiral arms and predict giant clump formation.
* This implies that spiral-arm fragmentation is basically a linear process.
* The analysis becomes inaccurate if the magnetic field is ignored.
 Our analysis can also be applied to multi-component models.

* From our analysis, a typical clump mass is almost independent from
strength of magnetic fields.
* The toroidal fields causes a wide and low-density region to collapse.

* The long wavelength and the low density compensate the dependence on B-
fields, and result in formation of clumps with similar masses.



