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Outline 
• Linear and Nonlinear SDWs in Disk Galaxies 
• Observational Consequences & Tests 

– Spiral Patterns and Explanation of Hubble Sequence 
– Compression of ISM and Magnetic Field 
– Gas Kinematics 
– Migration of OB Stars and Color Gradients Across Spiral Arms 

• Resonantly Forced SDWs and Applications 
– Saturn’s Rings 
– Disk Truncation 
– Planet Migration in Protoplanetary Disks 
– Bar Forcing in Central Regions of Active Galaxies 

• Growing Normal Modes 
– SDWs with Negative/Positive Densities of Energy & Angular Momentum  
– Over-reflection at CR by WASER & Swing 
– Feedback from Central Regions 
– Saturation of Growing Stellar Density Waves & the QSSS Hypothesis 
– Observational evidence 

• Drawing Connections  
 

 



Linear & Nonlinear SDWs 



QSSS Hypothesis, Asymptotics (controversial, esp. regarding existence of Long SDWs) Hong 

Cosmic rays (cf. Coppi’s and Lou’s talks) 



Outline of Density Wave Theory 
(Lin & Shu 1966) 

Resultant gravitational  
field of stars & gas 

Density needed to 
support grav. field 

Stellar response (collisionless) 

Gaseous response (collisional) 

Total density response 

+ 
= 

This equation determines properties of spiral density waves 

Hubble Sequence;  

• Linear asymptotic dispersion relation (leading/trailing; short/long) 



Trailing short-wave  
Q* = 1, Ωp adjustable 

Wiggles on 21 cm 
rotation curve, F = 5% 

Birthplace of OB stars 
with given Ωp, F = 5% 
Nice update: Grosbol 

Ωp underestimated  
• DM halo (Adams; cf. Shatsky) 
• thickness correction  
     (Griv) Thick/Thin disks 
     (Effect of form/evol Elmegreens) 



 Nonlinear TASS: Roberts (1969) 

Roberts (1969) 

Out-of-phase gaseous response 
damps stellar spiral density-wave 
(Kalnajs 1972).  Presence of 
shockwave guarantees non-closure of 
streamlines (accretion inside CR) & 
helps to saturate growth of stellar 
density wave (Roberts & Shu 1972). 



Observational Tests 



Shock Compression of  
Magnetic Field of ISM 

Roberts & Yuan (1970) Mathewson, van der Kruit, Brouw (1972) 

B0 = 0 

B0 = 2 µG  

But synchrotron emission    B2.7 if 1-D compression.  Inflation by CR e’s?  



Kinematic Signatures in H I and CO 

Shetty et al. (2007)        Visser (1980); Wang (this symp) 

Fortuitous match of theoretical uncertainty of ISM physics & angular 
res of observations (Allen).  Truth in sci arrived at by successive approx. 



Relationship Between Atomic and 
Molecular Gas? 

In eastern arm of M83, H I peaks with Hα, not at dust lanes where H2 
(and CO), peaks.  (Allen, Atherton, Tilanus 1986).  Atomic hydrogen is 
dissociation product of, not precursor to, molecular hydrogen. 



 Parasitic Feathering Instability 

Shetty & Ostriker (2006), Lee & Shu (2012) 

Elmegreen (1980) Lubow, Cowie, Balbus (1986),  
Balbus (1988), Kim & Ostriker (2006) 



Expected Color Gradients 
from Triggering of OB Star Formation 

Martinez-Garcia, Gonzalez-Lopezlira, Bruzual-A (2009) 
10 out of 13 SA and SAB galaxies show predicted color gradients 

Key to succsess:  (1) Avoid large H II regions.  (2) Dust-independent color index. 
If shock waves cause SF at 3-6 km/s or 100 km/s, why not at 30 km/s? 



O Stars &  Recombination Cascade in Ionization 
Bounded H II Regions (Stromgren) 



Background Disk Stars 
Block et al. (1994) 

   NGC 309 in blue light 
Young stars born from ISM 

   NGC 309 ininfrared light 
     Old stars in stellar disk   

Nonlinearity of gaseous response leads to extra arms/substructure 



Subharmonic Resonances & Chaos 

Shu, Milione, Roberts (1972) Visser (1980) 

• Overapping resonances only mechanism known for chaos in celestial mechanics 
• Free energy of shear is classical cause of turbulence for flow in pipes, over airfoils, etc            

(capturable by analysis Wada & Koda 2004, but not by Lee & Shu 2012; 3D effects?). 
 

At finite forcing amplitudes,  
widths of resonances are  
finite and can overlap. 



Chakrabarti, Laughlin, Shu (2002) 
Qg =2.48, f=0.1, F=5% 

576 Myr 2870 Myr 
ILR = 0.62, CR = 2.13, OLR = 3.63 



Resonantly Forced SDWs 



Stellar Density Wake of Point Mass at CR  
Julian & Toomre (1966) 

Not responsible for feathers (co-rotation with point mass gives winding dilemma. 
But seen in Saturn’s rings!  (Dones) 
 



Gap Opening in MRI & Alpha Disks 

Zhu (this Symp) 



Vortex Street Induced Near CR 
 in Inviscid Self-Gravitating Sheets 

M. Lin & Papaloizou(2011) 



SDW coupling to mass points and/or bars at LRs depends on existence of long waves. 
Physical relationship to Tagger’s branch cut from k = im (cf. papers on Saturn’s rings). 



Long SDWs and BWs in Saturn’s Rings 

First pair discovered & explained: Shu, Lissauer, Cuzzi (1983) 

NASA: Cassini 



Damping of Nonlinear SDWs by Inelastic Collisions 
Mimas 5:3 SDWs 

Shu, 
Dones, 
Lissauer, 
Yuan, 
Cuzzi 
(1985) 

Disk truncation 
at stronger 
resonance 
(e.g., Cassini 
Division at 
Mimas 2:1): 
Resolution of 
Goldreich-
Tremaine 
paradox: 
Reversal of 
viscous torque 
at large forcing 
amplitude.  
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Multiton? (Constrained dispersion of Fourier components balances nonlinear steepening?) 



Gap Opening in Protoplanetary Disk 
and Planet Migration  

Geoff Bryden 

Lin & Papaloizou (1979), Papaloizou/Lin/Zhu (this symp) 

• Impulse approx = sum of resonances for small perturber. 
• Large perturber: much richer, vortex street, edge modes, planets in stacked res 



Bars & Inner Resonances 
NGC 6782 

Lin Lien-Hsuan, Li & Qin, de Grijs (this Symposium) 



Bars, Rings, & Orbit Families 

Kim, Seo, Kim (2012)  



Growing Normal Modes 



Stellar Dynamical 
Formulation as Integral Equation 



Group Velocity & Wave Action 
Toomre (1969); Shu(1970b); Kalnajs (priv commun) 

Amplitude Relation: 
 

Energy/ang-mom densities 
are negative inside CR, 
positive outside CR 



Amplification Across CR 
Goldreich & Lynden-Bell (1964), Mark (1976) 

 Swinging Packets 
 

              WASER 

Mestel Disk: Zang (1976); Goldreich & Tremaine (1979); Goodman & Evans (1999);  
Shu, Laughlin, Lizano, Galli (2000); m = 1 SLING: Adams, Ruden, & Shu (1989); STAR (1990) 



Discrete Modes (Fluid Dynamical) 
Bertin, Lau, Lin, Mark, Sugiyama (1977) 

Nature of normal 
mode depends not 
only on quantum 
numbers m & n, 
but also on 
feedback from 
central regions 
(short leading vs. 
long trailing). 
Role of (pseudo) 
bulge (Shen & Jin)  

Unification of theory of barred and normal spirals. 



Discrete Modes (Stellar Dynamical) 
Khoperskov, Just, Korchagin, Jalali (2007) 

Growth of amplitude and 
saturation at finite amplitude 
(QSSS!) No gas in model! 
Need N > 3 x 107 to achieve good 
agreement for low-growth modes Jilali & Hunter (2005); cf. Polychenko 

Radial orbits for no ILR in m > 2 (fluid:   ) 



Constructive/Destructive Interference in       
K-Band = Signature of Stellar Normal Mode  
Puerari, Block, Elmegreen, Frogel, Eskridge (2000)   

NGC 5248 – Optically Grand Design 

5 kpc 



Modulations of K-Band Amplitude 
Order/Disorder 

Puerari, Block, Elmegreen, Frogel, Eskridge (2000)   

NGC 4062 – Optically Flocculent 

5 kpc 

Debate should be over.  Four Stages of Acceptance. 



Drawing Connections Among 
Branching Lineages 

Lin 

Stars 

Observations 

Linear Nonlinear 

Gas 

Theory 

Gap Opening 

Free W Driven W Modes 

Origin Migration 

Mag Field 

k, ω, cg E, J Resonances Ultra-Harmonics 

Galaxies Protsotellar Disks Planetary Ringss 

Dust 

Propagation Absorption Over-reflection Interference Shockwaves Multitons 

Cosmic Rays 

Pattern Parasitic Instabilities Non-linear Saturation Chaos Accretion Evolution 

Understand Relationships Among Disks & Spheres, Rarified Precursors & Compact Objects  

Edges 



Happy Birthday SDWT! 
Thank You Everyone, especially 

Shang Hsien, Yong Wen-An, & Pu Yi-Kang.   
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