University of Oxford

Galactic dynamics
in the era of Gaia
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* Importance of equilibrium models

* Gaia RVS sample & self-consistent equilibrium models
* Modelling the GC system

* Non-axisymmetries

* Vertical dynamics



The data

 Data upgrade spectacular & ongoing
* Gaila DR2

* 2 colour photometry & astrometry ~2 billion stars
* V.. ~7million stars

- RAVE, APOGEE, Gaia-ESO, Galah, LAMOST, ...

* Spectra forV,,, & chemistry for nearly 107 stars

* In next 2-3 years
* Precision of astrometry will increase & # of V. grow by factor ~10
* All 2 billion stars will acquire spectral distributions



Models

* Models are fundamental for data exploitation
* (I,b,7, 1y, 1,V 10 Gep Grp) NOt intuitive variables physically
* Stellar kinematics -> DM only to the extent Galaxy is in equilibrium

* Much excitement re signs of disequilibrium but these are subtle
effects

* Atr~R, system is many dynamical times old & only weakly
perturbed so equilibrium a good approx.

* Disequilibrium naturally modelled by perturbing equilibrium
models
* Hamiltonian p-theory
* Initial conditions for N-body simulations



Equilibrium models

* Choose f . + fbulge +f 10 +fom @S )
* Use AGAMA (Vasiliev 2018) to solve for @ -> p, <v>, LOSVDs, etc
* ExctractV.(R), p(R,,0) and infer pp,(R,,0), etc
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Still to do

* Deal with selection fn of RVS sample
* A mess because the RVS had an input catalogue

* Deal with selection bias to young stars
* Age & kinematics are strongly correlated

* Major uncertainty
* The flattening of the dark halo



Determining dark halo’s
shape

* Globular clusters & dSph
* Limited by Poisson noise

* Posti & Helmi 2019 Update Binney & Wong log,q Mao = 11.28+3.35 .
2017

* Assign f(J) to disc & halo cluster systems
* Prolate halos favoured

T model




McMillan (2017}
= Bovy (2015)
total

Vasiliev 19 GC model

* Determines i for 150 rather than 74 GCs
Use single (halo) f(J)
Oblate halos not a success

» ¢ from bulge + disc + spherical double-power
dark halo density
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Streams as halo

diagnostic
* Koposov+19 extend

Orphan Stream to 210°

Distances & V.. from
RR Lyrae

In S significant motion
perp to stream

Erkal+19 explain this as
caused by LMC

Stream traced to 60
kpc; s(LMC) 5o kpc
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Erkal+1g

* M(LM(C)=1.4e11+-0.24
° M(50)=3.8e11+'0.12 — NOLMC === Muwc=2x10"M, Mive =1.2 X 1011M
* Halo ~prolate

* Clearly cantignore distortion of
dark halo by LMC




Non-axisymmetry

* (U,V) plane shows impacts of bar & spirals
* What can be handled under w,, ~ const?

 Can derive analytic consts of motion for trapped
stars (B 2018)
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Hercules stream

* Axisymm background McMillan (2017) @(R,z)
* Vertical position fixed by w,; width by bar strength
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Lindblad resonances

They all slope up to left

For m=2,3,4.. They move to
CR

Stars trapped at resonance
shift along lines of slop
dJp/dJ, = 4m

Data show plumes

Selwood + 2019



Spirals

* Disc is responsive: swing amplifier

* Noise generates leading waves -> move to CR

* Swing amplified as they morph to trailing waves
* Trailing waves -> LRs where resonantly absorbed
* Absorption at LRs modifies DF locally

* Makes disc unstable at collisionless level



Lin-Shu-Kalnajs dispersion reln

* LSK dispersion reln predicts
exclusion zone around CR

e Zone widens with Q-1

* Clearly inconsistent with
* Matrix mechanics
* N-body simulations

Sellwood & Carlberg 2014

Toomre/Zang 1981




Julian & Toomre 1966

* Excluded from Galactic Dynamics on grounds of complexity
* Recently reworked with stuff from Toomre 1969 & 1981

* The setting
* (x,y) plane with v, =-2AX (closed orbits, J.=0)

* Perturbed 2/ ~ exp(ik.x) with kx=2Atky
* General (epicyclic) orbits =T+ X cosé,

vy + 2Ax = vy = 2BX cosb,




Julian & Toomre

y Odb 1 0 fﬂ
. - Ox  Op

D) = Doy + Poerr = (I}(f) 93{1}(11{ ) X)

along unperturbed orbit

L
[t K6, t) [Fex ) + St
0

* K(t,t;Q,k /i)
* Easily solved numerically




Basic appllcatlon impulse

* Response is tran5|ent & Q sensitive
e Self-gravity v. important: Q=1.4 -> Amp ~ 14




The afterlife

V[km,'s]




Wavepackets (T69)

e Stimulate with

* With k,=0.15 k

packets appear &
move to LRs and decay there

crit




But for k =k;/2

* With shorter A waves fill whole region
between LRs

* Response larger
* Essentially decay in situ




Vertical dynamics

model

* Antoja spiral

e B & Schoenrich
18

Gaia DR2




Vertical dynamics

* Much harder than in-plane dynamics

* Even z~100 pc -> large change in f

* Hunter & Toomre 1964 studied razor-thin, stone cold disc

* Need to add in-plane & vertical epicycles

* Brave attempt: Fouvry, Pichon & Chavanis 2017

* N-body models need to start v close to equilibrium (AGAMA)



Conclusions

* Equilibrium models an essential point of departure

* Given a valid SF for Gaia RVS sample, the latter will strongly
constrain Galactic and thus dark halo structure at R<~R,

* Structure further out probed by GCs and streams
* increasing importance of non-equilibrium features inc LMC

* Signature of bar CR clear in (U,V) plane: bar v long/slow

* Also signs of resonant absorption at LR

* Sheared sheet suggests const w, unacceptable approx. for spirals
* Vertical dynamics interesting but v hard



