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BAR-HALO INTERACTION




BAR-HALO INTERACTION

Bar rotates in azimuth with pattern speed 2,

What happens?



WHAT HAPPENS?
t=0
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WHAT HAPPENS?
t=0

Dark matter density response for constant (2,
(Chiba & Schonrich 2022)
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WHAT HAPPENS?
t=0

Dark matter density response for constant (2,
(Chiba & Schonrich 2022)
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This produces a backreaction torque on bar: dynamical friction
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BAR-HALO INTERACTION

Dark matter particle motion
is governed by
2
H="" 4 &(x)+ 6d(x,1)

2
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BAR-HALO INTERACTION

Dark matter particle motion

is governed by

V2

H = 5 Pp(x) + 0P(x, 1)

Halo potential:
GM
D, =

Ts + 7T

Bar potential:
~ 2% 6® = &y, (r) sin® ¥ cos[2(p — Qpt)]



UNPERTURBED DARK MATTER ORBITS

Unperturbed dark matter
particle motion is governed by

V2

H = 5 | (I)()(X)

Halo potential:
GM
Dy =

Ts + 7T




UNPERTURBED DARK MATTER ORBITS

Unperturbed dark matter
particle motion is governed by

V2

H = 5 I (I)O(X)

Halo potential:
GM
Dy =

s + 7T

Q

All orbits in spherical potentials look like this



UNPERTURBED DARK MATTER ORBITS

Unperturbed dark matter
particle motion is governed by

V2

H = > I (I)()(X)

Halo potential:
GM
Py =

s + 7T

Azimuthal circulation + radial oscillation
between pericenire and apocentre
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UNPERTURBED DARK MATTER ORBITS

Unperturbed dark matter
particle motion is governed by
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Halo potential:
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Azimuthal circulation + radial oscillation
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UNPERTURBED DARK MATTER ORBITS

Unperturbed dark matter
particle motion is governed by
v 2
H = | b 0\ X
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ANGLE-ACTION COORDINATES

Change of variables:
(z,v) — (6,J)
2
Suchthat H = V2 ®y(x) only depends on J
0 _oH _ dJ __oH _
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ANGLE-ACTION COORDINATES

For spherical systems,
J=(J., L)
0= (0.0,)

Angular momentum

d¢
L=r’—
Y

Radial action

1

J, = ;/radr V2(E — &(r)) — L2/r?



ANGLE-ACTION COORDINATES

Action J tells you which orbit
you are on;

Angle 0 tells you where you
are on that orbit.

1

For spherical systems,
J=(J., L)
0= (0.0,)

Angular momentum

de
L =r?""
"

Radial action

J, =~ / dr /2B —9()) — L2/

T

T'p



ANGLE-ACTION COORDINATES

Action J tells you which orbit
you are on;

Angle 6 tells you where you
are on that orbit.

For spherical systems,

(b)
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BAR-HALO INTERACTION

Bar rotates in azimuth with pattern speed 2,

Dark matter particles have actions J = (J,, L, L.,)
& corresponding orbital frequencies 2 = (€2, €2y, )



0P

BAR-HALO INTERACTION

Dark matter particle motion

is governed by

V2

H = 5 Pp(x) + 0P(x, 1)

Halo potential:
GM
D, =

Ts + 7T

Bar potential:
~ 2% 6® = &y, (r) sin® ¥ cos[2(p — Qpt)]
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BAR-HALO INTERACTION

Dark matter particle motion
is governed by

H = Ho(J) + 66(0, J, 1)

(

Unperturbed halo
Hamiltonian

Bar perturbation



J WHAT IS THE FRICTIONAL TORQUE?

Torque on one halo particle:
dL.  95®

dt 00,

Total torque on bar:

T(#) = / 04T £(6, 1) 85%99;‘] ?)

Challenge is to compute the perturbed (0, J, )



) WHAT IS THE FRICTIONAL TORQUE?

Torque on one halo particle:
dL.  95®

dt 00,

Total torque on bar:

T(#) = / 04T £(6, 1) 85(1’299;" ?)

Challenge is to compute the perturbed (0, J, )
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LINEAR THEORY (LBK72)

Compute perturbed DF using linearized
Vlasov equation:

t
fn(J,t) =ilN - % / dt'6® n (J, ¢ )e N * 2=t
0

Result:

df sin[(IN - — N,Q,)t]
0J  N-Q- N,Q,

Tan(t) = (27r)3NQ0/ dJ|0®N|° N -

Time-asymptotic LBK torque:

T8 = (2n)° N, / dJ|0®N|° N - % 76 (N - — N,Q,)

This is (a) finite, (b) negative, and (c) resonant



LINEAR THEORY (LBK72)

Compute perturbed DF using linearized
Vlasov equation:

t
fn(J,t) =ilN - % / dt'6® n (J, ¢ )e N * 2=t
0

Result:

df sin[(IN - — N,Q,)t]
0J  N-Q- N,Q,

Tan(t) = (27r)3NQ0/ dJ|0®N|° N -

Time-asymptotic LBK torque:

T8 = (2n)° N, / dJ|0®N|° N - % 76 (N - — N,Q,)

And (d) redolent of Landau damping



NONLINEAR THEORY (TW84)

Dark matter particle motion
is governed by
V2
H = - ®g(x) + 0P(x, 1)

N.-Q = N,Q,
(so LBK predicts its own demise)

2

Key point: if you are
sufficiently close to

resonance, the bar is not a
/- linear perturbation!



NONLINEAR THEORY (TW84)

Dark matter particle motion
is governed by
V2
H = 5 Pp(x) + 0P(x, 1)

Key point: if you are

sufficiently close to
resonance, the bar is not a
/- linear perturbation!
N-Q=N,Q, O’Neill (1965)

(so LBK predicts its own demise) Mazitov (1965)




SLOW-FAST VARIABLES

Key idea: in the vicinity of each resonance, replace one
of your angle variables with the slow angle

O0s=N -0 — N1

The corresponding slow action is
Js=L,/N,

Then particle motion can be described in slow angle-
action space using the Hamiltonian

H =Hy(Js) — N,QpJs —I—E:\If;C ) exp(tkbs)
k=0



SLOW-FAST VARIABLES

Example: corotation resonance. Slow angle is
O = 65(0) + 2[Q, — Q, ]t
The corresponding slow action is
Js=1L,/2

0.5

0.25 |

y/r,

-0.5 | -0.25 0.0 0.25 | 0.5
X/r,  (Chiba & Schonrich 2022)



Js - Js,res [kpC2 Gyr-l]
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SLOW-FAST VARIABLES

[llustration of linear vs nonlinear theory
from Chiba & Schonrich (2022)

Test—partlcle sunu]atlon i Nonlinear theory
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from Chiba & Schonrich (2022)
_ Nonlinear theory

Linear theory

Test-particle simulation
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PHASE-MIXING

ow angle-action phase space
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NONLINEAR THEORY (TW84)

Phase mixing leads to a symmetric density distribution
surrounding the bar, and hence no torque

T]$W84 — 0




NONLINEAR THEORY (TW84)

Phase mixing leads to a symmetric density distribution
surrounding the bar, and hence no torque

T]\IT‘WSZL — 0

TJ{JIBK — (27T)3N90 / dJl(Sq)NPN' % 0 (N - {2 — NQOQp)




DIFFUSION?

Both LBK and TW84 were solving a collisionless problem:

8f|
Ot

{va}:O

In reality, there always exists some collisionality/diffusion
(e.g. due to substructure, molecular clouds, ...):

of

ot | {va}:C[f]




DIFFUSION?

Both LBK and TW84 were solving a collisionless problem:

8f|
Ot

{va}:O

In reality, there always exists some collisionality/diffusion
(e.g. due to substructure, molecular clouds, ...):

(’9f|
ot

U, Hy = Clf

Q. How does diffusion affect these delicate resonant
phenomena?



DIFFUSION?

Of i an
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the slow angle-
action
variables
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, FINAL DISTRIBUTION FUNCTION




‘ WHAT IS THE FRICTIONAL TORQUE?

Torque on one halo particle:
dL.  96®
dt 90,

Total torque on bar = - total torque on halo:

95®(0,J, 1)
90,

T(#) = / 404 £(6, 7. 1)

Compute f(6,J,t) from

af | af Sil’l¢ﬁ —Aﬁ
or ' 06 8j 0j2




PHASE MIXING

(Chiba & Schonrich 2022)
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HOW DOES TORQUE DEPEND ON DIFFUSION?

| |
Sisr ~ —1.2 X 10_3Gyr_1 -

slowing rate, S/S1BK




|S(t —> OO)/SLBK|

TIME-ASYMPTOTIC TORQUE
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