Galactic Discs as
Complex Dynamical Systems

Panos Patsis
RCAAM, Academy of Athens




Structures observed in disk galaxies:
Bars and Spirals
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Goal: Understanding the
dynamical mechanisms that
support the observed structures

(Finding the tools for building galaxies)




“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)
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Goal: Understanding the
dynamical mechanisms that
support the observed structures

What is the dynamical field for
our calculations?




Gravitational Potential

b= (r) + @ (r,0)
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




Observational input: . Photometry

« NGC 1300 (VLT, HAWK -I) NGC 128 (2.3m Aristarchos)




The general wmorphology

A MASSIVE DARKNESS

One of the most perplexing aspects of galactic archi-
tecture is the featureless dark halo extending at least
100,000 light-years beyond the halo outlined by the
globular clusters. It has never been directly observed,
but several lines of argument, including optical stud-
ies of galactic rotation rates (below), indicate that
such a halo surrounds most typical spiral galaxies.

Although the gravitational effects of this dark mat-
ter can be measured, its identity is a mystery. Any
candidate must lack detectable radiation yet possess
enough mass to add up to the total necessary to have
the observed effect on galactic rotation. Among the
possibilities are exotic fundamental particles bearing
 such names as the magnetic monopole, the axion, and
the photino; the equations of quantum physics seem
to allow for them, but none of these phenomena has
been reliably observed. Another contender—known to
exist—is a particle called the neutrino, but astrono-
mers are still uncertain of its mass. More substantial
candidates—low-mass stars or black holes—cannot
be accounted for in large enough numbers. Combina-
tions of candidates might solve the puzzle, but most
astronomers find such solutions unsatisfying, leaving
the nature of dark matter an open question.

Solid body rotation. In a rotating
solid disk, such as a phonograph
record, the outer edge revolves
faster than the inner portion.

Solar System rotation. In the
Solar System, where the Sun holds
most of the mass, planets orbit
more slowly the farther out they
are. For example, Mercury, the
closest planet, travels ten times
faster than Pluto, which is a hun-
dred times further from the Sun,

Galactic rotation. In a galaxy,
mass is more widely distributed;
Totation rates of gas and stars
should increase with distance from
the center until most of the gal-
axy's mass is inside their orbit,
then slow farther out (red). In fact,
galactic rotation rates never drop
fwhite), evidence that unseen
matter well beyord the visible disk
controls the stars’ velocities.
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Observational input: Il. Kinematics
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Fig 5.19 'Galaxies in the Universe' Sparke/Gallagher CUP 2007




Kinematics along an axis —

Rotation curves

Simplified Rotational Dynamics for Baryonic
Disks of Spiral Galaxies - What do we Expect?
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The perturbations (spirals & bars)

®=@_(r) + @ (r,0)

Normal, Grand Design Spirals are logarithmic

projected relative K
NE g T ::1_.:1.1‘ . .‘“ AT,




i, the pitch angle

Any kind of spiral, can be written in general as:

0 =®(R) (1)
®(R) is called the “shape function”.
l-.i tand = L !
N\ TR T RY(R)
\ 50,
it df?
s d(R) =
T~ . (R) /R tan ¢
If tani = const. (logarithmic spiral),
(R =0=2F  ccamR+e

tanz

This means, that in a (InR, #) diagram a logarithmic
spiral will appear as a straight line.

i=900 iS a bar Usually it is written:

5= E?.“H (2}



V,(r,0)= Arexp(—e.r) cos(2Inr/tani,—20)

Contopoulos & Grosbol 1986




Pitch angle — the angle { at any radius » between the tangent to the arm and the circle at » = constant.

coti = ‘R %‘
aR
Rotating spiral model
t=0
PR, L) = ¢, T LA RN
What happens to out pitch angle with time?
t=50 million years coti = ‘ R%
$lR.£) =, +LAR)M
coti = R‘BQ(R) £ = vt
R | R
For v = 220 kmv/s, R = 10 kpe, and t= 1070 yr
t=200 million years 1 = 0.25 degrees and the inter-arm spacing DR = 0.28 kpe.
Spiral arms become “overwound” and
structure 1s lost.
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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 6=-ulog(wajor axis) + constant.

“precessing ellipses flow”

7/12/2018 [.A. Tatong, KEAEM 18
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@

individual cars mowe through the traffic jam

incoming clouds
- and stars

only the long-lived
stars make it out, stars form

(enhanced gravity)

s are like traffic jams. Clouds and stars speed
ave [are accelerated toward it) and are tugged
rd as they leave, so they accumulate in the density wave
(like cars bunching up hehind a slower-maoving vehicle)




otentials from N-body simulations
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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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1, £, and Kk - RESONANCES

E
(Q_Qp) I

. nlm==+2/1 Lindblad Resonances

- Q=8 COROTATION
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2. UVTOVIOUOI

resonances between the epicyclic frequency x and the angular
velocity in the rotating frame (Q2— Q) (where Q and € are the
angular velocities of the stars and of the spiral pattern), i.e. when

n/im=2/1 Inner Lindblad Resonance
=4/1 Inner4:1 (UHR)

Q=0¢ COROTATION
nm = —-4/1 QOuter 4:1

= =-2/1 Outer Lindblad Resonance

kmssec/kELC




Disk galaxies as autonomous
Hamiltonian systems




Orbits in barred/spiral
rotating potentials

The equations of motion are derived from the Hamilto-
nian,

H=3x*+ )+ O(x, y) — 3% x>+ y)=E;, (2

where (x, y) are the coordinates in a Cartesian frame of
reference corotating with the bar with angular velocity €,
@(x, y) 1s the potential in Cartesian coordinates, E; i1s the
numerical value of the Jacobian integral, and dots denote
time derivatives. Throughout this paper E; is given in (km
s~ 1)>. We use a fourth-order Runge-Kutta integration
scheme with a variable step. We find the periodic orbits by




H=c (4 +4")

.

where (z,y) are the coordinates in a Ca

with the spiral with angular velocity $2;. 9z, y) is the potential in Carte-
slan coordinates, K7 1s the numerical valug/of the Jacobian integral and dots
denote time derivatives.

takes care of Coriolis forces

E,, the Jacobi integral, is the rotating-frame analog of the
total energy




Evepyo dvvtko (effective
potential)- KXUTTOAEG UNSEVLKNG

TOYVTNTAC




The role of periodic or
Ovrder +Chaos (2D case)




Integration — Finding p.o. — Characteristics

7/12/2018 [.A. Tlatong 32



e XapAKTNPIOTIKN OIKOYEVEIAG NEPIODIKWY TPOXIWV

H kaunuAn nou divel To x, (N TO y,) OUVAPTNOEI TOU €




AVVXLLKO pXBOWV

Méy Lot TtukvoTrTag—ENdXIoTa
OUVAUIKOU
qD(f,@):A( I COS(26+60)




' The amplitude of the term cos (2 ) has been taken either of the form (Barban-

is and Woltjer 1967)
A=er¥(16—rv),

The Ferrers bar has a volume density of

(1 — o2y fore < 1
p{x,_v,z}={g“ &) S (3)

forg = 1,

where g> = x*/a*> + (y* + z?)/b?, a and b are the semimajor and
semiminor axes of the bar (a = b), py 18 1ts central density and (x,
y, z) are the Cartesian coordinates in the corotating frame. In our

' a Fourier series,
O(r, 0) = ©,y(r) + z [®,,.(r) cos mO + @, (r) sin mO]

m= 0
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ETTLPAVELX TOUNC

EmiAUoOUpE TT.X. WG TTPOG P, /

OAecg o1 Tpoxiec ye oTaBepn evEpyela h TTapapEvouy
mavw otnv 3D emeaveia tou 4D ¢paoikou xwpou




ETTLPAVELX TOUNC

Opllovpe X ETTLPXVELX TOUNC Y=O

TX onpelx el ™G S(XY.pup,)=c




TTXPXOELY L X

* V ApTIO WG TTPOGC ¥

Emi@daveia TouAg OnA.
Tpoxiéc evide Tne ZVC UE

TEUVOUV TO ETTITTEDO ATTEIPEC POPEC
(av dgv TTPOKEITAl

VIO TPOXIEC DIAPUYNG)




kAetotn CZV

AV TO apXIKO ONMEIo EVTOC TNG KAUTTUANG TOTE
OAa Ta UTTOAOITTA Ba €ival EVTOC TNC idIaC
KAUTTUANC.
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Effective Potential

D(x, y)
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Effective potentials
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EVOTXOELX TTEPLOSLKWOV
TpoxLwV (Hénon 1965)




6.1 Evotdbania kata Henon

H suotdbsaia vrohoyileTan pe ™ péfodo tou Henon (1965). Zexivavtas amd Tov
TeTpadidoTaTo YMpo Twv edotwv (T, Y, T, 1Y), Bewpolpe Tis Siadoyikés Topés pias
Tpoylas pe Tov afova Yy = U, katd Tn Sievbuven Twv auavopsvwv Y (y > 0).
Ao T Xapdtovievy H = H(z,0,2,9) = h pmopolue va Albcoups ws TTpos 1

Kal €101 0 Ypos Twv @dotwy TeplopileTan ot Blo apyikés cuvbikes (x, ).

Avo Braboyika onueia Touns otov &fova Y = () cuvBiovTan pe évav peTaOYTHATIONO

R2 - R?. MNa TNV TEPITTTWOT] TTS TEPLODIKT)S TPOYIAS EXOUE!

zo = g1(xg, To)

o = g2(xo, To)




Eiocaywvtas ma pikprn) diwatapayn oTis apylkes cuvBrnkes maipvoups pia Tpoyla
yelToviKn Tns apXikhs (xo + Axg, To + ,lr‘u] O1 apyikes kot o1 Tehikes ouvBikes

OUVDEOVTOL TTAAl PECG TOU METXOYTHUATIOHOU KOl EYOUUE:

xo + Axy = g1(xo + Az, 2o + Adyg)

to + Ady = ga(xg + Axg, 2o + Adyg)




AvamTUuooovtas kKaTa Taylor kol KpaTwvTas opous HEXPl TTPWTTS TAETS £XOUME:

ad d
Axr; = E&mg + i.l&i?ﬂ
dr o

dgo dg2

Ar1 = —Ax — " Ag
I Ey To + B I




1 avaAuTIKG:

ﬂ..’ll']_ = {lﬂ.iﬂn -+ bﬂ:’lﬁﬂ
Ax] = eAxg + dAxg

13) 0 d 0
évcuﬂzﬂ,bz 91 C—E,dzﬁ

o i’ dx i

Aedopgvou OTI 0 peTacynpaTiopos diaTnpel Ta epPada, exoups

ad — be =1




Emopévawrs k1 = Akg, omou k1 elvan To Sidvuopa {:.ﬂi‘h&:’f;l) kar kg TO
Srdvuopa (Axg, Adg).

Edav {?15 ?2} N Baon Twv 181081avUoPATWY, HTTOPOUME VO YPAWOULE:

f{} = A1?1 + Ag?g
E}l = Al}tl?l + Ag)‘.g?g

6mou A1 kai Az o1 18ioTipgs Tns lakwpiovns A. H yapaktnpioTikf eficwon Tou




6mTou A1 Kai Az o1 11:::T1pég s lakwpiavns A. H yapaktnpioTikn efiowon Tou

wivaka A, Adyw Tns oyéons ([B)) eivan

—(a+dr+1=0

St mepimTwon Tou éxoupe |a+d| < 2, éxoups Slo piles uryadixés ouluyels. e
authy TNV TepimTwon [A1| = |A2| = 1, ka1 i Tpoyid yapakTnpileTan sucTabns.




Eav éyoupe |a + d| > 2 toTe éyoupe Blo mpaypatikés piles, pe AiA2 = 1 kau 0
Tpoyla yoapaktnpiletar aoTabns. Qs eiktns evuoTdbaias opileTar ws gk TouToOU 1)
TOPAUETPOS

[ a—+ d ]




Ma |a] < 1 n weprodixn Tpoxid sivan euotabrs, eved yia |a| > 1 eivan aoTabs.

To diaypappa mou bivel Tov deiktn evoTaBeias o ws ouvapTnomn Tns evepyelas

ovopaleTal diaypappa eucTabeias.




Henon's index

Characteristic equation:
A? —(a+d)A+1=0
x=1/2(a+d)
| x|<1 STABLE
«|>2 UNSTABLE




EAAELTTTIKX OVpelX

M. Henon (19 83) “Numerical exploration of Hamiltonian Systems”. In: Chaotic Behaviour
of Deterministic Systems, Les Houches, XXXVI. Ed. by G. looss, R.H.G. Helleman,
and R. Stora. Elsevier, pp. 53-170.

Fig. 8.

(1) —=1<a<1: the two eigenvalues are complex conjugate, and lie on the
unit circle (fig. 8, left). In the linear approximation, the sequence of points




Y1tepBOALKX Vel

(2) a>1: the two eigenvalues are real and positive, one being less tha
I‘a'l'id the other greater than 1. Points of a neighbouring trajectory lie o
g branch of hyperbola (fig. 9); ¥ and V” are the eigenvectors. The fixe

'pomt 1s called hyperbolic, or linearly unstable, since nearby trajectories ru
"’—?-away from it.




Y1tepPoAlkX oNpelx -

Fig. 10.

_1: this case is very similar to the previous one. The two eigen-
Points of a neighbouring trajectory now lie

alues are real and negative.
10). The fixed point 1s again called

on both branches of a hyperbola (fig.
serbolic, or linearly unstable.







Stability diagram

COROTATION




Fig. 5. Stability curves for a model with a
double inner Lindblad resonance
(schematically). (—) A =0 (axisymmetric
case), (—-) A0




P=P b,

STOVC XPTLOVC GUVTOVLIGLOUC EYOVLE
XXOUXTK OTLC YKXPXKTVPLOTLKEG KXL
"oplloVTIX" TUNUXTK OTLC
KXUTTVUAEC EVOTXIELXC.

5 TOVC TLEPLTTOVC GLVTOVLIOOUC
EXOVE XOTKOV] TUNUXTX OTLC
XXPXKTNPLOTLKEC KXL TOREC LE TOVC
XEOVEC |o<|=1
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Example: 2D bifurcation's tree of the
main family of p.o.
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Ovbital behavior close to
covrotation

Chaotic orbit can support observed

structures




Patsis, Athanasoula, Quillen 1997

» Chaotic orbits may support observed
structures

7/12/2018 P.A. Patsis, RCAAM 75



Orbits in barred-spiral
galaxies

Patsis 2006, MNRAS 3649L, 56
Voglis et al. 2006, MNRAS 372, 901
Voglis et al. 2006, MNRAS, 373,280

Romero-Gomez et al. 2006, A&A
453,59

Voglis et al. 2007, MNRAS 381, 757

Romero-Gomez et al. 2007, A&A 472,
63

Tsoutsis et al. 2008, MNRAS 387, 1264
“Chaos in Astronomy’ 2009, SPRINGER

Athanassoula et al. 2009, MNRAS 400,
1706
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= Kalapotharakos et al. 2010, MNRAS
403,83

= Kalapotharakos et al. 2010, MNRAS
408, 4

*  Patsis et al. 2010b, MNRAS 408, 22

»  Patsis et al. 2010c, MNRAS 404L, 94

=  Chatzopoulos et al., 2011, MNRAS
416, 474

=  Harsoula et al., 2011, MNRAS 411,
1111

(see also Danby 1965, ApJ 70, 501)
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4:1 resonance-type chaotic orbits.
NGC 4314 - an early type barred

galaxy

2. We perform statistics on
their Jacobi constants (Ej)

3. We realize that they belong
to a narrow AEj interval,
where chaos dominates
on the surfaces of section

includes the characte-
ristic of 4:1 family and L1,L2

7/12/2018 P.A. Patsis, RCAAM /8



Orbits supporting the boxy bar
Chatzopoulos, Patsis, Boily 2011, MNRAS 416, 479

X km/s)

—200 |
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NGC 1300
+C. Kalapotharakos, P. Grosbol
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Figure 1. (a) The observed K band mage of NGC 1300. (b) The deprojected K band image of NGC 1300 using (PA, IA)=(87¢, 35°). The galaxy was observed
with SOFI at the 3.5 m NTT telescope at ESO La Silla. The units on the axes are in kpe, assuming a distance to the galaxy D = 19.6Mpc. The images are in
linear intensity scale.
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2D response €, = 22 km s7?
kpc™

T 1T 1T I&r 1 1

o N L
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CHANL: O START; -18,0,-15,0
FRAME: giout_nn2d22,bdf  END: 14.3,14.,9
CUTS: 0.0,7.,0 HIN,HEx: 0,0,17, 16563
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2d22: histograms
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... Stable periodic

7/12/2018 P.A. Patsis, RCAAM 84
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“chaotic” spirals

P.A. Patsis, RCAAM

85




Regular motion is not the only way to
build structures in galaxies




3D systems




P=Miyamoto disk + Plummmer sphere + 3D Ferrers bar

I % 3 e = :
H = -(py + py + p2) + @(x.y.2) — Qp(xpy — yps),

L]

with

O(x, y.2)err = Olx. y.2) — Qp(xpy — yPx)

X = pe+ Qpy,

, oL
Dx = ——— +54py,
0x '

D(x.v.z) = Dp + D5 + Dy

4D space of section, i.c. (x,p,.z,p,) in the plane y=0 with p >0




Application in a 3D rotating
galactic potential

sl 10

GM
Op = - - . . - g2

¢G3+y3+{A+— B2 + 72)? %§\\

U2 Tor i » Ferrers bar, a:b:c =6:1.5:0.6
32mabc B
!’_} —
0 for m>1
where
5 ¥ X2
m==+——+—, a>b>c,
a- " b e
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Linear Stability

The relation of the final lemtmm of this neighboring orbit
from the periodic one. with the initially introduced deviations can
be written in vector form as: Here £ is the final devia-
tion, & is the initial deviation 3 is a 4 x 4 matnx, called the

monodromy matrix. [t can be shown that the characteristic equation

is written in the 111['111@1*&3 + B2 +al + IEIH solutions

(Ai,i=1,2,3.4) obey the relations 1, .1 = | and A3 44 = | and for
each pair we can wrife:

1 ;
A 1/ = =|=b; + (b — 4)7],

where b; = 1/2 (@ + A'Y*)and  stability indices

= tfg—'—“ﬂ— 2).

P.A. Patsis 90



motion is stable when all the roots of (44) are complex conjugate lying on the unit
circle, and this happens when the following three inequalities hold:

4>0, |b]<2, |by <2 (49)

In all other cases the motion is unstable.

Imple instability

_/U :

Complex instability

Double instability

1

IP.A. Patsis 91



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

The structure of phase space
in the neighborhood of periodic orbits
Stability

Katsanikas & Patsis (2010)
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NGC 4710, a=12"49™ 38.9 , 5=+15° 9' 56"

This natural-color photo was taken with the Hubble Space Telescope's Advanced Camera for Surveys on January 15, 2006
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N-body peanu
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s/s from GADGET3 N-body simulation
(Patsis & Naab 2018 — in preparation)

[

2 x 1076 particles (DM, stars, gas, newborn stars)




NGC352 (Aristarchos telescope, Helmos, Greece)

R filter. Patsis, Xilouris, Alikakos |




N -body s/s (Athanassoula 2017)
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But also....
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1. Where does the b/p start?
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Summary

* p/b supporting orbital morphologies
exist berore the v-ILR. There is a
continuity in the evolution of phase -
space as Ej or perturbations var
approaching to/receding from the

p.o.
» Dynamical mechanisms building

peanuts: “x1vi scenario’,
X1vil+x1v2, x1mul2




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 x1vl and x1v1l’ in the ILR region.
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