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Small scale crises

* Missing satellites problem
* Too-big-to-fail problem

e Cusp-core problem

~1 —2
r r
pnEw (1) = pn (a) (1 + a)
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Schive et al., Nat.Phys. 10, 496 (2014)
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Halo structures
* Cored-halo profile (Bimodal fit)

psoliton(r) T <7

E. T. Davletov et al., PRA 102, 011302(R) (2020)
T = 64 nK
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*# Fuzzy Dark Matter * .

e Ultralight mass, m =~ [1072%,10] eV L. Hui, arXiv:2101.11735
Dentler et al., arXiv:2111.01199

Schrédinger-Poison equations (SPE) Scaling invariant/symmetry
d 2y2 {t,x,®¥,p} - {At', Ax', A2 ", A2W", A™*p'}
lhaq’(r; t) = [— om + mCI)(r, t)] l'p(l', t) {t, X, (D, Lp,p} - {a‘lt’, X’, azq)/, a LIJ’, azp/}

Ji & Sin, PRD, 50, 3655 (1994); Mocz et al., MNRAS 471, 4559 (2017)

Vid(r, t) = 4nGlp(r,t) — p
(r,¢) [p(r, ) = pl Wavy/quantum features

W(r,t) = /p(r, £)ei?®t) * Wave interferences (fuzzy DM/ DM/BECDM)
h * Quantum pressure
v(r,t) = ano (r,t)
Superfluidity
e Viscosity free

Hydrodynamic description  Critical velocity (m-dependent Jeans scale)

9] e Irrotational
—p+V-(pv) =0

0 Iv|? h? V2p
V4V —+ - =0
' T2 T T
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al-o structure

Soliton merger simulation
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Mocz et al., MNRAS 471, 4559 (2017)

Chan et al., arXiv:2110.11882 Primary sample (M = 100M,¢)
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Halo structure

Energy functional of the SP system
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Halo structure

Energy functional of the SP system
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Halo structure

g Energy functional of the SP system
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Halo structures

5
Coherence measures Rl _ —
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F. Dalfovo et al., Review of Modern Physics 71, 463 (1999); P. B. Blakie et al., Adv. Phys. 57, 363 (2008); Liu et al., Comm.Phys. 1, 24 (2018) & PRR 2, 0333183 (2020)
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Halo structures
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*# Halo structures

Coherence measures R _ —
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=+« Halo structures
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Halo structures

Energy profiles
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Halo structures

Energy profiles
—h2V2 /2m? P (r)p(r)/2
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Eqp = 2Eke Quantized vortex

The incompressible/rotational component
corresponds to the topological defect
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=&« Halo structures

Energy profiles
—h2V2 /2m? P (r)p(r)/2

8

O

I

(b}

% .

= E= f dr {| e (1) + £, (1) | + €p(X)} = Eye + Ep Exe = Eice + Eje ( )
© VXF¢(r)=0
% 2 - h? ‘ Ere(T) =1|FC(1')+F"(r)|2 V-Fi{(r) =0
£ fe(® = Zp@NEP e, (1) =5 — |V/p(0)] ke(l) =75 . )
® ,

"g Eqp < ZEke E1l<e < 1'SEI(ée

Z

S 10°

(b}

é = 10*

S R

S 7z10°

57 107

S S

© 10

3

= 10°




QFC2022, 26 Oct. 2022

“+ \ostices in FDM halos and ‘granule size

Vortical structure visualization
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* Vortices in FDM have also been investigated in L. Hui et al., 2021 & Mocz et al., MNRAS 471, 4559 (2017)
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*# Voktices in FDM halos and'granule size

2 Vortical structure visualization : ;
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Vostices in FDM halos and'granule size

Vortex energy and granule power spectra

Incompressible energy spectrum

& (k) = j dQy k2l (r,t)

« No quasi-classical turbulence, k=>/3

Urequired vortex bundles in SF
A. Baggaley et al., PRL 109, 205304 (2012)

LFDM vortices are more chaotic
Mocz et al., MNRAS 471, 4559 (2017)

12
* Vortex core structure, k™ 3: p|v‘| ~ Const. in large k

Nore et al., Phys. of Fluids 9, 2644 (1997)
Stagg et al., PRA 94, 053632 (2016)
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*# Conclusion

Coherent
soliton
core

Incoherent NFW outer halo
Locally phase coherent quasi-condensate

Incoherent NFW outer halo
Fluctuating phase & density via vortices

o The radial halo profile can be fairly caught by the cored-halo fit with the parameters 7. and 7.

o The FDM mass can roughly by estimated by

K3 10~22 ev\" 250km/s\°
= (E250) s () ( e (e
m*v mc 10°Mgkpc Vryef

ref

givingm =~ [10722,10] eV for FDM in our simulation.

o The turbulent-like vortex dynamics results in the large density fluctuations in the outer halo.

o The inter-vortex distances and the granule length scale are comparable

| Liu | NCL | Coherent and Incoherent Structures in Fuzzy Dark Matter Halos |

Thank you for your attention
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*+ Halo structure:'soliton core oscillations

g Power spectrum PO, = 17K, OF o

% Ak, t)_(zl\:)2f4nkzp(k 2 n (e £) _prt)—p ?;:

3 p 4 osf -

-u;(d mok(l%)m18
: e —..
2 . ”“MM‘!‘”M“\“WM" | “""""""‘“m“"'W""'H"’”M' ﬁn ” f
P T P 3

L;_) T, — krAnzaX is anti correlated



QFC2022, 26 Oct. 2022

Halo structures

Zagorac et al., PRD 105, 103506

3 Mode-mixing and nonlinear dynamic
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*« Voitices in FDM halos and’granule size

Vortical structure visualization
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Vostices in FDM halos and'granule size

Vortex energy and granule power spectra

Incompressible energy spectrum

& (k) = j dQy k2l (r,t)

Nore et al., Phys. of Fluids 9, 2644 (1997)
Stagg et al., PRA 94, 053632 (2016)

Quasi-classical turbulence, k~3/3: Not seen

Mocz et al., MNRAS 471, 4559 (2017)

12
Vortex core structure, k~3: p|v‘| ~ Const.in large k

L. Hui et al., 2004.01188, JCOPAL (2021)
T. Chiueh et al., J. Phys. B 44, 115101 (2011)
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*# Fuzzy Dark Matter

Today
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Fuzzy Dark Matter

* Rotational curve
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Fuzzy Dark Matter

* Rotational curve
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Fuzzy Dark Matter

* Rotational curve
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Fuzzy Dark Matter

* Rotational curve
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V. Springel et al., Nature 440, 1137 (2006)



QFC2022, 26 Oct. 2022

“¢ Fuzzy Dark Matter

» Cosmic web
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