
Galactic Discs as
Complex Dynamical Systems

Panos Patsis
RCAAM, Academy of Athens



7/12/2018 P.A. Patsis 2

Structures observed in disk galaxies:
Bars and Spirals



Goal: Understanding the 
dynamical mechanisms that 
support the observed structures

(Finding the tools for building galaxies)
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“Modeling is neither science nor mathematics; it is the craft 
that builds bridges between the two.”

F. Morrison, “The art of modeling dynamic systems” (1991)



Goal: Understanding the 
dynamical mechanisms that 
support the observed structures

What is the dynamical field for 
our calculations?



Gravitational Potential
Φ=Φ0(r) + Φ1(r,θ)

A. Analytic potentials. Best: Assumptions 
based on observational Data (Photometry, 
Kinematics) 
Measured quantities, but “snapshots”

B. Results of self-gravitating N-body 
simulations
Models;  however, evolving in time
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Observational input: I. Photometry

• NGC 1300 (VLT, HAWK-I) NGC 128 (2.3m Aristarchos)
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The general morphology

• Bulge
• Disk
• Halo

Τα άστρα 
περιστρέφονται 
γύρω από το 
κέντρο του 
γαλαξία σε 
σχεδόν κυκλικές 
τροχιές
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Observational input: II. Kinematics
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Kinematics along an axis –

Rotation curves 
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Φ0(r)=ΦD+Φb+ΦH
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Φ0(r)
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The perturbations (spirals & bars)

Φ=Φ0(r) + Φ1(r,θ)

Normal, Grand Design Spirals are logarithmic
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Logarithmic Spiral

i=90o is a bar
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Contopoulos & Grosbol 1986
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Pitch angle
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DW example
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The standard picture of a density wave
A sketch by Kalnajs (1973), PASA 2, 174

…take a number of orbits, make them eccentric, line up their 
major axes….have created a bar shaped density wave

…we can also make spiral waves …rotate the major axes 
according to the rule θ=-αlog(major axis) + constant.  

…Thus there will be a systematic inward velocity at the 
density maximum or arm.

“precessing ellipses flow”



µια τροχιά σαν του Ήλιου
Περίοδος 250 Myr
Εξαφάνιση δεινοσαύρων 
πριν ~60Myr
Απόσταση µεταξύ κουκίδων 
~4Myr
Πρώτοι Homo Sapiens πριν 
<0.2 Myr
Επίπεδα CO2 πέφτουν σε 
επίπεδα που δεν µπορεί να 
γίνει φωτοσύνθεση (Franck 
et al. 2005, Biog. Dis. 2, 
1665) – σε 4 περιόδους από 
σήµερα.
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Στις σπείρες γεννιούνται άστρα

19/4/2018 Π.Α. Πάτσης 20



7/12/2018 21

Potentials from N-body simulations



7/12/2018 22

Time independence 

Morphology consistency
N-body simulations

Structures (especially bars) last for 
several Gyr. We are legitimated to 
seek the dynamical mechanisms in 
time-independent gravitational 
potentials 



Rotating stars and systems
Orbits of stars can be considered as being 

close but deviating from circular around 
the center of the system, on the 
equatorial plane.

This can be described as a combination of 
circular & epicyclic motion

The pattern (i.e. the system) rotates as well
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Ω, Ωp και κ
∆ισκοειδείς γαλαξίες. 
Περιστρέφονται µε γωνιακή 
ταχύτητα Ωp . Σε αυτό το 
σύστηµα ο γαλαξίας παραµένει 
στατικός.
Οι δύο αντίστοιχες, βασικές 
συχνότητες: (Ω – Ωp) και κ
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Ω, Ωp and κ   - RESONANCES

κ

(Ω− Ω p )
=

n

m

n/m=±2 /1• Lindblad Resonances

• Ω=Ω
p COROTATION
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Συντονισμοί

ν
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Disk galaxies as autonomous 
Hamiltonian systems
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Orbits in barred/spiral 
rotating potentials
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Effective potential 

takes care of Coriolis forces

EJ, the Jacobi integral, is the rotating-frame analog of the 

total energy



7/12/2018

Ενεργό δυναµικό (effective 
potential)- καµπύλες µηδενικής 

ταχύτητας

effJ rE Φ+=
2

2

1
&

Jeff E=ΦΕπιφάνεια μηδενικής 
ταχύτητας

Απαγορευμένη περιοχή
Jeff E>Φ
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The role of periodic orbits
Order +Chaos (2D case)
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x

y

x0

v0

Δx0

Integration → Finding p.o. → Characteristics
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∆ιατηρητικά συστήµατα 2 
βαθµών ελευθερίας

- η σηµασία των περιοδικών 
τροχιών

Οικογένεια π.τ.: ),,( 000 εyxfx =

),,( 000 εyxgy =

•Χαρακτηριστική οικογένειας περιοδικών τροχιών

Η καμπύλη που δίνει το x0 (ή το y0) συναρτήσει του ε
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∆υναµικό ράβδων
Μέγιστα πυκνότητας⇾Ελάχιστα 

δυναμικού

Φ(r,θ)=Α(r) * cos(2θ+θ
0
)

π.χ. Α(r) = Α
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NGC 4314

in 2.1μm
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Σηµεία ισορροπίας

)2cos(0 θA+Φ=Φ - Ωp J0
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Επιφάνεια τοµής

Αυτόνοµο Χαµιλτονιανό Σύστηµα 2D

),,,( yx ppyxHH ≡ h=

Όλες οι τροχιές με σταθερή ενέργεια h παραμένουν 

πάνω στην 3D επιφάνεια του 4D φασικού χώρου ),,( xpyx

Επιλύουμε π.χ. ως προς py
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Επιφάνεια τοµής
Ορίζουµε µια επιφάνεια τοµής y=0

Poincaré surface of section
Τα σηµεία επί της S(x,y,px,py)=c

consequents

Αυτά ορίζουν επί της S ένα Poincaré map

Poincaré 1899,                        Birkhoff 1927



7/12/2018

Παράδειγµα 

hyxVyxH =++≡ ),()(
2

1 22
&&

• V άρτιο ως προς y

0=yΕπιφάνεια τομής ),( xx &δηλ.

00 >y&hyxV =),(Τροχιές εντός της ZVC με 

0=yτέμνουν το επίπεδο άπειρες φορές 

(αν δεν πρόκειται

για τροχιές διαφυγής)
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κλειστή CZV

hxVx =+ )0,(
2

1 2
&

Αν το αρχικό σημείο εντός της καμπύλης τότε 

όλα τα υπόλοιπα θα είναι εντός της ίδιας 

καμπύλης.
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κλειστή CZV

x

ẋ
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Order and Chaos on a surface of section
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Open CZV
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Effective Potential
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Effective potentials

x

y

Ej Ej

x

y
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Ej

ή y

Effective Potential: Different height at different directions
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Μη-ολοκληρώσιµα 
συστήµατα

Τροχιές
Τροχιές: περιοδικές – µη περιοδικές
Περιοδικές τ. : Ευσταθείς - Ασταθείς

)(0 txx = ξ+
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Ευστάθεια περιοδικών 
τροχιών (Hénon 1965)

x

y

x0

v0

Δx0
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Henon's index

Characteristic equation:
λ2-(a+d)λ+1=0
α=1/2(a+d)

|α|<1 STABLE
|α|>1 UNSTABLE
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Ελλειπτικά σηµεία
M. Henon (1983)“Numerical exploration of Hamiltonian Systems”. In: Chaotic Behaviour

of Deterministic Systems, Les Houches, XXXVI. Ed. by G. Iooss, R.H.G. Helleman,
and R. Stora. Elsevier, pp. 53–170.
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Υπερβολικά σηµεία - Ι
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Υπερβολικά σηµεία - ΙΙ
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Χάος
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Stability diagram
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Φ=Φ
0
+Φb

Στους άρτιους συντονισµούς έχουµε 
χάσµατα στις χαρακτηριστικές και 
"οριζόντια" τµήµατα στις 
καµπύλες ευστάθειας.

Στους περιττούς συντονισµους 
έχουµε ασταθή τµήµατα στις 
χαρακτηριστικές και τοµές µε τους 
άξονες |α|=1

±1±1
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∆ιάγραµµα 
ευστάθειας

- διακλαδώσεις
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Example: 2D bifurcation's tree of the 
main family of p.o.
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Μορφολογική εξέλιξη 
τροχιών
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Orbital behavior close to 
corotation

Chaotic orbit can support observed 
structures
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Patsis, Athanasoula, Quillen 1997

• Chaotic orbits may support observed 
structures
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Orbits in barred-spiral 
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Response models of barred 
galaxies

(the collective effect)
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4:1 resonance-type chaotic orbits.
NGC 4314  - an early type barred 

galaxy

1. We isolate the particles

found on the response 

spirals (or in the outer 

envelope of the bar)

2.  We perform statistics on

their  Jacobi constants (Ej)

3. We realize that they belong

to a narrow ΔEj interval,

where chaos dominates

on the surfaces of section 

includes the characte-

ristic of 4:1 family and L1,L2
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Orbits supporting the boxy bar    
Chatzopoulos, Patsis, Boily 2011, MNRAS 416, 479
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NGC 1300
+C. Kalapotharakos, P. Grosbol
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2D response  Ωp = 22 km s-1

kpc-1
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2D response  Ωp = 22 km s-1

kpc-1
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2d22: histograms

Ej
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2d22: stable periodic orbits
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“chaotic” spirals
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Regular motion is not the only way to 
build structures in galaxies
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3D systems
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Φ=Miyamoto disk + Plummmer sphere + 3D Ferrers bar

4D space of section, i.c. (x,px,z,pz) in the plane y=0 with py>0
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Application in a 3D rotating 
galactic potential

• Miyamoto – Nagai (1975) A=3, 
B=1

• Plummer (1911) sphere, εs=0.4 
kpc

• Ferrers bar, a:b:c = 6:1.5:0.6
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Linear Stability

stability indices
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Simple instability

Double instability

Complex instability
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The structure of phase space 

in the neighborhood of periodic orbits

Stability

Katsanikas & Patsis (2010)

Katsanikas et al. 2011-13, Int. J. Bif. Chaos



7/12/2018 P.A. Patsis 93

This natural-color photo was taken with the Hubble Space Telescope's Advanced Camera for Surveys on January 15, 2006

NGC 4710, α=12h 49m 38.9 , δ=+15° 9′ 56″ 
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N-body peanuts I

P.A. Patsis
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N-body peanuts II

P.A. Patsis
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N-body peanuts III

P.A. Patsis
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2 x 10^6 particles (DM, stars, gas, newborn stars)

s/s from GADGET3 N-body simulation 
(Patsis & Naab 2018 – in preparation)



NGC352 (Aristarchos telescope, Helmos, Greece)
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R filter. Patsis, Xilouris, Alikakos  
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N-body s/s (Athanassoula 2017)
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But also….
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Patsis & Harsoula (2018)
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1. Where does the b/p start?
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Bifurcation of x1 x1v1 & x1v1’
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NGC1566-type response

Patsis & Tsigaridi 2017 ASpSc
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Summary
• p/b supporting orbital morphologies 

exist before the v-ILR. There is a 
continuity in the evolution of phase-
space as Ej or perturbations vary 
approaching to/receding from the 
p.o.

• Dynamical mechanisms building 
peanuts: “x1v1 scenario”, 
x1v1+x1v2, x1mul2
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Summary
• Complex instability does not lead 

abruptly to chaos. In Galactic 
Dynamics chaotic orbits sticky to 
confined tori contribute to structure 
formation.

• Inner boxiness can be supported by 
q-p orbits and chaotic orbits sticky 
to x1v1 and x1v1’ in the ILR region.  



Ευχαριστώ για την 
προσοχή σας


