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ITooAoYyoOC

H xatovdnmon tng @iong twv omelpoetdwy Ppaytévewy otovg yorakies eivol €va
SVOXOAO %Ol AVOLYTO AGTEOVOULXO TTEOPBANUC. YTTAEYOLY TTOAAG oLVOLY T TTPOBANULOTO
WG TTPOG TN REAETN TNG OTELPOELSOVG SOUNG, TTOL OLPOPOVY TNV TTPOEAELTY], TNV EEEALEN
%o LoxoBLoTnNTo Twv oTeELPOoeldwy Bpaytdvwy. H mapodoa Statptf mpaypoatedeton
OLAPOPES SLYOULXES TTPOTEYYLOELS TTOL ETILTPETTOLY TNV EQUNVEL TWVY TP TNPOVLE-
VYWV YOARELOXGY LOPQOAOYLWY. TéTtoleg TpooeyYioelg avadetxvdovy xot T0 POAO TOL
XAOVG KAL TWY U1 YOOULULXDY QOLYOUEVW®Y, XOL GUYXEXQLUEVO TTWE VTA GLUBEAAOLY
ot otabepdtTTor xow cuvoy] TWY OTELPOELIWY douwy. Tig TeAevTaieg dexactieg,
T ATTOTEAEGUATO. TTOAAWY EQELYWY GTY SVVAULXY] TWY YOAXELWY €xovy JelEel 4T oL
YoAoEleg LEIOTOVTAL LLOL ONULOVTLXY LoxPOYEOVLe eEEALEN. T powvdueva ouyywyey-
ONG YOAQELWY UTTOPOVY ETLONG VO EMNEEACOLY QUECH TN SLVAULXY] EVOG YOAXRELOXKOV
ovoTNatog. EmimAgoy, ol mopatnpenocets, xobwg xot oL Tpocopolwoels N-owpdtwy
PaBIWTOY OTELPOELSWY YAAXELHDY SIVOLY LOYLEEG EVIELEELS YLOL TNY TTOEOVOLO TTOAACL-
TAWY TOYLTATWY TEPLOTPOPYG TWV EXACTOTE SOUWY O YohoELoxolg dloxovg. AuTto
gpyetar oe avtibeon pe ™y vobeon pLog LOVASIUNG TAYOTNTAG TTEQLOTEOPYG, TTOV
vlobeteiton oe TOAG Baotxd BewpnTind povtéAa ameLpoeldovs dourns. H Bewpio twv
XOUATWY TUXVOTNTAG, XoOWG oL 1 BewPlor TwY AVOANOIWTWY TTOAAATTAOTYTWY YLO TN
oTELPOELdY] doun elval ToEoSElYUoTo TETOLWY HOVTEAWY. YO TO QWG QUVTWY TWY
TOPATNENOEWY, AVUIELXVOETOL OTL TTPETEL YO avaTtTLY Doy TTEPaLTéPw SLVaULXKA pO-
VTEAX OTTELPOELSOVS SOUNG, WOTE VO TTPOGUPUOGTOVY GTO TTPOCPATO ATTOTEAEGLOLTO
TTOL TTPOEPYOVTAUL OTTO TTAUPATNPYOELG AL TTPOCOUOLWOELS N-CWUATWY.

Xy Topodoo SLaTELBY] XOTUOXEVALOVUE QLVOULYE LOVTEAD TNG OTELPOELSOVG
dopng oe 300 JLoPoPeTIXEG TEPLTTWOELS: (o) OTNY TEPITTWON ULOG TTPOTOUOLWONG
N-owpdtwy evég podwtod oretpoetdods yorakio xat (B) oty Tepintwon evdg He-
WENTLXOV SLYAULXOD YOAKELOXOD LOVTEAOL TtarpdpoLo pe Tov Todakia pog (Movtého
tomov Milky Way). H @boy Twv Tpoxtdy Twy aotépwy Tou atnpilovy Toug oTeL-
poeLdeic Ppoyloveg Staeépel o aLTEG TLG OO0 TEPLTTWOELS, OVASELXYVOVTOS ETOL
000 SLOPOPETLXOVS UNYOVLOULOVS DTTOOTNPLENG TNG OTELPOELSOVG SOUNG. XTNY TEWTY
TEPITTWOY, TWY PABIWTWOY OTELPOELIWY YOAAELWDY, OL OTELPES ONULLOVEPYOVVTAL ATTO
XOOTLXES TPOYLEG xo TTPOoEY YL ovTon péoa amd 0 Bewpior TwY ovaAAOLWTWY TOAAO-
TAOTTWY. Avtifetor 0T Se¥TEEPY TEPITTWOY, TWV XAVOYLXWY OTELPOELIWY YOAXELWY,
ot omeLpoetdeic Ppayioveg xataoxevdlovtor and opyovwuéves tpoylés («petari-
TTOLOEG EANEIPELS»).

2TV TEPLTTWOMN NG TEOCGOUOLWONG N-CWUATWY EXOVUE EVOL VTOOVVETES LOVTEAO
N-owpdtwy evig pafwtod omelpoetdods YoraEla. Ao Tig Ooelg xat Tig TaydTNTES
TWY OCWUATWY TNG TEOCOUOLWONG LTTOPOVUE Vo AAPBOVIE ONUOVTLXES TTANPOPOPLES
TTOL Y PNOLULOTIOLOVVTOL OTY] TMEPULTEQW HOVTIEAOTOINOY, OTTWG TO CWUATO, TNV ETTL-
POVELOXT TTUXVOTNTO, TN KEOT ToXVTNTO Xl TO PBapuTixd Suvopixd o xdbe onpeio
TOL ETUTESOL TOL YOAXELOXOU 3{O%0L. XTN CLUVEXELX TIPOYWEAUE GTOV VTTOAOYLOUO
TWY AVOANOLWTWY TTOAXTAOTTWY TTOL LTTOCTNELLOVY TLg OTElpeg UE pio ToVTNTO
TEPLOTPOPYG 1| LE TTOAANATTAEG TOYVTNTES TTEPLOTPOPYG GTO YohaELoxd dioxo. [apotn-



povue emtiong ™y €EENEN TV avOAAOLWOTWY TTOAAXTTAOTTWY Pall LE TLG LOXQOYQOVLA
ekeAoobpeveg douég aTo dloxo. TNy TEPITTWAN Tov HewENTIX0L LOVTEAOL YLoL TOV
laAakio, vtoroyilovpe, avT’ oV TOV, LOVTEARX OTELPKY TtoL Pacilovtol oty LTTEPHeom
TLEPLOOLX WY TPOYLWY TNG OLXOYEVELOS TWV «UETATLITTOVOWY EAAEIPEWY». TE QLT TNV
TEPITTWOY, SLEPELYOVUE TS GLYEPYALOVTOL Ol TPELG XVPLEG TTHPAUETOOL TOV LOVTE-
AOU, X0l TTLO CUYXEXQLUEVO 1] TAYVOTNTO TEPLOTPOPNG TWY OTELPOELSWY Bpoylovwy,
TO TAATOG TNG OTELPOELSOVG OLOTAOOYNS KO 1] YWVI XALOYG TWY OTELPWY, WATE VO
OVOTTOPBYOVY PEAALOTIXE XVUOTO OTELPOELSOVG TTUXVOTNTOG.



Preface

Understanding the nature of spiral arms in galaxies is a difficult open astronomi-
cal problem. There are many open problems in the study of the spiral structure,
concerning the origin, evolution, and, in particular, the longevity of the spiral arms.
The present thesis discusses several dynamical approaches allowing to interpret the
observed galactic morphologies. Such approaches elucidate, in particular, the role of
chaos and non-linear phenomena in the stability and coherence of the spiral struc-
tures. In the last decades the results of several researches in galactic dynamics have
shown that the galaxies undergo substantial secular evolution. Merging events can
also affect directly the dynamics of the system. Moreover, the observations, as well as
N-body simulations of barred spiral galaxies give strong indications for the presence
of multiple pattern speeds in galactic discs. This is in contradiction to the single
pattern speed assumption inherent in many basic theoretical models of spiral struc-
ture. Density wave theory, as well as the manifold theory of the spiral structure
are examples of such models. In the light of these remarks, it becomes evident that
dynamical models of spiral structure need to be developed and adjust to the recent
results coming from observations and N-body simulations.

In the present thesis we construct dynamical models of the spiral structure in two
different cases: (a) in the case of an N-body simulation of a barred spiral galaxy, and
(b) in the case of a Milky Way-like theoretical potential model. The nature of the
stellar orbits that support the spiral arms differs in these two cases, thus giving rise to
two different mechanisms of support of the spiral structure. In the first case, of barred
spiral galaxies, the spirals are generated by chaotic orbits (‘manifold spirals’), while
in the second case, of normal galaxies, the spiral arms are constructed by ordered
orbits ("precessing ellipses’).

In the case of the N-body simulation we have a self-consistent N-body model
of a barred spiral galaxy, where stemming from the positions and the velocities of
the bodies we can obtain important information used in the modelling, namely the
bodies, the surface density, mean velocitiy and gravitational potential at each point
of the galactic disc plane. We then proceed with the computation of manifold spirals
with a single pattern speed or with multiple pattern speeds. We also observe the
evolution of the manifold spirals along with the secularly evolving structures in the
disc. In the case of the Milky Way-like theoretical model, we compute, instead, models
of spirals based on the superposition of periodic orbits of the family of “precessing
ellipses”. In this case, we investigate how the three main parameters of the model,
mamely, the pattern speed of the spiral arms, the amplitude of the spiral pertubation
and the pitch angle, collaborate so as to reproduce realistic spiral density waves.
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Chapter 1

Introduction

1.1 The morphology of the spiral galaxies and our Galaxy

Spiral galaxies have been observed for more than 150 years. Until the 1920s they
were referred to as ’spiral nebulae’. The first ’spiral nebula’ to be discovered was
the galaxy M51 by Lord Rosse in April of 1845 (Rosse E/ (1850)), who also gave a
sketch of M51 (Fig. [l.1). The morphology of the spiral structure is an indicator of
the underlying dynamics and of the evolution of the galaxy.

The American astronomer Edwin Hubble classified galaxies as ’elliptical’, ’spiral’
and ’irregular’. This classification is essentially based exclusively on a galaxy’s ob-
served morphology. According to the ’Galaxy Zoo Project” (Lintott et al, (2008),
Willett et al; (2013)) which was developed later, the two thirds of all galaxies are spi-
ral, while approximately one third are ellipticals, and a few per cent merging galaxies
(Lintott et al| (2011)).

Figure 1.1: The sketch that Lord Rosse gave in 1845 when he identified the spiral structure of M51.

Hubble introduced a classification scheme for galaxies by criterion of the observed
structures in their center (existence of bar or buldge), as well as of the degree of
winding of the spiral arms (determined by the pitch angle) (Hubbleg (1926b), Reynolds

(1927), De Vaucouleurs (1959), see Dobbs & Baba (2014) for a review). Spiral
galaxies are generally classified as ‘S if they have no bar in their center or ‘SB if a
bar is present (barred spiral galaxies). The type SAB refers to weakly barred galaxies.
In order to distinguish galaxies with open spirals from the ones whose spirals are
tightly wound, he added the letter ‘a‘-‘d‘, with the ‘d’ classification representing the
most open arms (greater value of the pitch angle), and the ‘a’ classification the most
tightly wound (smaller value of the pitch angle). Thus, normal galaxies are scaled
from ‘Sa‘ to ‘Sd‘, and barred galaxies from ‘SBa‘ to ‘SBd‘. The Hubble sequence
also represents a decrease in the size and luminosity of the buldge from Sa (or SBa)



galaxies to Sd (or SBd), and an increase in gas content from Sa to Sd.

elliptical nebulge
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Figure 1.2: Morphological classification of galaxies by Hubble (Hubblq (19264))

A second classification scheme was proposed by Elmegreen & Elmegreen (Elmegreen

& Elmegreen (1982), Elmegreen & Elmegreen (1987)) (see Table [I.1). In this classis-
fication 12 types of galaxies (‘arm classes‘) are introduced by criterion of the number,
length and orderliness of the spiral arms. The first four types of galaxies in the
Elmegreen & Elmegreen classification correspond to ‘flocculent galaxies® with spiral
arms chaotic, unsymmetric and fragmented into short pieces. The arm classes 5-12
correspond to ‘grand design‘ galaxies, with two long, continuous and symmetric spi-
ral arms. This classification also includes ‘multi-armed galaxies‘ that also have two
inner arms, as well as multiple outer arms or ringlike outer structure. All of these
types may or may not exhibit bars. Around 60 %, of galaxies exhibit some grand
design structure, either in the inner or entire part of the disc (Elmegreen & Elmegreen
(1982), Dobbs & Baba (2014)).

DESCRIPTION OF ARM CLASSES FOR SPIRAL GALAXIES

H Arm Class Description H
1 Chaotic, fragmented, unsymmetric arms
2 Fragmented spiral arm pieces with no regular pattern
3 Fragmented arms uniformly distributed around the galactic center
4 Only one prominent arm; otherwise fragmented arms
5 Two symmetric, short arms in the inner regions; irregular outer arms
6 Two symmetric inner arms; feathery ringlike outer structure
7 Two symmetric, long outer arms; feathery or irregular inner arms
8 Tightly wrapped ringlike arms
9 Two symmetric inner arms, multiple long and continuous outer arms
10 No longer used; previously denoted barred galaxies
11 No longer used; previously denoted galaxies with close companions
12 Two long symmetric arms dominating the optical disk

Table 1.1: Morphological classification of galaxies by Elmegreen & Elmegreen
(Elmegreen & Elmegreen (1987))



Note also that the morphology of spiral structure often appears different when a
galaxy is observed in near-infrared rather than optical wavelengths (Bertin, & Lin
(1996)). In the near-infrared we observe the structures that are supported by the
older stars. This change of the morphology reflects the different dynamical effects on
the disc induced by the motions of the old and younger stars respectively.

Since our solar system is immersed in the galactic disc of the Milky Way, there are
many difficulties in observing and open problems in understanding the morphological
features of the spiral arms in our own galaxy. The spiral structure of the Milky
Way was first explored by observations of the 21 cm line from interstellar atomic
hydrogen. Afterwards, the methods for the detection of the spiral structure evolved
and the most commonly used are observations of Ionized hydrogen and OB stars
for the mapping Galactic structure (e.g. Georgelin & Georgelin (1976)). However,
there is still no consensus on whether the Milky Way is a two- armed (e.g. Weaver
(1970), Elmegreen ({1985)) or a four-armed galaxy (Georgelin & Georgelin (1976))
or whether or not it exhibits a ring-like structure in the inner parts of the galactic
disc (Cohen & Thaddeus (1977)).

2 ANATOMY OF THE MILKY WAY

—— Globular clusters

. ’ """"\ Disc

i

Stellar halo

www.esa.int European Space Agency

Figure 1.3: A sketch of the Milky Way, seen face-on (left) and edge-on, /(right), Credit: Left: NASA/JPL-
Caltech; right: ESA; layout: ESA/ATG medialab

The Milky Way is generally considered to be a barred spiral galaxy (Burton
(1988), Dame et al. (2002), Benjamin et al| (2005), Hou & Han (2014)). However,
there are many open questions about the morphology and the behaviour of the central
galactic structures. The first indications for the existence of a bar in the galactic
center were given by de Vaucouleurs in 1964 (De Vaucouleurs (1964)) through the
observation of the gas velocity field in the inner Galaxy. Recent researches assume
the co-existence of a boxy buldge (Gerhard (2002), Gerhard (2011)) along with a
bar structure extending to ~ 4 kpc (Gerhard (2010)).

1.2 The Density wave theory of spiral structure

1.2.1 Historical background

A radical evolution of perspective, generally adopted by the astronomical commu-
nity, as regards the spiral structure in galaxies took place in the 1960s, following the
pioneering work of Bertil Lindblad in the previous decades. B. Lindblad struggled
persistently with the problem of the spiral structure until his death in 1965, and



published a long series of papers. At the time, the dominant concept for the expla-
nation of the origin of spiral structure was that the galactic spiral arms are supported
primarly from the dynamics of magnetic fields or gas (see Baade (1963), Toomre
(1977)). However, Lindblad pursued the idea that the spiral stucture is generated
by the colllective effect of the stellar orbits under the presence of non-axisymmetric
gravitational forces in the galactic disc.
Consider the circular stellar orbits in the galactic disc. Their angular velocity Q(r)

is:
o) = /1700 (1.1

where V() is the total axisymmetric gravitational potential in the disc plane.

In a disc model in which the mass density falls with distance the angular velocity
Q(r) decreases with respect to the distance r from the galactic center. As a result, a
differential rotation phenomenon appears, and the stars closer are expected to rotate
faster than the stars further away from the galactic center. In the scenario of so-
called "material spiral arms”, the spiral arms are constantly inhabited by the same
stars which evolve around the center in nearly circural orbits. However, in such a
scenario the differential rotation on the disc would lead the whole structure to start
immediately winding. After a few rotations, the spiral arms would then become
tightly wound, to an extent inconsistent with the observed morphology of spirals.
This is the so-called “tight-winding problem” (Lindblad (1958), Kalnajs (1971)),
which led to the conclusion that the non-axisymmetric structures on the galactic disc
(the bar and the spiral arms) can not be material structures, but should, instead, be
modelled as density waves, i.e. local enhancements of the disc density, which are
constructed by stars that constantly travel in and out of the wave.

1.2.2 Density wave theory

Lindblad was the first to introduce the theory that spiral arms are density waves (1941,
1942, 1948, 1955, 1962). Later Lin and Shu (1962, 1964) and Toomre (1964) de-
veloped the idea of spiral waves, considered as perturbations in an axisymmetric disc
that is regarded in the framework of either the Boltzmann equation for collisionless
matter or the hydrodynamical equations for gas.

The reader is referred to Contopoulos (2002) and Binney & Tremaine (2008)
for detailed reviews on density wave theory. We summarise below the main points,
focusing on concepts of use in the present thesis.

In the collisionless approximation of stellar dynamics, the distribution function
f(r,v,t) provides complete information of the spatial distribution of the stars (den-
sity), as well as the velocity distribution of the stars at any point in the galactic disc.
The distribution function f(r, v, t) is defined so that the quantity f(r,v,t)d’rd3v yields
the probability of finding a random star at time t with phase-space coordinates within
the six-dimensional phase-space volume d*rd®v around the position r and velocity v.
The conservation of probability in phase space (Liouville’s theorem) is described by
the collisionless Boltzmann equation, (also called Vlasov equation):

of n of OHOf

Using the Poisson brackets [-,-] the Eq. (.2) can be written in the following form:

of B
E_F[f’H]_O , 1.3)
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We generally consider that the Hamiltonian of the system is of the form H =
%vz + V(r,t). We call a system “self-consistent” if the density distribution is related
to the potential through Poisson’s equation

V2V = 47Gp = 4G / dri3f(r,v,t) . (1.4)
In this case the gravitational potential is V(r,t) = [ dr’ G|{f f,‘v and the collisionless
Boltzmann equation [1.9 takes a nonlinear integro-differential form:
of L of 0 / /G [ fdV' of
52 d - = . 1.
8t+ or Or r r—v| /) ov 0 (4.5)

According to Lindbland’s assumption of “quasi-stationary spiral structure” (Lind-
blad (1962), Lindblad (1963)), the whole spiral structure can be seen as a quasi-
steady rotating spiral “pattern”. The spiral patterns are “longlived”, i.e. they are
sustained over many orbital periods.

These concepts led to the Lin—-Shu theory of stationary density waves. The lin-
ear theory approximates the spiral waves as small perturbations from a stationary,
axisymmetric state, assuming that the potential V, density p (or the surface density
¥ = [ pdz, where z is the direction normal to the disc) and the distribution function
f have small deviations from the corresponding axisymmetric terms (Vj, po, fo) (Bin-
ney & Tremaing (2008), see Efthymiopoulos (2010) for a tutorial presentation). We
choose fy(r,v) as the distribution function corresponding to a solution of Boltzman’s
equation for a steady-state model of an axisymmetric galaxy. We then define the
distribution function of the system with the spiral density pertubation as

f(r,v,t) = fo(r,v) +efi(r,v,t) . (1.6)
The gravitational potential is modified to
Vi(r,t) = Vo(r) + Va(r,1) (1.7)

where, in view of the linearity of Poisson’s equation ([.4), we have:

G d3 ! G d3 /
Vo(r) = — / a CLIdY / g GV (1.8)
r—r] r—r|
The Hamiltonian becomes
H = Hy + Vi (r,t) (1.9)

where Hy = 3v? + Vj(r). The linearised form of Eq. (1.3) substituting f and H from

Egs. (1.6) and (1.9 is:

of

5% + [fo, Ho) + € [f1, Ho] + £ [fo, Vi(r,t)] + O(e*) =0 . (1.10)

From Boltzmann’s equation for the time-independent f; we have that [fy, Hy] =
8f 0 — () and the term [fo, Hy| gets eliminated from Eq. (1.5). Hence:

on  JOh_ 9 </dr’food3V,> oh _ 9o (/dr’fo1d3V/> 9 o (111

ot or Or lr — 1| ov  Or r — /| ov

Lin & Shu (1964) did not solve directly Eq. (L.11). Instead, they initially approxi-
mated the distribution function f through its velocity moments, i.e. by multiplying
both sides of Boltzmann equation with progressively higher power combinations of

1



the velocities, and integrating the result in the velocity space. This methodology was
first applied to stellar dynamics by Jeangs (1919) and the respective equations are
called “Jeans equations”. Analogous hydrodynamical equations can be obtained from
a fluid (or gas) distriburion of matter (Lin & Shu (1964, 1966)).

On the other hand, straightforward solutions of Eq. ([L.11), which also give a
formula for f, were given by Kalnajs (1971) (see the Appendix K of Binney &
Tremaine (2008)).

1.2.3 The orbital version of the density wave theory

The orbital version of density wave theory builds spiral density waves by the super-
position of stable elliptical periodic orbits that “collaborate” in a way so as to support
and sustain the spiral density wave. These periodic orbits exhibit gradual change in
orientation as a function of the distance from the galactic center and their orientations
combine coherently so as to produce a local enhancement of density in the disc. The
first to stress the contribution of these orbits to the construction and sustainement of
the spiral density wave was Lindblad (1956, 1957, 1958, 1960, 1961), who called them
“dispersion orbits”. Later Kalnajs gave to the periodic orbits the name “precessing
ellipses” (Kalnajs (1973)). As a result, the spiral density wave is supported by stars,
which travel in elliptical orbits with coherent phases and they construct a ’precessing
ellipsis flow” (Kalnajs (1973)).

Contopoulos calculated analytically these orbits (Contopoulos (1970), Contopoulos
(1975)). In particular, he developed the theory of “resonant periodic orbits” near the
inner Linblad resonance. He specified the number and stability of the correspond-
ing periodic orbits, and identified the family of stable periodic orbits which support
the spiral density wave, called the ”x1” family. The resonant theory of Contopoulos,
based on epicyclic action-angle variables, also allows to predict the structure of the
phase space around the periodic orbits, yielding the corresponding invariant curves
as the level curves of a resonant “third integral” (see Contopoulos (2002) for a re-
view). The predictions of this theory were confirmed by Vandervoort (1973, 1975), see
also Vandervoort & Monet (1975) and Monet & Vandervoort{ (1978)), Mertzanides
(1976) and Berry & Smet (1979). These studies provided figures of the correspond-
ing phase portraits around the elliptical closed orbits computed analytically (by the
“third integral”) or numerically in simple models of galactic potentials with a spiral
perturbation.

The overall limit of applicability of the “precessing ellipses” was considered by
Contopoulos (Contopoulos (1985)). The change of the orientation of the elliptical
orbits with the energy is explained by resonant perturbation theory (Contopoulos
(1975), Monet & Vandervoort (1978), see a tutorial presentation by Efthymiopoulos
(2010)). Numerical examples of spirals supported by “precessing ellipses” have been
computed in self-consistent models of spiral galaxies (Contopoulos & Gresbol (1986),
Patsis et al. (1991), Patsis & Grosbel (1996), Pichardo et al. (2003), Efthymiopoulos

(2010)).

N-body experiments since the 1960s have been unable to reproduce long-lived
spiral density waves and the scenario of quasi-stationary spiral density waves has been
strongly criticized (see Toomre (1977), Athanassoula (1984), Binney & Tremaine
(2008), Sellwood & Carlberg (1984), Sellwood (2010) and Dobbs & Baba (2014) for
reviews). The existence of mechanisms regulating the growth rate of spiral density
waves, and hence ensuring their longevity for several pattern periods, remains largely
an open question (Donner & Thomasson (1994), see Bertin, & Lin (1996) and
Contopoulos (2002) for reviews).
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1.3 Fourier decomposition of the Surface Density Field and
of the potential

The surface mass density Y(r,¢) (in cylindrical coordinates) of a galactic disc is
obtained through a surface brightness map (amount of light per unit area) which
is constructed through photometric data from observations of the galaxy, assuming a
constant mass-to-light ratio. The application of Fourier transform to the surface mass
density, or to the corresponding gravitational potential, enables us to distinguish the
individual structures in the galactic disc (modes of the Fourier Transform) that present
a certain symmetry with respect to the galactic center and contribute collectively to
the observed galactic morphology and dynamics. The Fourier Transform of the mass
surface desity X(r, ¢) is given by:

Mmax

S(r, ) =Zo(r) + Y Am(r)cos(me) + Y Bp(r) sin(mep) (1.12)

where m,,.; is taken high enough to reach sufficient convergence of the Fourier series,
typically we choose mq, >~ 10). 3o(r) corresponds to the axisymmetric part of the
surface density:

1

T o

2m
Yo(r) /0 X(r,p)dp (1.13)

and A, (r), Bn(r) are the amplitudes of the surface density of the m-th mode com-
puted at a certain radius r from the galactic center:

1 2m
Ap(r) = ﬂ_/ cos(mp)X(r, p)de . (1.14)
0
27
B,,(r) = 71T/ sin(mp)X(r, )de (1.15)
0

The m = 0 component corresponds to the axisymmetric galactic structures, namely
the buldge, and disc. In most ‘grand design’ spiral galaxies, the m = 2 component
dominates over all other. The m = 2 component describes the bisymmetric features
of the disc, namely the bar and the spiral arms. The m = 4 component also appears
in the bar or the spiral arms. The odd components m = 1, 3.... describe patterns
(modes) with a non-even symmetry. Of particular interest is the m = 1 component.
This is the main component of lope-sided structures which could result, for example,
in cases where the disc galaxy interacts with a satellite galaxy. Early studies tended to
disregard odd components as of smaller importance, but modern observations indicate
that in many galaxies they might play a key role in dynamics (Efthymiopoulos
(2010)).

We cannot recover directly the gravitional potential V(r, ¢, z) (in cylindrical co-
ordinates) from the sole knowledge of the surface mass density ¥(r,¢). Poisson
equation relates the gravitational potential to the total mass density p(r, ¢, 2):

V2V (r, ¢, 2) = 4dmp(r,p,2) . (1.16)

Besides X(r, ¢), to obtain the spatial mass distribution p(r, ¢, z), requires a model
of the distribution of mass in the vertical z-axis. Moreover, the luminous galactic
matter (i.e. disc, bar, buldge, spiral arms) is embedded in a massive dark halo,
which contributes significantly to the total gravitational potential. Merging events
and external pertubation factors also affect the galactic gravitational potential.
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A frequently used process to model the gravitational potential of a galaxy consists
in splitting the mass distribution into distinct components (e.g. bulge, disc, bar,
spiral arms, dark halo), then utilise photometric and kinematic data to create a fitting
model for each component, using either empirical laws or an inverse processing of
the observations.

The Fourier decomposition of the gravitational potential of the galaxy in the disc
plane (z, y,z = 0) and radius r takes the following form:

Mmax Mmax

V(r, ) Z ®,,(r) cos(mep) Z W, (1) sin(mep) (1.17)

where the axisymmetric potential Vj(r) is:

1 27
Vo(r) = / V(r,@)dp (1.18)
271' 0
and the coefficients of the m-th mode at a certain radius r are:
1 27
D, (r) = - V(r, p) cos(mep)dyp (1.19)
0
1 2
U (r) = / V(r, @) sin(me)dy . (1.20)
™ Jo

1.4 Stellar orbits in an axisymmetric potential

Let us consider the stellar orbits under the influence of an axisymmetric potential
Vo(r). In this case, the angular momentum P, is a constant quantity and, therefore,
we are led to the one degree of freedom Hamiltonian in the inertial frame of reference:

P* PR’ P2 2
_ il —-r -P 1.21
Ho 5 + 2,2 + Vo(r) 2 +Veff(7“, 0 ) ( )
where
P 2
Ves(rs Py%) = 2—;?2 + Vo(r) (1.22)

is the effective potential. In the above equation, (r, ) are cylindrical co-ordinates, and
(P, P,) are canonical momenta which correspond to the radial and angular momenta
(per unit mass) in the rest frame.

Hamilton’s equations are:

. OHy
=ap
. _O0Hy P,
L 0P, o2
2
PT _ _8H0 _ _avveff(rﬂ Psﬁ ) (123)
or or
. OHy
P =__""_ . 1.24
' o 0 ( )
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Figure 1.4: The effective potential as a function of radius. The sections of the energy level line with the graph
of the effective potential yields the pericenter and apocenter radii v, ro. The minimum of the effective potential
occurs at the radius v = r. (circular orbit).

The numerical value of H, in Eq. () for a given set of coordinates (r, P,, ¢,
P,) gives orbits of constant value of energy E. For a given and constant energy E,
the equation E = V,;;(r; P,?), namely the section points of E with the curve of the
effective potential give two solutions of r for the apsides of the orbit (P, = 0), namely

OVery(riPp?) ; i ;
——=Zo—2 > > 0 (pericenter of the orbit at distance r,), and

. : \% ;P2 . .
another for which P, = —W < 0 (apocentre of the orbit at distance rap).
The minimum of the effective potential occurs at a distance which corresponds to
the radius of the circular orbit (r.). The condition of the minimum of the effective

potential (%ﬁp“}) = 0) leads to:

one for which P, =

P = rﬁ‘w : (1.25)

The angular velocity §2(r.) of the circular orbit is given by :

. P 1 dVy(r,
Qre) = ¢ =5 =\ /Tc‘gﬁ) (1.26)

and the corresponding azimuthal period is:

27
T= 1.27
Q(r0) (1.27)
The energy of the circular orbit is
_ PR’ 1 dV(re)
Be= 575 +Volre) = gre—g —= +Volre) - (1.28)

For orbits of given angular momentum F,, and energy . < E < 0, the star also
performs an oscillation with a frequency x between an inner and outer radius. Then
the orbit of the star is called “epicyclic orbit” and the frequency « is called “epicyclic
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frequency”. For epicyclic orbits approximating circular orbits, i.e. close to the mini-
mum of the effective potential at the radius of the circular orbit » = r., the epicyclic
frequency x approaches the frequency of a linear harmonic oscillation and «(r.) at
r =1, is given by

2V.ff(re) 3P,2  d*Vio(r) d2Vo(re) 3 dVip(re)
wlre) = \  ar? — At arz dr? T Tdre (1.29)

The radial oscillating motion around the galactic disc is performed with period
and it is related to the epicyclic frequency k:

ra(E,Py2) p2771/2 9
i [Q(E—Vo(r))—w} dr = —— . (1.30)

T.(E,P,%) = 2/

Tp(EvP«pQ)

The ratio of {)(r.) and x(r.) as a function of the radius r. is an important quantity
which affects the structure of the periodic orbits in the galactic disc. Far from the
galactic center the potential approximates the Keplerian case:

VO(T)Q—GTM as 1 — 00 (1.31)

and for the frequencies ., Q we find (from Egs. (L.26), (.31)):

. . GM
lim k(re) = lim Q(re) =1/—5 . (1.32)
T'e—>00 T'e—>00 T
At distances close to the galactic center, assuming that the center is smooth, the
potential takes the form of a quandratic function near its minimum:

Vo~co+er? as r—0 (1.33)
Then:
li_r>n (k(re) = 29Q(re)) =0 . (1.34)

Thus, in general, the value of the epicyclic frequency is between the two extreme
values:
Q<kS20 . (1.35)

A remark, due originally to Lindbland, is that for a wide class of galactic disc potentials
one has k(r.) —2Q(r.) =~ constant across a wide range of radii r.. This remark forms
the basis of density wave theory, as discussed in more detail below.

1.5 Disc resonances

We now consider the epicyclic motions of stars in a galactic disc. The stellar motions
can be described as the combination of a radial oscillation with frequency x and a
circular motion at a certain radius with the azimuthal frequency (2.

In density wave theory, these stellar periodic orbits contribute collectively to the
sustainment of the density wave as a whole. The orbital collaboration of the stars
lead to a local density enhancement that takes the form of a “pattern” that rotates at
an angular velocity 2p, called the “pattern speed”.

A resonance occurs when the ratio of the frequency « of the radial oscillation to
that of the circular motion around the center of the galaxy with frequency Q2 —Qp, in
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a frame of reference rotating together with the spiral pattern with frequency Qp, is a
rational number. The Corotation Resonance (CR) is defined by the relation:

Qr)=Qp . (1.36)
We consider resonances defined by relation of the form
m(Q-Qp) =+k . (1.37)

In most galaxies the dominant mode is the m=2, which corresponds to bisymmetric
structures of the galaxy (bar or two-armed spiral arms). For m=2 the resonant
condition () defines the Inner and Outer Lindbland resonance at the radii 7775 ,
roLr Where

K(TILR R\TOLR
Q(T’]LR)—QPZ(2), Q(TOLR)—QPZ—(2) . (138)
More resonances appear to accumulate close to the region of corotation of the
form: "
K
S (1.39)
g (©Q-0p)
If the radius r approaches the corrotation radius (where Q = Qp) the ratio (.39
tends to infinity. As a result an infinity of resonances lie in the region of corotation
((Contopoulog (1981))). Besides the Lindbland resonances and corrotation, some
important resonances in an extended area around the corotation are k/1 = 4/1,3/1
(inside corotation), and k/1 = —2/1,—1/1 (outside corotation).
2 and k are functions of the radius r, while the pattern speed (1p is a constant
quantity. As a result the location of the resonances in the galactic disc depend on the
value of the pattern speed (2p.

100

80

Q(r)

40

00 (1) (2) 5 10 20

15
'R TILR T4 Tcr
r

Figure 1.5: The form of the function Q(r), and of the resonant combinations of Q(r) and k(r), Q — k/2,

Q+k/2, and Q — k/4 for a dynamical galctic model that is described in Harsoula et al, (2021). The selected
pattern speed Qp (red line) determines the radii of the ILR, the 4:1 resonance and the corotation.
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Figure [I.5 shows the function Q(r), as well as the combinations Q — k/2, Q + /2
and  — k/4. The inner section of the curve Q(r) with the pattern speed 2p defines
the radius of the corotation r¢g, while the inner section of the curve Q2 — /2 with
the pattern speed Qp defines the radius of the Inner Lindblad Resonance (ILR) 7y, g.
Depending on the model we may have no ILR or one or two ILR. Finally the inner
section of the curve (2 — /4 with the pattern speed Qp defines the radius of the 4:1
resonance r4.1.

In Fig. [I.5 we observe that Q(r) and k(r) are decreasing functions of r, while
the value of (2p is a constant number. Hence, for a fixed potential, the location of
resonances depends on the value of (2p. The value of Q2p plays an important role in
the evolution and structure of galactic systems. However, determining the value of
p in observed galaxies is not a trivial task. Most methods for recovering the value of
Qp (Tremaine & Weinberg (1984), Tremaine & Weinberg (1984b)) depend not only
on observational data, but also on additional dynamical assumptions. Furhermore,
different values of (1p lead, in general, to different structures and morphological
characteristics of the various patterns embedded in the galactic disc.

1.6 Extent of the spiral density waves

Spiral density waves cannot extend throughout the entire galactic disc because there
exist natural inner and outer barriers that limit the extension of these waves. A
density wave can only exist if the stars respond to its gravity in a way that they can
maintain the structure. A star at radius r traverses an m- armed spiral structure
with frequency m| Q, — Q(r) |. The stellar motions can generally enhance the spiral
density wave if their angular frequency m| €2, — Q(r) | is slower than the epicyclic
frequency x(r) at this radius (Dobbs & Babd (2014)). Therefore, from Eq. (.37 a
m = 2 spiral wave can propagate in the region between the inner and outer Lindblad
resonances.

It follows that the inner natural barrier for m=2 spiral arms coincides approxi-
mately with the radius of ILR. In fact, the density waves are reflected in this central
region before reaching the ILR, and then they are amplified by swing amplification
(Goldreich & Tremaine (1978)). Swing amplification offers a mechanism of fast
growth of density waves between the ILR and OLR and it works when short leading
waves are reflected to short trailing waves at the CR radius, or when a density en-
hancement formed by self-gravity is stretched out by differential rotation (see Dobbs
& Baba (2014) for a review)). Also, the density waves can be absorbed at the TLR
due to Landau damping (Lynden-Bell & Kalnajs (1972)). But this absorption of the
stellar density waves at the ILR can be avoided if the Toomre’s ) parameter (Toomre
(1964)) has a high value inside the ILR, forming a so-called Q-barrier. Such a barrier
reflects a density wave approaching the ILR back to outwards propagation, away from
the ILR. The Toomre’s () parameter for a stellar disc is given by the relation:

KROR

= 33605, (1.40)

Q

where k(r) is the epicyclic frequency, or(r) is the velocity dispersion and ¥y is the
disc surface density at a certain radius r. A high value of the () parameter implies
high value of the velocity dispersion. Inside the ILR this can be caused, for example,
by the existence of the central spheroidal (bulge). In such cases, quasi-stationary
two-armed spirals can be generated by ’standing-wave’ patterns which exist between
a reflecting radius from the inner part of the galaxy (i.e. 7;.r) up to the corotation
radius (Bertin et al| (1989)).

18



However, Contopoulos and Grosbel, (Contopoulos & Grasbol (1986), Contopoulos
& Grasbol (1988)) have shown that in the case of normal spirals (without the presence
of a galactic bar) where the amplitude of the spiral arms is strong enough, non
linear-phenomena arise at the 4:1 resonance, and the spiral density wave necessarily
terminates there. In particular, the elliptical periodic orbits become rectangular there
and can no longer support the spiral density wave. This result was further confirmed
in Patsis et al| (1991), Patsis et al| (1994), Patsis et al| (1997), Lépine et al. (2011)
and Junqueira et al, (2013). However, if the spiral pertubation is weaker non-linear
phenomena also weaken and the spiral can extend beyond the 4:1 resonance (see for
example Grosbol & Patsi§ (1998)).

As an overall conclusion, the spiral density waves supported by precessing ellipses
should extend in a region starting from a little outside the ILR and up to the 4:1
resonance. The radii of these resonances are defined by the specific pattern speed.
According to Fig. @ this region, rr,r < r < r4.1, varies for different values of the
pattern speed (1p.

1.7 The role of chaos in galactic discs

In the case of normal spiral galaxies (without a bar at the center) the non- axisym-
metric pertubation is rather small (<10 %). We have discussed in this case models
of spirals supported by organised orbits ("precessing ellipses”) which extend up to
the 4/1 resonance. In this case, chaos is a local phenomenon that takes place in the
close neighborhood of unstable periodic orbits at the region of the resonances of the
disc. Non-linear phenomena are manifested mostly in the form of the periodic orbits,
which deviate from the elliptical shape as the amplitude of the non-axisymmetric per-
tubation in the disc increases. This phenomenon is responsible for the termination
of the spiral arms at the 4/1 resonance.

In barred spiral galaxies it is generally accepted that the bar lies inside the re-
gion of corotation (Contopoulos (1980)). In many cases the bar induces a strong
non-axisymmetric pertubation in the galactic disc. A large number of resonances are
accumulated in a small spatial zone around the region of corotation and this phe-
nomenon causes a zone of chaotic motion due to the overlapping of the resonances
(Contopoulos (1966), Rosenbluth et al. (1966), Walker & Ford (1969), Voglis et al.
(2006Db)). The chaotic orbits near corrotation can, however, support both the bar and
the spiral arms, as first indicated in Kaufmann & Contopoulos (1996). Moreover, in
the case of barred spiral galaxies the spiral arms extend far beyond the corotation.
These results highlight the need for a new theory for the spiral structure in barred
spiral galaxies. Such a theory is the manifold theory (Romero-Gomez et al. (2006),
Noglis et al. (2006), Romero-Gomez et al. (2007), Tsoutsis et al. (2008), Tsoutsis et
al! (2009), Athanassoula et al] (2009a), |Athanassoula et al| (2009b), |/Athanassoula

(2012), Efthymiopoulos (2010), Harsoula et al| (2016), Efthymiopoulos et al.
(2019), Zouloumi et al,; (2024)), analysed in the following sections.

1.8 Hamiltonian model and equations of motion in non-
axisymmetric potentials

We consider a barred spiral galaxy where the bar rotates with pattern speed Qp (the
angular velocity of the bar) and we choose a galactocentric frame of reference which
corotates with the bar. In the corrotating frame of reference the Hamiltonian of the
system incorporates the term Vj(r) of the axisymmetric potential (e.g. the buldge, the
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disc or the dark halo) and an extra term with azimuthal dependence V (r, ) which
corresponds to the potential of a non-axisymmetric perturbation in the disc (e.g. the
bar or the spiral arms). The Hamiltonian in the rotating system is:

1 2
1= 3 (n?+ 25 ) = e 4 () + Vi) = B (1.41)

where H = H(r, ¢, p,,p,) and (r, ) are cylindrical co-ordinates, which give the carte-
sian coordinates through the relations = rcos ¢, y = rsin¢. (P, Py) are canonical
momenta which correspond to the radial and angular momentum (per unit mass).
The angular momentum P, is the angular momentum per unit mass in the inertial
frame of reference, although ¢ corresponds to the azimuth in the rotating frame of
reference. (P, P;) connected to the cartesian velocities V,, V, in the corotating frame
via p, = (Vi +yVy)/r, P, = Qpr? + (2V,, — yV,)/r. The numerical value of the
Hamiltonian H remains constant in time along any particular orbit (Jacobi energy
H=E).
The orbits are given by Hamilton’s equations for Hamiltonian [.41]:

. OH
"=op =
0H P,
°=op, =2 '
. OH P2 0Vp(r) OV(re)
PT__W_ P 9r  or (1.42)
p o OH _ 9V(ry)
Y 0 D

1.9 Lagrangian Equilibrium points in the disc

We consider a frame of reference which corotates with the bar, which is then always
seen in the same, e.g., vertical direction (see Fig. [.7). In the corrotating frame
of reference we locate the Lagrangian equilibrium points similarly to the respective
equilibrium points in the restricted three-body problem. These points correspond to
physical points where the forces (gravitational and apparent) get a zero value.

We can easily compute the Lagrangian points in the case of a simplified bar-like
potential model. In this model the Fourier coefficients in Eq. (.17 are ®,,(R) = 0,
U, (R) = 0, for all m except m = 2, while ®3(R)/¥2(R) = const. In such a model the
bar-like perturbation leads to a bar with major axis in a fixed azimuthal direction in
the rotating frame given by ¢y, = 0.5tan"(¥y/®5) (£7/2, depending on the signs
of the terms ®,, ¥y). The equations of motion ([.42) combined with the equilibrium
condition in the above simplified model:

OH _0H _oH _OH _
or 909 0OP. 0Py

(1.43)

yield four Lagrangian equilibrium points (e.g. Binney & Tremaine (2008)):

1) the unstable points L; and Lo, alligned with the bar, have co-ordinates r;; =
rr2 = 11, for some radius r; > 0 from the galactic center, P, 11 = P. 12 = 0, o1 = ©par
Yr2 = Pbar + T, and Pcp,Ll = P(p,LQ = QPT?-

2) The stable points L, and Ls have co-ordinates 74 = rp5 = r}, with r] < r;, and
Prria = Pri5 =0, 614 = Gpar + T/2. 015 = Opar + 37/2, and Py 14 = Py 15 = Qpr}>.

The radii r; and r; differ (by quantities of the order of the bar’s m = 2 relative
amplitude) from the radius rcpg (the corrotation radius) defined by the root for r
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using the equation ([1.26) for the angular velocity () of the circular orbit in the rest
frame and the condition ([.36) for the corotation resonance:

1th)(7")>1/2

1.44
r dr ( )

Qp = Q(reg) = (

T=TCR

The radius rcg is the co-rotation radius, and (r) is the angular velocity of the
circular orbit in the rest frame under the influence of the axisymmetric potential V;.
One finds 7; > rog, 1] < rcg. while the ring r; < r < r; is the corotation zone (or
region).

We detect the Lagrangian points through equipotential curves which are called
"zero velocity curves’, which satisfy the condition:

Vel f(ri %) = Vo(r) + V(rp) = 5 0r* =By . (1.45)

The term %921_-,?”2 is called the centrifugal term, and it is derived from the terms
pe” —Qpp, of the Hamiltonian (), by replacing p, = r*(p+Qp) = r’Qp for ¢ = 0.

Lo
2
/2{11 regions in which Vs (r; PSOQ) > Ej are forbidden for stellar motions.

Figure [I.6 shows the zero velocity curves of a simulated barred spiral galaxy. All
the Lagrangian points satisfy the condition VV.s; = 0. The points L, Ly along the
bar are saddle points and represent the unstable Lagrangian points. Stars with values
of £y larger than V. f1,, OF stars that are initially outside the contour through L; and
L5 can in principle escape to infinity. The points L4, L5 in a direction perpendicular to
the bar represent the stable Lagrangian points. L3 is a stable Lagrangian equilibrium
point in the center of the galaxy (see paragraph 3.3.2 of Binney & Tremaine (2008)).
The Lagrangian points appear stationary in the corotating frame of reference, where
the gravitational and centrifugal forces precisely balance, but they can be regarded
also as circular orbits in the inertial frame of reference.

t=2.500 Gyrs(m=0,2)

Figure 1.6: Zero velocity curves constructed from the potential of a N-body simulated barred spiral galaxy (from
Kyziropoulos et al) (2016)) at time t = 2.5 Gyr of the simulation
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For weak non-axisymmetric disturbances the Lagrangian points L1, Ly and L4, Ls
are close to the corotation circle as shown in Fig. [l.7. But they move away from the
corotation circle if the non-axisymmetric pertubation is strong. When one considers
the full non-axisymmetric potential (Eq. (.17)), the unstable Lagrangian points L,
Ly need no longer be at symmetric positions with respect to the center of the disc,
nor aligned with the bar. In fact, time variations in the non-axisymmetric Fourier
modes of the gravitational potential can alter significantly the form of 'zero velocity
curves’ within the co-rotation zone, influencing the radial and azimuthal position of
the Lagrangian points (see below, and also [Tsoutsis et al| (2009), Wu et al| (2016)),
and even their number (e.g. Kalapotharakos et al| (2010)).

i

COROTATION
WEAK BAR (@)

STRONG BAR (Q)

Figure 1.7: The Lagrangian points Ly, La,Ls, Ly, Ls in an the case of weak bar and in the case of a strong
bar

1.10 The Main Families of Periodic Orbits

In simple dynamical systems we distinguish three main types of orbits: (a) Periodic
Orbits (Ordered orbits) (b) Quasi-periodic orbits (Ordered orbits) and (c¢) Chaotic
Orbits. (see Contopoulog (2002) for a review) In the orbital study of the galactic
systems the study of the periodic orbits are of great significance. The stable orbits trap
around them sets of quasi-periodic orbits which also support the galactic structures.
On the other hand, the unstable orbits separate the various types of ordered orbits
and demarcate the chaotic domains in a galaxy.

The main families of periodic orbits encountered in this particular problem (see
Efthymiopoulos (2010) for a review) are the following: a) The z; family of Con-
topoulos & Papayannopoulog (1980) are the main stable orbits beyond the inner
Lindblad resonance (ILR), which in the case of normal galaxies construct the pre-
cessing ellipses” and they support the density wave. Near the ILR resonance this
family of periodic orbits are elliptical orbits. However, at longer distances, closer to
higher order resonances, the trajectory tends to acquire a polygonal shape, which
corresponds to the type of epicyclic oscillations of the corresponding resonance (e.g.
in the 4/1 resonance where four epicyclic oscillations are performed in a azimuthal
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period the orbit tends to take a rectangular shape). The family of periodic trajectories
x1 also continues beyond the corotation, where it is performed in retrograde direction.

b) The families of periodic orbits xg, x3, 4. The x5, x3 families lie between the
two ILR resonances (if they exist) and extend perpendicular to the bar. Family x5 is
stable, while family x5 is unstable. The x4 family is retrograde and plays an important
role only near the center. Contopoulos & Grasbol (1989)

¢) Periodic orbits of 2/1 resonances. 3/1, 4/1 etc, resulting from the application of
the Poincaré-Birkhoff theorem (Birkhoff (1917), Poincaré (1912)).

d) Short and long period periodic orbits around the equilibrium points L4, Ls.
The short-period orbits form small loops around the equilibrium points, while the
long-period orbits are more elongated and take a "banana” shape around Ly, Ls.

e) Short-period periodic orbits around the equilibrium points L1, Lo, which will
be mentioned in the following subsection. These short period periodic orbits are also
called PLq, PL, and their unstable invariant manifolds support the structure of the
spiral arms or the outer shell of the bar. (see details in Section ).

Figure 1.8: (@) The main families of periodic orbits in a barred galaxy. We distinguish x1, but also the x2, 3
families of periodic orbits as well as the long-period (“banana-shaped”) orbits around Ly and Ls. (b) Short-period
periodic orbits around La, Ls as well as x4 orbits are depicted. (source: Contopoulos & Gresbol (1989))

Additionally to the periodic orbits, other types of orbits are also located in galactic
dynamical models and they are the following:

i) Around the stable periodic orbits there are “quasi-periodic orbits” that form
tube-like structures (“tubes”), which respond to motions on the invariant tori of the
phase space. These orbits also construct the main body of the organized orbits in the
system.

ii) Chaotic trajectories are very important, especially for values of the Jacobi con-
stant B4 < Ey < Ejr1. The structure of the zero-velocity curves presents that
in this energy region an orbit may be moving partly inside and partly outside the
corotation region (Kaufmann & Contopoulos (1996)). Thus the chaotic orbits can
partially support the outer shell of the bar and partially the spiral arms. These orbits
are called the “hot population” (Sparke & Sellwood (1987), Kaufmann & Contopoulos

(1996)) because of the large dispersion of velocities of the stars moving along them.

The fact that the bars essentially terminate near the corotation is mainly due to the

large degree of chaos which is located at this region. In that region a large number of
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periodic orbits become unstable. An additional factor is the change of the orientation
of the main periodic orbits outside the corotation.

1.11 The manifold theory for the spiral structure of barred
spiral galaxies

1.11.1 Definitions and the two versions of the manifold theory

In barred spiral galaxies the bar is a strong pertubation that leads to chaotic motion in
the region of corotation (Kaufmann & Contopoulos (1996), Patsis (2006)). The work
Patsis (2006) introduces the idea of ’chaotic spirals’ and presents stellar response
models fitting a real barred spiral galaxy in which the spiral arms are supported
almost entirely by chaotic orbits. Someone would expect that the orbital escapes
would increase rapidly due to the chaotic motion and the system could not sustain for
times comparable to Hubble times. However, this speculation has not been assumed
by observations and N-body simulations. These problems arose the need for a new
theory for the barred spiral galaxies which would provide a mechanism that gives
coherent and long-lived spiral structure in barred spiral galaxies.

A central question in the study of barred spiral galaxies was whether the bar drives
spiral dynamics (e.g. Goldreich & Tremaine (1978), /Athanassoula (1980), Schwarz

(1984)), or the spiral structure is a recurrent collective instability characterized by
its own independent dynamics which interacts with the bar (e.g. Sellwood (2000)).
Sellwood & Sparke proved that if the spiral would be bar-driven they would rotate
with the same angular velocity (which is not generally observed in real galaxies or in
N-body simulations, see for more details) and they would be encountered to
lie outside the corotation (Sellwood & Sparke (1988)).

The manifold theory introduced a mechanism for the long-lived spiral structure
in barred spiral galaxies, applicable whenever the bar is a strong pertubation in the
galactic disc and the orbits in the region of corotation are chaotic. The manifold theory
for the spiral structure in barred spiral galaxies was first introduced in two versions
in 2006 by Romero-Gomez et al. (2006) and Voglis et al] (2006). Since then
it has been tested in N- body simulations and analytical potential models of barred
spiral galaxies (Romero-Gomez et al| (2007), Tsoutsis et al. (2008), Tsoutsis et al.
(2009), /Athanassoula et al| (20094d), Athanassoula et al. (2009b), Athanassoula et
all (2010), Athanassould (2012), Efthymiopoulos (2010), Harsoula et al. (2016),
Efthymiopoulos et al| (2019)).

For values of the Jacobi constant greater than the values of the unstable equilibrium
points L o , there exists a family of short-period periodic orbits (approximately equal
to the epicyclic period) branching around the points Ly , L2 . These trajectories form
loops around L; 2 of increasing size as the value of the Jacobi constant increases.
Hereafter, we will refer to these short-period periodic orbits (or 'Liapunov orbits’ in
Romero-Gomez et al. (2006)) themselves as PL; or PLs as called in Voglis et al.

(2006). These orbits are prograde with respect to the galaxy’s rotation inside the
cototation region and retrograde outside the corotation (Fig. [LLY). A similar family of
periodic short-period orbits with epicenters PL, 5 can also exist for the stable points
L, 5 for values of constant Jacobi that exceeds the corresponding values in Ly 5.
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Figure 1.9: Short-period orbits PLy o around the Lagrangian equilibrium points L1 o (unstable) and Ly s
(stable). Arrows indicate the direction of rotation in and out of the corotation. (source:\Voglis et al| (2006))

The unstable manifolds Wng , of the unstable short-period periodic orbits PL;
and PL- are defined as the set of initial conditions with coordinates (ro, Vo, Pry, Py,) in
the phase space that tend asymptomatically to the respective periodic orbits PL1 2, in-
tegrated in the backward sense of time, namely ¢ = —oco. Denote by O(t; Ry, ¢o, PRr,0, P¢,0)
one orbit (R(t),¢(t),pr(t),pe(t)), with initial conditions (R, ¢o,Pr,0,Pe,0) at time t
and Opy, the locus of all the phase space points of the periodic orbit PL;. Thus, the
unstable manifold WY, | is the ensemble of all different initial conditions for which
the distance between O(t; R, ¢0,PR,0,P4,0) and Opr, tends to zero as t — —oo:

WL, = {AH (Ro, 0, PR,0,Pg,0) : dist[O(t; Ro, o, PRr.0:Ps,0), OpL,] — 0 as t — —o0

(1.46)
Thus, an integration of these trajectories in the forward sense of time from PL; 5
leads a rich outflow in space away form L 2. This outflow of trajectories yield spiral
patterns in the configuration space and can support the outer shell of the bar and the
spiral arms of the galaxy.

Similarly, the stable manifold WﬁLLQ is the set of points in phase space with
images approaching asymptotically the orbit PL; in the forward direction of time
(t — +o0). Both sets, WY and WS are two-dimensional manifolds embedded in
the three-dimensional Jacobi constant hypersurface of the four-dimensional phase
space. Similar definitions hold for the unstable manifold of the Lagrangian points
L1 2, namely the sets WY, (or WY,):

Wi = {AH (Ro, #0: PR,0s Pg0) : dist[O(t; Ro, o, PRr,0,Pp,0),Or1] — 0 as t — —oo

(1.47)

The geometric shapes and properties of the manifolds WgLLQ are similar to those

of the manifolds WY, ,. However, a main difference is that the the unstable points
L5 and their manifolds represent only one value of the Jacobi constant, while the
periodic orbits PLj> and their manifolds form families which span a whole set of
values of the Jacobi constant E; pr, , > Ej 1, ,. Furthermore, all the families of orbits
with energies E; > Ey, , give manifolds that are trailing parallel paths to W% L., and
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contribute to the outflow away from L, and Lo (Patsig (2006), Tsoutsis et al| (2008))
due to the phenonomen of phenomenon of ’stickiness in chaos’ (G.Contopoulos and
M. Harsoula 2008). The manifolds represent the motion of the material at all energies
beyond the Jacobi energy at corotation. The manifolds play the role of the attractor
of chaotic orbits and provide a dynamical skeleton to the structure of the galaxy.

Two versions of the manifold theory have been developed so far in the literature:

i) The ‘flux-tube’ version of the manifold theory (Romero-Gomez et al| (2006),
Romero-Gomez et al! (2007), Athanassoula et al| (2009a), |Athanassoula et al.
(2009b), /Athanassoula (2012)) considers continuous-in-time orbits describing the
flow of matter away from the bar’s unstable Lagrangian points L; and Lo, as viewed
in a frame of reference rotating with angular speed equal to the bar’s pattern speed
Qp. The unstable ‘flux-tube’ manifolds WY, WY, from Eq. ([.47) are invariant sets
formed by all orbits tending asymptotically towards L; or Ly in the backward sense
of time. This means that, in the forward sense of time, these orbits form outflows
(Cflux-tubes’) directed away from L; or L;. Besides L; and Ls, similar flux-tube
manifolds can be constructed for the whole family of epicyclic periodic orbits (called
‘Lyapunov orbits’) around L; or Ly. This outflow of trajectories yields with initial
conditions selected to lie in the set (1.14) or (1.46).

An elementary linearization of the equations of motion around L; or Ly shows
that these outflows, have the form of trailing spiral arms in the configuration space. In
particular, the flux-tube manifolds are consisted of two branches: one that is directed
outside co-rotation and takes the form of a trailing spiral arm and a second that is
directed inside corotation, creating a ring-like structure around the bar. Thus, the
flux-tube manifolds can give rise to several morphological structures, from outer or
inner ring-like to open spirals, depending on the model’s parameters (e.g. pattern
spead, m = 2 amplitude and asymmetry (Athanassoula et al| (2009a)).

ii) In the version of the manifold theory called "apocentric manifolds’ (Voglis et
all (2006), Tsoutsis et al. (2008), Tsoutsis et al. (2009), Efthymiopoulos (2010),
Harsoula et al. (2016)) one computes first the flux-tube manifolds ng, and then
isolates only those points which correspond to apsidal positions, i.e., local apocentric
or pericentric points of each orbit in the flux-tube. The locus formed by the union
of the apocentric points yields again trailing spiral arms. The apocentric manifolds
ngf‘z are defined through the flux-tube manifolds VVLUL2 as follows:

Wi = {All points of WY, , : p, = 0,p, < 0} : (1.48)

where p, is given by the Eqgs.(.42). A similar definition holds for the apocentric
manifolds ngl , of the families PL; 2. The form of pocentric manifolds is presented

in Fig.
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Figure 1.10: The apocentric unstable invariant manifolds ngm from the unstable periodic orbits PLy and
PLy in the physical space positioned over a snapshot of the N-body simulation Kyziropoulos et al) (2016) at
time t = 1.625 Gyr of the simulation. The calculation of these invariant manifolds is described in Efthymiopoulos

bt all (2019)

The set ng reproduces through continous in time orbits the manifolds as geo-
metric objects which show the direction of the flux of matter beyond the corotation.
However, the flux tube version of the manifold theory struggles to approach the real
distribution of matter along the manifolds, which depends on the distribution function
of the N-body system. Despite the fact that a precise knowledge of the distribution
function is hardly tractable, the set VVLUlA2 can be representative of the mass density
distribution. This is because the method of apocentric manifolds (Voglis et al
(2006)) exploits the fact that local density maxima along the manifolds are expected
at points close to apsidal (i.e. pericentric or apocentric) positions of the orbits. This
assumption is verified in N-body experiments (see [Tsoutsis et al| (2008)), the suc-
cessive apocenters reached by the orbits of the N-body particles are all on the same
locus determined by the coalescence of invariant manifolds.
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(a) ’ (b) . (c)

Figure 1.11: (@) The unstable invariant tube manifolds Wng into the physical space from the short period
unstable periodic orbits periodic orbits Pr, and Pr,. The bar is aligned on the y axis and rotates counterclockwise.
(b) Same as (a) but in a strongly nonlinear model. (c) The apocentric unstable invariant manifolds Wgz, , of
the model (b) from PLy and PLo in the configuration space (source:Efthymiopoulos (2010))

In [Efthymiopoulos (2010) (See Fig. [l.11) and Efthymiopoulos et al| (2019) a
detailed comparison of the two versions of the manifold-theory is exhibited. In the
flux tube manifolds case the spiral arms are quite open and extend away from the
corotation and the stars on them do not likely return into the galaxy (See Fig. [L.11/(b)).
In this case, one must devise a mechanism of matter renewal in order to assure that
these spiral structures are long-lived. The flux tube manifolds can lead to escapes
without recurrences (as presented in Fig. [.11l(a)), while in the case of the apocentric
manifolds a large number of recurrences is observed inside and outside the corotation
region (see Fig. [l.11(c) and Fig. [.10). The orbits which exhibit recurrences belong
to the family known as the ‘hot population’ (Sparke & Sellwood (1987), Kaufmann
& Contopoulos (1996)).

Near L; or Lo the shapes of the flux-tube and apocentric manifolds coincide. How-
ever, far from the Lagrangian points, the shapes of the apocentric manifolds allow to
visualize the intricate chaotic dynamics known in dynamical systems’ terminology as
the ‘homoclinic tangle’ (see Wigging (1990)). Thus, the flux-tube and the apocen-
tric manifolds are the same phase-space objects, but visualized differently in physical
space.

In Harsoula et al. (2016) the various manifold theories are generalised and an
analytical theory for the chaotic spirals is presented. In particular, the Moser theory
(Moser (1956), Moser (1958)) of invariant manifolds around unstable periodic orbits
is applied. Moser proved the convergence of the normal form series describing the
Hamiltonian dynamics near an unstable equilibrium point or an unstable periodic
orbit. In Harsoula et al; (2016) is proved that the domains of the chaotic orbits
around the invariant manifolds in barred spiral galaxies correspond to the domains
of convergence of the Moser normal form around the unstable manifolds.

1.11.2 Computation of the apocentric invariant manifolds

In the sequel we focus on computations based on the representation of manifold
spirals via the apocentric manifolds. The algorithm of calculation of the apocentric
invariant manifolds WIQLLQ is described in detailed in Voglis et al. (2006) and in
the review Efthymiopoulos (2010). For the computation of the apocentric manifolds
WYA and WY, , we work on an ‘apocentric surface of section’ for all trajectories of
givefl Jacobi enefgy E;.

1) We first build an apocentric Surface of section S. Every orbit corresponds to a
point of (¢, Py) on S and satisfies the condition of P, = 0, P. > 0, which describes the
apsidal position of the orbits. Every point (¢, Py) on S defines an initial condition
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with coordinates (r, v, P, = 0, Py), where r is the local radius at which a particle with
trajectory corresponding to the Jacobi energy E; reaches a local apocentric passage
with values of its angular variables equal to (¢, P,). Setting P, = 0, P, < 0 in the
Hamiltonian [L.41, the equation:

H(r,p,P.=0,P,) = E; (1.49)

allows to compute the local radius r. In particular, this equation has two roots, for
the pericentre and the apocentre of the orbits respectively. We choose the one that
has the greater value of r, which corresponds to the apocentre of the orbits.

2) The Eq. ([.49) fixes the value of - as function of (¢, P,). Thus, for a randomly
chosen trajectory undergoing epicyclic oscillations, the transition from one to the next
apocentric passage can be viewed as a Poincaré mapping

(¢, Pp) = (' = F(p, Pp), P, =G(p,Pp)) (1.50)

where the functions F(¢, P,) and G(¢, P,) are approximated numerically through
the integration of the orbits. By integration, using the Hamilton equations [.49, we
can locate the images (¢, P},) under Poincaré mapping of the initial conditions (¢, P,)
on S.

3) The location of the unstable periodic orbits PL; and PLy from Eq. (.50 is
performed through the location of their apocentric intersections with the surface S.
In particular, the orbits PL;» correspond to fixed points (¢y ., P,,) of the mapping
(1.50), i.e., where the following condition is satisfied:

¢ = F(po, Psy) = 0, P, =G(po,Ppy) = Py, - (1.51)

Egs. [([L51) can be viewed as a 2 x 2 algebraic system which can be solved numerically,
using a root-finding technique (e.g. Newton-Raphson method), in order to compute
the initial conditions (¢, P,,) of the corresponding PL; or PLy orbit.
4) We construct the monodromy matrix of the fixed point PL; or PLs and compute
its components through numerical differentiation:
or  or
M = [ 0p  OP,

oG ad (1.52)

g OP; ]¢=¢07H9=P¢0

We calculate its eigenvalues and eigenvectors of the matrix M. The monodromy
matrix gives two opposite stable eigendirections and two unstable eigendirections
respectively. We expect two real snd reciprocal eigenvalues \; > of the M, satisfying
At = 1.

In the work of Voglis et al. (2006b) a well-known theorem of dynamics is used
for the calculation of the unstable invariant manifolds, the so called 'Grobman —
Hartman theorem’ (Grobman (1959), Hartman (1960), which proves the following:

(i) In autonomous Hamiltonian systems the manifolds on the Poincaré surface of
section are invariant, i.e. they coincide with their images under the Poincaré map.

(ii) They approach the fixed points PL; 3 in the directions tangent to the eigen-
vectors of the linearized map around PL1 > .

In particular, the unstable manifold ngfg is tangent to the eigenvectors associated
with the absolutely larger real eigenvalue (say A1) of the monodromy matrix M at
fixed point (o, P,,), while the stable manifold Wfo is tangent to the eigenvectors
associated with the absolutely smaller eigenvalue, A2, of the same matrix. By the
symplecticity property of Poincaré maps we have A\ Ay = 1, thus the two eigenvalues
are reciprocal and it holds that [A\;| > 1 and |A2| < 1.
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5) In order compute and visualize the apocentric invariant manifolds ngm we
take many initial conditions equi-spaced on a linear segment of small total length dS
on the apocentric surface of section (y, P,) along the unstable eigendirection which
is determined by the equation:

A — 9E
- ©
oP,
The set of initial conditions is uniformly distributed with respect to the angle ¢ in a
small interval dyp, starting from the angle ¢ of the periodic orbit. The corresponding
coordinate at the momentum axis dF,, is located through the condition that the
vector (dy, dP,) coincides with the unstable eigenvector ofthe monodromy matrix of
the unstable periodic orbit PL;. Thus,

dP, =tan Odyp . (1.54)

Integrating all these trajectories from the initial conditions on dS forward in time
yields the ‘flux-tube’ manifolds WY, , 2> While taking only consecutive iterates of the
mapplng (.50) on the apocentric surface of section S yields the apocentric manifolds
WPLLQ. Note that the iterates of the mapping (.50) are pairs of values (¢, Pp).
Plotting the manifold’s iterated points (¢, P,) allows the visualization of the manifolds
Wpil 5 in the phase space (phase portrait).

However, the constant energy condition H(r,p, P, = 0,P,) = E; (Eq. (.49)
allows to compute an extra coordinate, the apocentric radius r for any pair (¢, P,).
Thus, any point on the apocentric surface of section corresponds to a triplet of values
(r,¢, P,). The visualization of the apocentric manifold in physical space is obtained
by plotting the manifold’s computed iterated points = 7 cos ¢, y = rsin ¢.

1.11.3 The apocentric invariant manifolds in the phase space and the
configuration space

The properties of the apocentric manifolds in the phase space and the configuration
space have been exhibited in Voglis et al| (2006), Tsoutsis et al. (2008), Tsoutsis et
al/ (2009), Efthymiopoulos (2010), Harsoula et al| (2016), Efthymiopoulos et al.
(2019).

In order to interpret the contribution of the invariant manifolds in the dynamics
of the orbits, we can constuct the phase portrait of a barred spiral galaxy. For the
construction of the phase portrait, one takes a series of initial conditions at a fixed
angle ¢ on S and changes the azimuthal component of momentum P, on the unstable
equilibrium points L2 and on the stable equilibrium points L34 respectively. The
points on the phase portrait correspond to succesive image of the Poincaré mapping
on S.

In Fig. we notice that these points construct orbits of different nature in the
phase space. Thus, in the phase portrait of Fig. [.19, we observe that there are closed
elliptical orbits in the phase space around the stable equilibrium points L3 4 and open
orbits respectively from the unstable points L3 4.

In Fig. the phase space is consisted by two distinct domains. In the domain
inside the corotation, for values of P, < P, 12, there coexist islands of stability
and organized orbits with chaotic regions that enclose them. Such extended chaotic
domains are responsible for the termination of the bar (Tsoutsis et al. (2009)). The
white circular domains devoid of points, embedded in the chaotic sea in this domain,
correspond to prohibited domains of motion, e.g. for E; < E;, . The upper domain
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Figure 1.12: The phase portrait constructed by consecutive images (p,p,) of the Poincatré mapping on S
calculated for an analytical potential model described in Pettitt et al] (2014) and for a pattern speed Qp = 40
Ems Ykpe?

Pattern Speed=10km/(z<kpc)

AT

Pattern $peed=40km/(sckpc)

. ’ (a) x (b)

Figure 1.13: The form of the invariant manifolds for an analytical potential model of the two-arm Milky Way
described in [Pettitt et al] (2014) with a pattern speed Qp = 40 kms™ 'kpc™' (a) in phase space and (b) in
the configutation space

(beyond corotation) for values of P, > P, 11,2, is characterized almost entirely by
chaos and orbital escapes. The manifolds are visualised in the phase space (Fig.
and Fig. [.13(a)) and the configuration space (Fig. [l.13(b)) and they show the
following properties:

1) The invariant manifolds contribute to the sustainment of the structure and
the trajectories with initial conditions close to the invariant manifolds do not escape,
remain trapped to ‘sticky’ orbits near the manifolds for times comparable to the
age o@ the galaxy. Near the bundles of preferred directions, the invariant manifolds
act as attractors of the orbits along those directions, enhancing iterative chaos and
preventing escapes. These phenomena are similar to the ‘stickiness’ phenomena
caused by invariant manifolds in Hamiltonian dynamical systems (Efthymiopoulos
et al| (1997), Efthymiopoulos et al! (1999), Contopoulos & Harsoula (2008),
Contopoulos & Harsoula (2010))

2) Except for the manifolds from PLi 5, all the families of periodic orbits with
Jacobian energies E; > E; 1, , give manifolds. One of the main topological properties
of the manifolds is that the unstable (stable) manifolds of one family cannot intersect
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the unstable (stable) manifolds of any other family. As a result, the unstable man-
ifolds of all families of periodic orbits with £; > E;, , are forced to follow nearly
parallel paths in either the phase space or the configuration space. The superposition
of the invariant manifolds of all the different families generates a pattern which is
called the ‘coalescence’ of the invariant manifolds. The coalescence of the invariant
manifolds yields a trailing spiral pattern in the configuration space. In particular, it
provides a dynamical skeleton for the outer shell of the bar and the spiral arms in
the configuration space which is the locus of points corresponding to the successive
apocentric passages of the chaotic orbits.

3) The form of the invariant manifolds originating from e.g. PL; as they ap-
proach the neighborhood of PL, is intricate and pronounces the ’homoclinic chaos’
phenomenon, predicted by the theory of Hamiltonian systems. In particular, the sta-
ble and unstable manifolds have cross-sections, which are called "homoclinic points’.
The part of the invariant manifold located between two consecutive homoclinic points
is called a ’lobe’. Successive images of the Poincaré mapping yield lobes increasingly
elongated along the two eigendirections, creating a complex structure. This complex-
ity is the source of chaos in Hamiltonian systems, as pointed out by Poincaré (Poincaré

L957)

4) In the disc plane, the homoclinic lobes appear as oscillations of the patterns
formed by the manifolds, which give rise to the systematic appearance of several
features called ’gaps’, ’bridges’ and ’bifurcations’. It is usually observed in the apoc-
entric manifolds case that weak extensions of the spiral arm emanating from one end
of the bar form ‘bridges’, which join the spiral arm emanating from the opposite end
or the bar, aproaching it from its exterior side.

5) Another property of the manifolds is that they are recurrent (Contopoulos &
Polymilis (1995)), i.e. the manifold lobes return many times near the points PL; o
even if they temporarily go to large excursions away from PL; . This property intro-
duces a dynamical mechanism of replenishment of the material in the galactic system.
It is also remarkable that the recurrence of the manifolds can create new stickiness
phenomena (’recurrent stickiness’), leading to further accumulation of points in the
narrow stickiness zone along the manifolds (Contopoulos & Harsoula (2010)).

1.12 Multiple pattern speeds and manifold spirals

1.12.1 Multiple pattern speeds in the Milky Way and in other galaxies

Recent observations in our Galaxy and in other galaxies and N- body simulations of
barred spiral galaxies prove that the spiral arms rotate at a different pattern speed
than the bar. Moreover, the values of the pattern speeds gradually change with time
as the disc goes through secular evolution. These facts should be taken into account
in a dynamical study of the spiral structure of the galaxies.

The multiple pattern speed scenario holds for our Galaxy (as reviewed e.g. in
Bland-Hawthorn & Gerhard (2016); see also Antoja et al. (2014), Junqueira et al.
(2015) and references therein, Gerhard (2010), Dias & Lépine (2005)).

In the Milky Way the bar rotates rapidly at a pattern speed that is estimated at
45 — 60 km/s/kpc (Bland-Hawthorn & Gerhard (2016), Gerhard (2011), Dias &
Lépine (2005)). The corotation is estimated at 3.5 — 4.5 kpc (Englmaier & Gerhard

(1999), Fux (1999)). The velocities in the solar neighbourhood are influenced
more by the bar, and somewhat by the spiral arms. Some of the used methods for
the estimation of the pattern speed of the bar in our Galaxy are the following (see
Bland-Hawthorn & Gerhard (2016) review):
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1) The application of the Tremaine-Weinberg method (Tremaine & Weinberg
(1984)) to a complete sample of OH/IR stars in the inner Galaxy (Debattista et al.
(2002)). This method was first discussed in the context of external galaxies but it can
be applied also in our Galaxy.

2) Using hydrodynamic simulations comparing the gas flow with observed Galactic
CO and HI Iv-diagrams (longitude—velocity diagrams). These simulations (Englmaier,
& Gerhard (1999), Fux (1999)) cannot reproduce all the observed features equally
well, as they depend explicitely on the galactic gas features and they lack the in-
formation of the effect of the gravitational potential (Bland-Hawthorn & Gerhard
(2016).

3) Another method is based on the interpretation of star streams observed in the
distribution of stellar velocities in the solar neighborhood. Hydrodynamic modeling
of the inner Galaxy suggests that the radius of the outer Lindblad resonance (OLR) of
the Galactic bar lies in the solar neighbourhood. The study of the stellar kinematics
in the solar neighbourhood can lead to the location of the resonances and to an
approximately estimation the pattern speed of the bar. (Kalnajs (1991), Dehnen
(2000), Antoja et al. (2014)).

The galactic spiral arms rotate with a distinctively slower pattern speed in the
Milky Way. The angular velocity of the spiral arms has been estimated to be 17 — 28
km/s/kpc (Dias & Lépine (2005), Gerhard (2010)). The method of ’open cluster
birthplace analysis’ and the velocity field of nearby younger stars indicate that the
spiral arms corotation is outside from the bar’s corotation. For the determination of
the pattern speed of the spiral arms of the Milky Way, some of the most commonly
used methods are the following:

1) The method ’open clusters birthplace analysis’ (Dias & Lépine (2005), Gerhard

(2010)) is the most common. In the ’open clusters birthplace analysis’ the pattern
speed of the spiral arms of the Galaxy is determined by direct observation of the
birthplaces of open clusters of stars in the Galactic disc as a function of their age.
Given the current locations, distances, proper motions and ages of these stars, they
integrate their orbits backwards in time according to their known ages, using a model
for the local circular speed in the disc. In Dias & Lépine (2005) they confirmed
that open clusters are born in spiral arms. As a result, the distribution of birthplaces
for some age bins is expected to be spiral-like, and by comparing the spiral patterns
obtained from different age bins, the angle of rotation of the pattern can be estimated
and therefore, the pattern speed of the spiral arms.

2) Another method to derive the spiral pattern speed of the Milky Way is based
on the interaction between the spiral arms and the stellar objects (Junqueira et al,
(2015)). In this method, a sample of OCs and red giant stars used and they make an
assumption that the initial energy and the angular momentum of the objects can be
approximated as the circular orbit at the mean radius.

3) Some older determinations for the angular velocity of the spiral pattern yield
from OB and Cepheid stars (see Ferndndez et al| (2001)).

Similar works in other galaxies also give evidence for different pattern speeds for
the bar and the spiral arms (e.g. |Vera-Villamizar et al. (2001), Boonyasait et al.

(2005), Patsis et al. (2009), Meidt et al. (2009), Speights & Westpfah] (2012),
Speights & Rooke (2016)). In Speights & Rooke (2016) the galaxy NGC 1365 the
detection of two different pattern speeds for the bar and the spiral arms respectively,
is implemented through the radial profile of the pattern speed, which is obtained by
fitting mathematical models based on the Tremaine—Weinberg method (Tremaine &
Weinberg (1984)). In Patsis et al; (2009) the dynamics of the barred-spiral galaxy
NGC 3359 is studied, where the galactic gravitational potential is estimated through
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observations and orbital theory and response models are applied for the study of
the stellar motions. This study proves that the bar and the spiral arms rotate at a
different pattern speed.
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Figure 1.14: The radial profile of the angular velocity for the galaxy NGC 1365 which reveals two different
pattern speeds in Speights & Rookd (2016)

As regards simulations, the leading paradigm over the years refers to simulations
showing the co-existence of multiple pattern speeds (Sellwood & Sparke (1988), Little
& Carlberg (1991), Rautiainen & Salg (1999), Quillen (2003), Minchev & Quillen
(2006), Dubinski et al. (2009), Quillen et al! (2011), Minchev et al. (2012), Baba et
all (2013), Roca-Fabrega et al. (2013), Font et al. (2014)), Baba (2015)). The first
indication for different pattern speeds in the galactic disc in an N- body of a barred
spiral galaxy was given by Sellwood and Sparke in 1988. The contour plots of the
power spectrum of m=2 modes of the Fourier transform yield two maxima which
correspond to two different pattern speeds (see Fig. [.15). Someone would expect
the bar to be observed disconnected from the spiral arms, due to the difference of
their angular velocities. However, Sellwood and Sparke proved through the contours
of the surface density in the physical space, that most of the time of the simulation
the spiral arms emanate from the ends of the bar (see Fig. [1.16).
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Figure 1.15: The Contours of power spectrum of m=2 galactic modes as a function of frequency and radius in
Sellwood & Sparkd (1988)

1.12.2 The manifold theory with multiple pattern speeds

The basic form of the manifold theory assumes a single pattern speed in the galactic
disc, which is considered to be the angular velocity of both the bar and the spiral
arms connected to it. This is in conflict with observations and N-body simulations,
as described in . The manifold theory has been extended in a recent work by
Efthymiopoulos et al, (2020) to cover the case of the spiral arms having a pattern
speed different than the one of the bar. In particular, it has been shown that the
spiral arms can be modelled by the manifolds of the so-called GL; and G Lo families
of periodic orbits, which play, in the multiple pattern speed case, a role analogous to
the one of L; and L» equilibrium points of the single pattern speed case.

Since the unstable equilibria L; and Lo are possible to define only when the po-
tential is static in a frame co-rotating with the bar, manifold spirals emanating from
Ly and Ly are necessarily also static in the same frame, hence, they should co-rotate
with the bar. As shown in Efthymiopoulos et al. (2020) the orbits GL; and GLo
lead to invariant manifolds which can be regarded as the generalization of the man-
ifolds of the Li, Lo points in the single pattern speed case. As an example they
compute the generalized orbits GL;, GLy and their manifolds in a Milky-way like
model with bar and spiral pattern speeds assumed different. They find that the man-
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Figure 1.16: The Contours of the fractional perturbation in the surface density at different times of the N-body
simulation in Sellwood & Sparkd (1988)

ifolds are time-varying because of the time dependency in our system. The resulting
morphology consisting of segments of spirals or ‘pseudorings’. These structures are
repeated after a period equal to half the relative period of the imposed spirals with
respect to the bar. Along one period, the manifold-induced time-varying structures
are found to continuously support at least some parts of the imposed spirals, except at
short intervals around those times at which the relative phase of the imposed spirals
with respect to the bar becomes equal to £7/2. A connection of these effects to the
phenomenon of recurrent spirals is discussed below in Chapter .

1.13 The secular evolution in galactic discs

Even isolated barred galaxies undergo substantial secular evolution (see Athanassoula
(2013), Binney (2013), Kormendy (2013) in the tutorial volume Falcon-Barroso and
Knapen (2013)) and this also a substantial effect on the dynamics of these galaxies.
Sellwood at Sellwood (1980) was the first to prove the exchange of angular momen-
tum between the disc and the dark halo, which causes the bar slow-down. Later,
Weinberg at Weinberg (1985) made an estimation for the bar deceleration rate. It is
well known that the tendency to transfer angular momentum outwards (e.g. towards
the halo or across the disc, Tremaine & Weinberg (1984), Debattista & Sellwood

(1988), Debattista & Sellwood (2000), Athanassoula (2002), Athanassoula & Misiri-
oti (2002), Athanassould (2003), ONeill & Dubinski (2003), Holley-Bockelmann
et al. (2005), Berentzen et al| (2006), Martinez-Valpuesta et al. (2006)) leads the
bars to slow down in time and grow in size at a rate which produces non-negligible
change in dynamics at timescales comparable even to a few bar periods. The bars
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experience a drag due to the dynamical friction with the dark halo and this leads to
the bar slow down and the gradual overlapping of the corotation and of the other
resonances in further distances from the galactic center. As a result, the pattern speed
of the bar is evolving along with the disc, due to the exchange of angular momentum
among the different parts of the disc (Athanassoula (2003)).

This process becomes complex, and even partially reversed due to the growth of
‘pseudo-bulges’ or ‘peanuts’ (Kormendy & Kennicutt (2004)), caused by dynamical
instabilities such as chaos or the ‘buckling instability” Combes & Sanders (1981),
Combes et al. (1990), Pfenniger & Friedli (1991), Raha et al. (1991), Bureau &
Athanassould (1999), Martinez-Valpuesta & Shlosman (2004), Bureau & Athanas-
sould (2005), Debattista et al| (2006)). The reduction in size of the bar by transfer
of angular momentum under constant pattern speed is discussed in Weinberg & Katz
(2007). Spiral activity acts as an additional factor of outwards transfer of angular mo-
mentum (Lynden-Bell & Kalnajs (1972)), while a radial re-distribution of matter can
take place even under a nearly-preserved distribution of angular momentum (Hohl
(1971), Sellwood & Binney (2002), Avila-Reese et al. (2005)). Radial migration is
enhanced by the amplification of chaos due to the overlapping of resonances among
the various patterns (Quillen (2003), Minchev & Quillenj (2006), Quillen et al.
(201D)).

The secular evolution of barred spiral galaxies should be taken into account in
every study that attempts to investigates the dynamics of these systems. The mor-
phology of the bar and the pattern speed change gradually with time and also other
non-axisymmetric structures may be affected by the secular evolution. The manifold
theory explains the intricate dynamics of barred spiral galaxies and there is an open
problem if the manifold spirals also follow the secular ecolution of the disc. The
morphology of the invariant manifolds found by momentarily ’freezing’ the potential
and pattern speed value are exected to undergo important changes in time so as to
support the evolving structures of the disc. An implementation of this problem was
made in an N-body simulation by Lia Athanassoula and it was shown that, despite
these changes, the stars out-flowing from the neighborhood of the Lagrangian points
L and L, develop orbits which, in general keep track of the change of the form of the
invariant manifolds (Athanassoula (2012), see also Baba (2015), Lokad (2016)). As
a rule, the material which populates the manifolds comes from orbital outflows orig-
inating from the interior of co-rotation, at the end of the bar (Contopoulos (1980)).
As these outflows are adapted to the slowly-changing form of the manifolds, they are
able to yield time-varying spiral or ring-like patterns. However, since the potential of
the N-body simulations is constantly evolving with time, the manifold theory should
develop and get adjusted to the secular evolution of the disc.

1.14 The object and structure of the thesis

In the present thesis we study the spiral structure of the galaxies, a still open astro-
nomical problem. Some open subjects regarging the spiral arms of the galaxies are
their morphology, nature, i.e., the mechanism that generates them, as well as their
longevity and evolution. The spiral structure is supported by mechanisms arising
from the intricate dynamics of the galactic systems. In the present thesis, we examine
two models of spiral galaxies, where the spiral structure is generated by two differ-
ent mehanisms. We apply the theories of the spiral structure and test whether they
reproduce the spirals in any of the two cases. In particular, we conduct a dynamical
study in following cases of galactic models:

(a) In a Milky Way-like theoretical potential model. We examine how the
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spiral density waves are reproduced by organised orbits, which are called “precessing
ellipses” in any normal galaxy and in a Milky Way-like model.

(b) In a self-consistent N-body model of barred spiral galaxy, where the spirals
are chaotic. One main question is how coherent spiral structures can emerge from
chaotic orbits. The manifold theory attempts to answer this problem. We reproduce
the manifold spirals for the N-body simulation and we examine whether the manifold
spirals are consistent with the assumption of multiple pattern speed.

Subsequently, we are going to present in detail the structure and the objectives of
every Chapter which constructs the thesis:

In Chapter [J we study spirals generated by the “precessing ellipses” mechanism,
which evolves the x; closed orbits. These orbits are elongated ellipses that gradually
change orientation and enhance the spiral. We first present an algorithm, based on
the resonant pertubation theory, which gives analytical solutions of the periodic orbits
of the system, as well as the z; closed orbits. In particular, we proceed consecutive
transformations in the Hamiltonian in order to end up to a resonant normal form
which reveals the two fundamental frequencies and their relation. This work was
first introduced in Contopoulos (1970), Contopoulos (1975) (see also the review
Efthymiopoulos (2010)). This algorithm can be applied in every toy model of a nor-
mal spiral galaxy and help us make an effective study of its geometric and dynamical
parametrese.

We apply this algorithm in a Milky Way-like potential model (Pettitt et al.
(2014)). We compare the analytical z; orbits with the ones produced by numerical
methods. The construction of the phase space is going to reveal in which areas of
the galactic disc, determined by the resonances, the precessing ellipses support the
spiral density wave. In this case, we are going to study the range of free parametres
(the pattern speed of the spiral arms, the amplitude of the spiral pertubation and the
pitch angle) and how they collaborate in order to generate realistic density waves. In
the extreme condition of these parameters, the “precessing ellipses” become largely
distorted, chaos is introduced in the system, and the orbits can no longer support the
spiral arms.

In Chapter 3 we examine the application of the manifold theory in a self- con-
sistent N-body simulation of a barred spiral galaxy (Kyziropoulos et al. (2016)).
Whenever a bar is formed in a simulation, one finds manifold-driven spirals, as well
as traces of secular evolution. The manifold theory of the spiral structure relies
on a few simplifications, the most important of which is that the potential is time-
independent in the frame of reference corotating with the bar. On the other hand, in
simulations and in real galaxies the potential evolves with time, due to redistribution
of angular momentum via the resonances. In this chapter, we are going to study the
time evolution of the manifold spirals along with the secular ecolution of the disc
and the vividly evolving morphologies of the N-body we observe. Through this time
evolution we investigate in which extend the N-body spiral arms, as well as other
non-axisymmetric features, are supported by the manifolds.

We are going to present the reproduction of the apocentric manifolds ngm
both in the phase space and the configuration space and detect some recognisable
manifolds’ morphological features (bridges’ and ’gaps’). We compare the evolving
disc morphologies with the manifolds at various times and identify the role of the
invariant manifolds as a skeleton of chaotic orbits in phase space, or, the dynamical
avenues to be followed by particles whenever an incident of spiral or other non-
axisymmetric activity is triggered in the disc. We will also correlate the agreement of
the manifolds with the incidents of the spiral activities in the disc.

In Chapter [ we compute the manifold spirals under the multiple pattern speeds
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assumption. The manifold theory in its basic form made the assumption that the
whole disc corotates with the bar in a single pattern speed. This assumption is in
conflict with observations of real galaxies and N-body simulations (see subsection
). In Chapter E the manifolds are computed with the simplified assumption of
a unique pattern speed in the galactic disc. However, we discover the limitations of
that assumption as, by a rough estimate of the angular speed of the maxima of m=2
mode, we observe the presence of a second pattern speed beyond the bar.

In this chapter, we revisit the N-body simulation of Chapter § and we propose
an accurate method to identify the different pattern speeds in the simulation’s disc
and estimate their values, based on the algorithm of Numerical Analysis of the Fun-
damental Frequencies (NAFF, Laskay (1990), Laskar et al. (1992), Laskar (1993),
Laskar (2003), Fu & Laskar (2019)). This is particularly convenient in cases where
the pattern speeds slowly change in time due to secular evolution in the disc, and/or,
the different modes spatially overlap in the disc. Once we get the frequences, we
compute the approximate gravitational potential, and produce the manifold spirals,
applying the theory of Efthymiopoulos et al. (2020). In the case of multiple pat-
tern speeds the potential becomes time-dependent, thus the Lagrangian equilibrium
point L; » generalise to periodic equilibrium orbits GL; > and the manifolds are time-
evolving. Finally, we examine whether the observed structures formed by the spiral
arms in the simulation (change of form, formation of ‘bridges’, etc.) can be modelled
by manifolds, consistent with the fact that the bar and spirals have different pattern
speeds.

V) Finally, Chapter E summarises the main conclusions of this research work,
which is incorporated in the Chapters - il and discusses some aspects of future work
in all these subjects that we are going to present.
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Chapter 2

Precessing ellipses as the building
blocks of the spiral arms

Parts of the results of the present chapter were published as:
Harsoula M., Zouloumi K., Efthymiopoulos C., and Contopoulos G., 2021, A& A, 655,
Ab55.

The main families of periodic orbits, located in the case of normal spiral galaxies,
were first calculated analytically by Contopoulos (Contopoulos (1970), Contopoulos
(1975)). These orbits are called ’x1’, ’x2° which are stable periodic orbits, and 'x3’
which is unstable. The stable periodic orbits 'x1’ are elongated ’precessing ellipses’
in the physical space which gradually change their orientation and their apocenters
support the spiral density wave. In this Chapter we are going to present a procedure
for the calculation of the families of periodic orbits. In particular we show that the
application of the resonant pertubation theory near the Inner Lindbland resonance
in a simple model of a normal galaxy can give us the three families of periodic orbits
'x1°, ’x2” and ’x3’. We develop an algorithm that allows the analytical prediction of
the periodic orbits in any toy model of a normal spiral galaxy. For this purpose, we
test the algorithm in an analytical Milky Way-like potential model and we compute
the orbits 1. We compare the analytical orbits to the ones produced by numerical
methods. We also study the range in parameter space for which the amplitude of the
spiral perturbation, the pattern speed and the pitch angle collaborate so as to lead
to the creation of realistic density waves supported by “precessing ellipses” and their
surrounding matter in ordered motion.

2.1 The resonant pertubation theory for the location of the
periodic orbits in a normal spiral galaxy
2.1.1 Hamiltonian Expansion

The Hamiltonian of the orbits for an axisymmetric galactic potential in the inertial
system of reference is

P? P2
Ho(r) = 5 +ﬁ+vo(r) : (2.1)

The term Vj(r) corresponds to the axisymmetric potential of a normal galaxy. This
term can incorporate the potential of a buldge, of a disc and a dark halo.
In Section [1.4 we studied the behaviour of the orbits in the case of an axisymmetric
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potential and presented the main frequencies. Two fundamental frequencies of the
stellar orbits are located, the epicyclic frequency x(r) and the angular frequency Q(r).
The stellar motions can be seen as elliptic orbits peforming a revolution with frequency
Q)(r) and travelling from an apocentric to a pericentric distance with an oscillating
frequency k.

We also presented the circular orbit in the axisymmetric problem which is located
at the minimum of the effective potential and for the minimum of the effective po-
tential. As described in Section the condition of the minimum of the effective
potential leads to the relation:

dVo(re
P2 =3 Vo(re)

2.2
v dre 2.2)

These frequencies are given as a function of Vy(r) (see the proof in Section [L4).
The angular velocity of the circular orbit is:

Qre) =/ id@?) (2.3)

and the epicyclic frequency takes an oscillating form:

|R2V.ff(re)  3P,2  d*Vo(re)
K(re) = e e a2 (2.4)

The spiral potential V,(r, ) is a non-axisymmetric term which is expected to take
the form:

Vip(r, p) = —Asp(r) cos(2¢ — d2(r)) (2.5)

where A,,(r) is the amplitude of the spiral pertubation and the term ¢»(r) is related
to the geometric characteristics of the spiral arms (e.g. the pitch angle or the length
of the spiral arms). The Hamiltonian with the import of the spiral potential Vs, (r, ¢)
yields:
p? P
H(r, ) = 5 Tt Vo(r) + Vep(r, @) . (2.6)

Conseqgently, the Hamiltonian is written in the form:

H(r, @) = Ho(r) + Vip(r,0) = Ho(r) + Hi(r, @) . (2.7

By the form of the Hamiltonian in @ we observe that the system is described by
two parts of the Hamiltonian: by a term #(r), which is the Hamiltonian of the
unperturbed system and a term #;(r, ¢) which is the pertubation of the system. As
a result, the spiral potential plays the role of a pertubation in the galactic system.
The orbits in this case are considered to be a continuation from the circular orbit

of the axisymmetric problem in the 2/1 resonant domain. The relation of the two
fundamental frequencies define the resonances of the orbits which are presented in
Section [I.5 (see Eq. (.39 in Section [1.5). The 2/1 resonance is given by the relation:

2 K

1Ty (2.8)
In order to locate these orbits we expand the Hamiltonian around the circular orbit
with coordinates (r., P.). P. is the angular momentum P,(r.) of the circular orbit
and from Eq. (1.26) of Section [L.4 it is given by the relation:

P.=Q2r. . (2.9
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We also symbolise for simplicity Q. = (r.) and k. = r(r.) We proceed Taylor-
expanding up to 4th degree in r — 7. in Ho, where the coordinates are:

r=r.+edr
P,=P.+¢&*J, (2.10)
P, = Pe

The Hamiltonian takes the form:

P2 P2 (n+1)dm LI TP 2dr,Pe

= ~1
o 2 + 2r.2 n:O( ) T 2r .2 T2 red
3dr2J, Py = V™ (ro)drm
MR Dl (2.11)

In the expanding form of Hamiltonian we locate the 1st and the 2nd derivative of
the axisymmetric potential, which can be written as a function of the fundamental
frequencies. The 2nd derivative of the axisymmetric potential V;"(r.) is given as a
function of the epicyclic frequency &.:

3P.?

1 (2.12)

V0 (re) = k.2 —

Tc

Using the condition of the minimum of the effective potential the 1st derivative
Vi (r.) is given as a function of the angular momentum of the circular orbit P.:

P 2
/ _1e
Vo'(re) = 3 (2.13)
The Hamiltonian Hg from Eq. (R.11) using Eqs. (2.12),(2.13) becomes:
P2 P2 J,22  J,P. 2drJ,P. 3dr’J,P.
Ho= o " 27,2 + 272 * rl S * red +Vo(r)+
P2 (n+1)dr™ =y (re)dr™
< —-1)" E— 2.14
272 n:3( ) T * nz; n! (219

We also implement the same Taylor-expanding in the spiral potential Vj,:

Hi(r, ) = — drA'(re) cos(2¢ — da(rc)) — A(re)(drea' (re) sin(pz — da(re))+
cos(pa — Pa(re))) - (2.15)

2.1.2 The Hamiltonian in action angle variables

Writing the Hamiltonian #Hg in action angle variables helps us define the local motions
around the circular orbit r. and reveals the fundamental frequencies of the orbits.

In order to interpret the purpose of this transformation we first consider the case
of a simple harmonic oscillator. In particular if we consider an harmonic oscillator of
mass m and energy E, which oscillates with frequency w and its motion is described
by a Hamiltonian:

p2 mw2q2

Hose((q,p)) = m + 9
This simple model of periodic motion is a common paradigm in Classical Mechanics

for the definition of the action angle variables. In this model it is proved that the old

(2.16)
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Hamiltonian #,s.((¢,p)) is going to be expressed through a canonical set of coordi-
nates (I,9), where 9 is the angle and I its conjugate action, given by the relations:

21
=41/ — sin(¥
q \/; sin(49)
p = V2Imw cos(") (2.17)
and the new Hamiltonian ends up to the form:
Hose(1,0) = Tw . (2.18)

If a pair (I,9) is an action angle variable, we expect the Hamiltonian to be periodic
in angle (9) with one of the fundamental frequencies of the system. In Hamiltonian
Ho from Eq. (R.14) the pair (o, P,) is already an action-angle variable pair with
frequency €2.. We expect an action angle (¢,,.J;-) variable pair to coexist in the system
in order to describe the epicyclic motions with frequency .. These new coordinates
(¢,,J,-) are related to the old ones (dr = r — ., P,) and take a form analogous to the
ones in Eq. (2.17) of a simple harmonic oscillator:

dr=7r—1.= k " sin(e)
P, = \/2J.k.cos(p) . (2.19)

The variable dr in Hamiltonian describes the deviation from the circular orbit. We
write the old variables (dr = 7 —r., P,) as a function of (¢J,.,J,) through the Eq. (2.19)
and we substitute P, from the relation P. = Q.r.2. The Hamiltonian #, from Eq
(2.14). in the rotating frame of reference with the pattern speed of the spiral arms
Qp, takes the form:

J.2 Qe N 157,°Q.2 370,80

J e Jr) = Jrke J Qc - Qs -
HO((pv Lp790 7J ) J + AP( p) + 2T02 + 2 4]6027'02 kcrcg
TQ(» 2 r T-Qp* k er('Z 4 r
J- Qe cos(2p )(25J . — 3J,kc) n 5J,.°Q 2Cos( er) (2.20)
k.r.? 4k 7.2
27/ T Qe sin(p) (3,0 + 2J ke 27,220, % sin(3¢,
VT, sm(ksoszg ehe) | V2 e S0G2) L o) + O™ ()
C TC C rC

We also implement the same transformation in the Hamiltonian term #;(r, ) from
Eq. (2.15) and it ends up to the form:

o Tr s Jy) = VI A SI0M(20 = r) = a(re)] _ VT A'(re) sinl(2p + ) = 2(0re)]

V2Vke V2vke.
B VIR A(re)phir' (re) cos[(2¢ — ) — pa(re)] N VI A(re)phir' (re) cos[(2¢ + ¢r) — pa(re)]
V2vke V2vke
— A(rc) cos(2¢ — pa(re)) - (2.21)

2.1.3 First Normalization of the Hamiltonian

We are going to implement consecutive transformations in the Hamiltonian H(yp, J,,, ¢r, Ji)
(Eq. (2.20)) in order to eliminate unwanted terms. For this purpose we apply
through the Lie method a canonical transformation in the Hamiltonian and we im-
plement the following steps:

1) The Hamiltonian has the terms Ho(p, J,, r, Jr) and Hi(p, Jp, @r, Jr) from

Eqs(R.21):

H(ep, o5 Ors Jr) = Ho(w, Jo, Pr Jr) + Hi(e, Jo, Ory Jr) . (2.22)
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We expand the Hamiltonian (2.22) considering that:

J, o €2,
Jox %], . (2.23)
The final Hamiltonian is :
HO (0, T, 07, Ir) = Jrke + Jp(Qe — Q) + € hy + £2hg + +O(e™) (2.24)

where hy are the linear terms of the Hamiltonian:

3/2 o
1 = — A(re) sin(2¢) sin(ga(re)) — Alre) cos(2g) cos(a(r)) + Y2 - G
C TC
V2y/ T sin(r) Qe (3J7Q + 2J k) + OV ™) (2.95)

ke Pre?

and ho are the terms of 2nd order of the Hamiltonian:

P(Jy, Jp, Qe k) Jr€decos(2¢,) (5JrQe + 3J k) N 57,202 cos(4¢;.)
2 = -

4k r 2 k2.2 4k 2r 2
. Ap_—A
V2T sin <%) / )
NG [A(re) cos { 5(Ap— + Apy = 2pa(re)) | + (2.26)
. (1 n
Alrele (o) sin (8- + Aps ~ 26a(r) )] + O
where
Apy =20+ ¢r
Ap_ =20 — @, (2.27)

and P(J,, Jy,Qe, k:) a polynomial of 4th degree in (J,, Jy,, Q¢ k¢):

P(Jpy Jpy ey k) = > aktmnde’s JoH Q™ k" (2.28)
[E|+|1|4+|m|+|n|=s, s<4

and ag;m,, are numerical coefficients of the polynomial terms.

2) Our aim is to eliminate the linear terms(x £!) and we apply a canonical trans-
formation through Lie Transformation Method (see more details in Efthymiopoulos
(2012)). This method helps us simplify the Hamiltonian through a canonical trans-
formation. We rewrite the Hamiltonian in the form:

%(0) (907 J4p7 Pr J’r) = HT‘(SO> Jgoa Lr, JT) + hkill(@? J&pv Pr, JT‘) (229)

where H, (¢, J,, ¢, Jr) are the terms of the Hamiltonian that we wish to keep and
hrin are the terms that we want to eliminate, thus the linear terms of the Hamiltonian:

b = h1 . (2.30)

3) An essential step of the method is to calculate the generating fuction x; which
sattisfies the homological equation:

{H(O), x1} h =0 . (2.31)
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One practical way to calculate the generating fuction of x; through the homological
equation is the following:
In general if the unwanted terms of the Hamiltonian are written in the form:

hpin = Y _ A3, j) cos(aqdj £ bd;) + Bli, j) sin(a); £ b;d;) (2.32)
Y]
where ¥; ; are the appearing angles and w; ; its respective frequencies, then the gen-
erating fuction y; that is given by the homological equation Eq. (2.31) takes the
form:

.. sin(aﬂ?- + bﬂ9 ) .. COS(CL1'29' + bﬂ9 )
=) 4 =2+ B —~ P 2.
X1 zz]: (17]) (aiwj + biwj) + (Z’j) ( (aiwj + biOJj) ( 33)

Consequently, the generating function x; in our case is calculated through the
following substitutions in hg;; = hy in Eq. (): sin(p,) — M, sin(3¢,) —

Ke
3o, in(2 . 2
—Lsg(ﬁf ), cos(2p) — 72(312£52p), sin(2p) — —72($:£52p)

A(rc) cos(2¢) sin(pa(re))  A(re) sin(2¢) cos(pa(re)) V27,32 cos(SgoT)ch+

and it takes the form:

X1 = 2(90 — Qsp) Q(Qc — Qsp) 3k7c5/27“c
2 r r (zc TSlc 2 }CC
fﬁcos(cpli 5/2(3J + 2J k) L OEV™) (2.34)
c ' Tc

4) According to the Lie method of transformation the Hamiltonian is written in
the form:

HO (o, Ty, ory Jr) = HO + {H(O),x1} + % {{H<O>,x1},x1} (2.35)

where {...} are the Poisson brackets.
Using the Eq. (2.35) the Hamiltonian takes its final form:

HO (@, T, @y Jr) = ho' (5 Ty 01y Ir) + €202 (0, Ty Ory Jr) + O(") (2.36)

where the first order terms have been eliminated.
The Hamiltonian term ho'(p, J,, ¢r, J») in Eq. (2.36) are the constant terms:

ho' (@, Jps oy Jr) = Jrke + Jo (e — Q) (2.37)

which are related to the fundamental frequencies of the system.
The 2nd order terms in the Hamiltonian (2.36) are:
Py(Jr, Jp, Qs ko) Pr(Jr, Jp, Qe, k) cos(2¢;)
! o s Y 5 y Jo 3
ha' (@, Jos rs Jr) = et 2 + ko2 +
P (Jr; Ji, e, ki) cos(depy Vr
L [relpalre) cos(Ap )+
c Te \/ikic (QC — wsp)rc
fis(pa(re)) sin(Ap ) + (fae(p2(re)) cos(Apy) + fas(pa(re)) sin(Apy)]  (2.38)

where P;(J,, J,,Qc, k) are polynomials of 6th degree in (J,, J,, Qc, kc):

Py(Jry Jpy Qe ke) = > aktmndr’s JoL Q™ k" (2.39)
|k[+[L|+[m]|+|n|=s, s<6
and the fi.(pa(rc)) and fis(pa(re)) (i=1,2) are trigonometric fuctions of ¢a(r.) of the
form:
fite,s) = 9140 ) €08(2(re)) + g2, ) sin(p2(rc)) (2.40)

where the functions g; 2 are polynomial coefficients:

i(c,s)

91206 = g(A(TC)a A/(Tc)a @2,(Tc)7 Qe, Ke, (Qc - Wsp), Tc) . (2.41)

45



2.1.4 The Hamiltonian in resonant normal form

The variable Ap_ = 2¢p — ¢, appearing in Hamiltonian H(1) (¢, J,, r, J;) (see Eq.
(2.39)) is the relation of the two angles and describes the phase difference between its
two different corresponding frequencies 2. and .. Thus, the Ap_ reveals the relation
between the two fundamental frequencies (). and k. and it is a resonant variable in
the Hamiltonian. Our purpose is to express the Hamiltonian in resonant variables:

- =20 —pr
Jp = Jy+2J, (2.42)

where the index F in Jp stands for ’fast’.

For this purpose we implement a second Lie transformation in the Hamiltonian
HO (@, Ty, or, Jr) (Eq. (R.36)) in order to write the Hamiltonian in a normal form
where it has only the Hamiltonian ho'(¢, Jy, ¢r, J;) (Eq. ()), the constant terms
and the terms that are trigonometric functions of Ap_ = — in ho'(¢, Jo, @y, J;) (Eq.
(2.39)). The purpose of the canonical trasformation of the Hamiltonian is to make
an alteration to the coordinates of the Hamiltonian as follows:

(907“"]7”7@5 Js&) - (d’aJr,SO, JF) (243)

where the pairs (¢, J;), (¢, Jr) are canonical.

We folllow a similar procedure we described in section 2.1.3:

1) We first collect the unwanted terms in Hamiltonian () (¢, Josor,Jr). The
terms we intend to eliminate are located in the 2nd order part ho/(p, J,, ¢r, Ji) of the
Hamiltonian. The unwanted terms in Eq. (2.38) are those we incorporate trigono-
metric functions other than cos(Ay_) and sin(A¢_). Thus, the unwanted part of the
Hamiltonian is:

Pi(Jy, Jp, Qe k) cos(2¢;) N Ps(Jy, Jp, Qe k) cos(4ey) N
kotr.2 Ak rr 2

[(foc(pa(re)) cos(Apy) + fas(w2(re)) sin(Apy )] (2.44)

P, =

Nes
ﬁkg/Z(Qc - wsp)rc

where the polynomials Py 2(J,, Jy, Q, ke)(¢r), facs(p2(re)) are described in Egs. (2.39)-
®.41.

We set The Hamiltonian H") (¢, Josor, Jr) as

Hu)(@? Jipa@?“ﬂ]r) = H(O),(SDanoaSOraJr) (245)
and we write it in the form:
!
H(O) (g07 J<,07 Lr, ‘]T‘) = H'I’Q (807 J(p7 Pr, JT) + hkill2 (2.46)

where H,.,(p, J,, ¢r, J;) are the rest terms of the Hamiltonian that we wish to keep
in the final normal form of the Hamiltonian.
2) We build the generating function x2 which sattisfies the homological equation:

{H(O),,XQ} + hgi, =0 . (2.47)

We apply similar rules in order to calculate the generating function from the form

of hyiy, as described in step 3) of the Section by the rule (2.39)-(2.33) and the
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generating fuction x2 is:

_ Pi(Jr, Jy, Qe ke) sin(2¢0;) n Py(Jr, I, ey ke) sin(élgpr)+

X2

2k 1.2 16k."r.>2
VI [ sin(2¢ + ¢r) cos(2¢ + o)
Jac(p2(re — fas(p2(re
ﬂk?ﬂ(@c — Wsp)Te (Jacloal ))2(90 — Qgp) + ke 2a( 2 ))Q(Qc — Qgp) + Ke

(2.48)

3) The Lie trasformation will give us the final form of the Hamiltonian 7—[(1)/ :

HO" = 5O 4 {’H(O)/, X2} + % {{’H(O)/,m},m} . (2.49)

Using the equation Eq. (2.42) the resonant Hamilonian is:
HO = Hyos (0, Ty 0, Tr) (2.50)

In particular the resonant Hamiltonian is:

17
Heres(V, Iry 0, Jp) = (Ke — (e — wep)) e + (e — Qgp) I + (2¢0 — 61 — e + 24c3—

15¢4)J,% + (—2¢0 + 3c1 + 8ca — 12¢3) JpJ, + (%co — 2¢9)JF* + \/\/Q%DC(A(Q), pa(re))
cos(u) + S DL(A(r).alre)) sin(v) + OV ) 251)
where ¢, are terms that appear in the Hamiltonian and are:
1 Qn
Cp — 72 n (2.52)
Te™ Ke

and d s(p2(rc)) are trigonometric functions of the form:

. 2QCA(1"C) QCA(TC)
Dc(A(re), pa(re)) = — ( KeTe + (Qe — Wsp))rc

A(re)p2 (TC), cos(p2(re))

. 2QCA(7"C) QCA(TC)
Ds(A(re), p2(re)) = — ( Kele * (Q2e — wsp))re

A(re)p2 (TC), sin(p2(re))

+ A(rc)’) sin(pa(r¢))—

+ A(rc)/> cos(pa(re))+  (2.53)

2.1.5 Location of the periodic orbits

The periodic orbits are expected to be given by the roots of the following equations:

Hyes =0
N aHres
= = 2.54
¥ 7. 0 (2.54)
5 aHT‘@S _
Jr= =gt =0

The location of the periodic orbits in the (¢, J,) space is a difficult task. Therefore,
we make a 3rd canonical transformation in the Hamiltonian in new variables (&, p¢)
which are given by the relation:

& =+/2J,sin(y)
pe = \/2Jpcos(y)) . (2.55)
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2 2
Thus, we substitute sin(y)) — \/%7 and cos(¢) — \/pTgT and J, — % in the form

of H,es in Eq. (2.51) and the Hamiltonian becomes:

2 2
+p
Hyeal€.6) = (e — (02—~ 2up) TP 4 (0 = Q) Tt
1 2 212 2 2
(2¢o — 6c1 — 1702 + 24c3 — 1504)(54_4%) + (—2co + 3¢1 + 8¢ — 1203)Jp§ —;pg
1 2, 1 1 (n)
+ (200 2¢2)Jp" + 2\/EDC(A(TC)’ ©a(re))pe + 2mDS(A(TC)7 pa(re))§ + O(VH)
(2.56)

where the terms ¢,,, D s(A(rc), p2(rc)) are given by the Eqs.()-(). The Hamil-
tonian H,.s(§, p¢) has terms of Jr, but it does not have a corresponding angle for Jp.
Therefore, Jr plays the role of constant in the Hamilton equations. The root of the
following equations can now give us the periodic orbits:

. a/Hres
Pe = — o€ =0 . (2.57)

The above calculations can be applied in any toy potential model of normal spi-
ral galaxy. The Hamiltonian H,es(&,pe), ke (Eq. ()), the Hamilton equations
(2.57). Q. are functions of the axisymmetric part of the potential Vy(r.) given by Egs.
(2.4).(2.3). Tf the potential of the galaxy is given then k., Q. are known quantities.

The other parameters that appear in Egs. (2.56)- (2.57) are related to the spiral
potential V,(r.) of the model. These parameters are:

1) Q, the pattern speed of the spiral arms

2) A(r) the amplitude of the spiral potential

3) ¢a(r.) which is related to other parameters and geometric features of spirala
arms e.g. the pitch angle of the spiral arms

Having the ability to make analytical calculations of the periodic orbits enable us
to conduct a more effective parametric investigation in our model. We are going to
present this study in the following section.

If we insert the above known quantities for a: k., Q..A(r).p2(rc) in Egs. (2.56)-
(2.57). The Hamiltonian equations (2.57) for every chosen value of r. are a 3rd
degree polynomial equation of the form:

Z aifipgj = . (2.58)

1+j<3

This polynomial equations give one or three solutions depending on the value r.. The
three solutions correspond to three different families of periodic orbits: two families of
stable periodic orbits 1 and one family of unstable periodic orbits z3. For different
values of r. we can make the phase portraits in (¢, p¢) space and the families of
periodic orbits are revealed in each case. This work is going to be presented in detail
in the next sections.

The resonances determine the areas of 7. where every family of periodic orbits
appear. In particular for the solutions we identify:

(a) The stable family of periodic orbits z; is located in the region of r. inside the
first ILR and also between the first and the second ILR, up to the 4:1 resonance. In
the regions inside the first ILR and between the second ILR and the 4:1 resonance the
Eq. (2.57 give only one solution because there exists only the z; family. The family
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x1 are precesssing ellipses in the cartesian space and support the spiral density wave.
In the region outside the 4:1 resonance there still exists the x; family, but it can no
longer support the spiral density wave.

(b) The stable family of periodic orbits 22 and the unstable family z3 are located
for values of r. in the region between the first and the second ILR. There coexist the
three families of periodic orbits and Eq. (2.57) give three solutions.

2.1.6 The periodic orbits in the cartesian spase

The final step of our method is to present the solution z; in the physical space and
examine whether it gives an elliptical orbit for a certain value of r.. For different
values of 7. we expect to see precessing ellipses in the cartesian space (X,Y) which
support the spiral density wave. The equations () correspond to the Hamil-
tonian H,.s(&,pe) in Eq. (R.56) and give solutions in (£, ps). We should a make
a transformation in the coordinates (§,p¢) of the solution. This transformation is:
(&,pe) = (r,¢) = (X,Y) where:

X =rcos(p)
Y =rsin(p) . (2.59)

We can have a relation for radius r from the equation of dr in Eq. (2.19). Thus

the variable r is:
27, .
r="r.+ k:i sin(p,) . (2.60)

Considering that the angle ¢, is: ¢, = 9 + 2¢, the Eq. (2.60) becomes:

2J,
ke

sin(1)) cos(2¢p) + 2Jr cos(y) sin(2¢) . (2.61)

=7+ 2
C

The trigonometric terms sin(1)), cos(¢) can be written by the Eq. (.55) as a function
of &, pe:

. S 3
sin(vy) = NoTR cos(¢)) = T (2.62)
The Eq. (R.61) using the Eq. (2.62) becomes:
r=r.+ \/fl?c cos(2¢) + \i)l%c sin(2p) . (2.63)

Thus the cartesian coordinates (X,Y) of the periodic orbits can be given from
(&, pe) through the relations:

X = (rc T cos(2¢) + > cos(p)

Vke Vke
Y = (rc + \/gl?c cos(2¢) + 5}%) sin(p) . (2.64)

The above relations enable us to draw in the cartesian space (X,Y) the periodic orbit
1 which is the solution of Eq. (2.56).
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2.2 Precessing ellipses in a Milky Way-like model

2.21 An analytical Milky Way-like model

We consider a Milky Way theoretical potential model of a spiral galaxy, whose com-
ponents are presented also on the works of Pettitt et al. (2014) and Efthymiopoulos
(2010). This model is consisted of a combination of an axisymmetric and a spiral

potential:
V = Vax + Vep. (2.65)

The axisymmetric potential V,x is composed by a disc, a bulge and a halo:
Vax =Va+ W% + W. (2.66)

For the disc potential Vg we use a Miyamoto-Nagai model (Miyamoto & Nagai (1975))

given by the relation :
—G My

\/r2+(ad+\/z2+b3)2

where My = 8.56 x 10! M, is the total mass of the disc, ag = 5.3 kpc and bgq = 0.25
kpec. In order to have a 2-D disc model we take z = 0 and r = /22 + 2. For the
bulge we use a Plummer potential V}, given by the relation:

(2.67)

Va =

—G My
W= —— (2.68)
V>
where M, = 5 x 10'° My, is the total mass of the bulge, r = /22 +y2 and b = 1.5

kpc.

The halo potential is a y-model (Dehnen (1993)) with parameters as in Pettitt et
al| (2014):
—GMh(r) _ _GMh,O f)/ r Th,maz

— In(1+ —)" 2.
r YTh 1+(r/rh)“/+ n( +rh) , (2.69)

W =

where 74, 4, = 100 kpc, v = 1.02, and My o = 10.7 x 10'M©®, and M,y is given by

the function:
My o(r/ry)7H

1+ (7’ / Th)'y
The spiral potential is given by the value Vg, for z = 0 of the 3D logarithmic

spiral model Vi (7, ¢, 2) introduced by Cox & Gémez (2002) (see formula (19) in
Efthymiopoulos (2010)). We have on the disc plane:

My = (2.70)

Vip = 4nGhypo G(r) exp (— <T ;%S’“‘))) % cos [2 <<p - liﬁ{;ﬁ))] (2.71)

where

B 2 1+ Kh, +0.3(Kh.)?

7| sin(a) |’ B 1+0.3Kh,
and C = 8/(3r), h, = 0.18 kpc, 1o = 8 kpe, Rs = 7 kpe, @ = —13% is the pitch
angle of the spiral arms. The function G(r) plays the role of a smooth envelope
determining the radius beyond which the spiral arms are important. We adopt the
form G(r) = b — carctan((Rso — 7)), with Rg9 = 6 kpc, b = 0.474, ¢ = 0.335. The
density of the spiral arms is pg = 5 x 107, 15 x 107 or 30 x 10" M ® /kpc® in the
three different models under study, respectively. These three values of the density

(2.72)
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are chosen so as to yield spiral F'-strength values consistent with those reported in
the literature for a weak intermadiate and strong spiral respectively (see for example

Block et al.

(2004)).
0.30F :
-
- Py =30
0.25} :
: \“\ Pp=15
0.20} ; "\ )
. Pp=3
F,y; 0.15} .
0.10} ::
0.05}
0.00H . . . : 3
5 10 15 20 25

0
r[kpc]

Figure 2.1: The total force perturbation Fa for different amplitudes of the spiral potential as a function of the

radius.

The F—strength (Buta et al| (2009)) can be defined as either the ratio of the
maximum tangential force of the spiral perturbation over the radial force of the ax-

(2.73)

isymmetric background:
tan 19V
<Fsp (T)> <r 9 >max

max __
B OVax

of the axisymmetric background, given by the relation:

Fanl) =) z

or the ratio of the maximum total force of the spiral perturbation over the radial force

(2.74)

OVax

ey () CE))

or

F, =
an(7) )
Figure 2.1 shows Fj as a function of the radius derived from Eq. (2.74), for three

different values of the density pg of Eq. (2.71), namely py = 5,15, 30(x107) M ® /kpc®.
The maximum values of the spiral F-strength are 5%, 15% and 30% respectively. In

the intermediate model, the F'-strength varies between 5% and 15% in the region 5
kpe < r < 15 kpe. Let us note that the observed amplitudes (in F—strength) of the

spirals in grand design galaxies with respect to the axisymmetric background have

typical values between 5% and 10% (Patsis et al| (1991), Gresbol & Patsis (1998)).
The radial profile of the angular velocity and the rational combinations of the main

frequencies of the model are given in Fig. 2.2. They can help us specity the position
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Figure 2.2: The form of the function Q(r), and of the resonant combinations of Q(r) and k(r), Q — k/2,
Q+k/2, and Q — k/4. The selected pattern speed Qdsp determines the radii of the ILR, the 4:1 resonance and
the corotation.

of the resonances. Figure shows the function (r), as well as the combinations
N —r/2, Q4+£r/2 and Q — k/4 in our potential model, where Q(r) and ~(r) frequencies
are given by Egs. (2.3)-(2.4). The section points of these curves with the constant
pattern speed )5, defines the resonances in the galactic disc (see section @) for more
details). These resonances demarcate a lot of phenomena and different families of
periodic orbits located in the galactic disc. The determination of the location of the
resonances also reveals the area in which a spiral density wave grows.

In the subsection [l.f we presented a series of works which demonstrate that
the spiral density waves cannot propagate in whole galactic disc, but they can grow
between some natural barriers. As it is mentioned, once the 4:1 radius is approached
the orbits become rectangular and they cannot support the spiral density wave. The
extent of the area where the spiral density waves grow is determined by the value of
the pattern speed. In Fig. we observe that in the case of greater values of pattern
speeds in our model, this region which is demarcated by the ILR and 4:1 resonance
becomes smaller.

2.2.2 Analytical and numerical precessing ellipses in the Milky Way-like
potential model

In this section we attempt to identify the families of the periodic orbits in our model
and the regions that they appear, as well as which periodic orbits are responsible for
the generation of the spiral density wave. We are going to compare the x; orbits
which are produced through the algorithm of section @ with the ones produced
through numerical methods. The parameters we choose in this case for the pattern
speed of the spiral arms and amplitude of the spiral density wave are: ), = 15
km/s/kpec, po = 5107 M © /kpc?.

We first apply all the steps of the analytical calculation presented in section .1
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for the Milky Way like- model. The analytical z; orbits are presented in Fig. R.7.

We then proceed some numerical calculations. We are going to reproduce the
phase space and the numerical orbits x; in the physical space. A useful tool for this
study is the construction of the phase space structure. The phase space for different
values of the circular orbit . corresponds to different values of the energy. The space
space structure reveals all the different families of periodic orbits and the regions
where we locate them.

As it was shown in section .1 families of the stable periodic orbits having shapes
of precessing ellipses correspond to the continuation of the circular orbits of the
axisymmetric part of the potential in the region of the 2:1 resonance (see also the
section [.4). The pair of canonical variables (¢, Pr) represents the deviation from the
circular orbit. Using equations (2.19) and (2.55) the functions & = £(r,p,, ) and
Pz = Pe(r,py, p) are:

&€= (r—r.) cos(2p) — HJ(D;C) sin(2¢) (2.75)
Pe = pycos(2¢) + (r — re)k(re) sin(2p) . (2.76)

Equations (2.75) and (R.76) can now be used in order to construct a Poincaré
surface of section (&, P¢) for a fixed value of ¢ and a fixed Jacobi constant £;. We find
a sequence of surfaces of sections in our model defined by the following procedure:
For a specific value of the pattern speed (2, we specify a certain value for the radius of
the circular orbit 7. and calculate the corresponding angular momentun p,,, = r2Q(r.)
and the corresponding Jacobi integral E;(r.) = Hax(r:) — Qsp py,. For the value of
the total Hamiltonian H = Ej(r.) we then define various initial values £, and P,
taking as initial value of ¢ the value ¢y = 7/2. Then we calculate the initial values of
the coordinates (r, p,,p,) using Eqs. (2.759) and (2.76) repsectively, i.e. 7y = 7. — &
(from Eq. ®.79)), p,, = — P, (from Eq. (2.76))) and p,, = 73Q(ro). Finally, we use

Hamilton’s equations:

dr  OH dp 9H  dp, OH  dp,  9H

dt — 9p,  dt

= = —— = 2.77
dt  dp,’ dt or’ dt Y 2.77)

with the Hamiltonian (2.7) in order to integrate orbits with initial conditions (¢, 70, Pro, Py )
and find the consecutive iterates (£, P¢) on the Poincaré section ¢ = /2.

53



150} rr=j_ s

-02 00 02 04 086 -05 00 0.5 1.0 1.5 -10 -05 00 05 10 15 20

Figure 2.3: The phase space portraits (£, Pe) for the model ([£.71) with pattern speed Qsp = 15 km.sec™ " .kpe ™"
and density of the spiral potential po = 5 x 10"M © /kpc® for twelve different values of the radius r. namely
re=1, 2,..., 12 kpc. Precessing ellipses responsible for the spiral density waves are periodic orbits of the x1
family that correspond to radii between approximately 5 kpe (second ILR) and 11 kpc (4:1 resonance).

We construct the phase portraits for different values of .. This value of the pattern
speed s, = 15 km.sec™'.kpc™! places the second ILR not far from the inner break
of the surface density profile of the axisymmetric part of the potential due to the
presence of the bulge (see Fig. 2.1). Figure 2.3 shows the phase portraits (surfaces
of section (, P¢)) for these chosen parameters for twelve different values of the radius
r. namely r.=1, 2, ..., 12 kpc, spanning a region from the center of the galaxy and up
to a radius just outside the 4:1 resonance.

The phase portraits of Fig. 2.3 reveal the main families of periodic orbits which
Contopoulos (1975) identified as the families of periodic orbits in a spiral galaxy and
named x1, 23 (stable periodic orbits) and x3 (unstable periodic orbit). In the case of
our model, precessing ellipses responsible for the spiral density waves are the stable
periodic orbits of the z; family. Four different regions can be distinguished according
to the number and stability of periodic orbits. These regions are demarcated by the
presence of resonances in the galactic disc and they are shown in Fig. :

(a) in the region inside the first ILR there exists only the 7 family (stable family),

(b) in the region between the first and the second ILR there exist three families
of periodic orbits, namely the x; (stable family), the x5 (stable family) and the the x5
(unstable family),

(c) in the region between the second ILR and the 4:1 resonance where exists
only the z; (stable or unstable family) that supports the spiral density wave via the
precessing ellipses mechanism and

(d) in the region outside the 4:1 resonance there still exists the x; family, but it
can no longer support the spiral density wave (see figures below). From Fig. [2.2
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we see that for (s, = 15 km.sec—1.kpc™!, the radii that correpsonds to the second
ILR and the 4:1 resonance are approximately 5 kpc and 11 kpc respectively. As a
consequence, the spiral density wave should extend between these two radii.

The z; family of periodic orbits is found at the center of the islands of stability
marked with black points in Fig. 2.3. The z; family exists at all the radii from the
center of the galaxy up to the 4:1 resonance. The z9 family of periodic orbits is found,
instead, at the center of the islands of stability marked with red points in Fig. .3,
while the unstable periodic orbit z3 is plotted with a blue dot. These orbits exist only
in the region between the first and the second ILR and they do not support the spiral
density wave (see below).

In Fig. 2.3 we observe that the z; family remains stable at all radii and no large
scale chaos exists at least up to the radius corresponding to the 4:1 resonance. Beyond
this resonance, orbits of greater multiplicity, bifurcating from the z; periodic family,
appear in the phase space (see the last panel of Fig. which corresponds to r, = 12
kpc and is found just outside the 4:1 resonance).

25
first ILR second ILR
4:1
2.0
1.5
1.0
0.5
X;
0.0~
0 6 8 10

Ie

Figure 2.4: The characteristic curves S(rc) = (/&2 +pi/k2 of the periodic families x1 (black), w2 (red)

and x5 (blue) for the model £.71) with Qg = 15 km.sec™ ' .kpc™" and density of the spiral potential po =
5x10"M © /kpc®. The black dashed vertical lines correspond to the first and second ILR resonance, while the
gray dashed vertical line corresponds to the 4:1 resonance.

Figure @ shows, now, the normalized characteristic curves as a function of the
radius 7. for the same parameters as in Fig. 2.3 which are given by the relation:

S(re) = /€2 + Pe /K2 (2.78)

where k.=k.(r.) is the epicyclic frequency given by the relation ([.31)). The periodic
family z; is plotted in black, the periodic family x5 in red and the (unstable) periodic
family z3 in blue. The black dashed vertical lines correspond to the first and second
ILR, while the gray vertical line corresponds to the 4:1 resonance.
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The existence of the x5 and xz3 families of orbits is delimited between the black
dashed vertical lines. In fact, the o and x3 periodic orbits are created together at a
tangent bifurcation close to the first ILR and then they join and disappear close to
the second ILR. The value of S(r.), in each case, corresponds to the amplitude of the
epicyclic oscillation of the elliptical orbit around the circular one.

A key remark in Fig. .78 is that, in the range of the radii where S(r.) decreases,
between the second ILR (at 7. = 5 kpc) and r. ~ 8.5 kpc, the ellipses become more
circular and so they do not intersect with each other. The value of S(r.) reaches a
minimum value around 8.5 kpc and then it increases, first smoothly and then abruptly.
After this latter radius, the orbits become rectangular as they approach closer to the
4:1 resonance. Hence, the x; orbits start intersecting each other and no longer support
the imposed spirals. As a conclusion, the end of the response spiral density wave
should be placed somewhere between the radius r. corresponding to the minimum
of the curve S(r.) and the 4:1 resonance.
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Figure 2.5: (a) The spiral density waves formed by the “precessing ellipses” of the elliptical closed orbits of
the x1 family, for the Milky-Way like model and for pattern speed Qs = 15 km.sec”'.kpc™"' and density of
the spiral potential po = 5 x 10" M ® /kpc®, between the second ILR and the 4:1 resonance. (b) Same as in
(a) but with the ellipses of the x1 family inside the second ILR. Superposed are plotted circles corresponding to
the second ILR (green circle), 4:1 resonance (blue circle) and corotation (black circle). The imposed spiral arms
(in red) are derived from the minima of the spiral potential (9). The coincidence of the imposed spirals with the
spiral density wave created by the “precessing ellipses” is nearly complete.

We then procced the reproduction of the numerical x; orbits in the physical space
which we located at Fig. @ at the same region of the values r.. As shown in Fig.
R.5, the orbits of the z; family form precessing ellipses supporting the spiral density
wave in the whole region between the second ILR (~ 5 kpc) and a little inside the 4:1
resonance. In Fig. @(a) we see that the z; family forms a dense and well defined
spiral density wave. In Fig. R.5(b) the x; family of orbits is plotted both inside and
outside the second ILR. Between the first ILR (= 1.5 kpc) and the second ILR (~ 5
kpc) the orbits form a less dense and well defined spiral density wave, while inside
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the first ILR the orbits are more circular. In fact, inside the second ILR, the spiral
density wave is greatly weakened, as the amplitude of the spiral perturbation is close
to zero (see Fig. R.1). In Fig. R2.5b, superposed are plotted circles corresponding
to the second ILR (green circle), 4:1 resonance (blue circle) and corotation (black
circle). The imposed spiral arms (superposed to the figure in red) are derived from
the minima of the spiral potential (2.71). The coincidence with the spiral density
wave formed by the elliptical orbits is nearly complete.

We then compare the z; orbits given by the analytical method with the ones given
by the numerical method. The orbits x; in the cartesian space allows us to make a
better comparison between the numerical and the analytical orbits. The comparison
is shown in Figs. .6, R.7. We observe that both models give elongated orbits that
support the precessing ellipses mechanism for the generation of the spiral density
wave. The analytical and the numerical spiral density wave in each case presents
many similarities.

Figure @ shows the comparison of the numerical and analytical single z; orbit
at 7.=7 kpc. In r. = 7 kpc the 3rd degree polynomial equation (2.58), gives one
solution, which is z;. In this region of r. we expect the existence of a single family
of periodic orbit which is x;. This is also confirmed by the phase portrait in r. =7
in Fig. 2.3.
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Figure 2.6: The numerical orbit x, (left panel) compared to the analytical orbit 1 (central panel). In the
right panel the numerical orbit is superposed over the analytical. All the orbits have been computed for the
Milky-Way like model and for pattern speed Qs = 15 km.sec™'.kpc™"' and density of the spiral potential
po="5x10"M @ /kpc®.
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Figure 2.7: The analytical spiral density wave formed by the analytical orbits x1 (left panel) compared to the
numerical spiral density wave (right panel). All the orbits have been computed for the Milky-Way like model
and for pattern speed Qsp = 15 km.sec™'.kpe™" and density of the spiral potential po =5 x 10°M © /kpc®,
between the second ILR and the 4:1 resonance
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The comparison of the analytical and numerical precessing ellipses in Fig. P.7
shows the region, demarcated by the resonances, where the spiral density wave prop-
agates, is the same in both cases. However, when the spiral density wave approaches
the natural barrier of 4 : 1 resonance, where the density wave terminates, the orbits
in the analytical model are not rectangular but circular, contrary to those of the nu-
merical case. A parametric study can also test the range of the parameters in which
the two orbits are in agreement.

2.2.3 Parametric study

In this section we choose various values for the spiral amplitude (parameter py in
Eq. (.71)), pattern speed QAsp and pitch angle a. Our study focuses on the form
and stability of periodic orbits which support the spiral arms as well as the shape of
the phase space around these orbits. The agreement between the “imposed” spirals
(minima of the potential (R.71)) and the “response” spirals (formed by the elliptical
periodic orbits), as well as the regularity of the phase space structure observed in
the previous example holds for a particular choise of parameters (pg, Qsp,a). We will
now study how the above picture is altered by varying independendly the amplitude
po. the pattern speed ()5, or the pitch angle a in the imposed spirals. We are going
to examine the range of these parameters in which they give realistic spiral density
waves.

The role of the amplitude of the perturbation

We start by investigating the role of the amplitude of the spiral perturbation (pg in
Eq. (R.71) in the creation of the spiral wave. To this end, we increase the value of
po in Eq. (R.71) and repeat the study of the subsection 2.2.2.

Figure 2.8 shows the same phase space portraits (&, P¢) as in Fig. R.3, but for
a value of the amplitude of the spiral potential three times larger, namely py =
15 x 107M ® /kpc®. Increasing the amplitude, the main observation is that while the
x1 family is stable for most values of 7., chaos is introduced in the phase space for
radii 7. > 5 kpc covering a great part of the phase space around the island of stability
corresponding to the z; periodic orbit. In fact, the x; family becomes itself unstable
within a small interval of r, values (see Fig. R2.§).

Figure @ shows the normalized characteristic curves S(r.) = /&2 + P¢/k? as a
function of the radius 7., same as in Fig. 2.4, but for the amplitude py = 15 x 10"M ®
/kpc®. As in Fig. R.4, here too the x5 and z3 periodic orbits are created together
at a tangent bifurcation close to the first ILR and then they join and disappear close
to the second ILR. The value of S(r.) reaches a minimum value around 8.5 kpc
(same as in Fig. R.4) and then it increases abruptly. Therefore, the end of the
response spiral density wave should be placed, here again, somewhere between the
radius r. corresponding to the minimum S(r.) and the radius corresponding to the
4:1 resonance.

Figure shows the spiral density waves generated by the x; family in this
model, extending for radii between the second ILR (r. ~ 5 kpc) and a little inside
the 4:1 resonance. The response spirals appear now more concentrated than the
spirals in Fig. .5, around the locus of the maximum of the density wave. This is
because the forced ellipticity of the z; orbits increases with the amplitude of the spiral
perturbation py (see Efthymiopoulos 2010 for a review). In Fig. 2.10b the z; family
of orbits is plotted both inside and outside the second ILR. Here again, the orbits
between the first ILR (= 1.5 kpc) and the second ILR (= 5 kpc) form a less dense
and well defined spiral density wave, while inside the first ILR the orbits are more
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circular. In Fig. @b, superposed are plotted circles corresponding to ILR (green
circle), 4:1 resonance (blue circle) and corotation (black circle). The superposed red
spiral arms are derived from the minima of the spiral potential (2.71). We observe
again a nearly complete coincidence between imposed and response spirals.
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Figure 2.8: Same as Fig. R.3, but for po = 15 x 10"M ® /kpc®.
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Figure 2.9: Same as in Fig. B.4, but for the density parameter of the spiral potential po = 15x 10" M ® /kpc®.
The dashed part of the black curve denotes that the periodic orbit x1 is unstable.
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Figure 2.10: Same as in Fig. 2.5, but for po = 15 x 10"M © /kpc®.

Figure , now, shows the phase portraits (£, P;) as in Fig. @ but for even
greater (by a factor 6) value of the amplitude of the spiral potential, namely py =
30 x 10"M ® /kpc®. In comparison with the phase space portraits of Fig. @ we
observe that here chaos is introduced at approximately the same values of r. (namely
for r. > 5 kpc) as in the previous example. However, the main qualitative difference
between these two cases is that, in the latter case the z; family becomes unstable
by a sequence of period doubling bifurcations starting at r. ~ 6.8 kpc and there are
no ordered orbits around it from there on. As a consequence, no ordered matter is
collected around it, that could support a realistic spiral density wave.

Figure shows the normalized characteristic curves S(r.) = /&2 + P¢/k? of
this model. The main difference with respect to the previous cases is that the curve
S(r.) forms a nearly constant plateau from the second ILR to the point r. ~ 7 kpc
and then marks an abrupt fall to a minimum at . =~ 8 kpc. As a consequence, the
ellipticity of the z; orbits remain nearly constant in the region between the second
ILR and the radius 7. =~ 7 kpc. Also, plotting the elliptical orbits of the unstable
x1 periodic orbit for this model (Fig. a), we see that the ellipses intersect each
other in the whole range of radii and they form a less dense and more wide spiral
density wave, in comparison with the waves of Fig. . Some secondary, less
intense spiral arms, also appear. This is an unrealistic spiral density wave that cannot
be observed in real galaxies, as there exists no ordered matter around the x; family
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that could support this spiral wave. Fig. @b is the same as Figs. @b and @b
for pp = 30 x 10°M ® /kpc>.

Figure 2.11: Same as Fig. £.3. but for po = 30 x 107M ® /kpc®.
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Figure 2.12: Same as in Fig. but for po = 30 x 10'M ® /kpc®. The dashed part of the black curve
denotes that the periodic orbit x1 is unstable.
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Figure 2.13: Same as in Fig. 2.5, but for po = 30 x 10'M © /kpc®.
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Figure 2.14: The x> family of orbits for the model (9) for (a) pattern speed Qsp=15 km.sec™'.kpc™
and density of the spiral potential po = 5 x 10°M © /kpc® in @) po = 15 x 10°'M © /kpc® in (b) and
po =30 x 10"M @ /kpc® in (c) In all three cases these elliptical orbits do not suport the spiral wave derived
from the galactic potential and have main axes perpendicular to the main axes of the x1 family.
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Figure 2.15: Some precessing ellipses of the x1 family (black orbits) together with the precessing ellipses of the 2
family (red orbits) that correspond to the same radii r., for density of the spiral potential py = 30x 107 M © /kpc?
and for pattern speed Qsp=15 km.sec™ ' kpe™'. The x2 ellipses have main axes perpendicular to the main axes
of the x1 family and do not support the spiral density wave.

As an overall conclusion, comparing the F'—strength in all three models, we find
that the precessing ellipses of the z; family can support the spirals for amplitudes
(F—strengths) not exceeding the level 15 — 20%. Beyond that value, the z; family
becomes unstable at a rather small distance beyond the second ILR (Ar, =~ 2 kpc),
while chaos dominates in the phase space, thus preventing the existence of any regular
set of orbits to support the spirals. In fact, estimates of the amplitude of the spiral
perturbation of the spiral arms in real grand design galaxies give a relatively low
upper limit which is &~ 10— 15% in the forces (Gresbol & Patsis (1998), Gresbol et al.

(2004)). Moreover, long-term evolution of self-gravitating models shows that spiral
density waves will not remain viable over many revolutions if the spiral forcing is
higher than 5% (Chakrabarti (2003)).

Regarding the role of other families of periodic orbits, Fig. shows the pre-
cessing ellipses of the x> family for the model (2.71) for pattern speed Qg = 15
km.sec™!.kpc~! and density of the spiral potential pg = 5 x 10"M © /kpc® in Fig.
D.14(a), po = 15 x 10"M @ /kpc® in Fig. R.14(b) and py = 30 x 10"M © /kpc® in Fig.
2.14c. In all three cases the response spirals are orthogonal to the response spirals of
the x; family (see Contopoulos (1975)). In Figs. R.14b.c they form weak spiral arms
in the region between the first and the second ILR, where the amplitude of the spiral
potential is close to zero (see Fig. @).

In Figure some precessing ellipses of the z; family (black orbits) are plotted
together with some precessing ellipses of the xo family (red orbits) for a density of
the spiral potential pg = 30 x 107M © /kpc® and for the pattern speed Qgp = 15
km.sec*1.kpc*1, corresponding to the same radii r., namely from r, = 2 kpc to . = 5
kpc. The ellipses of the x5 family have main axes perpendicular to the main axes of
the z; family and they exist in radii where the amplitude of the spiral perturbation
is close to zero (see Fig. @I). Therefore they do not support the spiral density wave.
One can easily verify that the same is true for the unstable x3 family of periodic orbits
(not shown in the figures).
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Figure 2.16: The spiral density waves formed by the elliptical orbits of the x1 family, from the model (9) for
pattern speed Qs = 20 km.sec™ ' kpc™" in (@) and Qg = 10 km.sec™ ' kpc™" in (b) and density of the spiral
potential py = 5 x 10°M © /kpc®. Superposed are plotted circles corresponding to ILR (green circle), 4:1
resonance (blue circle) and corotation (black circle).

The role of the pattern speed

In this subsection we examine the dependence of the response spiral density wave on
the pattern speed €)sp. In particular, we fix the amplitude of the spiral perturbation to
po = 5x10"M ® /kpc® and change the pattern speed of the spiral potential, comparing
the cases 5p=10, 15 and 20 km.sec™!.kpc~!. We reproduce the phase space and the
orbits and we examine how their stability of the x; orbits is affected by the alteration
of the pattern speed and in which case the spiral density wave can be supported by
these orbits.

Figure shows the spiral density waves formed by the precessing ellipses of
the z; family (black orbits) for the pattern speed Qg = 20 km.sec™!.kpe™! (in Fig.
R.16(a) and Qg = 10 km.sec~'.kpc~! (in Fig. 2.16(b). Superposed are plotted the
circles corresponding to the ILR radius (green circle), to the 4:1 resonance (blue circle)
and to corotation (black circle). By comparing Figs. R.16a.b and Fig. R.5ab, which
have all the same amplitude py = 5 x 10" M ® /kpc®, but different values of the pattern
speed we derive the following conclusions. When the pattern speed decreases:

(a) all the resonances are shifted outwards (see Fig. .9) and therefore the spiral
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density waves reach larger radii. However, the ellipses become rounder when they
get closer to the 4:1 resonance and therefore the spiral density wave becomes less
cospicuous at larger radii.

(b) The region inside the first ILR becomes smaller while the region between the
first and the second ILR increases. The elliptical orbits of the z; family in this latter
region become much more elongated and intersect each other.

(c) The width of the spiral arms is growing with radius (see Fig. R.16b). In
Savchenko et al, (2020) it is claimed that in the 86% of a sample of 155 face-on
grand design spiral galaxies they observe that the arm width increases with radius
(see Mosenkov et al, (2020), for an alternative interpetation of this phenomenon
based on the mechanism of swing amplification).

The role of pitch angle

In the present subsection, we choose the model py = 15 x 10"M ® /kpc®, Qg = 15
km.sec~!.kpc~!, but vary the pitch angle from the low value a = —5° to the high
value a = —25° instead of the "intermediate” value a = —13° used in all previous
numerical experiments.

Figure 2.17: Same as in Fig. 2.3 but for pitch angle a = —25°.

Figure shows the phase portraits (£, P¢) for a = —25°. By comparing Figs
and .17, which differ only in the value of the pitch angle, we conclude that
for increasing pitch angle (more open spiral arms), more order is introduced in the
phase space and the chaotic areas are shrinked. Therefore, there exists more matter
in ordered motion around the x; stable periodic orbit that can better support the
spiral density wave. The corresponding response spirals (Fig. ) are also more
open and extend in the whole region between the second ILR and the 4:1 resonance.

66



Figure 2.19: The spiral density wave formed by the precessing ellipses of the x1 family for po = 15 x 10" M ©
and pitch angle a = —25°.
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Figure 2.18: Same as in Fig. 2.3 but for pitch angle a = —5°.

Figure shows, instead, the phase portraits (£, P:), when a = —5°. The key
observation is that the z; family becomes unstable, now, a little outside the second
ILR (at r. ~ 6.65 kpc) and up to the 4:1 resonance, and the region around it is fully
chaotic.

By comparing figures 2.3, and we conclude that for increasing pitch
angle (more open spiral arms), more order is introduced in the phase space. In fact,
for very small pitch angles chaos dominates in the phase space and we always get
that the z; family of orbits becomes unstable almost immediately after the second
ILR. The zo family is aslo unstable in the region outside the second ILR.
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Figure 2.20: The spiral density waves formed by the precessing ellipses of the (a) x1 family and (b) x2 family
for po =15 x 10"M © /kpc®, pattern speed Qg = 15 sec™'.kpe ™' and pitch angle a = —5°. Superposed (in
red) is the theoretical spiral derived from the minima of the spiral potential (9).
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In conclusion, there is a lower limit of the value of the pitch angle a, below which
the central periodic orbit of the z; family becomes unstable in the region between
the second ILR and the 4:1 resonance. This limit of the pitch angle is defined by the
other two free paremeters of the model, i.e. the amplitude of the spiral perturbation
and the pattern speed of the spiral arm as indicated in Table [2.1.

Table 2.1: The pitch angle below which the z; family becomes unstable outside the
second ILR for various values of the amplitude of the spiral perturbation and the
pattern speed.

amplitude | pattern speed pitch angle
00 Qsp a (in degrees)
5 10 1
15 10 9
30 10 16
5 15 1
15 15 5
30 15 15
5 20 1
15 20 4
30 20 7

Table 2.1 shows how the three parameters (py and Qsp) collaborate so as to produce
realistic spiral density waves. It can be used to estimate the permissible area of pitch
angles which, for pg and €5 as in the first two columns, should be larger than the
value reported in the third column as a function of the amplitude of the spirals and
the pattern speed. From these data we conclude that, using the stability of the z;
tamily as a criterion, a correlation between the pitch angle and the amplitude of the
spiral perturbation is suggesting that spirals formed by precessing ellipses should be
stronger in amplitude when they are more open (larger a). Moreover, a correlation
between the pitch angle and the pattern speed is indicated, namely the larger the
value of the pattern speed, more tightly wound the spirals should be to maintain
stability of the z; family.

2.2.4 Comparison with observations

In its classical version which we discussed in the section , the Hubble sequence
for spiral galaxies implies that the bulge size and the spiral arm winding should
be highly correlated. According to this classification, the ”Sa” galaxies have tightly
wound arms and fat nuclear bulges, ”Sb” galaxies have moderately wound arms
and moderate nuclear bulges and ”Sc” galaxies have loosely wound arms and small
nuclear bulges. However, modern classification schemes for spiral galaxies imply a
considerable departure from the classic ‘Hubble sequence’ as regards the correlation
between spiral arm winding type and bulge size. Early studies suggested that spiral
arms become tighter with increasing mass of the bulge (Morgan (1958), Morgan

(1959), Kennicutt (1981), Bertin et al, (1989)). Also, Seigar et al. (Seigar et al.

(2005), Seigar et al. (2006)) reported a tight connection between pitch angle and
morphology of the galactic rotation curve, quantified by the shear rate, with open
arms associated with rising rotation curves and tightly wound arms connected to flat
and falling rotation curves. On the other hand, more recently, Hart et al. in Hart
et al. (2017) analyzed a large sample of galaxies selected from the Sloan Digital
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Sky Survey (SDSS; York et al; (2000)) and found very weak correlations between
pitch angle and galaxy mass, and a surprising trend, that the pitch angle increases
with increasing bulge-to-total mass ratio. Yu & Ho (2019), found that the pitch
angle decreases (arms are more tightly wound), in galaxies of earlier Hubble type,
more prominent bulges, higher concentration, and larger total galaxy stellar mass.
However, there is a significant scatter in their measures. Finally, Masters at Masters
et al| (2019) and Diaz-Garcia et al. in Diaz-Garcia et al. (2019), found little or no
correlation between spiral arm winding tightness and bulge size.

Given that there is no concluding evidence of correlation between the size of the
bulge and the pitch angle of the grand design galaxies, we have tested various pitch
angles in our galactic model keeping constant the mass of the bulge at a relatively
high value. The results of the previous subsection suggest, indeed, a correlation be-
tween pitch angle and amplitude of the spiral perturbation, suggesting that galaxies
with stronger perturbations should have more open spirals (greater value of the pitch
angle). In comparison with real observations, Gresbol (2002) found that the dis-
tribution of mean amplitudes of two-armed spirals as a function of the pitch angle
shows a lack of stong in amplitude and at the same time tightly wound spirals. They
have also found that most of the mean amplitudes of spiral arms are below 15% in
forces and there is a correlation between the amplitude of spirals and the pitch angle,
namely weak spirals often have more tight spiral arms. Diaz-Garcia in Diaz-Garcia et
al. (2019) also, found that the mean amplitude of the arms increase with increasing
pitch angle.
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Chapter 3

Manifold spirals and the secular
evolution in N-body models of
barred galaxies

Parts of the results of the present chapter were published as:
Efthymiopoulos C., Kyziropoulos P., Paez R., Zouloumi K., Gravvanis G., 2019, MNRAS
484, 1487

In this chapter we are going to present the results of Efthymiopoulos et al. (2019).
In this work the evolution of the observing morphologies and the non-axisymmetric
features of an N-body simulation of a barred spiral galaxy of Kyziropoulos et al.

(2016) is examined. A dynamical analysis is also conducted in the N-body, the
manifold spirals are reproduced along with the vividly evolving structures of the
N-body.

This Chapter is structured as follows: section B.1 presents the N-body simulation
(initial conditions, code, runs), as well as methods of analysis (extraction of the po-
tential, Fourier transform etc.). Section explains the computation of the invariant
manifolds and its comparison with the disc morphology in the simulation. Section
B.3 compares the manifolds with the observed non-axisymmetric activity in the disc
during secular evolution, as well as the phenomena related to secular evolution, i.e.,
the disc-halo interaction, triggering of new incidents, bar evolution and evolution of
the disc’s thermal profile.

3.1 Simulation and numerical computations

3.1.1 Description of the N body simulation

Here, as in Efthymiopoulos et al. (2019) we use in our study the N-body simulation
named Q" in Kyziropoulos et al| (2016). The simulation uses 107 particles and
contains the following components:

1) An initially exponential disc of mass My = 5 x 10!® M, with exponential
scale length R4 = 3 kpc, vertical exponential scalelength z; = 0.2 kpc, and Gaussian
velocity distribution arising from a profile of Toomre’s Q-parameter rising in the
center and tending to an asymptotic outward value Q — Q. = 1 (see equation (13)
of Kyziropoulos et al, (2016)). The disc is simulated by 5 x 10° particles.

2) A Sercic-type spherical bulge of mass M, = 5x 109M@, with Sersic index n = 3.5,
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and scale length R, =1 kpc. The bulge is simulated by 5 x 10° particles.

3) A Dehnen-type double-power law spherical dark matter halo (see Binney &
Tremaine (2008)) with density amplitude py = 2.016 x 108 Mg /kpc?, scale length
Ry, = 3 kpc and asymptotic inner and outer exponents a = 1.3, # = 3.5. The mass
of the halo rises to 2 x 10!* Mg at R = 100 kpc. The halo is simulated by 4.5 x 10°
particles.

The system goes through disc instabilities leading to the formation of a bar and of
dynamically evolving spiral arms. The simulation lasts for 4 Gyrs. In all subsequent
computations we obtain the information by 160 saved snapshots, separated by time
steps of 0.025 Gyr.

One way to quantify the non-axisymmetric structures in the galactic disc is to
Fourier-analyse the disc’s surface density. We separate the space in a polar grid of
50 logarithmically equi-spaced radial bins from rq = 0.1 kpc to r = 15 kpc, and 180
azimuthal bins from ¢ = 0 to ¢ = 2m. The surface density at time t of the simulation
in a bin (Ar, Ap) centered around (r, ) is defined by:

AN (r, ¢, t)

E(r e, t) = TrArAp 3.1
where AN(r, ¢,t) is the number of disc particles at time t within the area element
rArAp.

We implement the usual Fourier transform with respect to the angle ¢, at fixed
time t, in order to decompose the surface density into 10 angular modes:

10 10
S(ry @, t) = Ag(r,t) + Y Ap(r,t) cos(mep) + Y Bp(r,t) sin(mep) (3.2)
m=1 m=1

where

1 2
AO(T’ t) = % /0 E(T’, ®, t)d(p?

1 2m 1 21
A(rt) = 1 / S(r, . t) cos(mp)dp, B (rt) = - / S(r, 0, t) sin(mp)dp
0 0

s s

The relative amplitude C,,,(R) and phase ¢,,(R) of the m-th Fourier mode are defined
by
(43.(1) + B3, (r.1) "

Co(1 ) = e , %(r,t):%tanfl(Bm(r,t)/Am(r,t)) . (3.3)

as well as a smoothed ‘non-axisymmetric excess density’

2(7“7 2 t) - AO (Ta t)

A (3.4)

D(r,p,t) =

Besides quantities related directly to the particle distribution in the N-body run,
in subsequent computations we make use of the total gravitational potential V'(x,y, t)
on the disc plane ((x,y) for z = 0, where the origin of the Cartesian co-ordinates is
transfered at the center of mass of the disc). The N-body code returns the potential
on the set of points x; = —Lo/2 + (¢/Np)Lo, y; = Lo/2 + (j/Np)Lo, where i,j =
0,1,...,N, — 1, Lo = 25.6 kpe, N, = 256. Based on the potential values at the grid
points, we use bi-cubic interpolation for obtaining a smooth representation of the
potential and forces within the domain —L¢/2 < x < Lo/2, = Lo/2 < y < Lo/2.
This allows to perform any type of computation requiring smooth expressions for
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the equations of motion, as, for example, the computation of the positions of the
Lagrangian points and the associated invariant manifolds
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Figure 3.1: Sixteen snapshots of the face-on disc view of the N-body simulation ("Q1” in

2016)) in the time interval 0.5 < t[Gyr] < 2.0. Two- and three-armed spiral instabilities develop in the disc
quickly after the simulation starts. The m = 2 spiral mode dominates in the interval 0.5 < t[Gyr] < 1.0. The
onset of the bar instability at about t = 1.1 Gyr leads to a fully developed bar at t = 1.4 Gyr, which is nearly
imediately followed by a first birst of manifold-driven spirals beyond the bar (at t = 1.5 — 1.6 Gyr).

3.1.2 Time evolution of non-axisymmetric patterns

Figure B.1 shows snapshots of the time evolution of the simulated system (*Q;” in
Kyziropoulos et al. (2016)) in the time interval from ¢t = 0.5 Gyr to t = 2 Gyr.
The bar rotates counterclockwise and undegoes instabilities that give rise to m=2 or
m=3 spiral modes, the formation of a bar or even the construction of rings or inner
spirals. We observe all main successive phases of the generation and evolution of disc
morphologies and of the non-axisymmetric structures.

As a consequence of the chosen value of @ (=1), the disc exhibits a rapid initial
growth of competing features (mainly m = 3 and m = 2) and undergoes two-armed
or three-armed spiral instabilities. The m = 2 spiral mode becoming dominant after
t ~ 0.5 Gyr. At this initial phase the simulated disc looks like a normal spiral galaxy
in the Hubble classification. The spirals undergo about one and a half revolution
(counterclockwise in Fig. @) up to the time ¢t = 1.1, maintaining a nearly constant
pattern with features of density wave.

The morphology and the dynamics of the system change rapidly at ¢t = 1.1 Gyr
where the bar instability is activated on the disc. The bar evolves and takes its final
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size at about t = 1.4 Gyr. The bar formation is accompanied by a first ‘incident’
of spiral activity, which is well described by manifold spirals, as discussed in detail
below. Three more incidents of similar size take place up to ¢t = 2 Gyr. One notices that
the overall morphology of the galaxy presents significant variations over a timescale
as small as even one bar period. In particular, features such as inner rings (e.g.
snapshots ¢t = 1.5 Gyr or t = 2 Gyr), or a secondary system of inner spiral arms (e.g.
snapshot ¢t = 1.7 or ¢ = 1.9 Gyr) occasionally appear.

After the bar formation reccurent incidents of spiral activity are observed on the
disc and they are illustrated in greater detail in Fig. .2, showing several snapshots
of the time evolution of the system from ¢ = 1.65 to t = 3 Gyr. The bar rotates
counterclockwise, and performs slightly more than seven revolutions in the depicted
time interval. One can recognise an oscillating profile in the strength of spiral arms
and we observe an alteration from conspicuous maxima (e.g. at ¢t = 1.65, ¢t = 1.95,
t = 2.25 Gyr) to very low minima (e.g. at ¢t = 2.025, 2.325, 2.7, or 2.925 Gyr),
albeit never vanishing completely. An inner ring-like structure surrounding the bar
is observed in particular snapshots (e.g. ¢ = 1.825), material is distinguished transiting
from the one end of the bar towards the other by moving along the ring (see also
snapshot ¢ = 1.8 Gyr in Fig. B.1).

If the evolution of the disc is viewed edge-on (Fig. B.3). we observe other insta-
bilities that give rise to sevelar observable galactic features. The bar undergoes the
buckling instability, accompanied by the vertical growth of a characteristic peanut,
or ‘X-shaped’, pseudobulge. The onset of the instability follows soon after the bar
formation (at ¢t ~ 1.8 Gyr), while the edge-on bar profile after the instability reaches
a nearly final extent at ¢ ~ 2.2 Gyr. As shown below, manifold spiral appear during
and beyond all this time interval. Thus, manifold spirals in our simulation do not
appear to be halted by the buckling instability, as reported in Kwak et al| (2017)
(see also Lokag (2016)).
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Figure 3.2: Sixteen snapshots of the face-on disc view of the N-body simulation ("Q1” in
(2016)) in the time interval 1.65 < t[Gyr] < 3.0. The bar rotates counter-clockwise, while two-armed,
four-armed spirals and ring-like structures appear in succession and with altering amplitudes and morphologies
(see text).
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Figure 3.3: Edge on view of the disc for the same snapshots as in Fig. [3.4. The growth in time of a
peanut-shaped pseudo-bulge is clearly distinguished.

3.1.3 Time evolution of the Fourier transform modes in the Surface
Density

The description of the morphological evolution of the disc in section is quali-
tative. However, the observed morphological features can be quantified through the
time evolution of the modes of Fourier transform in the disc surface density, which is
described by Egs. (B.1)- (B.4). A construction of the maps of the non-axisymmetric
excess density, obtained by Eq. (B.4) for the most important modes e.g. m = 2,3,4
can highlight the symmetry and thee nature of the observed morphological features
in the disc in Figs. B.1-8.2. This study helps us distinguish better the incidents of
the spiral activity.
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Figure 3.4: Fourier decomposition of the disc non-axisymmetric excess density at the times t = 0.125 Gyr (top
left block), t = 0.250 Gyr (top right block), t = 0.375 Gyr (down left block), and t = 0.5 Gyr (down right
block). The left panels in each block show. in color scale, the non-axisymmetric excess density D(r, p,t) as viewed
in an inertial frame of reference. The color scale is fixed from blue to red, representing values D(r,¢,t) < —0.5
in the blue limit, D(r,p,t) > 0.5 in the red limit and —0.5 < D(r,¢,t) < 0.5 in between. The right panels
show the relative Fourier amplitudes Cy,(r,t) as function of r for the modes m = 2 (red), m = 3 (green) and
m =4 (blue).

In Figure B.4 the initial phase of rapid growth of non-axisymmetric features in
the disc is depicted via maps of the non-axisymmetric excess density, obtained by
Eq. (B.4). as well as the corresponding Fourier amplitude profiles, as function of the
radial distance r across the disc, for the most important modes, namely m = 2,3, 4.
We observe a competition between the growing m = 2 and m = 3 modes. However,
the plots of the the non-axisymmetric excess density at the subsequent phases of the
simulation, which are shown in Fig. B.5 reveal that the m = 2 mode prevails after
t ~ 0.5 Gyr, leading to a conspicuous bi-symmetric spiral pattern (Fig. B.5). In the
density excess map, the m = 2 spiral extends across the disc at nearly the disc’s entire
optical length, and it maintains a nearly constant pattern speed ;o1 ~ 15 km/s/kpc
in the time interval 0.5 < ¢[Gyr] < 1.1.
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Figure 3.5: The non-axisymmetric excess density D(r,,t) (same color scale as in Fig. [B.4) in sixteen
equidistant in time snapshots in the time interval 0.55 < t[Gyr] < 1.15.

Figure 3.6: The non-axisymmetric excess density D(r,p,t) in six snapshots in the time interval 1.25 <
t[Gyr] < 1.5. The onset of the bar instability leads to the bar formation, accompanied by the first manifold-
driven incident of spiral activity.

In Fig. [B.6 the onset of the bar instability is depicted through succesive maps
of the non-axisymmetric excess density in the time interval 1.25 < t[Gyr] < 1.5. By
the time that bar prevails, all the traces of the previous spiral activity in the disc get
dissolved. The bar grows rapidly (between ¢ = 1.25 Gyr and ¢ = 1.4 Gyr. This growth
is followed, immediately, by a first conspicuous incident of spiral activity beyond the
bar. The incident takes place between ¢ = 1.4 Gyr and ¢t = 1.5 Gyr. The initial pattern
speed of the bar is about 2, ~ 40 km/s/kpc, yielding an initial period Ty, ~ 0.16
Gyr. The bar extends to a radial distance R ~ 5 kpc, while its co-rotation is initially
at R =~ 6.5 kpc. The procedure of computation of the pattern speed of the bar is
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described in section B.2.

A second major incident of spiral activity occurs after nearly one more bar’s full
turn, at t = 1.625 Gyr. At that point, the m = 2 and m = 4 Fourier amplitudes inside
the bar (i.e. for R < 5 kpc) are nearly stabilized, while the bar enters a phase of
slower (secular) evolution. The snapshot ¢t = 1.625 corresponds to the largest in time
observed amplitude of the m = 2 mode in the region between the bar’s co-rotation
and outer Lindblad resonance. We examine the N-body disc morphologies at the
snapshot at t = 1.625 (see Fig. B.7) and we set this time conventionally as the time
where the secular evolution of the bar initiates. In Fig. .7 we observe that the bar
is very strong at this snapshot, with m = 2 and m = 4 Fourier amplitudes taking the
maximum values C; > 1 and C; ~ 0.8 at R ~ 4 kpc. A secondary local maximum of
m = 2 and m = 4 Fourier amplitudes is observed at larger distances (R ~ 10— 11 kpc)
which represents the dominant modes of the weaker non-axisymmetric pertubation
(compared to the strong bar) in the disc, i.e. the one of the spiral arms. We can notice,
however, also the presence of important power in the m = 1 and m = 3 Fourier terms
in a domain which contains the bar (R < 5 kpc), with relative amplitude larger than
0.1 across the whole bar’s extent and reaching ~ 0.2 in the central parts (R < 2 kpc).
Such m = 1 amplitudes are distinguishable in several simulations (see, for example,
Quillen et al; (2011), Minchev et al. (2012)). On the other hand, in the snapshot
of Fig. B.7, substantial 7 = 1 relative amplitudes are observed also at large distances
(R > 10 kpc). This phenomenon is connected to the lopesidedness of the observed
spirals (and manifolds, see below), a fact which hints towards nonlinear interaction
of the outer disc modes.
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Figure 3.7: (a) Color map of the non-axisymmetric excess density at the time snapshot t = 1.625 Gyr,
conventionally set as the beginning of the phase of the bar’s secular evolution. A second incident of spiral activity
accompanies the bar. (b) The Fourier amplitudes C1 (cyan), Co (red), Cs (green) and Cy (blue) as function of
the radial distance R accross the disc. (c) Plain image of the N-body snapshot, created by a logarithmic grayscale
plot of the surface density 3(r,p,t). (d) The image of the same snapshot after performing the Sobel-Feldman
edge detection algorithm. Dimmer patterns in panel (c) are enhanced and clearly visible in panel ().

The density excess map (Fig. B.7 (a)) and the plain N-body picture of the galaxy
(Fig. B.7 (¢)) do not give a detailed and clear view of the morphological features and
the patterns of the disc. In order to efficiently recover these patterns, a Gaussian filter
is implemented, which smoothes the disc’s surface density accompanied by the Sobel-
Feldman edge-detection algorithm (e.g. Gonzalez & Woods (1992)). The result is
shown in Fig. B.7(d). The Sobel-Feldman filter enchances patterns already existing in
the disc, but of amplitude significantly lower than the one of the main bi-symmetric
spirals. The Sobel-Feldman filters reveals more structures, such as ‘bridges’, which
are formed whenever weak extensions of the spiral arm emanating from one end of
the bar join the spiral arm emanating from the opposite end or the bar, aproaching it
from its exterior side. As a result, the Sobel-Feldman image shows the spiral patterns
to extend and produce a morphology which is more ring-like in its outer parts than
the corresponding morphology in the plain image of the disc. In the next sections
we show how the manifolds allow to interpret such ’bridges’, and the Sobel-Feldman
disc images at different snapshots are compared to the manifold-induced patterns in
the disc.

80



3.2 Manifold spirals in the N-body simulation

The computation of the apocentric manifolds WY#, , in our N-body computation
proceeds in the general way described in section In this section we present the
reproduction of the manifolds a time ¢ = 1.625 Gyr of the simulation, and we discuss
whether they support the morphological features of the snapshot, which we identified
in section B.1.3. The computation of the invariant manifolds, applied in our N-body
first follows the following steps:

1) Having the potential of the N-body in a grid, we use an interpolating technique
(see section @ for more details), in order to continue with the computation the
equations of motion.

2) We specify the value of the bar pattern speed as follows: computing the Fourier
transform of the non-axisymmetric density excess (Eq. (B.2)), the m = 2 mode is
largely dominant for the bar. The angular displacement, for fixed radial distance r,
of the maxima of the m = 2 mode at two successive snapshots separated by a time
At yield the m = 2 pattern speed at the distance 7:

Qa(r) == A(Z(r) (3.5)

where A¢a(r) = ¢a(r,t + At) — ¢p2(r,t), and

balrt) = yrant (20

Equation (B.5) can be used also in order to compute the instantaneous pattern speed
of the m = 2 mode as function of the radial distance r via the N-body data at two
successive snapshots. Therefore, we build the radial profile of the angular velocity of
m = 2 mode, which can lead us to the estimation of the pattern speeds. We prefer this
method over extending the Fourier transform (say of Ay, Bs) in the time domain, since
the latter approach assumes that patterns are characterized by constant frequencies
in a relatively long time window, while {2p appears to vary in time significantly over
rather short time windows (see below).
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Figure 3.8: The m = 2 mode pattern speed as function of the radial distance R (Eq. (3.8) for the N-body
snapshot t = 1.625. The inner and outer dashed vertical lines mark the position of the Inner or Outer Linblad
Resonance (ILR, OLR) respectively, while the solid vertical line marks the position of the co-rotation resonance
(CR). The bar pattern speed is estimated as the mean value of Qp(R) in the interval 2.5 kpc < R < 4 kpc.

Figure B.§ is the radial profile of the angular velocity of m = 2 mode t = 1.625
Gyr. We observe the formation of an approximate ‘plateau’ of the curve Qy(R) at
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radii 2 ~ 5 kpc, which is identified to the (constant) pattern speed of the bar. In
subsequent computations we estimate the bar pattern speed (2, as the mean value
of €2y in the interval 2.5 kpc < R < 4 kpc. The vertical lines mark the positions of
the Inner Linblad Resonance (ILR), co-rotation (CR), and outer Linblad resonance
estimated from the relations (see also section [.5 for more details on the resonances):

QRiLr) — Qpar = %/‘G(RILR)a Q(Rcr) — Qar =0, QURorr) — Qpar = _%H(ROLR)

(3.6)
where the epicyclic frequency r(r) is given by Eq. (.31). One notes that the plateau
is well formed after the ILR radius, and it corresponds to a pattern speed (23, =~
42 km/sec/kpc. Inside the ILR, the curve Qp(R) becomes noisy, as expected since
the ILR radius nearly coincides with the interface between the bar and inner bulge
components. On the other hand, the pleateau is lost, and and a varying form of the
curve (y(R) appears close to the corotation and OLR.

3) Having fixed Qp,, we compute the unstable Lagrangian points L; and L in the
Hamiltonian (.41). Since we use the full N-body potential, the Lagrangian points are
not found at exactly symmetric positions with respect to the disc’s center, while their
Jacobi energies have also a small difference 2|E;1 — Ejr2|/|Esr + Ejre| = 1074
Similar differences hold for the stable Lagrangian points Ls and Ls.

4) The next step is the location of the apocenters of the unstable periodic orbits
PLy or PL9, from which the apocentric 1nvar1ant manifolds WP L1, €manate. This
procedure is described in step 3) of section [1.11.2. In order to estimate the location
of PL», we keep, in each case, the orbit of the famlly with Jacobi energy midway
between the energies at L1 and Lys, ie., Ejpr1 = (Ejp1 + Ejra)/2, Ejpro =
(Ejr2 + Ejr5)/2. These energies roughly correspond to the median of the Jacobi
energy distribution for the N-body particles in the corotation zone.

5) We finally compute the apocentric manifold spirals emanating from the co-
rotation zone, emanating from the families PL; and PLs as explained in steps 4) and
5) of the section [l.11.9. For the computation of the manifolds ng—j‘m, we take an
initial segment on the apocentric surface of section with N=10000 initial conditions
distributed according to ¢; = @0, pr1—JjAp/N. Dy j = Py o,pr1+ AP,/ N, for the outer
branch, and ¢; = o pr1 + jAP/N, pyj = Poo,pr1 — jADP,/N for the inner branch
of WYA  with Ap = 107 and Ap, = S,Ap, where S, is the slope of the unstable
eigendirection of the the monodromy matrix (see Eq. (1.52) at the fixed point PL,
(and similarly for the orbit PLy).
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Figure 3.9: The apocentric surface of section as defined in Eq. )for the enerqy E; = 0.5(E 01+ FEjr4).
considering the equations of motion ) under a frozen potential and bar pattern speed equal to those of the
snapshot t = 1.625 Gyr. The orbits in this surface of section are strongly chaotic. The right panel is a
magnification of the left panel in the region of angular momenta py closer to corotation. The black thick points
represent the successive iterates of orbits with initial conditions taken at various locations within the chaotic
domain. The red points represent iterates of the apocentric invariant manifolds Wgiy 5 at the same energy.
The Lyapunov periodic orbits PL1 and PL2 give two blue points (left and right respectively). The thick blue
points mark the position of the fixed points corresponding to the periodic orbits PL1 and PL2, while the thick
blue arrows indicate the corresponding unstable eigendirections. The closed green thick curves are the limiting
curves of the apocentric surface of section, inside which the motion is energetically forbidden. The parts of the
manifolds (and phase) space marked with B, B' and G, G’ correspond to the manifolds’ morphological features
called “bridges” and ‘gaps’ (see text). The right panel shows a magnification of the left panel in its upper part,
where most lobes of the invariant manifolds develop homoclinic oscillations.

For the snapshot at time ¢t = 1.625 Gyr we proceed the construction of manifolds in
the phase space and the configuration space. Figure B.9 shows the apocentric surface
of section (plane (¢,p,), as well as the apocentric invariant manifolds of the PL;
and Ply orbits, at the snapshot ¢ = 1.625 Gyr. The manifolds (red points) emanate
as straight lines starting from the fixed points corresponding to the periodic orbits
PLy and PL», but they soon develop a very complicated form and they reveal an
intricate dynamics. Therefore, we observe a number of thin lobes, which are the
signature of homoclinic dynamics. We can also observe some recognisable manifolds’
morphological features, such as ’brisdges’ and ’gaps’ (B, B’ and G, G’ respectively
in Fig. @) .Taking segments of initial conditions in the interior of the manifolds
defined by the lobes marked B, B’, we iterate these chaotic orbits (black points), and
find that the distribution of the iterates covers more and more uniformly the area
inside the manifolds’ lobes.

All together, the phase portrait formed at the indicated level of energies (Jacobi
constant E; = 0.5(E;1+ Ej, 14)) is strongly chaotic. While such level of chaos can be
expected even in purely barred models (see Patsis et al. (1997)), the deformation of
all phase space structures due to the strong spiral mode is evident in Fig. @ This
deformation affects the form of the closed limiting curves in the apocentric surface of
section, inside which the motion is energetically forbidden. These curves are found
by locating the pairs (p,p,) for which the effective potential satisfies the relation

‘/eff(rc; 907p90) — 5.3 Qbarpgo + V(T, (P) = EJ

Py
272

where 7. is the root of the equation dV,s;/dr = 0 at r = 7. (see section [LL4). The
above limiting curves are similar in shape to the usual curves of zero velocity, but
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Figure 3.10: Left: comparison between the Sobel-Feldman edge detection image of the N-body disc at t = 1.625
Gyr and the corresponding apocentric unstable invariant manifolds WYA (red) and WE3, (blue), see text for
definitions. Besides the overall agreement in the ‘grand design’ forms of spirals, the patterns formed by the
manifolds clearly interpret also several secondary features of the observed patterns formed by the N-body disc
beyond the end of the bar, such as ‘gaps’, ‘bridges’, ‘ring-like structures’ and ‘bifurcations’ of secondary spiral
arms (see text for details). Right: the apocentric manifolds shown together with the limiting curves of the
%centric surface of section (green), and with the corresponding bridges and gaps marked (compare with Fig.

provide the most stringent limits for the apocentric surface of section (see
(2009)).

In Fig. @ the manifolds’ lobes from PL; and PLs encircle the corresponding
limiting curves. However, despite the lack of energetic barrier, we observe that the
uppermost manifold lobes do not fill the whole area around the limiting curves,
but perform a number of oscillations leaving narrow gaps ( G,G’) in the surface of
section. This behavior of the manifolds is dictated by basic rules of dynamics, which
assert that the manifold lobes of the same or different periodic orbits cannot intersect
each other. In this way, we observe that the lobes of the manifold emanating from
PLy approach the manifold emanating from PL; in the area marked B, but do not
intersect it, leaving instead a gap (. Similarly, the lobes of the manifold from PL;
approach the manifold from PLs in the area B’, leaving a gap G’. These features
have a specific morphological correspondence in physical space, as shown below. Let
us note also that the level of Jacobi energy of the surface of section in Fig. @ is
close to the median of the entire distribution of the simulation’s particles in chaotic
orbits, which is consistent with the general expectation that most particles supporting
chaotic spirals should be distributed in the interval of energies between E;;; and
Ej 14 (Patsis (2006), Tsoutsis et al/ (2008))).

Figure B.10 shows the comparison between the disc morphology and the apoc-
entric manifolds in the configuration space at the snapshot ¢t = 1.625 Gyr. The
Sobel-Feldman image of the N-body disc shows a nearly bi-symmetric set of spirals,
along with secondary ring and spiral features beyond the bar. We observe that the
outer branch of the manifolds supports the spiral arms, while the inner branch of the
manifolds supports the outer shell of the bar. We can also locate the morphological
features of ’gaps’ and ’bridges’, which we pbserved in the phase space in Fig. @
The gaps G and G’ appear as narrow zones separating the manifolds at the bridges
B, B'. In these ’bridges’, the manifold emanating from the region of L; approaches,
in a nearly-tangent direction, the exterior side of the manifold emanating from the
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region of the Lagrangian point L, and vice versa. The approach takes place via
several oscillations of the manifolds in space, forming patterns recognized in the plot
as bundles of preferential directions occupied by the manifolds. Such bundles mostly
form spiral patterns, while breaks, or ‘bifurcations’, are also observed, splitting in two
some of these bundles. We observe that most of the morphological features of the
apocentric manifolds have their counterparts in the Sobel-Feldman image of the real
patterns of the N-body disc. Finally, the manifolds WY#, and WY#, exhibit some
obvious lopesidedness, which is manifested also in the form of the limiting curves
of the apocentric surface of section as projected in physical space. This effect im-
plies that the outflow of particles in chaotic orbits, in the directions indicated by the
manifolds, is not symmetric with respect to the disc center. Since the phase space
outside corotation is open to escapes, particles escaping in chaotic orbits carry with
them linear momentum with a distribution of orientations anisotropic with respect to
the center. The consequences of this fact are discussed in the next section.

3.3 Secular evolution and manifold spirals

The various Fourier modes connected to spiral and other non-axisymmetric features
beyond the bar in the galactic disc evolve in time along with the bar’s secular evo-
lution. We observe how the secular evolution makes the bar slowing down in our
simulation and how the manifolds follow the vividly evolving structures in the disc.
We note that the manifolds WY#, and WY#, are geometric objects, which can be
defined at any time snapshot. Hence, these objects can be compared to the shape,
but not to the amplitude of observed non-axisymmetric features. In this section we
first examine the question of how spirals and other non-axisymmetric features are
excited during the time evolution of the N-body system, and which mechanisms are
responsible for the maintainance of appreciable levels of recurrent non-axisymmetric
activity in the disc besides the bar. Then, we test the evolution of the manifolds along
with the observed morphologies by comparing, for different snapshots representative
of the entire secular evolution, the patterns constructed by the invariant manifolds
and the observed morphologies in the disc.

3.3.1 Bar spin-down

Signs of secular evolution are conspicuous in the simulation. A basic manifestation
of secular evolution in the disc is the bar’s spin down, as shown in Fig. B.11. The
cyan solid curve in Fig. represents an exponential decay law fitting to the
decay of the values of the bar’s angular velocity. The fitting is given by Q. (t) =
Qg — (1 —Qrexp (—%)), with Q¢ = 42 km/sec/kpc, €21 = 11 km/sec/kpc, o = 1.625
Gyr, t; = 2 Gyr. The resonances also undergo an outward slow displacement as
a result of the Eq. (B.6). As shown in Fig. the co-rotation resonance in
our simulation is dispaced gradually from Rcg ~ 6.5 kpc immediately after the bar
formation to Rcr ~ 7.5 kpc at the end of the simulation, and the ILR and OLR radii
from Ry r ~ 1.75 kpe, Rorr =~ 9.5 kpc to Rrr ~ 3.1 kpe, Rorr ~ 12 kpc. These
secular evolution phenomena are disccussed in detail in section [.13.

The bar’s spin down is caused in our simulation also by the following factors: i)
the outward transfer of angular momentum due to the spiral waves generated at the
end of the bar. In fact, a portion of particles traveling with these waves are in escaping
orbits. Thus, as they escape the system they carry with them energy, as well as linear
and angular momentum (see below), ii) transfer of angular momentum due to the
dynamical friction of the bar with the dark halo (see Debattista & Sellwood (1988),
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Debattista & Sellwood (2000), Athanassoula (2002), Athanassoula & Misiriotis

(2002)). In order to investigate the bar halo interaction we produced the Fourier
decomposition of the non-axisymmetric excess density for the halo particles contained
in a planar slab of thickness Az = 0.5 kpc centered around the disc center of mass,
at several times of our simulation (Fig. B.12)). As it is shown in Fig. B.12). the
bar-halo interaction is accompanied by the generation of a bar-spiral response in the
halo particles immediately after the formation of the bar (Fig. B.12)). This response
can reach significant m = 2 amplitude (up to Cy ~ 0.4 at radii associated with the bar,
and Cy ~ 0.2 at radii associated with the spiral arms). However, after a time ¢ ~ 2.2
Gyr it is observed to fade to rather negligible amplitudes.

T T T T T T T
40 +
38
g Y 2
g 36 aQ
@ ¥
£ 5
g 34 &
(]
2+
30 F
1.6 1.8 2 2.2 2.4 2.6 2.8 3 1.6 1.8 2 2.2 2.4 2.6 2.8 3
t [Gyr] t [Gyr]
7.8 11.2
76
7.4
T 72 )
o
g X
o
016 I 6’
o
6.8
6.6
6.4 9.2

L L L L L L L L L L L L
1.6 18 2 2.2 24 26 28 3 1.6 18 2 2.2 2.4 2.6 2.8 3

t [Gyr] t[Gyr]

Figure 3.11: Top left: Time evolution of the bar’s pattern speed. The cyan solid curve represents an exponential
decay law fitting, given by Qpar(t) = Qo — (1 — Qiexp (—tfto)), with Qo = 42 km/sec/kpc, Q1 = 11

tq
km/sec/kpc, to = 1.625 Gyr, tq = 2 Gyr. The remaining panels show the time evolution of the radii where the
basic disc resonances occur with pattern speed equal to Quqr, namely Ripr (top right), Rcr (down left) and
Rorr (down right).
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Figure 3.12: Fourier decomposition of the non-axisymmetric excess density for the halo particles contained in a
planar slab of thickness Az = 0.5 kpc centered around the disc center of mass, at the times t = 1.650 Gyr (top
left block), t = 1.95 Gyr (top right block), t = 2.25 Gyr (down left block), and t = 2.7 Gyr (down right block).
Left panel in each block: non-axisymmetric density excess map. Right panel in each block: Fourier amplitudes
C(R) as function of R for the modes m =2 (red), m = 3 (green) and m = 4 (blue).

3.3.2 Incidents of spiral and other non-axisymmetric activity

In this subsection we examine the incidents of spiral activity and we assume that
they show an oscillating profile as they evolve in time. A quantification of the m = 2
oscillations associated with spiral and other non-axisymmetric activity in the disc can
be done via the time variations of the Fourier amplitude C2(R) at specific radii R (see
Eq. (B.3).

We examine the time variation of Cy(R) for different radii (see the top panel of
Fig. B.13). An inner group of Cy(R) curves, for R = 3,4 and 5 kpc, correspond to
the amplitude of the m = 2 mode at radii within the range of the bar’s major axis.
The bar growth is observed to continue up to t = 1.6 Gyr, leading to m = 2 bar
amplitudes larger than unity. After this growth phase, the bar m = 2 mode stabilizes
in a time interval between ¢t = 1.6 and ¢ = 2.1 Gyr, which overlaps with the evolution
of the buckling instability. After a small in size but abrupt drop at ¢t = 2.1, the
bar’s amplitude starts undergoing slow decay, which lasts for the whole remaining 2
Gyr of the simulation, but keeping always a value of the order of unity. The m = 2
amplitude in general falls with the radial distance R at intermediate distances between
CR and OLR, but it tends to stabilize to a mean level ~ 0.2 in an annulus of radii
8 < Rlkpc] < RoLR-

The outer group of Cy(R) curves corresponds to distances R = 8,9, 10 kpe (solid
red curves in the top panel of Fig. )), where the spiral arms in the disc are
located. We observe that, after the bar formation, the amplitude C> within this
annulus undergoes time oscillations which are nearly in-phase for all radii within the
annulus. We observe a local maximum of these oscillations at approximately ¢ ~ 3
Gyr, where the C; amplitude exceeds the value 0.2. Afterwars the oscillations become
smaller and they do not exceed the value 0.2. As exemplified below, all consequent
peaks of the > mode found in the time interval 1.5 < ¢[Gyr| < 4 are connected
with ‘incidents’ of non-axisymmetric activity in the outer parts of the disc. In order
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Figure 3.13: (Top panel) Time evolution of the m = 2 Fourier amplitude C3 in the time interval 1 < t[Gyr] <
4. The value of Co is shown at the distances R = 3,4 kpc (dotted blue), R = 5 kpc (solid line, blue), R = 6,7
kpc (dotted green), and R = 8,9,10 kpc (solid red). (Bottom panel) Time evolution of the m = 1 Fourier
amplitude Cy at R = 3 kpc (dotted blue), R = 4 kpc, (solid blue), and R = 12 kpc (thick solid red).

to estimate the period and the amplitude of these oscillations, we take the mean Co
of the values of Cy at distances corresponding to the three lowermost curves in the
top panel of Fig. . Through this method we locate the incidents by considering
the times when the mean Cy reaches the maximum amplitude. We thus identify a
sequence of incidents around the times:

t{Gyr]neident) — 1.625,1.8,1.95,2.2,2.375,2.525, 2.725, 2.950, 3.1, 3.325, 3.75, 3.95.

(3.7
By the above sequence, an approximate period 7' ~ 0.2 Gyr can be deduced, but with
large fluctuations AT ~ 0.1 Gyr. It is intriguing to note that the bar, in the same
time interval, has a pattern speed (1, ~ 40 km/sec/kpc, i.e., period Tp, =~ 0.15 Gyr
at the starting time of the sequence, and %, ~ 30 km/sec/kpc, i.e., period Ty, ~ 0.2
Gyr at the ending time of the sequence. Thus, the m = 2 incidents of the sequence
(@) seem to be roughly in resonance with the bar. However, in order to investigate
the coupling between the bar and oscillations of the outer m = 2 modes, one must
also remark that the bar also exhibits some extra phenomena relating to the time
variations of the m = 1 mode.

As seen in the bottom panel of Fig. , after the bar’s growth stabilizes at t = 1.6
Gyr important m = 1 oscillations with an amplitude exceeding the value of C; ~ 0.1,
at distances inside the bar’s length. In the time interval between ¢t = 2 Gyr and ¢ = 3
Gyr these oscillations have an approximate period 1" ~ 0.4 Gyr. These osxcillations
show no significant decay in time over the whole simulation. Oscillations m = 1
appear also in the outer disc, but they are not in phase with those of the inner disc
and they decay in time.

In order to observe the evolution and the periodicity of the incidents of the non-

88



asxisymmetric activity we construct density excess maps, and the corresponding radial
profiles of the Fourier modes m = 1,2, 3,4, for different times of the simulation. We
can also see how these incidents of non-axisymmetric activity appear to affect the disc’s
morphology beyond the bar. Based on phenomenological criteria, we distinguish two
types of incidents, exemplified in Figs. and respectively, as follows:

-Incidents of inner origin: an incident of inner origin corresponds morphologically
to a spiral wave emanating from the end of the bar, and travelling outwards, until it
becomes gradually detached from the bar. An example is given in the sequence of left
panels of Fig. B.14, showing the density excess maps at nine snapshots around the
time ¢ = 2.2, which belongs to the sequence (8.7). In Fig. a local maximum in
Cs(r) curve rises inside the corotation, and then it gradually propagates to the outer
parts of the disc. This phenomenon corresponds to an outwards ‘emission’ of the
spiral wave from the bar, which is evident after ¢t = 2.15. A similar phenomenon, but
to lesser extent, appears in the m = 4 mode. Notice also the significant rise of the
m =1 and m = 3 modes well inside the bar (at radii R < 5 kpc) at the initial phase of
the incident. At earlier times, one observes the appearance of small leading extensions
of the bar, so that the whole incident is reminiscent of swing amplification. The
creation of a leading component can be associated with flow of material approaching
the bar in the leading direction by moving along outer families of periodic orbits
such as the 2:1 family (Patsis; private communication). Finally, the spiral wave starts
fading out when it becomes detached from the bar.

1=2.050 . 1=2.075 . 1-2.100 @ 1=2.050 ; 1=2.075 . 122,100

W = 2y :t :t \
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Figure 3.14: Left: Snapshots of the density excess color map of the disc at the indicated times. An ‘incident of
inner origin’ occurs, whose maximum, as measured in the Co average value in the outer disc, takes place around
t = 2.2. Right: the profiles of the Fourier amplitudes Cy, as function of the radial distance R at the same
snapshots, for the modes m = 1 (cyan), m = 2 (red), m = 3 (green), and m = 4 (blue). The dotted vertical
line marks the position of the bar’s co-rotation. The incident appears mostly as an excitation of the m = 2 mode
inside co-rotation, starting at t = 2.075, which propagates outwards (to larger R) at subsequent times.

- Incidents of outer origin: an incident of outer origin corresponds morphologically
to a rise of the of the Cy(r) curve in the outer parts of the disc, as shown in Fig. B.15.
Contrary to incidents of inner origin, in those of outer origin the excitation of the
m = 2 mode takes place entirely outside corotation, and propagates both inwards and
outwards, apparently being reflected at corotation. Notice also, again, the significant
rise of the m = 1 and m = 3 modes inside the bar at the initial phase of the incident
(at radii R < 5 kpc). The left panels in Fig. indicate that the m = 2 perturbation
takes place at radial distances beyond r = 12 kpc, initially traveling inwards, and
then appearing to be reflected at corotation (at ¢ = 2.95) whereby the disturbance
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appears to travel outwards. Note that this reflection provides the best criterion to
characterize incidents of outer origin, since weak spiral extensions in the end of the
bar may always be present, and hence appear to connect morphologically with the
disturbance after the latter one reaches corotation.
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Figure 3.15: Left: Snapshots of the density excess color map of the disc at the indicated times. An ‘incident of
outer origin’ occurs around t = 2.95. Right: the profiles of the Fourier amplitudes C,, at the same snapshots
(m =1 cyan, m =2 red, m = 3 green, m = 4 blue). The dotted vertical line marks the position of the bar’s
co-rotation.

Figure 3.16: Non-axisymmetric density excess image of the disc for all snapshots corresponding to the maxima
of consecutive incidents of non-axisymmetric activity, taking place at the sequence of times given in Eq. (B.7).

We then accumulate the density excess maps of the disc of all the snapshots
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belonging to the sequence (B.7) in Fig. B.16, corresponding to incidents of spiral
activity and we attempt to distingish if they are of inner or outer origin. Incidents of
inner origin are clearly associated with the time snapshots ¢t = 1.625, t = 1.95, t = 2.2,
t = 2.725 Gyr, while incidents of outer origin are associated to the snapshots t = 2.375,
t=2.95,t=3.75 and t = 3.95 Gyr. On the other hand, the classification, either by
the morphological criterion, or by the criterion of reflection of the m = 2 Fourier
transform, is unclear for the incidents taking place at the snapshots ¢t = 1.8, t = 2.525,
t = 3.1, and 3.325 Gyr. In general, most incidents of inner origin, which are those
mainly connected with spiral activity, take place in the interval 1.6 < t[Gyr| < 3, while
incidents of outer origin are observed throughout the whole simulation time span.
Finally, we observe that the disc overall becomes less responsive to non-axisymmetric
perturbations as the time goes on, with a transition from stronger to weaker responses
discernible at a time ¢ ~ 3 Gyr.

3.3.3 Manifold spirals and the time evolution of non-axisymmetric pat-
terns in the disc

One main question that arises from the above study of the N-body simulation is to
what extent the response of the disc to internal or external perturbations is manifold-
driven, as well as how a manifold-driven response can be reconciled with the presence
of multiple pattern frequencies in the disc. In order to answer these questions we
reproduce the apocentric manifolds W57, o for consecutive snapshots of the simulation
(as in section B.2) and we compare them with the morphologies of the disc both in
minima and maxima of the non-axisymmetric activity.

As in Fig. B.7 for snapshot 1.625 Gyr, we reproduce the Sobel-Feldman images
of the disc for several times of the simulation (see Fig. [B.17) in order to recover
patterns which are quite fuzzy in simple surface-density processed images of the disc
and distinguish the incidents of spiral activity in the pure N-body images. In Fig.
we observe nearly in-phase oscillations of the amplitude Cs of m = 2 structures
in the outer parts of the disc. We focus on such oscillations in the time interval
1.8 < t[Gyr| < 2.8, in which we mostly observe incidents of non-axisymmetric activity
of inner origin, i.e., connected with an enhancing of the spiral structure. To be more
precise on the times of occurence of such incidents with respect to the approximate
sequence (B.7), we choose a reference radius R = 9 kpc which is between the CR and
OLR at all snapshots. Six consecutive local maxima and six minima of C3[9kpc] occur
at the sequence of times

¢(maz.9KPA) [Gyy] = 1.8,1.95, 2.2, 2.375, 2.525, 2.725
and minima at the sequence of times
#(min9KPC) [Gyy] = 1.875,2.05,2.275, 2.425, 2.625, 2.85

The left panels of Figure show the Sobel-Feldman images of the disc in the
above times, alternating between a maximum and a minimum of C3[9kpc]. Within
a timescale as short as one bar’s period one finds vivid variations of the patterns
identified in the disc beyond the bar. The Sobel-Feldman algorithm enables us to
identify better the maxima and minima of the spiral activity. In particular, some
form of spiral activity is identifiable in all snapshots, although the morphology of
these spirals (number of arms, pitch angle, radial extent, luminosity etc) seem to
rapidly change. This fact alone indicates that these spirals cannot be considered as
one rigid pattern evolving with nearly fixed pattern speed. We note also that, besides
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shape-evolving spiral patterns, we distinguish in these plots other features commonly
observed in barred galaxies, which also appear and disappear in a recurrent form, as,
for example, inner rings (as in the panels for ¢t = 1.8 Gyr or ¢ = 2.375 Gyr) or outer

rings (e.g. at t = 2.95 Gyr in Fig. B.17).
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Figure 3.17: The Sobel-Feldman images of the disc in fourteen snapshots corresponding to the alternating local
maxima and minima of C2[9%pc| (except for the minimum at t = 1.725 Gyr, see text). Some spiral pattern is
identifiable in all these plots, except for the last one at t = 2.95, a time which coincides with the maximum of
an ‘outer incident’. Inner ring, inner spiral or outer ring structures appear in several of these snapshots.

Figure shows the comparison between the Sobel-Feldman images of the disc
in the above snapshots and the corresponding apocentric manifolds, computed in all
cases as described in section [l.11.9. In particular the right panels of Figure
are obtained by a superposition of the apocentric manifolds calculated at the cor-
responding time of the simulation on top of the same Sobel- Feldman images as
in the left panels of Fig. 3.1§. The manifolds show an agreement with the Sobel-
Feldman images in shape and orientation of the non-axisymmetric structures. The
level of coincidence of the manifolds with the non-axisymmetric patterns detected
by the Sobel-Feldman algorithm varies between snapshots. By (rather subjective)
visual comparison, one distinguishes snapshots of generally good agreement (e.g.
t =1.95,2.275 or 2.725 Gyr, and other ones of worse agreement (e.g. ¢ = 2.425,2.625
Gyr). The following are some basic remarks regarding this comparison:

- The manifolds and the Sobel-Feldman detected patterns exhibit similar degrees
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Figure 3.18: Left: Sobel-Feldman images of the disc in twelve snapshotstext). Right: the apocentric manifolds
for the same snapshots (colours as in Fig. ), compared to the Sobel-Feldman detected patterns in the disc
plane for the times of the sequence of successive maxima and minima of C2[9%pc].

of complexity. In the case of the invariant manifolds, as explained in section this
complexity is associated with the chaotic structure of the phase space, which leads to
the effect of homoclinic manifold dynamics. In the disc plane, the homoclinic lobes
appear as oscillations of the patterns formed by the manifolds. Also, they result in
the systematic appearance of the features called gaps, bridges and bifurcations, which
are commonly recognized in nearly all panels of Fig. 3.18. Such features are also
present in the Sobel-Feldman detected patterns in the disc. We note that gaps and
bridges can be recognized also in plots of ‘flux-tube’ manifods (see
(2012)), but they are better visualized using the apocentric manifolds.

- In nearly all patterns, here are small phase differences (< 5% between some
manifold lobes and the corresponding (e.g. ¢t = 2.375 Gyr), the patterns formed by the
invariant manifolds agree in shape, but are in phase difference with the Sobel-Feldman
detected patterns. This might be a dynamical phenomenon (disc response has delay
with respect to the manifolds), but it may also be an artefact of the visualization by
the apocentric manifolds, since the disc’s local density maxima do not necessarily
coincide with the individual orbits’ apocenters (Tsoutsis et al, (2008)).

- In all these panels, for computational convenience we just choose one value of
the Jacobi constant for computing the invariant manifolds, selected near the median
of the distribution of particle Jacobi energies in the corotation region. Despite the fact
that the invariant manifolds retain a rather robust pattern against small changes of
the Jacobi energy (Tsoutsis et al, (2008)), small variations in shape, not captured
in Fig. .18, are expected at energies different from the chosen ones. Superposed
one on top of the other, these manifolds form a more robust spiral pattern called
‘manifold coalescence’ (Tsoutsis et al! (2008)). The manifold coallesence is a better
representation of chaotic dynamics in the co-rotation zone than the manifolds of any
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single family. Nevertheless, its computation for many snapshots is a voluminous work
extending outside the scope of a manifold survey as in Fig. [3.18.

- Finally, although Fig. shows a clear correlation bewteen manifolds and
Sobel-Feldman detected non-axisymmetric patterns, not all patterns in the disc need
necessarily be linked to the manifolds. In fact, structures such as outer rings or slowly
rotating outer spirals may not be connected with chaotic lows at all, and be, instead,
manifestations of a form of density wave theory using regular orbits (see, for example,
Boonyasait et al| (2005), Struck (2015)).

3.3.4 Consistency with multiple pattern speeds

It is well known that most observations and N-body simulations of barred spiral
galaxies give evidence for multiple pattern speeds in the galactic disc, as it is analysed
in the subsection [.12.1. In particular, the spiral arms rotate at a different pattern
speed than the one of the bar. This is also an argument against manifold-supported
spirals (see, for example, Speights & Rooke (2016)). In the paper of Efthymiopoulos
et al| (2019), which we particularly analyse, however, the manifolds are computed
with the assumption that the whole galactic structure corotates with a single pattern
speed, the pattern speed of the bar and as it is shown in Fig. they are in good
agreement with the N-body morphological features. Note also that measured pattern
speeds can be affected both by the change in morphology and by the transport of
material along invariant manifolds (Athanassould (2012).

In order to quantify the time evolution of the located pattern speeds in our N-body
experiment, we produce radial profiles of the angular velocity of the m = 2 mode, as
in Fig. B.8, for different times of the simulation. Figure shows these profiles for
the same snapshots as in Fig. [.18, corresponding to the consecutive maxima and
minima of the C3[9kpc| amplitude. In all these snapshots, the inner plateau that is
observed corresponds to a nearly constant value of Q2(R) ans it marks the pattern
speed of the bar. This plateau extends up to a distance equal to ~ 0.6 — 0.8 the
bar’s co-rotation radius. However, important fluctuations of the pattern speed (2,
beyond the corotation radius are observed at all time snapshots after ¢ = 1.8 Gyr. In
particular, these fluctuations correspond to the alterations from maxima to minima of
the m = 2 spiral activity. Examining more carefully the fluctuating part of the Q(R)
profile between CR and the OLR, the following evolution pattern is identified: at the
snapshots identified by the maxima of C[9kpc] (denoted by ‘max’ in Fig. ),
the profile of (2, after a possible hump near corotation, starts decaying, but tends to
stabilize again to a value Q2 < ), forming a nearly outer plateau as it approaches
the OLR . This outer plateau may reveal the coexistence of a second pattern speed in
the galactic disc. The values of this second ‘plateau’ are estimated at ~ 20 km/sec/kpc,
which are a factor 1.5—2 smaller than the (time decaying) value of Q,,. However, the
second plateau disappears at the minima of Cy[9kpc] (denoted by ‘min’ in Fig. B.19).
In these minima, the 2 profile beyond corotation becomes constantly decaying. Most
notably, the decay leads to {29 ~ 0 at a radius R found always to be very close to
the OLR radius. Note that decaying profiles of the pattern speeds are reported in
observations (e.g Speights & Westpfahl (2012), Speights & Rooke (2016)). It is of
interest to check whether the criterion of where the decaying curve 23(R) terminates
can be exploited in real observations for the location of resonances. A systematic
study of this topic is proposed.
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Figure 3.19: The pattern speed of the m = 2 mode (Eq. (B.3) as function of the distance R from the disc
center at the same snapshots as in Fig. [3.18. The inner plateau at distances between 2 kpc and 4 kpe determines
the bar pattern speed. The two vertical lines in each panel mark the position of corotation and the OLR. The
value Q2 (R) undergoes fluctuations in the interval of distances between CR and OLR, which are co-related with
whether we are close to a minimum or maximum of the m = 2 mode in this interval (see text).

In the previous subsection we observed in Fig. no appreciable difference in
the levels of agreement between manifolds and the disc morphologies depending on
whether we are at a maximum or min- imum of C5[9kpc]. As a result, the level of
coincidence of the manifolds to the observed N- body morphologies isindependent of
the variability of the pattern speeds beyond the bar. One may remark, in this respect,
that multiple patterns enhance chaos (Quillen (2003), Minchev & Quillen (2006))
and thus render more particles’ orbits ruled by manifold dynamics. On the other
hand, whether or not the manifolds are populated by sufficiently many particles to

95



dominate the global patterns in the disc depends on mechanisms able to inject new
particles in chaotic orbits. Such mechanisms are distinct from the manifolds.

3.3.5 Disc thermalization

Disc thermalisation phenomena play an important role in the evolution of the disc
morphologies and in the coherence of the structures. In this subsection we examine
the time evolution of the disc’s ‘temperature’, i.e., velocity dispersion profile, which
is a crucial factor affecting the disc’s responsiveness to all internal or external per-
turbations as those described in previous subsections. Regarding, in particular, the
manifolds, the region of interest is the disc domain between C'R and the OLR. We
quantify disc temperature in an annulus of width AR around the radius R by the
radial velocity dispersion op = > (Vg — uR)z, where Vg ; is the radial velocity of
the i-th particle in the annulus and pr = ), Vr;. Similar formulas hold for the
dispersion in the transverse and vertical velocity components, but they are connected
to the radial one via the epicyclic approximation (Binney & Tremaine (2008)).

Figure shows the profile or(R) at four different times, namely ¢t = 1.625,
t=2,t=25and t =3 Gyr. The ordinate is in logarithmic scale, thus straight lines
indicate exponential scalings with R. At ¢ = 1.625 Gyr, the dependence of the radial
velocity dispersion on R can be approximated by the union of two exponential profiles,
one for the inner part of the disc (in the interval R;, < R < Rcp), with law op ~
o1exp(—(R — Rin)/R1), with 01 = 150 Km/sec, R; =~ 6 kpc, R;, ~ 2 kpc, and another
for the outer part of the disc (R > Rcpr), with law o ~ o9 exp(—(R — Rcr)/R2), with
o9 ~ 70 Km/sec, Ry ~ 15 kpc.

Lnfo_R/{ Km/s)]

Figure 3.20: Profile of the radial velocity dispersion or(R) at four different times, namely t = 1.625 Gyr
(thick blue with points), t = 2 Gyr (thick green solid), t = 2.5 Gyr (dotted red) and t = 3 Gyr (solid red).
The dashed vertical lines mark the position of CR, and the solid vertical lines mark the position of the OLR at
t = 1.625Gyr (blue) and t = 3 Gyr (red) respectively.

Three more curves in Fig. .20, corresponding to ¢ = 2,2.5 and 3 Gyr, show how
the profile or vs. R evolves in time. At radii beyond the last position of the OLR
(R > 11 kpe), the velocity dispersion increases in time by a factor between 1.1 and
1.2 in a time interval ~ 1.5 Gyr, and the corresponding exponential profile becomes
less steep. We notice, however, that the profile becomes nearly horizontal, leading
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to an ‘isothermalization’ (i.e. constant velocity dispersion) in a domain of the disc
roughly between R = 6 kpc and R = 11 kpc. As seen in Fig. .20, the inner limit
of this domain nearly coincides with the innermost position of CR (at ¢ = 1.625 Gyr),
while the outer limit nearly coincides with the outermost position of the OLR (at
t = 3 Gyr) in the considered time interval. One remarks that, as they move outward,
these resonances scan nearly completely the domain where the isothermalization takes
place. Physically, the domain Rcr < R < Rorr is where chaotic motions completely
dominate the dynamics. The corresponding particles belong to the well known ‘hot
population’ (Sparke & Sellwood (1987)), whose orbits span the whole domain while
recurrently entering also inside corotation. As a result, the strongly chaotic dynamics
brinks about an equalization of the velocity dispersion in the whole domain. On
the other hand, we observe that the velocity dispersion profile remains practically
invariant at distances smaller than the initial position of the ILR (at ~ 3 kpc). In fact,
this resonance appears to act as a barrier for ‘heat’ (random kinetic energy) transfer
across the disc.

The key remark, regarding the above time evolution, is that although the incidents
and time evolution of non-axisymmetric activity appear to heat the outer parts of the
disc, isothermalization in the domain scanned by the CR and OLR resonances implies
that a part of the disc between the CR and OLR becomes cooler at later simulation
times. Physically, particles in the outer parts of the bar migrate outwards, carrying
with them kinetic energy in the form of random motions. In Fig. B.20, the initial and
final profiles or(R) intersect at a radius R. ~ 8.5 kpc. The bar’s co-rotation at the
time of the initial profile is at Rcr ~ 6.4 kpc, while it shifts to R ~ 7.5 kpc at the
final time. Estimating by Rcr < R < R, the disc domain where manifolds rule the
response of particles’ orbits to external perturbations, this domain has a width ~ 2.1
kpc at the initial time ¢ = 1.6 Gyr, which is limited to ~ 1 kpc at ¢ = 3 Gyr, while
this domain is expected to shrink further to negligible widths as the bar’s co-rotation
keeps moving outwards.
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Chapter 4

Multiple pattern speeds and the
manifold spirals in a simulation of
a barred spiral galaxy

Parts of the results of the present chapter were published as:
Zouloumi K., Harsoula M. and Efthymiopoulos C., 2024, MNRAS,529(3), 1941-1957

In sequence of the paper of Efthymiopoulos et al. (2019) described in Chapter
E. We revisit the same simulation of Kyziropoulos et al| (2016), where we estimated
that the spiral arms rotate at a different pattern speed than the bar in Chapter J
(see subsection B.3.4). Although this work pointed out the existence of a second
pattern speed in the N-body the manifold spirals were produced with the assumption
of unique pattern speed. In this Chapter we introduce the application of NAFF
(Numerical Analysis of the Fundamental Frequencies, Laskar (1990), Laskar et al.
(1992), Laskar (1993)) for the determination of the pattern speeds in a N-body model
simulation of a barred spiral galaxy (Efthymiopoulos et al| (2019)). Our main new
results are: i) We demonstrate that the NAFF algorithm allows for a determination
of pattern speeds far more precise than with traditional methods based on the time-
Fourier spectrum of the m=2 mode. ii) We apply the theory of Efthymiopoulos et al.
(2020), showing how the spiral arms in the simulation can be modelled by manifolds,
despite the fact that, as NAFF clearly shows, the spiral arms have a pattern speed
different than the one of the bar in the same simulation.

The structure of the paper is as follows: Section .1 summarises the fundamentals
of the theory behind the NAFF algorithm as well as some general estimates on the
method’s precision. The presentation is made in a form adopted to the use of the
method in the particular problem considered, namely the detection of the various
pattern speeds in a galactic disc. Section gives the results from the application
of the method to the determination of the pattern speeds and the resulting semi-
analytical modelling of the potential using the simulation’s data. Section [t.3 gives
the reconstruction of the manifolds in the two-pattern speed model as well as their
comparison with the structures seen in the simulation.
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4.1 The method of Numerical Analysis of the Fundamental
Frequencies (NAFF)

In this section, we briefly summarise the method of Numerical Analysis of the Fun-
damental Frequencies (NAFF) for the determination of the fundamental frequencies
via a time series extracted from a multiply periodic system. Our presentation be-
low uses some formulas adapted to, and emphasizing, those points necessary for the
implementation of the method to the data of our N-body simulation.

Besides the issue of accuracy, we point out already at this point, a main difference
between the NAFF algorithm and the usual Discrete Fourier Transform, often applied
for obtaining the pattern speeds in N-body experiments (Sellwood & Sparke (1988)),
concerning the nature of the system to which each method is applied. The Discrete
Fourier Transform can determine the fundamental frequencies of a periodic system
which is represented by a sum of sine and cosine waves, whose frequencies are
integer multiples of the same, unique fundamental frequency of the system. Instead,
NAFF can locate the constituent frequencies of a multiply periodic system, represented
by quasi-periodic time series. Such series are sums of sines and cosines of these
constituent frequencies.

Consider a continuous in time series of the form:

N
H(t) = Cycos(wyt) + Dy sin(wyt) (4.1)

k=1
where the Nj frequencies wy, with k = 1,..., Nj, are not necessarily commensurate.
The real quantities Cj, and Dy, are called the ‘amplitudes’. Assume we possess a dis-
cretely sampled information on the time series through the values H(¢;),¢ =0,1,,...,N

in the time interval ¢y < t; < ty. The quantity 7' =ty — {¢ is called the time length of
the series.

Based on this discrete time series data, the NAFF algorithm allows to recover the
frequencies wy, with a precision O(1 /T?) (or better, using a Hanning filter, see below),
and the amplitudes Cy, Dy, with a O(1/T') precision. To demonstrate this fact consider
the integrals:

2 (T ]

F.(o) = T / lcos(at) Z (Ck cos(wit) + Dy sin(wgt)) | dt (4.2)
0 k |

Fy(o) = 2 /T sin(ot) Z (C cos(wit) + Dy, sin(wkt))_ dt (4.3)
T 1Jo k |

o € R, as well as the corresponding Power Spectrum function P(c) defined by:
P(0) = F.(0)* + Fy(0)>. (4.4)

For a fixed set (Cy, Dy, wy), the integrals (¢.2) and (.3), as well as the power spectrum
(6.4, are explicit functions only of ¢. Pick now, one of the frequencies wj, and define
the variable 00 = 0 — wy. Let

dP(wy + 60)
=—— 4.
G(d0) a(60) (4.5)
Then, the power spectrum P(c) has a local maximum at a value o = doy, satisfying:
dP(wk + 50’))
G(dor) = ( =0 . (4.6)
( ) d(50') do=b0
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The following bound is found below as regards the exact solution of Eq. (&.6):

6(Cy? + Cx Dy, + Di?)
(Ck? + Di?)wi T2

6ok < (4.7)

This implies that the function P(c) has a local maximum at a distance which is
O(1/wiT?) close to the frequency wy,.

Figure [i.1 shows a toy example of the behavior of the integrals F.(c), Fs(o) as
a function of ¢ and of the corresponding power spectrum P(c¢), choosing a simple
quasi-periodic function:

H(t) = 0.5cos(t + m/6) + 0.8 cos(t + 7/4) (4.8)

corresponding to N = 2, w1 = 1, wy = V2, C1 = 0.433, Cy = —0.566, D; = —0.25,
Dy = —0.566. The integrals F.(c), Fy(c) of Egs. (4.2) and (4.3) and the power
spectrum P(c) of Eq. (k.4) are computed as a function of o with ¢ in the range
0 <o < 2.5. We produce a discretely sampled time series with N = 1000 points
equispaced in the interval 0 < ¢ < T = 100, and use the trapezoidal rule to compute
the integrals F.(o) and Fs(o).

As shown in Fig. @ the power function P (o) takes locally the well known form
of a sinc function sinc(z) = sin(z)/x (see derivation below, or Binney & Spergel
(1982)) around two distinct local maxima which nearly correspond (with the error
do) to the frequencies w; = 1, wy = 1.414. Also, the quantity y/P(c) near each local
maximum is nearly equal to the amplitudes 0.5 and 0.8 respectively. Errors in these
numbers are due to the sidelobes of the sinc function around each principal lobe.
These can be reduced using a Hanning filter han = 1+ cos (%+)., i.e., computing

9 [T
F.,(0) = T/o cos(at)[Cy cos(wit) + Dy sin(wgt)] X

[1 + cos <7;>] dt (4.9)
2 T

Fop(o) = / sin(ot)[Cy, cos(wit) + Dy sin(wgt)]  x
T Jo

[1 + cos <7;>] dt . (4.10)

The respective power spectrum is:

Py(0) = Fop(0)” + Fap(o)® . (4.11)
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Figure 4.1: (a) The NAFF power function P(c) in the case of the toy function H(t) of Eq. (.8) discretely
sampled with N = 1000 points equispaced in the interval 0 <t < T = 100. (b) The power function computed
with a Hanning filter.

Having obtained a numerical approximation for the power function P(o) we then
select that value o0 = 0,4, for which P(0y,4,) is maximum. The fundamental fre-
quency is then identified as: w; = Gaz, with an error O(1/T?) (see the Appendix [B),
while the amplitudes C, D; are identified as Ci = Fc(0},,,.). D1 = Fs(0j,...). with
an error O(1/7).

Subtracting, now, the corresponding sine and cosine terms from the time series
leads to a new time series HM (t;) = HO)(t;) — C} cos(wi (t; — to)) — Dy sin(wi (t; — to)),
in which the procedure can be repeated. In general, working iteratively with the
series

HO(t;) = HY (8) — Cpeos(wi(t; — to)) — Dy sin(wi(t; — to)),
I=1,...,N (4.12)

and recomputing the integrals (6.9) and (%.10) for the time series H(®)(t) allows to
specify, one by one and by order of importance, the /N; more important frequencies
and corresponding amplitudes of the sine and cosine terms in the time series.

4.2 Mode (m=2) analysis in the N- body galatic model

4.21 NAFF determination of the pattern speeds

Section .1 provides a short description of the generic NAFF algorithm. In the present
section we discuss how to apply NAFF to the determination of the two most important
pattern speeds and amplitudes of the corresponding density/potential modes in the
N-body simulation under study.

In the N-body simulation we quantify the non-axisymmetric structures in the disc
by Fourier-analysing the disc’s surface density/potential. We separate the space in a
polar grid of 50 logarithmically equi-spaced radial bins from 7o = 0.1 kpc to r = 15
kpe, and 180 azimuthal bins from ¢ = 0 to ¢ = 27. The surface density (number
of disc particles per bin area) at time ¢ X(r, o, ) is Fourier-analysed into 10 angular
modes:

10 10
S(r,p,t) = Ao(r,t) + Y Ap(r,t) cos(mg) + > Bp(r,t)sin(mep) . (4.13)

m=1 m=1
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In the present study we are interested mostly in the m=0,2 modes. From the N-
body data we compute numerical time series As(r,t;), Ba(r,t;), t; = i x 0.025 Gyr,
t=0,...,160, covering the entire interval of 4 Gyrs and computed for all radii r in the
above logarithmic grid. In the sequel we focus on the m=2 modes coexisting in the
disc at one epoch. Analysis of higher harmonics (m>2) does not alter significantly
the picture.

In our simulation, we have in total i = 1, ..., 160 snapshots corresponding to the
times ¢; = 7 x0.025 Gyr. We divide the plane of the galactic disc intog =1..., 50 rings
of radius r, defined by a logarithmic grid in the interval 0.1 kpc < r < 15 kpc, and
180 angular bins around the angles ¢, = p7/180, p = 1,...,180. Fixing a time ¢; and
radius 74, the angular dependence of (ry, ¢,t;) is Fourier-analysed by the standard
method, yielding the Fourier amplitudes A,,(rq,t;), Bm(rq,ti), m = 0,...,10 (see
Eq. (£.13)). We then focus on the evolution of the functions Ag(ry,t), Aa(rq,t) and
By(rg, t).

Due to the fact that the disc in the simulation undergoes significant secular evolu-
tion, it makes no sense to assume a quasi-periodic character for the functions As(ry,t)
and Bg(rq,t), i.e., a constant in time spectrum of frequencies, over the whole time
span of the simulation. At most we can assume that the frequencies remain nearly
constant over time windows corresponding to few bar/spiral revolutions. Due to this,
we work with the discretely sampled time series As(ry,t), Ba(rq,t) over time windows
of limited length T' = 0.5 Gyr, with n = 21 data points A(ry,t;) and By(ry, t;) per ring,
with ¢; = ty + iAt, where tg is the initial time of each time window and A¢ = 0.025
Gyr. The sampling rate is imposed by the rate of saving of the N-body snapshots
during the simulation.

Fixing one time window, to implement NAFF, we then proceed by the following
steps:

i) Sample the frequency space by a dense grid of values o}, = kAo, with Ao much
smaller than the DFT (Discrete Fourier Transform) leakage limit Aoy, << 27/T. Here
we take Aoy = 1.256 Gyr—! = 0.27/T, but a finer frequency resolution can be chosen
at practically no computational cost.

ii) Compute the NAFF Power Function

Pi(rg,o1) = aw’(rq, fr) + ask’(rq, ok) (4.14)
+ bckQ(rm Uk) + bsk2(rqa Uk)

where the coefficients aci, ask, ber, bsi are computed by a Hanning-filter-weighted
trapezoidal rule approximation to the integrals (4.9, (6.10), given by the sums:

2At
T

ZAQ (rq, ts) cos(ok(ti — to)) {1 +cos (wﬂ >

ack(rqy Uk)

(AQ(Tq,to) + (4.15)

2At
ask(rq, o) T( (4.16)

ZAQ rg, ti) sin(ox(t; — to)) [1 +cos (W(tzT_tO))] )
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At
bek (1q, k) = - (Bz(rq,to) + (4.17)

5 it et~ ) [+ con (2012 )]

2At
bsk(1q, 0%) T( (4.18)

ng(rq,ti) cos(oy(t; — to)) {1 + cos (”“T_to))] )

iii) Use a frequency extraction method (‘subtract and repeat’) to extract the main
modes and corresponding pattern speeds. This last step is presented in more details
in the next subsection.
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Figure 4.2: The contours of the NAFF power function Py of Eq. (6.14) as functions of frequency o /2 and
radius v, derived from the application of NAFF in several consecutive time windows of the N-body simulation.

Figure 3 shows the contours of the NAFF Power Function Pj(ry,01) given by
Eq. () as a function of the frequency o, and the radius r, from the centre of
the galactic disc for different time windows of length 7' = 0.5 Gyr, namely ¢ € [1,1.5]
Gyr, t € [1.375,1.875] Gyr, t € [1.75,2.25] Gyr, t € [2.125,2.625] Gyr, t € [2.5,3.0] Gyr,
t € [2.875,3.375] Gyr. As observed in Fig. , the contours of the power spectrum
Py(rq,01) give several local maxima in each time window of the simulation. As
described in Efthymiopoulos et al. (2019), the time interval ¢ € [1,1.5] Gyr (top
left panel in Fig. ) corresponds to the phase of growth of the bar instability, thus
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no quasi-steady structures can be found in this interval. On the other hand, all the
remaining panels in Fig. were chosen so that the center of each time interval
corresponds to a maximum, or ’episode’, of spiral activity (see Efthymiopoulos et
all (2019)). As shown in Fig. [.2, in all these cases there is a well formed global
maximum of the spectrum Py(r, 01) with the contours centered around the frequency
Ok.maz = 2Jk,maz With fi 4, decaying slowly from a value fj, ;uq, ~ 40 km/s/kpc at the
second time window to fi maz =~ 30 km/s/kpc at the final time window considered. As
regards the radial extent of the closed isocontours around this dominating maximum,
we have 2 kpc < r < 700, Where 7,4, undergoes a sharp transition from a value
Tmaz =~ 10 kpe, from the second to the fourth time window, to 7,4, >~ 6 kpc in the
last two time windows of Fig. [t.2.

The bar corresponds to the dominating m=2 maxima up to r ~ 6 kpc, and with
spiral extensions and/or distinct spiral modes to the local maxima in the spectrum
formed at radii » > 6 kpc. The gradually decrease with time of the bar and spiral
pattern speeds is associated with the secular evolution of the galaxy. The bar gradually
spins down as angular momentum gets transfered to the outer structures of the galaxy
(Debattista & Sellwood (1988), Debattista & Sellwood (2000), |Athanassoula (2002),
Athanassoula (2003), Efthymiopoulos et al| (2019)). A similar process affects the
pattern speed of the spiral arms (Lynden-Bell & Kalnajs (1972)). Note, finally, that
the overdensities observed in panels 4, 5 of Fig. beyond r = 10 kpc correspond
to additional pattern speeds, while, as the time goes on, the second most important
pattern altogether shifts towards larger radii, exceeding r = 10 kpc in the last panel
of the same figure.

4.2.2 Determination of the bar and spiral pattern speeds

We now refer to step (iii)) above of the frequency extraction algorithm. To implement
the manifold theory, we choose two different time windows: 77 = 2.125 — 2.625 Gyr
(Fig. [.3) and T, = 2.500 — 3.000 Gyr (Fig. [.4). These are chosen to correspond
to the two regimes discussed above, i.e., in which the closed contours of the power
spectrum Py (rq, o)) around the main (bar) maximum extend to radii overlapping, or
not, with those of the second most important maximum (fourth and fifth panel in
Fig. k.2).

To determine the bar’s pattern speed 2, we scan the contour plots of Py (74, 0%)
vertically in the region of the bar’s radii. In every annulus 7, we numerically locate
the the frequency f4z, Where Py(rq,04) has its global maximum, and specify at
which frequency the maximum occurs. The semi-analytical time series Ay, (rq,ti)s
Ba,, (rq,t;) are obtained by the formula

Achl (rm ti) = Qck1 (T(L fmaxl) Cos(fma;rl (ti - tO)) +
askl(rqa Fmaz1) SIn(frmaz, (ti — t0)) (4.19)

B2th1 (Tqa ti) = bckl(rqa fma:pl) Cos(fma:rl (ti - t(])) +
bskl(rm fmazl) Sin(fmaml (ti - tO)) . (420)

and compared to the N-Body time series of Ay or B; at the same radii. The compar-
ison (e.g. Fig. [.3 for the Ay amplitude at the time window Ty = 2.125 < t < 2.525
Gyr, Fig. k.4 at the time window T, = 2.5 < t < 3 Gyr) shows that the frequency of
the bar’s rotation is well recovered in both windows. We find €2, = 33.3 km/s/kpc for
the time window 77 and €2, = 32.04 km/s/kpc for the time window 75.
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Figure 4.3: The semi- analytical time series As,, (r,t) (red curves) of the amplitude of m=2 pertubation in
density produced by the frequency fmae,. where we locate a maximum at the power spectrum for several radii
(@) r=3.72 kpc, ) r=5.23 kpc, () r=7.35 kpc, (d) r=10.32 kpc), compared to the corresponding numerical
time series Aa(r,t) (black curves) in the same radii for the time window Ty = 2.125 — 2.625 Gyr of the N-body
simulation.

At larger radii (beyond r = 7 kpc) the agreement of the analytical time series with
the numerical ones (Figs. @(c), (d), a.4(c), @(d)) is not so good. However, the
power function Py(r,, fi) exhibits a second local maximum at radii » > 7 kpc (see
Fig. ). To exctract the second pattern speed, we compute the new time series

AQI(T'q,tZ‘) = AQ(T’q,ti) — A2th1 (Tq,ti) (421)

Bgl('f‘q, ti) = Bg (7",1, tz‘) — Bthl (T'q, ti) (422)

where Ay, (rg,t;) and By, (rg,t;) are given by Egs (61D and (20D, with fra,
in all radii substituted with a unique constant value fy,..; = 2. We then repeat
the process, computing the first iterated amplitudes a’,, a,. V., V., (formulas (4.15),
(.16), (617, (4.18) with Al, BS in the place of Ay, Bs), and the first-iterated Power
Function P/(rq,0). For every fixed radius r, we now plot P;/(rq,0%) as a function
of f = o/2 (Figs. [b.5, .6). Our criterion for choosing a second fundamental
frequency fiaz, stems from comparing the values of f, where Py/'(ry, fi) exhibits a
local maximum for all the different radii r,.

As shown in Fig. [6.5, at all radii beyond r = 7 kpc we detect a local maximum
at fr ~ 15 km/s/kpc, which stabilises to the value Qs = fy,42, = 14.45 km/s/kpc in
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the range of 8 kpc < ry < 11 kpc while it tends to fall with r, for r, > 11 kpc. This
information for all radii r, is summarised in Fig. .7, which shows the computed
values of the frequencies Q1(ry) = 01,maz(rq)/2, and Qa(74) = 02 max(rq)/2, Where the
power function was found to exhibit its first and second local maximum, along with the
corresponding values Py, ... = Pk, ("¢, 01,maz)> Prsmas = Fha(Tq> 02,maz). as a function
of radius r = 74, in both time windows 7} and 7. From the bottom left panel of Fig.
.7 we note that, despite the overall variation with r, we can define an approximately
constant value in the range 8 kpc < ry < 11 kpc. Thus, we adopt a second (spiral)
pattern speed (), = 14.45 km/s/kpc in the first time window 77 = 2.125 — 2.625 Gyr.
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Figure 4.4: The semi-analytical time series As,, (r,t) (red curves) of the amplitude of m=2 pertubation in
density produced by the frequency fmae,. where we locate a maximum at the power spectrum for several radii
(@) r=3.72 kpc, (b) r=5.23 kpc, (c) r=7.35 kpc, @) r=10.32 kpc), compared to the corresponding numerical
time series Az (r,t) (black curves) in the same radii for the time window T> = 2.5 — 3.0 Gyr of the N-body
simulation.

In the second time window (T, = 2.5 — 3 Gyr), a plot of P/(ry,03) (Fig. [5.6)
reveals, instead, the existence of at least two important local maxima, whose presence
is detected at practically all radii beyond r, = 7 kpc. The first local maximum is
dominant in the domain 7 kpc < ry < 10.5 kpc, and its value stabilises to fy,4,, = 17.6
km/s/kpc, while the second local maximum becomes dominant for r, > 11 kpe, with
a value slightly decreasing with r, around f,4z; = 7.5 km/s/kpc. In the sequel, we
ignore the effects of this third pattern and focus only on the pattern which is dominant
in the radii 7 kpc < ry < 10.5 kpc, thus identifying a spiral pattern speed €2, = 17.6
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km/s/kpc in the time window T3 = 2.5 — 3 Gyr.

We note that the above specified values of the pattern speeds are in good agreement
with those found with a crude method in Efthymiopoulos et al. (2019) (see, for
example, panel ¢t = 2.375 in figure 20 of Efthymiopoulos et al| (2019)).

So far, the simplification was made that we adopted constant values for the two
pattern speeds throughout the whole disc, i.e., ignored the small variations in the
values of fiaz, and fpuz, with radius yielded by the NAFF algorithm, and adopted
the mean value of fy,4,, and fy.., in the corresponding range of radii as 2 = 2,
Qo = Q. Figure @, bottom, shows that this is essentially correct. The same figure
(top) yields the relative amplitudes bar/spiral throughout the disc. As a further test
of how accurately the surface density of the disc in the simulation is reproduced, we
obtain a semi-analytical formula for the surface density ¥, (r, ¢,t) given by:

2th(rm “p> ti) = AO(Tqv ti) + Ay, (Tqv t:) COS@S%)
+ By, (g, ti) sin(2¢p) (4.23)

where

Az (rg,ti) = ) (e, (74, ) cos(Qn(ti —10))) +

M)

3
Il
—

(as, (1, ) SIN(Qn(t; — t0))) (4.24)

M)

3
Il
—

2
By, (Tq’ ti) = Z (be, (Tq’ Q) cos( (L — t0))) +

n=1
2

Z (bs,, (Tqa Q) sin(,(t; — to))) (4.25)

n=1

and the index n = 1,2 refers to the frequencies and amplitudes determined in the
two iterations of the NAFF algorithm. Note that the above formula gives rise both
to 2)2[2(@;) — Q(t; — tp))] and zg;[Q(gop + Qp(t; — to))] terms. However, the terms of
cos[2(pp + D (t; — to))] and sin[2(p, + Qp(t; — to))] can be neglected as one can check
that their coefficients are small (no more than 10%) with respect to the coefficients of
the cos[2(p, — Q(t —to))] and sin[2(p, — Qy(t; —to))] terms throughout the disc. Thus

we finally adopt the approximate formula:

Eth(rtp Pps ti) = AO(Tqa ti)+
2

5O (e, (rgr ) + by (1 ) cos[2(i — 0yt — t0)) ]+
=1
(be; (rg, Yy) — as; (r¢,;)) sin[2(0p — Q;(t; — to))] (4.26)

where Q1 = O, y = ().
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Figure 4.5: The power function Py, of the time series Az'(r,t) given by Eq. ®.24) as a function of the
frequencies f, for the time window of T1 of the N-body simulation. In every plot the frequency fmaz,. which
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Figure 4.6: The power function Py of the time series Ap'(r,t) given by Eq. &.24) as a function of the
frequencies f, for the time window of Tz of the N-body simulation. In every plot the frequency fmaz,. which
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Figure 4.7: Top: the maximum values Py, ... = Pi(r,0r = 2fmaz,) (lack) or Py, ..., = Pe(r,on =
2 fmawy) (red) as a function of radius r, in the time window Ty (left) and To (right). Bottom: the values of
Q1(r) = 01,maz(1)/2, Q2(1) = 02,max(T)/2 where o1, maz (), 02,max(r), at the same time windows.

Figures and [.9 show the comparison between the semi-analytical time series
As,, (74,t;) from Eq. (k.24) and the numerical time series As(ry,t;) of the m = 2
in Eq. (4.13) for the time windows T; and T, respectively. The superposition of
the semi-analytical time series Ay,, (r4,t;) and the numerical ones A(rq,t;) at various
radii shows an overall agreement up to r=14 kpc. Beyond that radius, the numerical
time series exhibits patterns that cannot be recovered with the simple model of Egs.

(29 and (5.25).
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Figures [5.10, show that the semi-analytical formulas (%.23)-(.25) reproduce
with a good accuracy the numerical sums of the m = 0,2 modes of the surface density
of the galaxy. It is also remarkable that, notwithstanding the differences, with only the
m=0,2 terms of the galaxy we can have a representative image of the galaxy in every
snapshot, even when compared to the complete image of the surface density. Note, in

113



particular, that the NAFF model catches correctly the appearance of a leading spiral
component extending beyond the bar in the snapshot ¢t = 2.625 Gyr of Fig. [.11.
In Efthymiopoulos et al; (2019) the appearance of such leading components on
the galactic disc was attributed to the flow of material approaching the bar from the
leading direction by moving along outer families of periodic orbits.
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Eq. (6.39) for the surface density of m=0,2 modes of the galaxy (b) by the numerical form of m=0,2 modes of
Eq. (6.13) of the surface density of the N-body model (c) by the complete numerical form with all the modes
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4.2.3 Application of the NAFF algorithm to the gravitational potential

We now repeat the NAFF analysis as in subsection for the gravitational potential
of the N-body simulation in the same time windows 77 = 2.125 — 2.625 Gyr and
T5 = 2.5 — 3 Gyr. In every snapshot the data for the gravitational potential are given
in the form of a grid N, x N, in cartesian space, where N, = 511. We thus obtain the
values V, (zn,,yn,) of the potential at the grid points (2, yn,), ng = 0,...N,. We
finally apply bilinear interpolation method in order to have the values of the potential
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V(z,y) in every point of the disc plane (z,y). We finally follow the same procedure
as in subsection to Fourier analyse the potential V' (ry, p, t;) of the i-th snapshot
with respect to its periodical dependence on ¢ in all the annuli defined by the radii
rq of the logarithmic grid. This allows to compute the coefficients of the m-th mode
of the Fourier decomposition:

V(rq, p,ti) =Vo(rg, ti) +Z@ (rq,t;) cos(mep)+

Z\IJ (rq,t;) sin(my) . (4.27)

As in the previous subsections the integrals:

1 2

V()(T’q,ti) = % V(Tq7 Sopvti)d‘:o (4.28)
1 27

Py (rq, ti) = 7r/0 V(rq, ¢p, ti) cos(mep)dep (4.29)
1 27

U (rg, ti) = - ; V(rq, pp, ti) sin(mep)de (4.30)

are calculated through the trapezoidal rule on the discrete set of values V (ry, ¢p, t;),
p=0,...,180. We apply the NAFF method in order to determine the fundamental
frequencies of m=2 mode of the potential. We apply the same methods as in subsec-
tion to compute the fundamental frequencies and amplitudes associated to the
time series ®o(rq,t;) and Wa(rq,t;). As a control of the accuracy of the method, we
checked that we obtain the same fundamental frequencies by the NAFF analysis of
the potential as the ones by the NAFF analysis of the surface density.
The semi-analytical formula for the potential then is:

V;gh(Tq, Pp, ti) = V()(’l“q, tl') + (I>2th (Tq, ti) COS(2g0p) + \IJch (Tq, tl') Sil’l(2g0p) (4.31)
where
2
Oy, (rgrti) = Y (v, (rg, D) cos(Qnts) + ay,, (rg, L) sin(Qnt;)) (4.32)
n=1
2
Wy, (rg, ti Z by, (rg, ) cos(Qnti) + by, (rq, Un) sin(Qnt;)) (4.33)

where ay, , ay, . by, ., by, are the respective coefficients of the NAFF analysis and
O =, Qo =Qy,
4.2.4 Modelling the gravitational potential

The semi-analytical formula for the bar potential given by (4.31)-(%.33) can be written
as follows:

%(TQ’ ©p, Li ) = % (aVc (Tanb) + szl (Tqub))
cos[2(p — Q(t; — t0))] +
5 (av,, (rg; ) — by, (rq, W) cos[2(p + U (ti — t0))] +
3 (bv,, (rg, ) — av,, (rq, Q) sin[2(pp — Yy (t; — to))] + (4.34)
3 (av,, (rq: Q) + b, (rg, %)) sin[2(pp + Uy (ti — to))]
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We notice that the NAFF formula gives rise both to (S:g;[Q(gop — Q(t; — to))] and
:2[2(%0 + Q(t; — to))] terms. However, the terms of cos[2(¢, + Q(t; — to))] and
sin[2(pp + Q(ti — to))] can be neglected as their coefficients are small with respect to

the coefficients of the cos[2(¢, — Q(t —to))] and sin[2(¢, — Q4 (t; — to))] terms. Figure
shows the quantity:

Pcoef =

2 2
(av,, (rg, Q) — by, (rg, X))~ + (av,, (¢, Q) + by, (14, D)) (4.35)
2 2 :
(av,, (g, ) + by, (rg; ))~ + (bve, (g, W) — av,, (rg, )

as a function of the radius r. From Fig. we conclude that P,.; remains smaller
than 10% across the whole galactic disc, which is consistent with the O(1/T) error in

the specification of the NAFF amplitudes. In the sequel, for simplicity we adopt for
the bar potential the approximate formula:

‘/b(rqa 90[)7 tl) ==
1

9 (aVcl (rg, W) + b, (1, Qb)) cos[2(¢p — Qy(t; — to))]

+ % (bv,,, (rq, Q) — av,, (rq, ) sin[2(pp — U (t; — to))] (4.36)

0.30 ‘
0.25

0.20 ‘
Pcoef

0.15¢} |

0.10 "'.\ /\\-
%

——. "W,

Figure 4.12: The power spectrum P.ocy of Eq. #.35) is plotted as a function of r.

By a similar analysis we adopt for the potential of the spiral arms the approximate

formula:

‘/sp(rqa Pps ti) =
1

5 (CLVC2 (rg: sp) + bv,, (rg; Qsp)) cos[2(pp — Qep(ti — to))]

+ % (ch2 (rg, Qsp) — avy, (rq; QSP)) sin[2(¢p — Qsp(ti — t0))] - (4.37)
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Therefore, the final semi-analytical potential model used below takes the form:
V(Tqa Pp tl) = ‘/O(Tqa tl) + V;)(Tqa Pp tl) + ‘/;p(rqv Pp tz) (438)

where Vj(ry,t;) is the axisymmetric term of the potential, V4 (74, ¢p, t;) the potential of
the galactic bar given by Eq. (¢.36) and Vip(rq, ¢p, ti) the potential of the spiral arms
given by Eq. ().

Applying the same simplifications to the semi-analytical formula for the surface
density of the galaxy we are led to the approximate formula:

Eth(rq7(ppa ) :AO(T(]’ )+

2
%Z ey (s 25) + bey (1, 23) cos[2(ipy — @yt — 1))+
j:
(bca rg; — Qs (rq, QJ)) sin[2(¢p — Qj(ti —t0))] (4.39)

where Q; = 0, s = (),

We perform now various tests of the above approximate formulas against the
real potential at each snapshot of the simulation. Tests can be made as regards
the precision of the semi-analytical formula yielding the galactic potential and the
respective forces. For any fixed radius r we calculate the potential V' as a function of
the azimuth ¢ in the disc plane in three ways:

(a) by the semi analytical formula of the potential of Eqs. (¢.36)-(%.38) for the
m=0,2 modes.

(b) by the numerical form of the potential for m=0,2 modes of the potential of
Eq. (627

(c) by the complete numerical form of the potential obtained directly from the
N-body code.

Figures [.13, show the comparison between the semi-analytical model for
the potential and the corresponding numerical models (m=0,2 modes or complete)
at some snapshots of the time windows T} (Fig. §k.13) and T (Fig. k.15). and for
two indicative radii r=3.2 kpc and r=10.3 kpc. The m=0,2 curves (semi-analytical
and numerical) are quite close to each other. The curves of the complete numerical
potential, instead, deviate from the respective curves (both the numerical and semi-
analytical) m=0,2 by about 10% at inner radii and about 2% at outer radii (observe
the vertical scale in each panel). This deviation is due to the relative importance of
the modes m>2 (but also m=1, see Efthymiopoulos et al. (2020)) which become
relevant at radii covering the whole extent of the bar.

The deviation can be better quantified by computing the azimuthal forces F, =
i g‘; with the various models, as a function of ¢ and for fixed r (Figs. .14 and for
the time windows T; and T, respectively). The calculation of the forces (derivatives of
the potential) in the semi-analytical model is realised by implementing a cubic spline
interpolation formula to smoothly connect the values of the coefficients ay, ,. av,, ,.
bv,, ,» bv.,, given at the grid points r = r,. Notwithstanding the agreement between
the m=0,2 semi-analytical and numerical force models, we observe that the errors in
the azimuthal force calculation due to the omission of the terms besides m=0,2 can be
locally enhanced up to 40%. At any rate, these errors concern only the evaluation of
the force due to the m=1, or m>2 terms, which is already a pertubation with respect
to the leading component of the force (due to the axisymmetric (m=0) term). As a
result plotting the isocontours of the effective potential

1
Veps(rypo,t) = V(r,o,t) — §Qb27’2 (4.40)
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shows an overall agreement between all these potential models (Fig. [t.17), with the
(m=0,2) model only failing to catch the asymmetry of the isocontours in the complete

model.
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Figure 4.13: The gravitational potential V as a function of the azimuthal angle ., at the radii r = 3.248 kpc
and r = 10.324 kpc for 4 different snapshots within the window T1 = 2.125 — 2.625 Gyr. The potential is
calculated in three ways: (a) by the semi-analytical formulas (.36)-%.38) (lack curves) (b) by the numerical
form of the potential for m=0.2 modes of the potential of Eq. ) (red curves) (c) by the complete numerical
form of the potential with all the modes of the galaxy (m=0-10) of the potential of Eq. (%.27) (blue curves).
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Figure 4.14: The azimuthal gravitational force F, = %g—g as a function of the azimuthal angle ¢, at the

radii v = 3.248 kpc and r = 10.324 kpc for 4 different snapshots within the window T1 = 2.125 — 2.625
Gyr, calculated in three ways: (a) by the derivatives of the semi-analytical formulas of the potential of Eqgs.

D)-(%.38) for the m=0,2 modes of the galaxy (black curves) (b) by the derivatives of the numerical form of
the potential for m=0,2 modes of the potential of Eq. (.27) (red curves) (c) by the derivatives of the complete
interpolated numerical form of the potential (blue curves).
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Figure 4.15: The gravitational potential V as a function of the azimuthal angle o, at the radii v = 3.248 kpc
and r = 10.324 kpc for 4 different snapshots within the window T> = 2.500 — 3.000 Gyr. The potential is
calculated in three ways: (a) by the semi-analytical formulas (.36)-(%.38) (black curves) (b) by the numerical
form of the potential for m=0,2 modes of the potential of Eq. ) (red curves) (c) by the complete numerical
form of the potential with all the modes of the galaxy (m=0-10) of the potential of Eq. (.27) (blue curves).
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Figure 4.16: The azimuthal gravitational force F, = %g—‘; as a function of the azimuthal angle ¢, at the

radii v = 3.248 kpc and r = 10.324 kpc for 4 different snapshots within the window T> = 2.500 — 3.000
Gyr, calculated in three ways: (a) by the derivatives of the semi-analytical formulas of the potential of Eqgs.

)-(6.39) for the m=0.2 modes of the galaxy (black curves) (b) by the derivatives of the numerical form of
the potential for m=0,2 modes of the potential of Eq. (6.27) (red curves) (c) by the derivatives of the complete
interpolated numerical form of the potential (blue curves).

As explained in Efthymiopoulos et al. (2020), a computation of manifolds in the

regime of multiple patterns (and pattern speeds) is possible by a pertubative calcu-
lation including modes of any value of m, as well as an arbitary number of pattern
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frequencies (21,9, .... Since, however, the computation becomes quite cumbersome
with the addition of many modes, in view of the above tests in the sequel we will
limit ourselves to an investigation of the manifold model by the semi-analytical rep-
resentation of the potential including only the m=2 non-axisymmetric modes (Egs.
(6.36) to (6.38)), and the pattern speeds 2, and €, as specified by just one iteration
of the NAFF algorithm. We emphasize, however, that the construction of a precise
potential model including more modes is straightforward as it only requires further
iteration of the NAFF algorithm, and it was only omitted here for reasons of keeping
low the cost of computations related to the manifolds (see section 4.3 below).
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Figure 4.17: The zero velocity curves given by Eq. (6.40) for the snapshot t=2.125 Gyr of the time window
Ty = 2.125 — 2.625 Gyr of the simulation (top row) and the snapshot t=2.500 Gyr of the time window
T, = 2.500 — 3.000 Gyr (bottom row), calculated in 3 ways: (a) by the semi-analytical formula of the potential
of Egs. (6.368)-(.39) for the m=0,2 modes of the galaxy (b) by the numerical form of the potential for m=0,2
modes of the potential of Eq. (6.27) (c) by the complete numerical form of the potential with all the modes of
the galaxy (m=0-10) of the potential of Eq. (.27). On the plots the red spots are the stable Lagrangian points
L3 4 and the black ones are the unstable Lagrangian points L1 2.

4.3 The manifolds in the NAFF model with two pattern
speeds

4.3.1 Hamiltonian model and equations of motion

Consider a frame of reference which corotates with the bar. Introduce the angular
variable:
V=, — W(ti —to) . (4.41)

The semi-analytical formula for the bar potential (Eq. (4.36)) becomes:
Wo(rq, V) = % (avc1 (rg, ) + bv,, (g, Qb)) cos(2v) +
% (ch1 (Tq, Qb) - CLVSl (T’q, Qb)) Sil’l(?l?) . (442)

Let now ¥ be the phase difference between the bar and the spiral arms due to the
different adopted values of the two pattern speeds:

Dy = (Qp — W) (i — to) (4.43)
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Using Egs. (.41) and (.43), the angle o, — Qg (t; — to) in Eq. (§.37) takes the

form:
Pp — Qsp(ti — to) =9+ Qb(ti — to) — (292 + Qb(ti — to)) =9 -1y . (4.44)
As a result the potential of the spiral arms (Eq. (6.37) takes the form:

VSP(TQ? V,02) = % (aV02 (r, QSP) + bVSQ (Tq’ QSP)) cos[2(d — V2)]
+1 (bve, (14, Qsp) — vy, (g, Qp)) sIn[2(0 — 92)] (4.45)

The potential of Eq. (h.45) varies in time periodically with a period Tp given by:

T
Tp = ——— (4.46)
r |Qsz9 - Qb|
Consider, finally, the Hamiltonian function
P2 Py?
H(T7197192>P7“7P197J2) = 7 + % +%(T) +W)(7”,19)
— Py + (Qsp — Qb)Jg + Vsp(V“, 19, 192) (4.47)

where (r, P.), (¥, Py), (92, J2) are canonical pairs. The equations of motion for a test
particle (e.g. star) in the bar’s rotating frame are given by:

p= OH P.o— _0H _ P2 9V 9V, OV

- 0P, L or —  r3 or or or

g _ OH _ Py _ 5 _ _0H _ _ 9V, _ 9V

d=2L =B o , Pp=-3=_"9 % (4.48)
) _ OH __ . i 9oH _ 9V

192—37&—9513 Qb ; JZ— 905 90+

The last equation, for J, can be used as a control for the conservation of the en-
ergy E = H(r(t),9(t),V2(t), P-(t), Py(t), J2(t)) along the numerical propagation of
any individual trajectory.

We will employ the equations of motion (f.48) in all subsequent computations
related to periodic orbits and their manifolds in our model.

4.3.2 Locating the periodic equilibrium orbit GL 5

According to the manifold theory of spirals (Romero-Gomez et al. (2006), Voglis et
al, (2006)) in galactic models with a single pattern speed the manifolds emanate
from the unstable Lagrangian equilibrium points L; 5, which lie in the end of the
bar. In the case of multiple pattern speeds, instead, the Lagrangian equilibrium point
solutions L; o generalise to periodic equilibrium orbits GL; >, whose period is equal
to the period Tp of Eq. (4.46) (Efthymiopoulos et al] (2020)). The manifolds
emanating from G'L; 2 have also a periodic dependence on time.

To compute the periodic orbit GL; (and, analogously, GL3) in our N-body model
we first locate the Lagrangian equilibrium point L; of the ’bar-only’ Hamiltonian H,
defined by

Py?

1
Hb(r,ﬁ,PT,Pﬁ) = 5 (Pr2+2r2

) — WPy + Vo(r) + Vo (r,9) (4.49)

by computing numerically the fixed points of Hamilton’s equations:

OH, OH, OH, 0H,
ar ~ o9 _op. _ap, O (4.50)
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The Lagrangian equilibrium point L; (solution of Eq. (4.50)) has coordinates (rz,,9z,, P; L

Py, = Or? ). Consider, then, the Hamiltonian
Ly L1

He = Hy + (Qup — Q) Jo + eVip(r, 0, 92) (4.51)

which coincides with the full Hamiltonian of the problem for ¢ = 1. We finally
consider a local expansion of the canonical variables around L:

r=rr, +Ar(t)
v =907, + A¥(t)

P, =P, +AP(1) (4.52)
Py =Py, + APy(t)

The periodic orbit GL1 corresponds to a periodic solution of Hamilton’s equations
under the full Hamiltonian with period equal to Tp, for which Ar(Tp) = Ar(0),
AO(Tp) = AO(0), AP.(Tp) = AP.(0), APO(Tp) = APy(0). Defining the 4D strobo-
scopic mapping for the Hamiltonian H. given by M.:(M.,, M.y, Mcp., M. p,)
where:

7'/ = M57T<T;19;PT7P19)
r(t =Tp,7(0) =r,9(0) =, P.(0) = P, Py(0) = Py)

¥ = M.y(r,9, P, Py)
= J(t="Tp,r(0) =7r9(0) =9, P(0) = P, P3(0) = P)

P, = M¢.p.(r,0, P, Py) (4.53)
= F(t=Tp,r(0)=r,9(0) =9, F(0) = P, Py(0) = Py)

P) = M¢.p,(r,9, P, Py)

= Py(t=Tp,r(0) =r,9(0)=19,P.(0) = P, Py(0) = Py)

one may attempt to find the periodic orbit GL; purely numerically, as a period-one
fixed point of M. for ¢ = 1. Experience shows that a quick trial, e.g., with the
Newton-Raphson method, setting the L; state vector as initial guess, typically fails.
Alternatively, one can try to use the Newton-Raphson method as above, but computing
the entire family G'L; for parameter values €,,;, < e < 1, where ¢,,;, << 1. In our
model this works if ¢,,;, is taken equal to 0.01 and the computation of the fixed
point of the mapping is continued forward up to ¢ = 1 with steps Ae = 0.01. The
computation, however, is greatly accelerated, if, instead, one computes a partially
hyperbolic normal form around L;, expanding first the Hamiltonian with respect to
the variables Ar, A0, AP,, APy, diagonalizing the quadratic part to obtain linear local
normal form, and then computing few steps of the nonlinear local normal form. All
necessary steps are described in detail in Efthymiopoulos et al{ (2020). In the sequel
we are going to present this procedure:
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Figure 4.18: The equlibrium periodic orbits GL1 as computed by the procedure of subsection and the
potential data in the two time windows (1) Ty = 2.125 — 2.625 Gyr (b) Tz = 2.500 — 3.000 Gyr.

1) The new Hamiltonian, after the expansion, reads:

H() = Ho(A’r', Aﬁ, APT, APg) = Hb(TL17/&L17PTL1 , Png)—i-

Ar
AY
(Ar, AY, AP, APy) M (4.54)
AP,
APy
where M is the variational matrix at the point Ly:
0% H, 0% H, 0% H, 0% H,
or2 orod oroP, OrdoPy
9?°Hy,  9%H, 9% H, 92 H,
o0Yor 0192 0Y0 Py 090 Py
M= | 2u, o2m, o°H, 9%H, : (4.55)
op,or 0P,00  9P2  0P.0P,
0% Hy 0% H, 0% Hy 0% Hy

dPydr OPyd9 OPy0P, P2 riy D=00y =Py Po=Py
2) Diadonalization of the Hamiltonian Hj: the variational matrix M has two real
eigenvalues 4 and two imaginary eigenvalues +ix, where p,x > 0. Thus, it has
also four eigenvectors, of which two, (ej, e2), are associated with the real eigenvalues
+4, and the other two, (es,e4), are associated with the imaginary eigenvalues +ix.
Each eigenvector can be written as a vertical column with four components. We
then define the matrix B = (cie1 c2ea cie3  coeq) with unspecified coefficients ¢,
i = 1,2. The symplectic condition allows us to specify the coefficients ¢; and thus all
the components of B. The symplectic condition is:

BTaB=79 (4.56)

where J is the fundamental symplectic matrix:

J= [_012 ﬂ (4.57)
and I is the 2 x 2 identity matrix.
We also define the matrix:
1 (1) 0 0
C= g v ? {)5 (4.58)
0 2 0
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Define, now, the 4x4 matrix A = BC, as well as the linear tranformation (Ar, Ad, AP,,
APﬂ) - (U‘a q, va) given by

Ar U

A9 | q
N A v (4.59)
APy P

Substituting the transformation (b.59) into the Hamiltonian Hy (Eq. (¢.54)). the latter
obtains a diagonal form:

K
Hpy(u, q,0,p) = plou) + 5 (¢ +p°) - (4.60)
Note that the term % (¢ + p?) has the form of a harmonic oscillator and it is physically
3 2
related to epicyclic oscillations with frequency x = gi%/f + I:inl On the other

hand, at the neighbourhood of the equilibrium point L; the term pu(vu) describes
an exponential deviation from the Lagrangian point of the form u = u,e/’ following
the unstable direction. Therefore, the Hamiltonian H{(u, g, v,p) consists of two terms
whose combination describes the motion of the guiding centre and of the epicycle
that travels along the manifold.

3) Applying, now, the linear transformation (4.59) the complete Hamiltonian
H(r, 9,99, Py, Py, J5) of Eq. (k.47 leads to the Hamiltonian expressed in the vari-
ables (u, q,¥2,v,p, J2):

H’(U, q7ﬁ27v7p7 JQ) = H(/)(ua Q7vap) + (Qsp - Qb)JZ
+P1(u,q,v,p) + Pa(V2,u,q,v,p) (4.61)

where P (u,q,v,p) is a polynomial independent of ¥:

00
E E k1 ko, 01,0

Pl (U, q, Uap) = Clky,ka,ly,l2 W lq v 1p2 (462)
s=3 k1+ka+l1+l2=s

With cklak2:l1>
the form:

1, constants, while P»(2,u,q,v,p) is a polynomial depending on ¥s, of

00
P2(1927 u, q, U,p) = Z Z WZ),kl,kQ,ll,lz (192)1’1’]{:1 qu Ullplz . (463)
s=1 ky+ko+l1+lo=s

By using Hamilton’s equations under the Hamiltonian () it is now easy to see
that the point L; with coordinates (v = ¢ = v = p = 0) is no longer equilibrium point,
since we have non-zero corresponding velocities 1, ¢, 0, p # 0. This happens because
the function V(o) 1, ks, 1,(U2) is non-zero for ky +kz +11 +12 = 1. Physically, the phase
space coordinates of L; no longer imply equlibrium due to the time dependency of

the system.
We then introduce a near-to-identify nonlinear canonical transformation:
(U, q,0,p, 1927‘]2) — (ga q,7777p/71927¢]£) (464)
where

u=E+ Fu(&,q\n,p'; 02
q=q + Fy(&,d',n, 0’02
v=n+ (4,002
p=p + Fp&,d 0002

)
)
) (4.65)
)
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in such a way that the final form of the Hamiltonian has no longer terms linear in
the variables (&,¢',7,p') :

Hp(&,q ,n,p' 02, J5) = vén + 5 (% 4 p?) + (Qep — D) J5
+01(&, ¢, n,p") + P2(92,€,¢',n, D) (4.66)

where J; is the conjugate action of the angle ¥2, ®1(¢,¢’,n,p’) is a polynomial inde-
pendent of ¥s:

164, p") Z Z Gher oo 1 17 2 ™2 (4.67)

5=3 k1+ko+l1+la=s

and ®299,&,¢',n,p') of the form:

o)
(1)2(192’57 q,’ n’p,) - Z Z V]él,kQ,lth (192)77k1q/k2§l1p/12 . (468)
§=2 k1+kao+l1+l2=s

The procedure to obtain the nonlinear transformation (%.65) is described in detail
in Efthymiopoulos et al. (2020) . In summary, we work with the method of the
composition of Lie series for the generation of the transformation of Eq. (4.65). In
our actual computations in the N body model, as we are only able to compute Poisson
brackets involving up to the second derivatives in the potential (due to the cubic spline
interpolation scheme), we just perform two steps of the algorithm, with generating
functions xi. x2. This yields the required GL; orbit with limited precision (see step
5 below), which, however, can be refined by use of a Newton algorithm. Note, also,
that the transformation of Eq. (-) leaves the angular variable 2 unaltered.

4) The point £ = ¢ =n =p' =0 is now an equlhbrlum point of the system, as
Hamilton’s equations give zero respective velocities £ = ¢/ = 77 = p/ = 0. We apply a
procedure of backward transformation in order to visualise the equilibrium solution
in the original phase space with the initial coordinates. Using the transformation of
Eq. (4.65) the equilibrium solution (¢ = ¢ =n=p' =0, =¢ =17 = p' = 0) takes
the following form in the variables (u, ¢, v, p):

ugr, = Fu(0,0,0,0;92)
qcr, = F4(0,0,0,0;92)
var, = F,(0,0,0,0;92) (4.69)
par, = F5(0,0,0,0;92)

Through the linear transformation of Eq. (4.59) we then obtain (Argr,. Adqr,.
APTGLI, AP%L ), which are functions of ¥, i.e. functions of time. Hence, in the
original Varlables (r,9, P, Py), the equlibrium solution (6.69) is mapped to time-
dependent expression, function of ¥y = (05, — §2;)t. The time-depedency through the
frequency (€2, — ) maps equilibrium solution GL; to a periodic orbit in the original
variables. This equilibrium periodic orbit ({cr,, 95y, MGL,» PGr,) 1S simply unstable
(the variational matrix has one pair of real eigenvalues 1 and two imaginary ones
+ik).

As discussed in Efthymiopoulos et al| (2020), the above method for the compu-
tation of G'L; involves series which are convergent with the order of normalization.
However, owing to the limitation from our modeling of the N-body potential, we can-
not compute any series terms involving derivatives of the Hamiltonian in the canonical
variables of order higher than the second, we are enforced to work with a very low
truncation of the series yielding the transformation of Eq. ((.69). We can easily
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check that this leads to a rather imprecise semi-analytical determination of the initial
condition for the orbit GL;, which, when integrated numerically lead actually to no
periodicity (even approximately) in the computed orbit. To bypass this difficulty, we
work as follows: consider a fictitious Hamiltonian model in which the amplitude of
the spiral mode in the potential has been artificially reduced by a small factor ¢ < 1:

Hf,& :HO/(Ua Q7v7p) + (Qsp - Qb)JQ + Pl(“v Q7/U7p)+
EPQ(’&Q,U,Q,'U,]?) : (470)

We set ¢ sufficently small so that the semi-analytical orbit GL; obtained by the trans-
formation (§.69) computed on the Hamiltonian Hy. be sufficintly accurate. More
precisely, knowing the period of the spiral pertubattion P, Tp = m, for any
initial condition (r,9, P, Py) we can propagate the corresponding trajectory under
Hamilton’s equations for the Hamiltonian #y. and obtain fictitious trajectories de-

fined by:

r(t;7(0) = r,9(0) = ¥, P.(0) = P, Py(0) = Py) =

fer(r, 9, Pr, Pyg; Y9 = 0)

I(t;7(0) = r,9(0) = 9, P(0) = P, Py(0) = Py) =

fe(r, 0, P, Py; Y2 = 0)

Py (t;r(0) = 7,9(0) =9, P(0) = By, Py(0) = Py) =

fe,p, (1,0, P, Py; 92 = 0)

Py(t;r(0) = r,9(0) = 9, P,(0) = P,, Py(0) = Py) = (4.71)
fe,py (1,9, P, Py; 02 = 0)

where f.=(f. ;. fe 9. fe .. f-,p,) defines the flow under the Hamiltonian #;..

The mapping M. from Eq. (k.53 yields the image, after time equal to the
period Tp, of any initial condition (7,9, P,, Py) in the disc plane under the flow of
the Hamiltonian H;.. Since the periodic orbit GL; has period equal to Tp, setting
r=rgr,(t =0), Y =Yg, (t =0), P. = Pgr,(t =0), Py = Pygr,(t = 0) yields a
fixed point of the mapping M.. We then use the semi-analytical computation of the
quantities (r = rqr, (t = 0), ¥ = dgr,(t =0), P, = Prgr,(t = 0), Py = Pygr,(t =0))
as initial guess in the Newton-Rapshson method, to accurately compute the periodic
orbit GL; by the numerically found fixed point of the mapping M..

Finally, having been able to compute the orbit GL; on a fixed point of the mapping
M., the whole characteristic family of GL; as a function of € can be now computed,
by slowly varying e to € + de, with de sufficiently small to ensure the convergence of
Newton-Raphson method, and using the computed fixed point of the mapping M.
as initial guess for the computation of the fixed point of the mapping M. ;.. This
eventually leads to the computation of the periodic orbit GL; (and, analogously, G L)
for the actual potential model, i.e., for ¢ = 1. These orbits are shown in Fig. .
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Figure 4.19: The equlibrium periodic orbits GL1 as computed by the procedure of subsection and the
potential data in the two time windows (a) Ty = 2.125 — 2.625 Gyr (b) T = 2.500 — 3.000 Gyr.

4.3.3 The manifolds in the model with two pattern speeds

The dependence of the Hamiltonian H(r, 9,92, P, Py, Jo) (Eq. (k.47) on the angle
2, i.e, on time, implies that, to visualise the manifolds of the periodic orbit GL; we
are in need of plotting sections, not only in space, but also in time. To this end, we
construct a stroboscopic and at the same time apocentric section of the orbits.

Let ¢y be the starting time of a particular window, i.e., g = 2.125 Gyr for the time
window T} and ¢y = 2.500 Gyr for time window 75. The ’flux tube’ manifolds of a
snapshot ¢ within the considered window will be hereafter denoted as WY, Ll’z(tsec),

where we define the ’section time’ ¢4, as tsec = t —1p. By definition Wg Lis (tsec) is the
set of all possible initial conditions in the disc plane, which, integrated backwards in
time, starting from the time ¢ = ¢,.. +1%o, lead to trajectories which tend asymptotically,
as t — —oo, to the periodic orbits GL; (or GL3). The manifolds Wg Lm(tsec) can be
computed by the following steps:

1) We first compute the Jacobian matrix A of the mapping (.53) evaluated at the
fixed point of GL; (or GLy) for e = 1:

A — (8(/\/‘7’7 MﬁuMPTaMpg)

(4.72)
a(””, ,197 Pr7 Pﬁ) )T‘:?"GLl 7’19:’(9ng 7P’I‘:P’I‘GL1 ’Pﬁ:P&GLl

The matrix A satisfies the symplectic condition AJAT = J and it has two real reciprocal
eigenvalues Aq, Ao and two complex ones A3 4 = e TP with w > 0. The computation
of the partial derivatives in the Jacobian matrix A is done by iterating the mapping
M numerically for nearby initial conditions and using centered finite differences.

2) We consider the unitary eigennvector eng of A which is associated to the
real eigenvalue \;. This eigenvector defines the unstable eigendirection emanating
from the unstable periodic orbit GL; with coordinates on the phase space (rar,s
Yar,, Pror,s P19GL1). We then take a small initial segment of 3000 initial condi-
tions (r;(0),v;(0), P, (0), Py,(0)), i = 1,...,3000, that are distributed along the un-
stable eigendirection covering a total length dS=10"3. Thus (r;(0), ¥;(0), P.(0),
Pﬁi(O))=(7“GL1 + 07i(0), Yar, + 09;(0), PTGLl + 0P, (0), P19GL1 + 0Py, (0)) with (57“1'(0),
§0;(0). 6P,,(0). 6Py, (0))=(i/3000) x dS x eZ;

3) Given these initial conditions we propagate the orbits in time using Hamilton’s
equations for the Hamiltonian of Eq. (4.47). We then collect the points which, at a
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time range ¢t = nTp + tgec £ ATp, with n = 1,...25 and ATp = 0.2Tp, are close to
a local apocentric passage of the orbit, i.e., they satisfy the condition |P,| < 0.1 and
P, < 0 for the corresponding periodic orbit.

4) The ensemble of points collected by the above procedure constitutes the "apoc-
entric manifold’ at the section time #,.., denoted as Wg’fl (tsec) OT ngz (tsec). In order
to visualise the manifolds in physical space and in the inertial system of reference
(X,Y) we apply the rotation:

Xj =x; COS(thsec) —Yj Sin(thseC)
Y; = x; sin(Qptsec) + y; cos(Qptsec) (4.73)

where (z; = r;cos(¥;t), y; = rjsin(d;t)), j = 1,2,... denotes the j-th point in the
collection of all the points of, say, the apocentric manifold Wg’fl (tsec)-
Figure shows the manifolds ngl (tsec) (blue points) and the manifolds

Wg’f2 (tsec) (red points) in the inertial frame of reference at four different snapshots
within the first time window T = 2.125 — 2.625 Gyr, corresponding to four different
fractions of the period Tp, i.e. at tgee =0, 0.45 Tp, 0.9 Tp, 2.4 Tp. In the same way
Fig. shows the manifolds ngl ,(tsec) in the inertial frame of reference in the
time window T, = 2.500 — 3.000 Gyr at the times tz. = 0,0.6257p,1.25Tp,2.375Tp.
In both figures we also plot the manifolds of L; o derived in a pure bar model, in
which the term Vj,, and the corresponding pattern speed (2,, are ignored altogether
in the Hamiltoniam (.47).

In Figs. [4.20, the manifolds give a rich in structure and complexity outflow
in the space away form GL>. This outflow of chaotic trajectories can support dy-
namically and morphologically both the outer shell of the bar and the spiral arms
of the galaxy. Note also in Figs. [£.20, that the manifolds with the two pattern
speeds assumption are not very different, but only exhibit small deformation with
respect to the manifolds by the pure bar case. In particular, several features such as
the ’bridges’ that connect the manifolds emanating from one end of the bar to the
other, as well as the ’gaps’ between these bridges, are created by the main pertu-
bation (potential term V,), while, as emphasized in Efthymiopoulos et al. (2020,
the role of the pertubation V, is instead to introduce a small periodic oscillation of
the manifolds with respect to the pure bar case, taking place with a period equal to
Tp = m The most notable effect of this oscillation, as regards the morphology
of these structures supported by the manifolds, is a periodic variation of the length of
the manifold lobes, which leads to a periodic change of the morphology from ’ring’ to
‘pseudoring’ (Buta (2012)). As shown in Figs. and .23, in which the images
of several snapshots of the N-body simulation, after performing the Sobel-Feldman
edge detection algorithm (see Efthymiopoulos et al| (2019)), are compared to the
morphology of the manifolds in the inertial frame of reference, such a periodic alter-
nation of the 'ring’ with ’pseudoring’ morphology also appears in the images of the
simulation, in particular in the second time window T (Fig. ).
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(a) t=2.125 Gyr

Figure 4.20: The manifolds at four differnt snapshots in the time window T1 = 2.125 — 2.625 Gyr with a
period Tp= 0.525 Gyr. The snapshots corrspond to times: (a) t=2.125 Gyr, at time tsec = 0 (beginning of
the period) (b) t=2.200 Gyr, at time tsec = 0.45Tp (c) t=2.275 Gyr, at time tsec = 0.9Tp (d) t=2.525 Gyr,
at time tsec = 2.4Tp. The blue points correspond to the manifolds emanating from GL1 and the red points to
the manifolds emanating from GLo. Left: manifolds in the model with two pattern speeds. Right: manifolds in
a pure bar model (see text).
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Figure 4.21: Same as in Fig. but for the time window Ty = 2.500 — 3.000 Gyr. The period is Tp=0.2
Gyr at the times of the snapshots are: (a) t=2.500 Gyr, at time tscc = 0 (beginning of the period) (b) t=2.625
Gyr, at time tsec = 0.625Tp (c) t=2.750 Gyr, at time tsec = 1.25Tp (d) t=2.975 Gyr, tsec = 2.375Tp.
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Figure 4.22: The manifolds calculated as described in section compared to the respective images of the
snapshots of the N-body simulation at the times (a) t=2.200 Gyr (top), (b) t=2.275 Gyr (center) and (c)
t=2.525 Gyr (bottom) of the first time window T .
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Figure 4.23: The manifolds calculated as described in section compared to the respective images of the
snapshots of the N-body simulation at the times (a) t=2.625 Gyr (top) and (b) t=2.95 Gyr (bottom) of the
second time window T>.
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Figure 4.24: The manifolds calculated as described in section compared to the contours of the disc surface
density at six successive snapshots t = 2.125, 2.150, 2.175, 2.200, 2.225, 2.250 Gyr of the first time window
T, covering about one relative period Tp.
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Figure 4.25: Same as in Fig. [i.24), but now the manifolds and contours are shown in a rotating frame with
angular velocity Qy. The lobes and bridges formed by the manifolds are described in the text.

The creation of ‘bridges’ is a generic phenomenon created by the manifold lobes as
a consequence of Poincaré’s ‘homoclinic chaos’, and as shown in the previous figures,
persists even when the chaotic motions around the bar’s L; 2 points are modulated
by more frequencies besides the bar’s (. In particular, the manifolds emanating
from the orbit GL, after half a turn, start approaching the neighborhood of L, and
create a sequence of lobes which start, now, supporting the spiral arm connected to
Ly (instead of their origin, i.e., L), and vice versa. As first discussed in [soutsis eﬂ
(2008) (see also [Efthymiopoulos et al] (2019), Efthymiopoulos et al| (2020)).
the role of the ‘bridges’ is essential in understanding how the manifold lobes create
density enhancements supporting particular ring or spiral morphologies. Figures
and allow to see how the variation in time of the position of the bridges,
due to the second pattern speed, is correlated with the variation in morphology of the
spiral structure during a cycle of relative period Tp. Both figures show six consecutive
snapshots in the first time window roughly covering a time interval equal to Tp. In
Fig. all structures are projected in a fixed frame, while in Fig. the same
structures are visualized in a rotating frame of angular speed (2, as determined by
NAFF. Thus, in the latter case, the bar co-rotates with the frame, as evident from the
innermost iso-densities, which keep a practically constant orientation.

While an exact comparison of the manifold structures (computed only with the
m = 2 potential) with the full density is not possible, the main qualitative comparison
yields the following picture. At the beginning of this interval, the bar is detached from
the spiral arms (Figure [.24, t = 2.125 Gyr) and altogether the spiral arms are weak
in amplitude. Progressively the bar approaches the starting points of the spiral arms
(t = 2.175 Gyr to t = 2.225 Gyr) and the spiral arms gain amplitude. Near the end of
the cycle (¢t = 2.25 Gyr) the spiral amplitude starts reducing again. By visualising the
system in the frame co-rotating with the bar we can identify the effect of the second
pattern speed in the manifold structure. The most important feature is the evolution
in time of the system of lobes, and of the bridges formed by them, as shown in
Fig. . We identify two main homoclinic lobe systems, marked as LB1 and LB2,
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shown in the bottom part of all the manifold plots, which correspond to lobes of the
GL; manifolds forming ‘bridges’ with the initial parts of the GLs manifolds (denoted
WL2 in the figure), marked by B1 and B2 respectively. Symmetric lobes and bridges
exist also in the upper part of the manifold plots, connecting the manifolds of G'Lo
with GL; respectively. Two main effects are produced by the second pattern speed:
i) the lobe system LB2 gets enhanced in the middle of the time interval, and ii) the
position of the bridge B1 rotates clockwise (compare the snapshots ¢ = 2.125 Gyr with
t = 2.200 Gyr). As a result, in the middle of the considered time interval the bridges
B1 and B2 are almost in phase, while at the beginning (¢t = 2.125 Gyr) they have a
phase difference of almost 7/2. Finally, near the end of the interval, B1 exceeds in
phase B2, while altogether the lobe system LB2 becomes again weak. Furthermore,
the bridges B1 and B2 can be roughly associated with the spiral overdensities S1
and S2 seen in the isodensity plots for the same snapshots. Note that all these time
variations are exclusively due to the presence of a second pattern speed, while the
structure of the manifolds with a unique pattern speed remains invariant in time (see
figure [.20).

Note that this type of homoclinic dynamics produced by the manifolds’ lobes and
bridges affects not only the orbits strictly on the manifolds, but essentially all the
orbits which belong to the outflows from L; 5. Figure shows an example of this
effect in the inertial frame of reference. A ball of initial conditions centered at the
bar’s L; (and, symmetrically, L»), is allowed to propagate forward in time under the
semi-analytical potential model with both pattern speeds present. We observe that
the points in these initial balls propagate in the disc, at the beginning being stretched
along the linear eigendirections of the unstable manifolds. Up to time ¢t = 0.2 Gyr
these orbits then create the usual thin structures that define the spiral arms and the
envelope of the bar. Later, however, the same strings of stars develop a sequence of
lobe-like chaotic oscillations. In particular, at time ¢ = 0.35 Gyr the orbits from L,
start approaching asymptotically the neighborhood of L,, and then, they develop thin
lobes which support the spiral arm connected to Lo, instead of L, and vice versa.
As time goes on (¢t = 0.6 Gyr) the lobes grow in size, keeping the same connection
to the points Ly and L. Later on, however, the same mechanism generates anew a
reversal, as the lobes connected with L; form a complete turn, thus returning to the
neighborhood of L; and supporting anew the spiral arm connected to it. The overall
picture gives rise to a so-called ‘lagrangian coherent structure’ (Sdnchez-Martin et
al, (2018)), which acts as a skeleton for a continuous chaotic flow of particles. In
practical terms, this flow implies that, independently of its origin (outflow from L, or
L) the same group of particles can sometimes support the spiral arm connected to
L1, and other times the one connected to Lo.
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Figure 4.26: The velocity vector field positioned over the manifolds at the time t=2.200 Gyr of the simulation.

Finally, as shown in Fig. , the invariant manifolds in two pattern speed case in
the inertial frame of reference are consistent with the residual velocity low model for
the trajectories along density waves of the ’chaotic spiral’ type (Patsis (2006), Patsis
& Tsigaridi (2017)). The residual velocity flow corresponds to the mean velocity of
the N-body particles in the frame co-rotating with the bar at any fixed time t, and
it can be computed as follows: Given the positions in cartesian coordinates (z, y)
and the respective velocities (V, Vy) of the bodies of the N-body simulation at the
particular snapshot, we divide the cartesian space into a grid. For the construction
of the grid we divide the cartesian space in 50 cells of size dx ~ 0.61 kpc, dy ~ 0.61
kpc, considering that the grid is limited by the values: z,,,, >~ 15 kpc, Zyim >~ —15
kpe, Ymaz =~ 15 kpc, Ymin =~ —15 kpe. In every cell of the grid, we calculate the mean
velocity components ((V;), (V;)) in the rotating system of reference of the bodies
within this cell. We then construct the vectors

(Va) (Vy)
V242 1 1

and plot the corresponding residual velocity vector field superposed to the manifolds,
as in Fig. , corresponding to the time t=2.200 Gyr. In Fig. we observe
that the velocity vector field yields prograde orbits at the region inside the corotation
and retrograde outside corrotation. However, we observe that the mean flow in the
region of the manifolds Wg’fl (tsec) and Wg}i (tsec) is along the manifold spirals,
in accordance with the predictions of chaotic spirals model (Patsis (2006)). The
manifolds G L 5 illustrated in Fig. are unstable braches and the motions of stars
travelling along them are forced to travel outwards and support the outflow away
from the corrotation.

(4.74)
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Figure 4.27: Propagation of a ball of initial conditions around the bar’s points L1 (blue) and L2 (red) under
the semi-analytical potential with both pattern speeds included. The orbital evolution of these groups of particles
generates a ‘lagrangian coherent structure’ (LCS, see text). The flow of particles through the LCS implies that
the same group (blue of red) sometimes supports the spiral connected to L1, and othertimes the spiral connected
to L2. The switch from one to the other type of support can be explained by the underlying manifold dynamics,
in particular by the phenomenon of ‘bridges’ created by the invariant manifolds.
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Chapter 5

Conclusion

In the present thesis we attempted to investigate the problem of the spiral structure
of the galaxies from an orbital point of view. The study of the orbits in galaxies can
give evidence for the mechanism that generates the spirals. Our research attempted to
approach the open subjects of spiral structure, which we presented in the introduction
(the morpholology of the spiral arms, their mechanism, their longevity and their evo-
lution). We concluded that all these open problems commute and orbits of different
nature contribute respectively to different mechanisms for the spiral structure, as well
as, different morphologies and evolution of the galaxy. We also discovered that chaos
is a key factor for the cooherence of the structure. In barred spiral galaxies chaos and
the intricate dynamics enhances the spiral structure and leads through the manifold
dynamics to long lived spirals. However, in normal galaxies where the spiral arms
are supported by ordered orbits, chaos makes these orbits unstable and dissolves the
spiral structure.

In this final chapter we are going to summarise the main results of the thesis and
present some ideas for future work that yield from our research. We are going to
present in detail the results of our study in the case of the N-body simulation of a
barred spiral galaxy (Chapter §-4) and in the case of a Milky Way theoretical model
(Chapter [)).

D In Chapter [2 we studied the case of spiral density waves generated by ordered
orbits. These precessing ellipses” model of elliptical orbits are considered to approach
the spiral density waves in grand design spiral galaxies.

We initially proved that these ordered elliptical periodic orbits can be located
through analytical calculations and consecutive transformations of the Hamiltonian
of the system. The Lie method of generating functions enabled us to write the
Hamiltonian in resonant normal form and get three solutions which correspond to
the three different families of periodic orbits z1, x2, 3 which are known in the
bibliography. There have been works in the past for the calculation of these periodic
orbits, but there was still the need for a consise algorithm which sets in order and
clarity the steps for the analytical calculation of these periodic orbits.

The algorithm that was developed and presented in Chapter [J can be applied in
any galactic model whose spirals are generated by the precessing ellipses mechanism.
It is a tool for several experiments in order to test the parameters of the galactic
models.

A parametric study can also be made in a range of free geometric and dynamical
parameters of galactic models such as the pattern speed of the spiral arms (2,, the
amplitude of the spiral pertubation or the pitch angle of the spiral arms. This para-
metric study shows how the parameters collaborate in a way that a realistic spiral
density wave is generated. Moreover, the knowledge of the right values of parame-
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ters for a realistic density wave may give us the ability to make long-lasting N-body
simulations. N-body simulations of normal galaxies based on the precessing ellipses
mechanism is a difficult task for the astronomers and a lot of work needs to be done
in this field.

A comparison with numerical results can enhance this research. In section
a comparison of the analytical elliptical orbit x; to a numerical elliptical orbit was
made. For the particular model and the particular free parameters we used the two
orbits were in good agreement. However, a parametric study needs to be done, in
order to show us in which range of the parameters this agreement of the numerical
and analytical orbits holds.

We also investigated when these orbits become unstable and no spiral density
waves can be supported. We used a theoretical potential Milky Way- like model
consisting of a bulge, a disc, a halo and a spiral potential. The free parameters of our
model were: the amplitude of the spiral density perturbation (py), the pattern speed
of the spiral potential (€p) and the pitch angle of the spiral arms of the model (a). By
testing the effect of the variation of the free parameters of the model on the response
spirals, formed by elliptical periodic orbits we extracted the following conclusions:

1) In all models under study the z; family is responsible for the creation of
response spirals consisted with the imposed ones. The repsonse spirals extend in the
region from the center of the galaxy up to the radius of the 4:1 resonance. The z»
and x3 families of orbits exist between the first and the second ILR. They are created
simultameously near the first ILR at a tangent bifurcation and they join and disappear
near the second ILR in all the models, except in the case of a very small pitch angle
where they still exist outside the second ILR but do not contribute to the response
spirals. The x5 family of orbits has main axes perpendicular to the main axes of the
z1 family and the z3 family is always unstable in the whole range of the radii.

2) By increasing the amplitude of the spiral density perturbation in our model
chaos is introduced gradually and the z; family of orbits becomes unstable. An upper
limit for the spiral density perturbation is py = 30 x 107 M © /kpc® where the z; family
is unstable in the whole range between the second ILR and the 4:1 resonance.

3) Regarding influence of the value of the pattern speed (), when €, decreases,
all the resonances are shifted outwards and therefore the spiral density waves can
reach larger radii. However, the ellipses become rounder when they get closer to the
4:1 resonance and therefore the spiral density wave becomes less cospicuous at larger
radii. Moreover, the elliptical orbits of the z; family become much more elongated
and intersect each other, thus destroying a coherent spiral response.

4) Regarding the influence of the value of the pitch angle, we conclude that for
increasing pitch angle (more open spiral arms), more order is introduced in the phase
space and the chaotic areas shrink in size, while for decreasing pitch angle (more tight
spiral arms) chaos dominates on the phase space and the z; family of orbits can no
longer support the spiral density wave.

5) Summarizing the above, the main result of this research in the “precessing
ellipse model” is a quantitative estimation of the range of the free parameters of
our galactic model for generating realistic spiral density waves, via the “precessing
ellipses” model of elliptical closed orbits (and their surrounding quasi-periodic ones).
In particular, a correlation between the pitch angle and the amplitude of the spiral
perturbation was shown, where stronger spirals can be statistically less tight than
weaker ones. Moreover, a corellation between the pitch angle and the pattern speed
showed, where spirals than spin faster can be statistically tighter that slower ones.

The results of this research, which are associated to the range of free parameters
in the dispertion relation for the generation of realistic density waves, can be used for
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the construction of an N-body model of a long living density wave, which is in lack
in bibliography. These orbits can be reproduced analytically and be compared with
the numerical results.

The mechanism that generates the spiral arms in the Milky Way is still unknown.
This work arises the need for a correlation of the pattern speed of the bar with the
mechanism that generates the spiral arms in the Milky Way case. Milky Way is a
barred spiral galaxy and one would expect the spiral arms to be chaotic. A rapidly
rotating bar may be related to a precessing ellipses mechanism for the construction of
the spiral arms. We have shown that in the case of the spiral arms produced by the
invariant manifolds the velocity vectors are parallel to the manifolds. This can give
us an observational tool through which we can investigate if the spirals are produced
by chaotic or organised orbits.

ID) In Chapters B-fj we studied the case of barred spiral galaxies, where the co-
existence and possible non-linear coupling of multiple patterns hints towards the
chaotic nature of spiral arms. To the extent that spirals are bar driven, they are
affected in a non-trivial way by the bar’s secular evolution. Within this context, the
main contribution of the manifold theory is to describe what should be the expected
form of the bar-driven spiral mode when the disc’s region between the bar’s corotation
and Outer Lindblad Resonance is largely chaotic. It should be stressed that the
manifold theory poses no requirement that chaos originates exclusively from the bar.
Nonlinear interaction of the bar mode with additional patterns beyond co-rotation
actually enhances chaos. Furthermore, it is a basic rule of dynamics that the unstable
manifolds of one periodic orbit cannot intersect themselves or the unstable manifolds
of any other periodic orbit of equal Jacobi energy. Thus, all these manifolds have to
‘coalesce’ in nearly parallel directions, thus enhancing chaotic spirals.

The manifolds emanating from the region of the bar’s L; and Lo points provide
the simplest representation of these chaotic outflows. In the present thesis, we found
that the manifold spirals provide the dynamical skeleton for these structures and they
pave the direction that the trails of the orbits will follow. The study of the manifold
spirals with an assumption of a single or a second pattern speed has been presented
in Chapters [§ and . We are presenting the main results of these two chapters which
examine the application of the manifold theory in an N-body galactic model:

-In Chapter 3 we gave evidence that these manifolds provide a dynamical skeleton
in phase space, or, the dynamical avenues to be followed by new particles injected
in the domain between CR and OLR at reccurent ‘incidents’ of non-axisymmetric
activity. In particular:

1) We proved that the manifolds evolve and support the secularly evolving struc-
tures. We gave a characterization of such incidents as of i) inner, or ii) outer origin,
depending on whether the spectral analysis shows a wave originating inside CR and
propagating outwards (in (i), or originating outside CR, moving initially inwards,
then being reflected at CR, and then moving outwards (in (ii)). Morphologically, spi-
rals are connected mainly with incidents of inner origin. However, pattern detection
algorithms such as Sobel-Feldman allow to detect the co-existence of various patterns,
including spiral ones, both at maxima and minima of the m = 2 amplitude beyond
the bar, i.e., both close to and far from incidents of non-axisymmetric activity. We
interpret the importance of manifolds as follows: whatever causes these incidents,
at every incident the particles’ orbits (and in particular chaotic ones) are perturbed.
Then, new particles injected in the CR zone tend to follow and populate the manifolds
to a large extent, according to general rules of dynamics.

2) We argued that the continuous in time change of the form of the manifolds, as
well as the motion, along the manifolds, of the matter which populates them, allows
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to compromise the above picture on the role of manifolds with the multiplicity of
pattern speeds in the disc. Most notably, we unravel a basic behavior of the radial
profile of the pattern frequency Q2(R) beyond the bar, connected with alteration
between maxima and minima of the non-axisymmetric activity. Namely, besides the
always present plateau in the graph of Q3(R) representing the bar’s pattern speed, we
observe that Q2(R) tends to form a second plateau, indicating a second pattern with
distinct frequency outside CR, whenever we are near maxima of the non-axisymmetric
activity. However, this second plateau disappears near minima of non-axisymmetric
activity, giving its place, instead, to a shear-like decaying profile of the curve Qs(R),
which, remarkably, terminates at a value (23 ~ 0 near R = Roprgr. Five full cycles
of this behavior are seen in our simulation, in a period of ~ 1 Gyr (see Fig. B.19,
leading to an approximate period of ~ 0.2 Gyr. This is in rough resonance with
the bar’s period, but with large uncertainties in the numbers. On the other hand,
since the comparison between manifolds and Sobel-Feldman-recognized patterns in
the disc (Fig. ) shows no appreciable differences between snapshots of minima
and maxima of the non-axisymmetric activity, we argued that the degree to which
manifolds are able to dictate the dynamics outside CR seems to be rather independent
of the strength of any additional pattern in the disc.

3) We also discussed the ‘thermal’ evolution of the disc, i.e., the way in which
the radial profile of the velocity dispersion appears to be influenced in time due to
non-axisymmetric activity. Owing, again, to the large degree of chaos between CR
and OLR, we argued that the gradual outward shift of both the CR and OLR radii
as the bar slows down, causes part of the disc, beyond the end of the bar, to acquire
a nearly constant radial velocity dispersion. In fact, this ‘isothermalization’ causes a
part of the disc, starting from inside the bar and ending at a point midway between
CR and OLR to cool down as the time goes on. We interpret this effect as a hint
that chaotic populations of particles gradually migrate outwards, carrying with them
kinetic energy in the form of randomly oriented motions. Regarding, however, the
responsiveness of the disc to manifold dynamics, we provide a heuristic argument
showing that good levels of responsiveness should be limited in a domain which
shrinks in time, as the CR radius moves outwards, while the radius beyond which
the disc gets hotter in time is nearly fixed.

-In Chapter [ we presented another version of application of the manifold theory
in the same N-body model of barred spiral galaxies, which, in this case, evolves mul-
tiple pattern speeds. The purpose of the present study was twofold: i) we illustrated
the applicability of the algorithm of the ’Numerical Analysis of the Fundamental
Frequencies’ (NAFF, Laskar (1990), Laskar et al; (1992), Laskar (1993), Laskar
(2003), Fu & Laskar (2019)) to the problem of detecting and computing the accurate
values of more than one pattern speeds, and of the amplitudes of the correspond-
ing modes, in the disc plane of a N-body simulation of a barred-spiral galaxy, ii)
we used the outcome of (i) in order to build two-pattern speed models of manifold
spirals in the same simulation, implementing the algorithm proposed to this end in
Efthymiopoulos et al/ (2020). Our main conclusions are:

1) The NAFF method was implemented in the time series yielding the evolution
of the amplitudes of the m = 2 sine and cosine modes obtained by an angular-
Fourier analysis of the surface density, or the potential, within concentric rings in the
simulation’s disc plane. We demonstrated that this leads to a determination of the
frequencies of rotation of the m = 2 patterns with an error scaling far better than
the O(1/T) error of the simple time-Fourier method, where T is the length of the
time series considered. We showed how to adapt theoretical estimates on the NAFF
method to our problem, actually yielding an error scaling only as O(1/7?), or better
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(by use of the Hanning filter, see section . 1).

2) Due to the above behavior of the error of the NAFF method, we were actually
able to use time series of a length 7" short enough with respect to the timescale of
the secular evolution in the galactic disc, but still long enough for the NAFF method
to produce nearly-constant estimates of the pattern speeds for both the bar and the
spiral arms in the simulation, within moving time windows of length T'.

3) Implementing the above to a particular simulation, we provided clear evidence
of the presence of multiple pattern speeds in the galactic disc. In particular, in many
cases we clearly detected the dominant m = 2 bar mode, as well as one or more spiral
modes evolving at radii beyond the bar’s corotation. At earlier phases of the evolution
of the system, we clearly detected a second spiral m = 2 mode at radii which partly
overlap with those where the bar mode is still present. At later phases, the second
most important spiral mode had practically no overlap with the bar mode (albeit
having, in all cases, a clearly different pattern speed), but it has a partial overlap with
a third mode important at the outermost parts of the disc.

4) Ignoring any extra modes beyond the bar and most dominant spiral m = 2
modes, we arrived at a rough model of the gravitational potential in the disc plane,
consisting of the superposition of the m = 0 and m = 2 bar and spiral modes, the
latter rotating with the pattern speeds (2, and (2, respectively. We provided various
tests on the degree of approximation of this model with respect to the full potential
and surface density data obtained numerically by the simulation.

5) In the framework of the above m = 0,2 model, we implemented the algorithm
of Efthymiopoulos et al. (2020) in order to compute the manifold spirals emanating
from the periodic orbits GL; and GL2 at the two ends of the bar. The algorithm
requires a perturbative computation using canonical perturbation theory, whose im-
plementation, however, requires an analytical knowledge of high order derivatives of
the gravitational potential. Since, in our case, we could produce only a low-order
smooth interpolation of potential coefficients provided by the NAFF method, we sub-
stituted the high order perturbative computation with one based only on second order
perturbation theory, combined with a numerical (Newton-Raphson) determination of
the crucial periodic orbits GL1 and GL2 as the fixed points of a suitably defined
stroboscopic symplectic map (subsection 5.2). This led, in turn, to a numerical deter-
mination of the manifold spirals (‘flux tube’ WY (t.), or ‘apocentric’ WU4(t.)), at
different times ¢ corresponding to a fraction of the main period Tp = 7/|€2, — |
present in the potential in the two-pattern speed regime (see subsection 5.3 for the
corresponding definitions).

6) We finally compared the computed manifolds WY4(t,..) with the observed bar
and spiral morphologies in the simulation at different snapshots, translated to different
values of the time-parameter ¢4... Besides recovering the main spirals obtained in the
simulation through the manifolds, we also recovered several secondary morphological
features such as the ‘bridges’ discussed in past works (Efthymiopoulos et al| (2019),
Efthymiopoulos et al, (2020)). We also recovered the basic property of the manifolds
in the two-pattern speed case, which is an oscillation (with period equal to Tp) with
respect to the static bar-driven manifolds of the simple pattern speed case. In fact,
this oscillation allows to reproduce several changes in the apparent spiral morphology
observed along one time window, in particular the change between more open spiral
arms forming bridges and more closed, oscillating between the ’ring’ and the ’pseudo-
ring’ like ones, as ts.. moves from the beginning to half the way along a period of
oscillation.

7) Finally, we checked that the mean residual velocity field (i.e. mean velocity
in the disc plane with respect to a frame co-rotating with the bar) in the simulation
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follows the model of ‘chaotic spirals’ (Patsis , 2006), i.e., the mean velocities are
parallel to the invariant manifolds computed in the two-pattern speed model.

As an overall conclusion, we find that the modelling of chaotic spirals by mani-
folds, including the hypothesis of multiple pattern speeds, gives a consistent picture of
the complexity of the non-axisymmetric structures like pseudo-rings and spirals ob-
served beyond the bar in N-body simulations of barred-spiral galaxies. We attribute
this connection of the manifolds to the chaotic spirals to a dynamical mechanism.
Namely, the manifolds provide pathways in phase-space, which play, for the phase-
space orbital flow, a role analogous to the lagrangian coherent structures in chaotic
fluid-dynamics (Haller & Yuan (2000), Sénchez-Martin et al. (2018)). In particu-
lar, the manifold lobes created in the neighborhood of the homoclinic or heteroclinic
tangles among unstable periodic orbits in the co-rotation region create preferential
directions which sculpt the orbital low for all chaotic orbits. Thus, they generate
coherent patterns, such as the observed spiral ones, which can persist in timescales
surpassing by far the Lyapunov times (i.e., inverses of the Lyapunov exponents) of
individual trajectories. On the other hand, a detailed study of such chaotic struc-
tures in a simulation requires a precise identification of all the patterns (and pattern
speeds) in the decomposition of the gravitational potential in Fourier modes. This
can be efficiently achieved with methods as NAFF. In the present study, we limited
ourselves to a modelling of the two most dominant modes, using the NAFF method
to accurately fit the corresponding amplitudes and frequencies. We leave open the
question of the effects of adding to the analysis more modes of the spectrum detected
by NAFF, thus leading to a consistent study of the full complexity of the dynamical
interactions between various modes co-existing in a galactic disc over a long fraction
of the bar or spiral lifetimes.
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Appendix A

Asymptotic analysis in the
integrals of NAFF algorithm

The integrals (6.2) and (%.3) give terms of the following form:

Dkwk Dkwk COS((wk — U)T)

Felo) = ; (wp?2 — o2)T (w2 — o2)T

Dywy  Dyocos((wy —0)T) Dy cos((wy +0)T)
(wp2 = o2)T (w2 — 02)T (wg +0)T
Cy, sin((wk + J)T) C sin((wk — U)T)
(wi +0)T (wp —o)T

_l’_

(A.D)

B Cro Crwy, cos((wy, — o)1)
Flo) = Zk: T@r-T T (@2 - o7

Cro Crocos((wg —o)T)  Cpcos((wg +0)T)
(wp?2 — o2)T + (w2 — 02T (wp +0)T
Dy sin((wy, +0)T') Dy sin((wy, — o0)T)
(g +o0)T (wp —o)T
We make asymptotic analysis in equations (A.1), (A.2) in order to examine the
limiting behaviour of these integrals as ¢ — wj, and the series’ length T becomes a
large quantity.
For the integral of F, in (A.1) we have:
~The first two terms in (A.1) can be simplified using the relation cos((wy — 0)T) =

(A.2)

1 — 2sin? (M) and the limit as o — wy, is zero :

. Dk.wk Dkwk cos((wk — O')T)
lim 2 _ o 2_ 2 =
o—W ((,uk g )T (wk g )T

. Dkwk sin2 ((Wkgo')T)
lim

o—wE W + O ((Wk*U)T)
2

=0 . (A.3)

-Similarly, the 3rd and the 4th term in (A.1) give a limit of the following form:

. Dkwk DkU COS((wk — O')T)
lim — =
o—wy (w2 — 0?)T (wp?2 — o2)T
02 (wp—o)T
I Di | |y Dro 7 ( 7 ) Dy, (A.4)
im ———— im = .
o—wp (Wi +0)T  o—=wp Wi, + 0 ((Wk;G)T> 2w T
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~The limit of the 5th and 6th term in (A.1) as o — wy is :
Dy, cos((wy +0)T) Dy cos(2wiT)

lim

oW (wg +0)T N 2w T
lim C sin((wk + O‘)T) _ C sin(kaT) (A.5)
oW (wp +0)T 2w T

~The limit of the 7th term in (A.1) as ¢ — wy gives the amplitude of the time

series (h.1) Cj:
Ck sin((wk — J)T)

li = . A.
o—ggk (wg —0)T Ci (A.6)
We conclude that:
F. (o =wy) =Cr+0(1/)T) . (A.7D
In the same way we find that:
FS(U = wk) = Dk + O(l/T) . (AS)
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Appendix B

The error of the NAFF algorithm
in the determination of the
fundamental frequencies

The calculation of the solution of (%.6) leads us to the error do of the NAFF algorithm
for the determination of the fundamental frequencies wy, of a quasi-periodic time series
(6.1). Approximating the solution with the Newton’s method, we find the following
expression for the error do, which is a rational function of T:

bo(T)

do = (B.1)
Pu(T)
where P,(T) in the numerator is a 2nd degree polynomial in 7"
2
Py(T) =) a,T" (B.2)
n=1
with coefficients a,, given by:
ag = 6wk (Ck2 COS(QWkT) — Ckz + Dk2 COS(QWkT) — DkQ)
a1 = 6wy (2Ckawk COS(2wkT) — 2CyL Drwy, + 2Dk2wk Sil’l(2wkT))
as = 6wy, (Ckzka COS(kaT) + C;fwf + 2Ckawk2 sin(2wkT))
— 6wy, (Dk%uk2 cos(2wiT) + Dk2wk2) (B.3)
and P,(T') in the denominator is a 4th degree polynomial in 7
4
Py(T)=> b,T" (B.4)
n=1

with coefficients b,, given by:
by = 90k2 COS(kaT) - 9Ck2 + 9Dk2 COS(QWkT) — 9Dk2
by = 6Ck2wy sin(2wi,T) 4 120, Dywy, cos(2wpT) — 12C, Dywy+

18Dy 2wy, sin (2w T)

by = 6C}2wi,? + 12C), Dywy? sin (2w, T) — 12D, 2wy, cos (2w, T) —
6D 2wy,

by = 4C,2wy, sin(2wi,T) — 8Cy, Dywy.” cos(2wi T) + 8C, Dywy,® —
4Dy, 2w, sin (2w, T)

by = 20k2wk4 + 2Dk2wk4
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For T large, we then obtain:

az
do =~ B.5
o by 12 + (B.5)
We conclude that the error do is proportional to 72.
Furthermore, since F.(c) and Fs(c) have a local extreme at any of the values
o = wg, with £ = 1,..., N,, we obtain: Fc(wk + ddk) = Fc(wk) + O(d0k2> = Cy +
O(1/T) + O(1/T*), that is:

Fc(wk—}—dO'k) :Ck—FO(l/T) (B.6)

and, analogously,
Fs(wk—i-d(fk) :Dk+0(1/T) (B.7)

In summary, scanning the frequency space with small steps Ao << |doy| in an interval
Omin < Wi < Omaz, and computing the integrals F,(o;), Fs(o;) for any of the values
0j = Omin + jAo, with 57 = 0,..., N, with N, = [W] allows to compute
the values o;,,,. such that P(oj,...) = Fe(0j,.0.)> + Fs(0j,...)% is maximum with
respect to any of the remaining values 0, j # jma. in the interval. We then have
a determination of the frequency wy =~ oj,,. with an error O(1/7?), and of the
amplitudes Cy = F.(0j,.0.)» Dk = Fs(0j,,.. ). With an error O(1/T).
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