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= Why do we‘rTGEﬁ‘QOGd models’? -
.-E——"*
= How' are models made now?
= Quasiperiodicity & integrability
= The torus technique

= Secular perturbatlon theory revised
plicati "’*
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\/\/n/ we rieed dynzarnical rriodels
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= Dynamics Cvmmttsweasurements made at
_=_L
different places

= |t connects velocity space to real space
= |t connects stars to DM
= Dynamics reduces the dimensionality of the

axy from 6 to 3 - o —
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~ = Advances in ob: in observational technigue:
‘_.._—.—_.._ -
— Integral-field spectroscopy
= (SAURON, OASIS, KMOS, WFMOS, ..)

— Photometric & radial-velocity surveys -
= (2Mass, SDSS, SEGUE, RAVE, VHS, Pan-Starrs, ..)

— Astrometric satellites
Hipparces, Gaia, Jasmine.:

ei
oIt these large data sets
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~ = MW complex, non-equilibrium system —
- = The bulge-bar, spiral arms, streams, SFR(t,Z,o) at many locations,
secular heating, radial migration, chemical evolution, .....

= \We don’t even want a definitive model

= We must model hierarchically: -

— axisymmetric model — barred model — spiral structure — warped
model — metallicity tagging — ...

= We need the DF so we can sample at will & calculate

ution -



Galzuey modelliriy riow

= N-body m modeﬂmg—” — e
r_r
— Operationally straightforward

— Limitations
= Lack of control of configuration (but M2M) -
= Hard to characterise configuration(ne DE)
= Poisson noise and spurious relaxation

‘—Samphng problem (must have many low-L stars, but -
nearl T —
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stellar populations, secular & chemical
evolution etc
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~ + Standard for | mehesﬁ e
- = Given @(x)-and p(x) and (v)(x) etc

= |ntegrate orbits in ¢ & save p,(X,V)

= Seekw_ >0 s.t. p(X)=X (x,v), etc

= |Limitations

— Messy: need to store M phase-space p,, for N orbits — N*M matrix
to invert

Onbits not, naturally characterised
P0ISSON NoISe

a v apa

— Sampllng problem
= Solution: replace time-series orbits with orbital tori



SPECTRAL STELLAR DYNAMICS
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W= Onbitsicome. in families
= Time series X(t) etc are gUasiperiodic
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— Quasmenoﬁc orbits = exist magic integrals

— J,, J,, J; that can be complemented by
coordinates ¢, 0, 6, with trivial egns of
motion J, = constat and 0. = Q t+ const .

= Orbits 3-tori labelled by J with 6 defining
position on torus

W= orus null is sense_[,,,,.d
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Most general:

_
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— Staeckel' @ defined In terms of confocal
ellipsoidal coordinates

= & separable In x,y,z and @(r) limiting cases
= Staeckel @ yields analytic I, but numerical

ﬂegrati(m required for J,0, == =
wmmmc oscillator

and Isochrone |
®(r) =
b+ Vb2 + r?
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Torus grograurirre
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~ = Map toy torus from harmonic oscillator or
L ]
ISochrene Into target phase space

= Use canonical mapping, so image Is also
null

= Adjust mapping so H = const.on image
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e.0. Bex orbits

(Hzaszlainen & Binnay 1994)

=
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"=@rhits-~-bounded by
confocal ellipsoidal coords
ChY

= X'=A sinh(u) cos(Vv);
y'’=A cosh(u) sin(v) S

= \When) (u,v):coyver. rectangleRe="§
Ly cover realistic box  [ERNS
orbit




50,4 0rolts (corli)

~ = Drive (u,v) with equations of motion when
P

X=f(u), y=g(v) execute s.n.m.
" pu(X,py)=df/du p, ; p,=dg/dv p,
= x=(2J,/m,)*? sin(0,), p,= etc
= S0 (J,0) — (X,Py,--) = (U,Py,--) — (X,P,5--)

~ coord —nsufficiently. general




B0 Orols (Conir.)

~—5(0,1)=0.7 +;22 S,(J) sm(n 0)
= J =0S/06=J+ 2. nS,(J’) cos(n.H)

= The overall transformation
(J,6) — (X',p, ,--) Is now general

= (X,y) are not quite bounded by a rectangle, =

ﬁ (xX,y') ot guite boe ) —

= Determine A, S, and parameters in f(u),
g(v) to minimize ((H-(H))?) over torus




Staeckel ¢
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= [gnorable ¢ — motion in (R,z) with
H=p%2 + L,2[2R?+ &

= Orbits nearly bounded by (u, v) SO can
proceed as above

= Or do
:__..,— (J/ 6/ )S J9/+
— P
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__= NoO significant modifications required for

“general @ (including rotating frame of

reference; Kaasalainen 1995)




= Analytic formulae x(3.6) and v(3,0)
" S0 can find at what 6 star Is at given x & get
corresponding v

= |f orbit integrated in t, star will just come close, & we...
have to search for closest x

= Orbit characterized by actions Ji— essentially
ue unllke |n|t|al conditions

are adiabatic mvarlants — useful when @
slowly evolving (mass-loss, 2-body relax, disc
accretion...)
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Kinematics (GDH—sec 4.6)

== Numerically-erbit given by parameters of toy plus point
transformations plus <~100 S, (cf 1000s of (x,p); If orbit
Integrated In t)

= S_are continuous fns of J, so we can interpolate between
orbits

= The likelihood of arbitrary data given a model can be
calculated by doing 1-d integral for each star

@-en f(J) have a stable scheme forﬂ%rmmmg S'E‘lf-!_
ISte
er-Planck egn exceptionally simple i a-a coordinates

= We are equipped to do Hamiltonian perturbation theory




resorzarices & t1ogology

"= Orbit family determined a priori by gross
Structure of mapping
= Can foliate phase space with tori at will
= Then define integrable Hy(J)=(H).;
= oH = H-H, may cause qualitative change

Wn w, rationally related S
e “trapped” by resonance
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= Dehnen (1998)

= Trapping by
spiral &?




Standard Hamiltonian

theony.doesn’'t work too
well
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= Helmi et al (06) " don
conjecture for |
origin of
Arcturus stream
= Get (x,v) of stars
__with d<1.5 kpc
= Obtain (J0,,00
“for these stars




= In phase-phase plane starst
clumped
= Signals common origin

= | eads to similar clumping
N (J,,Jgr)
_=_Cansharpen by viewing on
S axis inclinedito,J..axis -
si@an use sharpness of
clumping to identifty @

I,/ (kpc? Myr-1t)



McMillan & B (cont)
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= By:minimising means of o, and o, over
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particles, determine time since cluster
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Conclusiorns

~ = Existing analytic or particle based methods
Inadequate for existingrand future surveys

L ——

- = Particle models seriously limited by Poisson noise,
DOOr characterisation of orbits and sampling
oroblem

= All these difficulties eliminated If time series

replaced by tori
. el
studyiﬁﬁstructure-aﬁd_

= With tori can also
ﬂée perturbation theory to
develo
IEntimy i destroyed clusters and determine date of
disruption

— Characterise populations by analytic DFs that evolve In
time to reflect SF and secular heating
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