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ACDM Theoretical Fit: Q,h* ~ 0.024, Q h*~ 0.14
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Small Scale Challenges in CDM Model

ACDM Tensmns Wlth Dwarf Galax1es

Missing satellites M,.- M1 relation Too big to fail Diversity of rotation curves
‘ Diversity of dwarf sizes Satellite planes ‘
arXiv:1707.04256 Quiescent fractions |

I Potential Problem: Absence of Baryonic Processes (Feedback, Formation) and/or Nature |
of DM! ~




Baryonic Processes

Strongly model dependent e.g. feedback
sensitivity to the gas threshold for galaxy
formation.

ALD )
..,AQI:‘W”
i
iii’i!!!!h\},@b

|

A
AR

Very Difficult to disentangle baryonic

effects in the Simulations! | Hydro sims: LG-MR + EAGLE-FR,
A = V_,=77 km s +10% [165]

DMO sims: LG-MR + EAGLE-HR,
= y_ =77 kms +£10% [165]

. . | D Oh+2011 DG1
Some outliers like IC 2574 | Oh+2011 DG2

with Feedback! « ® IC2574
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Oman et.al. 2015




Alternative Dark Matter Models

Warm Dark Matter (WDM): favored mass range in tension with Lya observation
& abundance of high-z galaxies

Self-interacting Dark Matter (SIDM): Needs fine-tuned cross-sections &
struggles to explain full range of observations

QCD axion /DM limit unitarity limit

10-22 eV cluicyindow keV GeV 10Tev My
1 i + + -t -

i

} " Ultralight” DM |

f “Light” DM WIMP Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal {‘ dark sectors black holes

sterile v
can be thermal

\
*L | bosomc ﬁelds

arXiv:2408.00082

Still a viable window
Under observational
costraints!


https://arxiv.org/abs/2408.00082

Fuzzy Dark Matter

(F(C)DM, BECDM, ULDM, ELBDM, (ultra-light) axion (-like) DM (ULA, ALP))

4+ Extremely light scalar particle (m ~ 10-20 - 10-22 V)

4+ Non-thermally produced (thus not ultra-hot)

4+ Clumps to form Bose-Einstein Condensate (BEC)!
4+ Quantum effects counteract gravity at small scales
4+ Tiny mass

— large de-broglie wavelength (~ 1/m)
— macroscopic quantum effects at kpc scales
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Fuzzy Dark Matter Equations - |

A. Start with simple scalar field action

| 1 m?c?

1 m 8
> = e J /e (Egﬂ uPNOP) =5 ¢ - h2c2¢4>

Note: Corresponds to superfluid dark matter w/o self-interaction (g — 0)

2 QCD Axion Case: originates from periodic potential

V() ~ A1 — cos(/f,)) for @ <[,

B. Rewrite
i1 - hic - -
¢ — —Re(llle_w /hmt) — (We_lc [hmt n W*e—lc /hmt)
\ 2m 2 \ 2m
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Fuzzy Dark Matter Equations - |l

C. Take the non-relativistic limit with perturbed FLRW metric

2V A%
ds? = (1 + —) c’dt? — a(t)2(1 — —2> dx’

c2 C

V Is the gravitational potential sourcing the perturbations

2 Non-relativistic limit: Necessary for non-linear structure formation in

universe
| 3 -
D. Result ih | dw+—Hy | = — Vay + mVy
2 2m
. | .. h Ve
E. With comoving quantities: ihoy, = — 2—V§yfc +mV.y. v
m C
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Extensions : self interaciions. multinle fi | Qi
1) Multiple Fields

N v
. 0usi(2) = 5 (g s V(@ )) byt
S VAV (z,1) = 47G Y [t (a, ).
(Intege -
/
Ocpj(@,t) = — ( f;fz -m; V(z,1) 2) Self-interactions F-Multiplejelds

2m3

il O + mek(w ) ) ey
V2V (z,t) = 47TGZ [ (x, t)|%.
J

\ 3) Self-interactions + Multiple fields™+ Higher Spin Fields

VZ

A
5+ mV (z,t) + —|v,bj|2

Op;(z,t) = — (

4 %Xi:s. Sz.j 4+ — 28 . ZA zﬂ’gbk(w t)Ak —Zzglk[sl]g vk) Vj(z,1).

V2V =4nG ) |
J

Credit: arXiv:2507.00705



https://arxiv.org/abs/2507.00705

Governing Equations

A. Wave Formalism (Schrodinger-Poisson Equations)
hZ

ihoy = ——Viy+mVy
2m

V2V = 42Gm(|w|* = |y |°)

1Single Macroscopic WF of

B. Madelung Formalism (Fluid Dynamics Representation)

0,0+ V - (p¥) =0 R
m

_ 1 —, 72 VP

6tT5+(T5-V)T5=——V(V—2 \/_) p=ml|yl|’
m \/,5 "

v=—VS$

m
—g ~
V2V = 4zGm(p — £o)
— “Quantum Pressure”
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Fuzzy Dark Matter Simulations
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Challenges in Simulating Fuzzy Dark Matter

Schroedinger-Poisson Equations

Loy k% _,

> ~ - N

Theorem (Cybenko, 1989)

Let o0 be any continuous sigmoidal function. Then, the finite
sums of the form

9(z) = D _wio((w)) = + b))

are dense in C(I1,).

13 T Schive, Chieun, & Broadnurst (2014)



Physics Informed Neural Networks

General Framework: O /C —
%’.‘&?&V"W

DINNX, 0); 2] = f(X), X € Q S ;gé“oe'i_'

BINN(X.0):] = g(X) X € Q2 o’\\‘#ﬁ‘#}”@‘

m Hidden Layer m Composed Loss

Adapted from F. Pioch et.al.2023

|

PDE and boundary conditions }{
as additional constraints |

Exact c(t,z,y)

1
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Pretty Successful ‘(

Climate Simulations! |

Raissi, Yazdani, Karinadakis 2020




Schrodinger-Poisson Equations used

7
j=— =
m

. 0 % 2 1 1 ;
ZELP(x’ )= (_ EV i IV[T(x’ t)])lp(x’ " 7 - the strength of

VIV[¥(x, )] = (| P, 0)|°—1)  |potential

A — 0, Gravitational Potential Term is dominant in the SP Equations!

A — 00, Gravitational Potential Term vanishes, Free Schrodinger Equation
representing diffusion!

’m ——
4 = 1 throughout this work!,

e = — - N
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Schrodinger-Poisson Informed Neural Networks (SPINN)
. he o,
lhatl// = —-——YV W+ WLVI,I/ Construct physics-informed loss:

2m
V2V = dnGm(|wl v 1) L = |(ioplot + Vw2 — mVy) |* + | (V2V = |2+ D|*
= /1 — 1%

Use automatic

Neural differentiation to
network g gl calculate derivatives

o0, Vzl//, V2V, ...
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Schrodinger-Poisson Informed Neural Networks (SPINN)

Loss for initial and boundary Construct physics-informed loss:
conditions L = | (idwlot + V2yI2 — mVy) |* + | (V2V = [y? | + 1) |

Use backpropagation to
find network parameters
that minimize these losses

Use automatic
Neural differentiation to
network g gl calculate derivatives

oy, Vay, V2V, . ..




Initial Functions Used

Initial density

1D Initial FunCtion: , % Initial data for PINN at tp

w(x,0) = \/ 1 +0.6sin (%x)

3D Initial Function:
w(x,0) = \/1 + 0.6 sin (ﬂ—x> sin (ﬂ—y) sin (E>
4 4 4

18







Density Predictions in 1D

SPINN Predicted Solution Numerical Solution Error (Pred - Real)

8 8
7 7
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5 5
‘\‘_4 N
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Pred - Real




Comparison with existing references

classical reference [)|?



https://arxiv.org/abs/2307.06032
https://arxiv.org/abs/2101.05821

Extrapolation

Predicted Solution Numerical Solution

EV1dence of SPINNS ab111ty to generahze and predlct beyond tramed



Density Predictions in 3D

Predicted Solution Numerical Solution Error in Predictions
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3D Cubes Comparisons

SPINN Predicted Solution Numerical Solution Absolute Error (|Pred-Real|)

@ &

0.6 08 1 1.2 14 1.6 1.8 06 08 1 1.2 14 16 1.8 0 0.01 0.02 0.03 0.04 0.05 0.06
Predicted value Numerical value Absolute Error

{Maximum (abs) error of 6% for 3D cubes!]
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Results with Madelung Formalism

PINN Predicted Solution Numerical Solution




Current Hybrid Approach-WGANs (Ongoing work)

GAN Generated FDM Density Slice (cdmic)
GAN Generated FDM Density Slice (cdmic)
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Current Hybrid Approach-DDPMs(Ongoing work)

Real FDM Density Slice (cdmic) Generated FDM Density Slice (cdmic)
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Work in Progress!
(Still to scale to larger times)

Unsupervised FDM PINNs with Intial conditions same as CDM case

Supervised PINNs using large-scale CDM simulations as additional
data constraint .

Generative Models for painting-in small-scale features

Reproducing Core-Halo Relations for FDM with PINNSs

28
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Checks on Density Predictions

Mass Conservation (Normalization)
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Collocation Points

Positions of collocation points and boundary data

10 15 20 25
r

xe[08] re[0x [Denseenough tolearn the solution!
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Periodic Boundary Conditions

Example in x-direction for Real part of Wavefunction and Potential:

Periodicity |

Ry)x=0,y,z,1) = Ryw)(x=L,y,z1)

O RW)(x =0,y,z,0) =0 R(y)x =L, y,z,1)

Vix=0,y,z,) =V(x=L,y,z,1)

0Vx=0,y,z,t) =0, V(x=L,y, 1)

MSE,0) =— ), | [RoPIXD) = R,DIED | + | So(IX)) = Ty (P)X))

32

Vo(X,) = V(X))



Residual Functions

i d
%m(\y)(x) = 0, Ry(P) + 5 ( Z 5;2659(‘11)) — V- S¢(P)

IResidual Contributions for |
ISchrodinger + Poisson
jequatons 000 |

l

=1
1 d

Rgn(X) = 0F,(¥) = — | 2 AR() |+ Vy- Ry(P)
=1

d
Ry(X) =Y EVy— (RfP) + Sp(¥)?) — 1.0)
=1

n

2 2 2
X | + | BgwXD| + | Ry(XD) ]
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Numerical Method (Mocz et. al. 2017)

2nd Order Unitary Spectral Method

4+ Calculate potential: 1

V= IFFT(
k2

FFT (47Gm(| |’ - \%\2)))

4+ Half-Step ‘Kick’:
y <« exp|—i(m/n)(At/2)V ]y Kick

4+ Full-Step ‘Drift’ in Fourier Space:
w < IFFT (exp[—iAt(h/m)k*/2]FFT(y)) Drift

4+ Update the potential:
V < IFFT (—i
k2

4+ Another Half-Step ‘Kick’:
y < exp|—i(m/n)(At/2)V ]y Kick

FFT (42Gm(|y|” - wfo\z)))



