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Dynamical Friction

A heavy object traveling through a distribution
of stars, gas, and dark matter can lose

momentum and energy.

2 Dynamical Friction. I. General Considerations: the Coeflicient of Dynamical Friction
Chandrasekhar, S. (1943).
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3 DYNAMICAL FRICTION (Dramatization)
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ULDM Basics










Schrodinger-Poisson
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External Gravitational Potentials

Non-Gravitational Self-Interaction

Expansion of Universe
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8  ULDM BASICS




Schrodinger-Poisson Solitons

Can obtain the general radial profile

numerically* o (Self) Gravity I | Quantum Pressure

Know some scaling laws: lighter

solitons are puffier.
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Madelung Picture
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PyUltralight

A Foundation for Efficient and Flexible ULDM Simulations
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12 PYULTRALIGHT2 Under the Hood




13 PYULTRALIGHT2 Under the Hood
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14 PYULTRALIGHT2 An Example Simulation




Linear Pass through Uniform ULDM




Dynamical Friction from Uniform ULDM

—Incoming axion flow

Overdense “Gravitational Wake”

Dynamical friction in a Fuzzy Dark Matter universe

16 Our First Dynamical Friction Results
Lancaster et al. JCAP(2020).
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Numerical Solution vs. Coulomb Scattering

Simulation @0.2793 Million Years Coulumb Scattering Ref.
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17 Our First Dynamical Friction Results (Two plots always share color scales as left panel evolves in time)




Numerical Solution vs. Coulomb Scattering

- == (Coulomb Prediction
PyUltraLight Simulation
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18 Our First Dynamical Friction Results




The tail is not stable under its
own gravity

19 Our First Dynamical Friction Results




Full ULDM Density
Profile with Self-Gravity
(Along Axis of Symmetry)

w/ Self-gravity

- w/o Self-gravity

Time —

X / Kpc

Dynamical friction from ultralight dark matter
Yourong Wang and Richard Easther. Phys. Rev. D 105, 063523

20 Our First Dynamical Friction Results




Stopping Distances for BH
is robust across
resolutions and system
size (Plummer radii)
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21 Our First Dynamical Friction Results




A Point Mass Orbiting a Soliton




23 BH-Soliton Interactions




Single BH Orbit Decay vs. BH Mass
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24 BH-Soliton Interactions (Presented in system frame of reference)




Single BH Orbit Decay vs. Initial Radius

Distance from Soliton Center of Mass / kpc
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2 5 BH-Soliton Interactions (25 independent runs, each carried out for 14 nominal orbital periods.)




Skipping Stones?

AVOE
Infalling BH’s with orbital periods near resonance
180 with the soliton’s intrinsic breathing modes may
» experience either facilitation or inhibition of the
160- Py bital d
> orbital decay process.
2,
140- S~
QO
Q,
60 |
0 200 400 600 800 1000 1200 1400

Time / Myr

A stone skipping attempt by author

26 BH-Soliton Interactions (This parameter scan is based on a different system than the previous slide)




Soliton Eigenmode Decomposition
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Ongoing investigation with Tim Koorey (Auckland) and Luna Zagorac (Perimeter)

27 BH-Soliton Interactions Schrodinger-Poisson solitons: Perturbation theory
Zagorac et al. PRD 105, 103506.




Caveats of This Toy Model

Effectively, the initial soliton is instantly taken out of equilibrium at t=0, which is unrealistic.

No astrophysical systems that we know of would consist of a fully relaxed “ground state” solitonic
core.

Nonlinearity might be dramatically disturbed by the presence of other massive objects and
structures nearby.

Local effects may be significant, like the BH’s accretion of axions.

PyUL is a versatile and reliable tool for scratch work, but full-size simulations call for more
sophisticated numerical routines such as ChplUltra (Yale Cosmology) and AxioNyx (Goettingen
Cosmology).




29 PYULTRALIGHT2 Another Example Simulation




Movie3 Long: Energy Density Changes (by component) in Plane
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3() PYULTRALIGHT2 Another Example Simulation




Summary

e With PyUltraLight 2, we can now couple arbitrary N body systems to a
mesh-based ULDM simulation.

e Comparable results with the simplified dynamical friction models in
literature.

e Direct simulations of nonlinear interactions between a ULDM soliton
and a black hole.

e Intricate dynamics and complex behavior even with a single black hole.




Source of Interesting Dynamics
Local Causes Lead to Non-Local ULDM Behaviour

Bringing Together Black Holes
Interactions mediated by dark matter might give
us a solution to the Final Parsec Problem

How do two SMBHs find each other during a
galaxy merger and coalesce?

The Final Parsec Problem

Milosavljevi¢, M. & Merritt, D. (2003).

The LISA Collaboration

LISA Consortium, ESA
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A eomputer’simpression of jets from a galaxy merger




