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Galactic shock (Fujimoto 1968; Roberts 1969; and many papers in 70s 
and 80s)

density

Spiral potential

Stream of the ISM

Gas velocity

decelerate

accelerate

shock ISM is compressed downstream

Star formation is triggered

Spiral arms are illuminated by OB stars

Ishibashi & Yoshii 1984 3

4

TwoCcomponent,..SPH.Dobbs.
(2008)

2D/3D.Spiral.shocks.are.neither.smooth.nor.stable
..　cf..the.first.2D.simula+ons.of.the.galac+c.shocks..(Johns&Nelson.1986)

Wada.(2008)
SheQy.&.Ostriker.2006 Kim.&.Ostriker.2006

3D,.MHD,.selfCgraivty

Wada.&.Koda.（2004）



Classic.‘galac+c.shocks’.
.inhomogeneous.quasiCsteady.arms
.+.interCarm.substructures

poten+al.trough

poten+al.trough
Roberts.1969

3D,.selfgravity.+.cooling.and.hea+ng..in.steady.2Carm.spiral
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Wada$(2008)

Inhomogeneous arms  are loosely associated 
with the background spiral potential.

Time.[Myr]

evolve
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ApJ.140,.640.(1964)

Toomre:$$spirals$=$material$arms,$destroyed$by$differen;al$rota;on,$

reformed$by$gravita;onal$instability

Lin&Shu:$$steady$density$wave

Are$galac;c$spirals$sta;onary?

$$$$$$$$HH>$$$controversy$over$50yrs

Toomre(1969)：energy$of$waves$is$radially$transfered,$and$it$is$absorbed$at$

resonances$→　some$other$mechanism$is$necessary$to$keep$steady$waves.



we.have.never.seen.
;ghtly$wound,$sta;onary$spiral$waves$with$a$single$

paQern$speed$$

in$$NHbody$(or$NHbody+gas)$simula;ons$$(e.g.$J.$

Sellwood,$$M.$Fujii)
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2D
Sellwood,.Carlberg.(1984)

NCbody.spirals.are.not
sta+onary,.but.evolving.

Toomre.was.probably.right.

spirals are spontaneously formed ⇒ wound by rotation　⇒
deformed/merged ⇒ reformed
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disk＝3x10^6 particles　　

All spiral modes are time-dependent



Each portion of spiral moves following the galactic rotation
　　　⇒ Not “waves” with a constant pattern speed
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.High.density.regions.of.stars.move.
slower.in.the.outer.part
.
.The.spiral.arms.are.in.fact.wound!

←　Rota+onal.speed.of.m＝４.spirals

Bar
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Particle motions in the non-steady spirals:
“epicyclic motion”, but with a kpc scale travel, 

oscillation on angular momentum space　
⇒　guiding center moves (L, E are no longer constant）in the non-linear stage ⇒　

non-steady spirals

Baba, Wada,Saitoh (2013)
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The large epicycle motions are also seen in the ISM



ISM.in.nonCsteady.stellar.spirals.
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VCband.surface.density Gas.surface.density　+.young.stars

Spirals.are.wound.（not.`paQern’）　.recurrently.formed

NonCsta+onary:.　stretching/bifurca+ng/merging

Gas.arms.are.associated.with.stellar.arms.with.substructure



Amplitude of stars and gas at different radii on 
their rotating frames
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Stellar.density

Gas.density

KW,.Baba,.Saitoh.(2011)

Gas.clouds.are.associated.with.nonCsteady.stellar.arms,.
.without.clear.offset.

←.steady.galac+c.shock.(Ishibashi.&Yoshii.1984)
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On.a.local.galac+c.galac+c.rota+ng.frame,
Cold.gas.clouds.have.large.(2C3.kpc).“epicycle”.mo+ons,.
.collide.near.the.stellar.spirals,.and.form.massive.associa+ons.

Galac+c.
center

‘GMAs’..show.strong.shear.mo+on....source.of.turbulence?



Dynamics.of.cold.gas.and.stellar.spirals　
＊.Cold.gases.collide.near.the.stellar.arms.on.the.rota+ng.frame

＊.Kpc.scale.radial.mo+ons..

＊.Hard.to.define.“life.+me.of.clouds”...(cf...recent.papers.by.Dobbs.&.Pringle)
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Collision between cold gas filaments/clumps 
 triggering star formation  dispersed 
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Wada,.Baba,.Saitoh.(2011)

every.20.Myr



Results 　　　Link ℓ-v to Face-on　　　　
Observed 12COℓ-v

connecting-arm
Simulatedℓ-v

Simulated V-band

3kpc-arm

Cen-Scut arm

Sag arm

Cold.gas.distribu+on

Modeling.Milky.Way Baba+2010

How does the Galaxy look like?
Kinematic Distance based on an assumption of circular 
rotation has large errors  ->   ‘radial features’
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HI and H2 distribution in MW:  
Nakanishi & Sofue 2003



Difference.from.the.steady(rigid).spirals
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GroundCdesign.rigid.density.waves.
vs..NCbody.spirals
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radius

Rota+onal.velocity

spiral

gas

Gas.can.be.‘supersonic’.
for.the.spiral.poten+al

Rota+onal.velocity

radius

spiral

gas

Gas..is.‘subsonic’.(random.
velocity.~..rela+ve.velocity.
to.the.stellar.poten+al).



21

Gas.veloci+es:..Live.vs..Rigid.spiral

Random.or.converging.flows Regular.flows.typically.seen.in..
galac+c.shock

u

supersonic

subsonic

density

shock

Stellar.poten+al

If.ISM.is.supersonic.rela+ve.to
.a.sta+onary.poten+al,.a.shock.could.be.formed.

cs

Conven+onal.galac+c.shock



u

supersonic

subsonic

Gas.density poten+al

Both.ISM.and.spiral.poten+al.follow.galac+c.rota+on

cs � vturb

vgas � vspiral � vrot

Gas.flows. Gas.flows.

�(x, t)

Spiral.poten+al.itself.is.+meCdependent
...This.makes.the.boundCclouds..unbound.

new.picture.of.galac+c.spiral

Summary: new picture of spiral structures in an 
isolated/non-barred galaxies
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■ Stellar spirals＝　Dynamic equilibrium structures in a self-
gravitating disk

Key physics:  non-linear epicycle motion+ comoving with galactic 
rotation

■ stellar spirals＆ ISM move together ⇒ winding
⇒　ISM falls into the spiral potential from both side, forming dense 
regions (could become GMCs)　⇒ The dense gas moves into the 
inter-arm region as the potential changes　⇒　New spirals

■  Galactic spirals in galaxies without strong 
perturabations are NOT global galactic shocks

（Baba, KW, Saitoh 2013)



Do.we.observe.offset.between.
gas.and.stellar.spirals,.or
young..and.old.stars
in.galaxies?
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No,.in.mul+Carm,.isolated.galaxies,
from.theore+cal.predic+on

No,..from.observa+ons?

0.25.Gyr
0.14.Gyr

GroundCdesign.gas/star.spirals.are.temporary.phenomena

No.clear.offset.between.young.stars.and.gas.
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A$groundHdesign$spiral:$consistent$with$the$Galac;c$

Shock/density$wave?
M81$observed$by$Spitzer IRAC$$$$$$Kendall$et$al.$2008

Stellar.(KCband).and.cold.gas/dust.(8micron).spirals.
are　systema+cally.offCset,.as.is.predicted.by.quasiC

steady.longClived.density.wave.model.and.galac+c.
shocks.

The.offset.is.not.clear.in.mul+Carm.spirals
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　NGC4321（Ferreras+2012）

No systematic offsets in UV arms 
and Hα arms in terms of color, 

age, luminosity

for R > CR,  < CR

Swift/UVWPrediction  from  the 
classic picture color ageluminosity

Outside CR

Inside CR



PaQern.speed.of.spiral:.offset.method.(Egusa+2009)
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.Assump+ons.based.on.the.density.wave.hypothesis:

.1).spiral.paQern.is.rigid

.2)..gas.rotates.in.pure.circular.orbits

Offset.angle.is.a.linear
func+on.of.Omega,
and.star.forma+on.+me.scale.
is.the.slope.
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Five.“successful”.cases.out.of.eight Egusa+2009

NGC.628 NGC.4254

M51NGC.4303

NGC.5457
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NGC.6945
...Subaru/SprimeCCam

• No.‘winding.dilemma’.
• No.sta+c.density.waves
• No.smooth.spirals
• No.‘paQern.speed’.of.spirals.
• No.galac+c.shocks...
• No.offset
• No.pure.circular.mo+on
• No.‘lifeC+me’.of.molecular.clouds

Conclusions:


