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Dark: Does not participate in EM or strong interactions.
Stable: Persists in large quanties in the modern universe.

Cold: Motion, if any, only at non-relativistic speeds.

Exotic: Created by unknown physics in the early universe.



Dark Matter Candidates
From All Across Modern Physics
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Dark Matter Candidates
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Scalar gravity Dynamic Adapted from A New Era in the Quest for Dark Matter

(Simplification, Possibly Outdated) Bertone, G. & Tait, T. (2018).



A bosonic scalar field minimally

ULDM coupled to gravity with
Ultralight Dark Matter jRSslgicSelelsleligleNeElgtle N ERLRCIfelV]gle
10-21 eV.
Capable of generating Behaves differently inside Forms Bose-Einstein
similar large-scale features galaxies due to huge de Condensates!
of the cosmos as other DM Broglie wavelength.

models. 5



Core Problem

Smooth Density Profiles in Core Regions of Galaxies

“Cusp” - Prediction from

Collisionless CDM
(CDM: Cold Dark Matter)

Lack of Direct DM
Detection on Earth

“"Missing Satellites”
Lack of Detected Dwarf Galaxies

"Core"” - Observation

NUMBER OF OBSERVED DWARF
" GALAXIES LOWER THAN EXPECTED
- FROM CDM SIMULATI ON. "7 -a;.;

Log (density)

Log (radius)
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Mandelung Formalism of QM

= 4/pe”

v=Vd0

Structure Formation with Scalar Field Dark Matter:
g The Fluid Approach
Suarez, A. &, Matos, T. (2011).



Schrodinger-Poisson (SP) Equations

A nonlinear modification to Schrodinger Equation,
giving the wavefunction an associated mass density.



Schrodinger-Poisson

External Gravitational Potentials
Non-Gravitational Self-Interaction
Expansion of Universe
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Schrodinger-Poisson Solitons

(Self) Gravity I | Quantum Pressure

Can obtain the general radial profile numerically.

Know some scaling laws: lighter solitons are puffier.
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Constructive Interference
(0 Global Phase Difference)

Destructive Interterence
(n Global Phase Difference)

—
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ynamical Friction

13



How a heavy object.travelling‘through a
distribution of stars, gas, and .dark matter

° o ®
can lose momentum and energdy:

5 » ¢
B
= ¢ . °* ®
o

]

i * = -
o . e ° The SAO Encyclopedia of Astronomy
. ® https://astronomy.swin.edu.au/cosmos

e El "
* Dynamical Friction. I. General Considerations: the
S Coefficient of Dynamical Friction
(Dramatisation) 14 y

Chandrasekhar, S.(1943).



Naive ULDM Dynamical Friction Without Self-Gravity

Work in Particle’s co-moving

reference frame. ’
Assume the dynamical friction
does not affect particle motion.

Particle sources a 1/r potential.

Axions arrive in a plane
ave with uniform velocity
and density far away.

Coulomb Scattering
Sakurai. Modern Quantum Mechanics. Sec. 7.13

15 Dynamical Friction in a Fuzzy Dark Matter Universe
Lancaster, L.et al. (2019).



Steady-State ULDM Overdensity in the plane z=0

_Incoming axion flow

Overdense “"Gravitational Wake"”

b(x) =/pe™P/3HAmiEAam (1 — if)|x

GM — al™)z" o _ L(p+9q)

i 4+ x) 8 =2m M(a,b; 2) = ) —
M ‘l'.Bal;’l:QW(r, i ) : 16 v AdB ( ) Z b(n)p! P

AdB



Problem*

The overdensity tail never ends!
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A Remedy...?




Analytical Relationship
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19 Ultralight scalars as cosmological dark matter

Hui, L.et al. (2017).



Our (Simplified) Simulation vs. Coulomb Scattering

Simulation @0.2793 Million Years Coulumb Scattering Ref.

-2 0 2

(Two plots share colour scales as left panel)
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Dynamical Friction

101-

109

10-1-

Our (Simplified) Simulation vs. Coulomb Scattering

'——- Coulomb Prediction
PyUltraLight Simulation

T0-1 100 101 107

(@)
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This solution is not stable
under its own gravity

22



Simulated ULDM Density
Profile with Self-Gravity w/ Self-gravity
(Along x-Axis)

w/o Self-gravity

Time —
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1600
Mesh Resolution

YE . 1283 . 1923 . 2563 . 3843

Stopping Distances for BH is robust
across resolutions and system size
(Plummer radii)

Stopping Distance / pc
— — p—
- N N
S = =
S S S

0 500 100C 1500 2000
Plummer Radius / Dc
390
880
870 -
8 6 O | . P — —

0 10 20 30 40 50 60 70
Plummer Radius / pc



4

PyUltralight

A Foundation for Efficient and Flexible ULDM Simulations

25



|deas from J/Computational_Cosmology
Nonlinear Optics

Mechanics

Q.
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A Black Hole and a Soliton

30
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(Light BH) Single BH Orbit Decay

(Heavy BH)

Distance from Centre of Mass / pc

.. o .. 200 400 600 800 1000 1200
.............. Time / Myr




Time / Myr, mass corrected

700

600

500

o
-
-

o
-
-

o
-
-

100

100

150

200 250
r/ pc

Single BH Orbit Decay

It deceleration is solely caused by the torque
generated by Coulomb D.F.

evaluated using (initial) local properties

evaluated using core properties

300 350 400
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Skipping Stones?

200-
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- ,,,_/,’ﬁ orbital decay process.

60 -

0 200 400 600 800 1000 1200 1400
Time / Myr

(These simulations use a light, 0.5% M; mass) 36

(A stone skipping attempt by author)



Flexible Reference Frame Shifts and COM Corrections
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Flexible Reference Frame Shifts and COM Corrections
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Quantitative Investigation of Soliton’s Time Evolution

39 Schroedinger-Poisson Solitons: Perturbation Theory
Zagorac, J. L. et al. (2022).



Moving to More Sophisticated Tools

512|kpc )

e
—

40 AxioNyx: Simulating Mixed Fuzzy and Cold Dark Matter.
Schwabe, B. et al. (2020).



Summary

® N body systems coupled to a mesh-based ULDM simulation.
® Comparable results with the dynamical friction models in literature.

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

® Cool dynamics and complex behaviour even with a single black hole.
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