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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 l NGC 3344
‘ .

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

 Clumpy’ galaxies are formation stages of disc galaxies.

— "Giant clumps’ (~ 10° My at the largest)
— Clumpy galaxies account for ~ 30-50 % in z=1-3
« 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:
giant clump formation via
fragmentation of a galactic spiral arm

Beyond Toomre’s Q



Spiral or Clumpy?

Clumpy galaxies
Giant clumps

Gas-rich (fy,s>30%)

Toomre instability?
Guo et al. (2014)

Spiral-arm frag mentation? Spiral galaxies emerge at z<2-3 (EImegeen+14)

OSIRIS/Ha

gl &

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

fgas:0-2 fgas=0-25
t = 0000 Myr

10




Set-up for the linear perturbation theory

Now considering...

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

1 ©




Set-up for the linear perturbation theory

Now considering...

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

yA

™ spiral arm  Linear perturbation equations
> « A—> Ay + 54
X « consider the first-order terms

continuity: %Z +V - (ZV) =0,

1
R- and ¢-momenta: %V —+ (V . V) vV = —EVp — V.




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

perturbations
0A expli(kR¢p — wt)]

(O =-B

* Replace surface density Z with line-mass

™ spiral arm Y = 1.4WX (Gaussian).
>
X
J 1 0 0 Yo 0
continuity: 8—52 + TR (RXodvR) + Q%5E RO 8¢5U¢ =0,

R-momentum:

IR D¢ "R

9, 9, )
—OVUR + VR==0UR + Q=—0vp — 2Q0vy = 0 (C 6— + 5@)

0
ot
d-momentum: géf% + UR@?{(SU@ + Q;@éwh — 2Bovp = —%% ( 20% — + 5@) .




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

perturbations
0A expli(kR¢p — wt)]

(O =-B

* Replace surface density Z with line-mass
™ spiral arm Y = 1.4WX (Gaussian).

>
X

continuity: wo Yl = kTéUqﬁ,

R-momentum: —’éwé’UR = ZQ(ST)gb,

2

$d-momentum: —2w5”0¢ — —295”0}{ — Zk%éT — ’Lké(l)



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

W _G(STKO(’ka?’)/Wda? L : Struve function

= —71GoOT [K()(k’W)L_l(kW) + Kl(kW)Lo(]{W)]
f (kW) W : half width of arm

Q
d K :Bessel function
b :/




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 Self-gravity Coriolis force
(cf. Takahashi, Tsukamoto & Inutsuka 2016)

This can be transformed as
22 4 402 —
G f(kW)YTk?

When w? < 0, the spiral is unstable.

= 1.

Considering this in the boundary case w? = 0, 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: i,rJQ _ (CQ 4+ ;;Q, 6(I)> k_Q + 4_(22 6Tg _ kz

S

stars: u;g — ((}-é + 5’];" 6(1)) kz s —LQZ 5T5 — kz 6(1)_

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

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

L[ X/ (W) | Yof (k1T
TGR? | 2k +402 T 02k2 + 402

=1,

SzE

<




Demonstration

The fragmenting case
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The fragmenting case
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Demonstration

The fragmenting case

Gas density .
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Gas density logk
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Demonstration

The fragmenting case
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The fragmenting case
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The fragmenting case
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The fragmenting case
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Demonstration

The stable case

Gas density
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The stable case

Gas density
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Demonstration

The stable case

Gas density
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Demonstration

The stable case

Gas density
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Demonstration

The stable case

Gas density
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Demonstration

The stable case

Gas density
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The stable case
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Demonstration

The stable case

Gas density
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Demonstration

The stable case

Gas density
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The stable case

Gas density
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The stable case
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The stable case
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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).

b NGCe6946
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: Bk T
; "',.
60" 8’k 243

B

Right ascension (J2000)

20" 34™ 108

C NGC4736

Han (2017)
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Toroidal magnetic fields in a disc galaxy

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

O/'
S,
N
/0
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Toroidal magnetic fields in a disc galaxy

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

* Radial perturbations

R

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



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.

R

cf. Elmegreen (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. B

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

« Azimuthal perturbations
* The B-fields do nothing in ¢-direction.

R

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

>




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. Elmegreen (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. Elmegreen (1987, 1991), Kim & Ostriker (2001)

>




Ideal MHD simulations
at t=400 Myr

y [kpc]

y [kpc]

Strongly magnetic

I 00 |
7.0 7.5 8.0 8.5
Gas density log X [My kpc2]




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)]

(O =-B

* Replace surface density £ 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.

(O =-B

* Replace surface density £ 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,

492 2
w2 = [Cg — WGTf(kW)—‘ k‘z -+ 5 ]{j2 5 Magnetics
Thermal Self-gravity “ @
pressure Coriolis force
IStable
e
NS
3
Unstable
= Magnetic
= —— Non-magnetic

L] L] L] L] L] L] L] L]
-0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

g — wavenumber e

Large-scale Small-scale



The dispersion relation of MHD

* One can obtain the dispersion relation for the perturbations,

492 2
2 2 2 .
w- = [CS — WGTf(kW)—‘ k -+ 5 ]{j2 5 Magnetics
- w
Thermal Self-gravity @
pressure Coriolis force
. Weak magnetic fields
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N s
3
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The dispersion relation of MHD

* One can obtain the dispersion relation for the perturbations,

492 2
w2 = [Cg — WGTf(kW)—‘ k‘z -+ 5 ]{j2 5 Magnetics
Thermal Self-gravity “ @
pressure Coriolis force
IStable
e
I
3
Unstable
= Magnetic
= —— Non-magnetic
-1.3
Growth rate 2 :: [max( Sgrow)
V |w 0.6
Sgrow = TH0 0‘t./l\

—1.9 —

-0.75 -0.50 -0.25 0.00 O.l25 0.%0 O.l'.’S 1.;)0
wavenumber



Demonstration The fragmenting case Pini =5
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Gas density
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The fragmenting case Pini =5
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Gas density
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Demonstration

Gas density
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Demonstration The fragmenting case Pini =5
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Toomre Instability (TI)

(e.g. Dekel et al. 2009)

V.S.

Spiral-Arm Instability (SAl)

(Inoue & Yoshida 2018a, 2018b)

For low-z clumpy galaxies




Gravitational instability (Gl) of discs

Gl can form structures in a disc.
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Tl vs SAI
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Tl vs SAI

» Toomre Instability  Spiral-Arm Instability
- 2D collapse
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Tl vs SAI

» Toomre Instability  Spiral-Arm Instability
» 2D collapse - 1D collapse

- M ~mE(1/2)? M ~IWA




Tl vs SAI

» Toomre Instability  Spiral-Arm Instability
» 2D collapse - 1D collapse
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Scaling relations of high-z clumps

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

. 2
. _. Wel2RL
0_571 ~ ? (71‘6)&_3 (O’-'F[)fg)_l ( Bt;l Vv |

Spiral-arm instability
expected scaling relation:

Toomre instability

expected scaling relation:

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




Scaling relations of high-z clumps

=== Spiral-arm instability
== Toomre instability
- 4+ Fisher et al.(2017)

redshift z~0

1.0 15
Data from Fisher+17: DYNAMO RdJCI/V [kpc]
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Neither model is rejected by the observations.

2.5



Scaling relations of high-z clumps

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

1
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Spiral-arm instability

expected scaling relation:

Afcl,g%—ﬂ n = fg, : gas fraction including DM

Toomre instability Mg,cl

expected scaling relation: M
g.d

2
chgj

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




Scaling relations of high-z clumps
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Toomre Instability Spiral-Arm Instability

Shibuya & Sl (in prep.)
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Data from Shibuya+16: HST @ z=0-1

Our SAI model appears better consistent with

the observations of M.;/M; ~10% clumps.




Transition of the clump formation mechanisms

high z Toomre mstablllty Q<1

Possibly non-linear:Q > 2 — 3

7~72-3 \ The onset of spiral galaxies
I

] Low+12 @ z=2.
1 Elmegreen+14 @ z~1.8
. Yuan+17 @ z>2.5

‘SPII”BJ arm mstablllty S<1 ‘




Clumpy fraction and cosmic SFR
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Clumpy fraction and cosmic SFR
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Clumpy fraction and cosmic SFR
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Summary

Our SAlI model appears better consistent with the
low-z observations.

The Tl model cannot reproduce the scaling relation of the observations
despite that the Tl model relays on fewer assumptions than our SAl
model.

There could be transition of clump formation mechanisms
@ z=2~1, from Toomre instability to spiral-arm instability




