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Cold dark matter (CDM)

On large scales dark matter is well-
described by cold dark matter (CDM)
model as a non-relativistic collisionless
perfect fluid.

Hsi-Yu Schive, Tzihong Chiueh, Tom
Broadhurst, NaturePhysics (2014)
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On large scales dark matter is well-
described by cold dark matter (CDM)
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Ultralight dark matter

ULDM

We assume that the DM consists of
ultralight bosons from Standard
Model extensions — axions or
axionlike particles

Cosmic Structure as the Quantum Interference of a Coherent Dark
Wave, Hsi-Yu Schive et al. (2014)
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Ultralight dark matter

We assume that the DM consists of
ultralight bosons from Standard

Model extensions — axions or
axionlike particles

cored
profile

v

ULDM

Cosmic Structure as the Quantum Interference of a Coherent Dark
Wave, Hsi-Yu Schive et al. (2014)

On the large scales (> galaxy) ULDM
reproduces CDM, but it behaves
differently on galactic scales!

Why?



GPP equations

Ultralight dark matter is described by the system of Gross-Pitaevskii-Poisson equations

[0 (r,t) = (—42 A+ mD(r,) + gN[o(r, 1)) v(r, 1)
A®(1,t) = 4rGmN | (r, 1)’

P.-H. Chavanis, Quantum Aspects of Black Holes, 151 (2015) 5
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GPP equations

Ultralight dark matter is described by the system of Gross-Pitaevskii-Poisson equations

[0 (r,t) = (—42 A+ mD(r,) + gN[o(r, 1)) v(r, 1)
A®(1,t) = 4rGmN | (r, 1)’

Names in literature: BECDM, DM, ULDM, wave DM, fuzzy DM (FDM)

Extremely sn.wall m ~ 1022 eV/62 — A ~ 1 kpc
boson mass:

10° M,
Huge occupation numbers: ©__ _10%

10=22 eV /c?

P.-H. Chavanis, Quantum Aspects of Black Holes, 151 (2015)
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GPP equations

Ultralight dark matter is described by the system of Gross-Pitaevskii-Poisson equations

O (r, ) = (A 4+ m(x, ) + gN (. )]?) ¥(x, 1)
A®(r,t) = 4rGmN [ (r, t)|?

Let’s transform GPP to equivalent hydrodynamic equations
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GPP equations

Ultralight dark matter is described by the system of Gross-Pitaevskii-Poisson equations

O (r, ) = (A 4+ m(x, ) + gN (. )]?) ¥(x, 1)
A®(r,t) = 4rGmN [ (r, t)|?

Let’s transform GPP to equivalent hydrodynamic equations

= [yer st

p=mN||* -density

atp + V(pU) =3
du+ (u-Vyu=[1vpl-ve [Ivg
AP = 4nGp,
Wi

Absent in the case of CDM!

1
u=—V.JS -velocity
™m

CDM is pressureless, but ULDM
is not, since it has

quantum Q=— h? A\/ﬁ
pressure 2m ﬁ
pressure due to g 2
self-interaction P = 5,2
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Ultralight boson and halo structure

CDM: gravity attracts
matter to the center

p y N p 4
NFW
profile

v

ULDM: quantum
pressure and self-
interaction (if present)

counteract gravity

i
cored

profile

n
>

r

atp -+ V(pU) =

iIs not, since it has

ou+ (u-V)u= —%Vp—V¢>— LVQ|| -

quantum

Q =

AP = 4nGp, /

pressure
* pressure dueto

N/

self-interaction

Absent in the case of CDM!

CDM is pressureless, but ULDM

B2 AP

2m \/p
p:

2m2
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Simple model to describe a ULDM core

One can fit the numerical solution of the GPP equations

RO (r, ) = ( A 4 m®(r, t) + gN | (r, 1) |2) b (r, 1)

2m

....can be solved numerically

»Understanding the Core-Halo Relation of Quantum
Wave Dark Matter from 3D Simulations“ H.-Y.

AD(r,t) = 4rGmN|(r, t)|? Schive et al. 2014




Simple model to describe a ULDM core

One can fit the numerical solution of the GPP equations

- B _h_z 9
?’hatw(rﬂ t) o ( 2'mA T m@(r, t) T gN’w(I', t)l ) ’LD(I', t) »Understanding the Core-Halo Relation of Quantum

A(I)(I" t) — 4’7TGmN]'¢b(r’ t) ’2 g‘gi‘;ieD:trgl{\”;gi;mem 3D Simulations“ H.-Y.

...can be solved numerically

A complementary approach: variational ansatz

\/M —r? 2)4iBr
/w(r,w— gt ()2

V)

o

variational parameters

S —Jdtfdrw* zhi h2v2——q>w
o ot ' 2m 2

Chavanis P. Phys Rev D (2011)



Simple model to describe a ULDM core

VM

IZ)(I‘,t) — 3/4 R3/2

€

—r?/(2R?)+1i5r?

From the GPP action we find the
Lagrange equations of motion for
the variational parameters:

—1

m R
= ohR
lp_ M1 V2GM _
m? R®> SR
quantum gravity

pressure
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Simple model to describe a ULDM core

1/}(1’, t) —

VM

r3/4 R3/2

€

—r?/(2R?)+1i5r?

From the GPP action we find the
Lagrange equations of motion for
the variational parameters:

m R
= ohR
lp_P 1 ~2GM _
m* R° SR
quantum gravity
pressure

*CDM limit: nothing would counteract gravity
and we wouldget R — (0

Equilibrium stationary solution: R = 0, 8=0
3/ h?
R = v

kg/m3

10—18

1072

V2 GMm?

10724

1 0—27

10730

m/[eV/c?]
1 x 102

5 x 10722

2 x 10722

— 1 x 1022

— 5x 10723

— 2x10°2

— 1 x1072

10

1000

10°

T/[;C

10



ULDM soliton

@glk

Rotation curves

Gravitational potential

Rotation curve

v

v
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Rotation curves

ULDM soliton (I)g“ Gravitational potential U 4 Rotation curve

v
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Fit of observed rotation curves for LSB galaxies.

T Bernal, L M Fernandez-Hernandez, T Matos, M A Rodriguez-Meza, Monthly Notices of Royal Astronomical Society (2017) 11



Velocity dispersion in dwarf galaxies

Idea: fit velocity dispersion data for seven Milky Way dwarf spheroidals with ULDM halo model

Gravitational

00
: : : 9 1 N / dP potential,
Velocity dispersion v = dr pb('r )—’ dominated by
Pb (T) r dr
ULDM halo
gy < 0
20 T T T T T T T T ‘ms;w(\.,‘ Carina
= e Draco
M = 1.765402x10°, R = 5.200922 x 102 10 Eoml”'x
15 | i '_' ----------- eo
2 } ~|3 —*— Leo ||
- N : 8‘ —o— Sculptor
E 10 1 ‘ } \(? .......... SextansA
7 —
ol = 1072}
Hubble Space Telescope view showing part &) AN
of the Draco Dwarf Galaxy. Credits: NASA, U
ESA, Eduardo Vitral, Roeland van der 00 260 460 6(I)0 8(I)0 1060 12'oo 14loo 1600 1800
Marel, and Sangmo Tony Sohn (STScl), DSS; s
Image processing: Joseph DePasquale P
(STScl)

102

200 400 600 800 1000 1200 1400
r/pc

K Korshynska, EV Gorbar, YM Bidasyuk, Al Yakimenko, Y Revaz Phys Rev D (2026)
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Trajectories of globular clusters: dynamical friction

Fornax . ' : . Fornax ULDM halo
dwarf ' ‘

— o o,
- ~ -~
- ~
- -~

-
S~ o -
. —_—

N o o ==

https://www.constellation-guide.com/constellation-
list/fornax-constellation/
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Trajectories of globular clusters: dynamical friction

Fornax . ' : . Fornax ULDM halo
dwarf . 4 emmmmm=——
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\\ \\ -~
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N o o ==
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https://www.constellation-guide.com/constellation-
list/fornax-constellation/

For the supersonic velocity of a globular cluster

Vac l

/ Gravitational
attraction
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Trajectories of globular clusters: dynamical friction
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For the supersonic velocity of a globular cluster

10k m =10-10 eV
_ —m =2010"% eV
............................................ _  om= 30_10—22 el
VGC 050 NS r =0.64 kpc

0 2 4 6 g 10 12 14
V.M. Gorkavenko, A.l. Yakimenko, A.O. Zaporozhchenko, E.V. Gorbar, Physica Scripta (2025)

E Gorbar, O Barabash, V Gorkavenko, K Korshynska, Andriy Momot, A Zaporozhchenko
Classical and Quantum Gravity (2026) 13
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3. ULDM vortex
and its
astrophysical
implications

Contents

No stable circular
trajectory in this
region!
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ULDM co-rotates with baryonic matter
in spiral galaxies

W >> W

Baryon .. )
y. Critical velocity
rotational
) for vortex
velocity ,
formation

M. P. Silverman and R. L. Mallett, General
Relativity and Gravitation (2002)

ULDM vortices
Could be formed due to
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ULDM vortices
Could be formed due to

ULDM co-rotates with baryonic matter Rotating black hole
in spiral galaxies

Qpn
W >> W

Baryon .. )
y. Critical velocity
rotational
) for vortex
velocity .
formation
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K Korshynska, OO Prykhodko, EV

M. P, {3i{verman anq R.'L. Mallett, General Gorbar, Junji Jia, Al Yakimenko PhysRev
Relativity and Gravitation (2002) D (2025)



ULDM vortices

Could be formed due to Collisions of halos

ULDM co-rotates with baryonic matter Rotating black hole
in spiral galaxies

06 =1

Qpu .

W >> Wcr

Baryon .. )
Y5 Critical velocity ] .
rotational
) for vortex
velocity ,
formation
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. K Korshynska, OO Prykhodko, EV YO Nikolaieva, YM Bidasyuk, K
M. P. sl{verman anq R.'L. Mallett, General Gorbar, Junji Jia, Al Yakimenko PhysRev Korshynska, EV Gorbar. Junji Jia, Al
Relativity and Gravitation (2002) D (2025) Yakimenko .;:’hys Rev D’ (2023) ’
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ULDM vortices

GPP equations
ihOu(r, ) = (—%A +m®(r, 1) + gN|u(r, t)|2) b(r, 1)
A®(r,t) = drGmN 1 (r, t)|?

... have another type of stationary solution — vortices!

m)s 2 e

e 2R* 2(Rn)?

density phase (s=1)

16



ULDM vortices

GPP equations

ihOp)(r,t) = (_
A®(r,t) = 4rGmN | (r, t)|?

.. have another type of stationary solution —vortices!

2
r

S _ 1 22 14
l|!(1‘J_, 0, z) = A(EL) e 2Rr? 2(Rn)2ﬂse

Z

density

phase (s=1)

s=0 s=1
™ — Variational 1.51 — Variational
%A + mfI’ (I', t) -+ QNWJ(I', t) |2) ¢(r, t) ) 4‘\ =~ Numerical "'1 ()‘ =77 Numerical
: o
a

x10 x10
6
Q ;
' « «
2 0.5
0 - 0 . . .
0 10 20 30 40 0 10 20 30 40
x10°  rkpe ?
s=2 |
6 — Variational .
] " Numerical | 1
“/\ @
G "
21 :
0 0 - v .
0 20 30 40 0 10 20 30 40

r, kpe r, kpe
Y. O. Nikolaieva, A. O. Olashyn, Y. I. Kuriatnikov, S. I.
Vilchynskii, A. I. Yakimenko et al. Low Temp Physics (2021)

Vortices have a superfluid flow

_J __thyVy - yVyr shes
v 2m [¥[? mry
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ULDM vortices

Are stable with respect to perturbations:

S=1
° © © — e ¢ 6
9 9
t=5-10 yr t=13-10"yr 4q0° t=5-10" yr t=13-10" yr o «10°
~10F ~10F ~10F 2.0 ~-10F ~10F —10F 2.0
(3] (3] Q " 1.5 C [
i%oo &00 30;—‘ 1.0 & of _f‘}o" £of ' T
~10F T 10F I0f {[105 ~ 1ok > 1ok 10k 0.5
P 14 I R SRR clas s lassalay Ll bl s liaaalag
—10 () 10 —lO 0 10 ~10 0 10 p/p, -10 0 10 —10 0 lO -10 0 10 p/p,
x, kpe x, kpe x, kpe x, kpc x, kpc x, kpe

Y. O. Nikolaieva, A. O. Olashyn, Y. I. Kuriatnikov, S. I. Vilchynskii, A. I. Yakimenko Low Temp Physics (2021)
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ULDM vortices

Are stable with respect to perturbations:

x, kpc

x, kpe

S=1
=0 t=510"yr  1=13-10"yr (8
_10F —10F “10F 2.0
g .t 2} 9 f 1.5
< Of = Of ~ Of 1.0
".]OE_I | 1 F‘I]OE_I | 1 "IIOE—I 1 L 0.5
-10 0 10 -10 0 10 -10 0 10 p/p,

x, kpc

Y. O. Nikolaieva, A. O. Olashyn, Y. I. Kuriatnikov, S. I. Vilchynskii, A. I. Yakimenko Low Temp Physics (2021)
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ULDM vortices

Are stable with respect to perturbations:

S =
9 9
t=5'10" yr t=13-10"yr 4q0°
_10f _10F 10F 2.0
2 f 2 g2 1.5
- - 0:’ -4 0:‘ lO
2 = F = F :
lO-_l 1 ]0:1 1 1 0.5
-10 0 10 -10 0 10 p/p,.
x, kpe x, kpe

Y. O. Nikolaieva, A. O. Olashyn, Y. I. Kuriatnikov, S. I. Vilchynskii, A. I. Yakimenko Low Temp Physics (2021)

Are stable with respect to collisions:

time
YO Nikolaieva, YM Bidasyuk, K Korshynska, EV Gorbar, Junji Jia, Al Yakimenko Phys Rev D (2023)
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The presence of a vortex
changes the spacetime
metric:

ULDM vortices: gravielectric potential

2@
dS* = gudxtdx’ = (1 — —f) (dx")?
C

_I_ -
c2 c2

4 2P .
(Agdx) dx" + (— —~ —g) 8;idx'dx’
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ULDM vortices: gravielectric potential

2 y 29, 042
The presence of a vortex dS° = gudxtdx” =1 — 5 (dx”)
changes the spacetime B

metric: 4 0 2®g i ;
S N [ - .. J
—I-C2 (Agdx) dx” + ( 1 = 8 jdx"dx
Gravielectric (Newtonian) potential and rotation curves
(I)g
Local -
maximum!
/ — s=0




ULDM vortices: gravielectric potential

2D
The presence of a vortex ds’ = guvdxtdx’ = (1 — —2g) (dx")?
changes the spacetime B

metric:

2

4 2P .
+— (Agdx) dx’ + (—1 - —g) Sijdx'dx’

Gravielectric (Newtonian) potential and rotation curves

3

<I>g
Local —
maximum!

No stable circular
trajectory in this
region!

. K. Korshynska, Y.M. Bidasyuk, E.\V. Gorbar, Junji Jia, A.l. Yakimenko EPJC
7’!
(2023) 17




The presence of a vortex
changes the spacetime
metric:

ULDM vortices: gravimagnetic effect

2P
dS* = guvdx*dx’ = (1 - —f) (dx")?
C

4 0 ngg [ '
+c_2 (Agdx) dx” + (—1 - 0—2) djjdx dx’

The geodesic trajectory of a test

particle is determined by a
gravielectromagnetic force

C

F, = m(V@—gvx[VxAg])

= m(ag + ap)

K. Korshynska, Y.M. Bidasyuk, E.V. Gorbar, Junji Jia, A.l. Yakimenko EPJC (2023)
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ULDM vortices: gravimagnetic effect

2P
The presence of a vortex ds’ = guvdxtdx’ = ( — —2g) (dx")?
changes the spacetime ¢

metric: 4 0 ijg i ;
S 1 — — & .. J
—I-C2 (Agdx) dx” + ( ) 0jjdx" dx
The geodesic trajectory of a test For a distant star (8
particle is determined by a kpc from the MW
gravielectromagnetic force center):
9 gravimagnetic force
Fg — m| VP - Zv x [V < Ag] would gllsplace the
C Sun trajectory by

only 80 solar radii!

Here the vortex

|aB ‘ 10—6 model could be https://cosmosatyourdoorstep.com/2023/01/18/ho
. tested better! w-massive-is-the-milky-way/

K. Korshynska, Y.M. Bidasyuk, E.V. Gorbar, Junji Jia, A.l. Yakimenko EPJC (2023) 18



ULDM vortices: dynamical friction

=

Vac

/‘ Gravitational
attraction

GC orbital
motion

v

Vortex
flow

Vac

V Gorkavenko, O Barabash, T Gorkavenko, K Korshynska, O Teslyk,

A Zaporozhchenko, E Gorbar, Universe (2026) 19



ULDM vortices: dynamical friction

Vac I

/‘ Gravitational
attraction

den

Now relative velocity between the Globular
Cluster and the ULDM medium is:

GC orbital
motion VGC — \/

Vac

v

Vortex
flow

‘ co-directional rotation leads to a pronounced
suppression of dynamical friction

V Gorkavenko, O Barabash, T Gorkavenko, K Korshynska, O Teslyk,

A Zaporozhchenko, E Gorbar, Universe (2026) 19
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Ultralight dark matter
model:

axionlike bosons with
small masses;
cores in galactic centers

Conclusions

Balance between
gravitational attraction
and quantum pressure
-> cores in ULDM

They can also form
stable vortices

ULDM model test: comparison with
astrophysical observations

(rotation curves, velocity dispersion and
globular clusters’ trajectories)

20
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K Korshynska, OO Prykhodko, EV Gorbar, Junji Jia, Al Yakimenko PhysRev D (2025)k .
»Velocity dispersion profiles of dwarf spheroidal galame&th self-interacting ultralight dark matter*

K Korshynska, EV Gorbar YM Bidasyuk, Al Yakihvenko Y Revaz Phys Rev D (2026) y
T .. . o ——
. ,,Damplng of dynamlcal friction force in self-interacting ultralight dark matter and Fornax timing problem*

E Gorbar, O Barabash, V Gorkavenko, K Korshynska, Andriy Momot, A Zaporozhchenko Classical and Quantum Gravity (2026)
,,Th(;Vortex State ofmalight Dark Matter and the Fornax Timing Problem*
V Gorkavenko, O Barabash, TGorkavenko K Korshynska, O Teslyk, A Zaporozhchenko, E Gorbar, Universe (2026)
r:! ‘,,Cﬂ)loglcal structure formation in ultralight dark matter* . ‘
K

. Korshynska, A. I. Yakimenko, Y. Revaz and E. V. Gorbar [in preparation]

v .‘h Thank you for your attention( o 5
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Ultralight boson and halo structure

P__a
k 3
~ n gjniw Core + NFW envelope
GMm? 0 density profile
St 107%
\,‘\\, 5
S v, 10—22_
PN 7\
k \ i cTetaces, )
DM: particles s 10724} .
Aip < d SHE R . . . 3 . .
e 01 110 100 1000 10° 10° 7/pc
Condensate DM: condensate . ,
Aap > d P 4 ) ) m/[eV/c?]
kg/m?> Core density profile | % 10-21
107 5 x 10722
Ultra-light dark matter Elisa G. M. Ferreira (2021)
10—21 % 10—22
10—24 —_— 1 x 10_22
While for small galaxies (dwarf spheroidals or ultra- 5« 10-23
faint dwarfs) the core can be used to model the 10727 N
total halo, the bigger halos (spiral, like Milky Way) 0 — 2x 107
require core+envelope model 10 \ \\ 1 x10-23
10 1000 10° r/pc



ULDM vortices

1) Have density hole and the superfluid flow

= WV — V) = e,

V —
4] m|ip|? mr

2) Interesting dynamics

t=1.98 t=3.98 t=5.98 t=7.98 [e(x.y,0)|

. -2 4
3
>0
2
2 ) !
-2 0 2 -2 0 2
X X
! 1

\ 2 J N 2 A 2

~n 0 ~n O I ~NO

3 2 . -5 2 @ - 2

2 2 2
2 -2 2
0 0
x% 2 2 Y x% 2 2 Y

K Korshynska, OO Prykhodko, EV Gorbar, Junji Jia, Al Yakimenko PhysRev D (2025)

3) Have interesting implications on
astrophysical observations...
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Cosmological perspective: structure formation

Dark energy
occelerated
expansion

Structure
formation

Cosmic Microwave
Bockground radiaticn

is visible

“The emergence of stars,
galaxies, groups and clusters
of galaxies, and even larger
inhomogeneities from the
nearly homogeneous early
universe is referred to as
structure formation”.

Galactic Dynamics J. Binney and S. Tremaine
(2011)
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ULDM structure formation

Investigated in ....

»Fuzzy dark matter simulations® Schive
2026

,Cosmic structure as the quantum
interference of a coherent dark wave “
Schive etal. 2014

»Jeans-type instability of a complex self-
interacting scalar field in general
relativity “A. Suarez et al., Phys Rev D
2018

“Structure formation in large-volume
cosmological simulations of fuzzy dark
matter: impact of the non-linear
dynamics”S. May et al. 2021
“Coherent and incoherent structures in
fuzzy dark matter haloes”|.-K. Liu et al.
2023....

and many more.

Usual approach:
GPP equations +

... and then a large-scale
numerical simulation

Can we try to
understand this
process with a
simple model?

i o 3
h| — + —H
hiz Tat)v
1)

107!

10~2



ULDM structure formation
Perturbed FLRW spacetime:

2P 2P Z
ds® = (1 -+ p—2> cdt? + a®(t) (—1 = ) 6;;dx" da?
me\ 2 2
le%—(?) Y =0 m—) ih(ﬁ+§H>w _ h 2V2¢+m@w
nonrelativistic ot 2 2ma
limit

wavefunction

Variational approach: 1 (r,t) = +/po(t) ( ZQ‘Q—I— eto(r, t)/\/ )_)\lnhomogenelty halo)

time-dependent uniform random phase
background density

3
5(7‘): RO 6—7‘2/1%(15)2




Evolution of the halo size
in expanding Universe

54 W% 1 2RUYVPR [t 134y o
+ —R— + g =
3t m?2t8/3 R3 3t2 Jt (R2(t) + R2%(7) + 4C(7,t))5/2
R/Ry
m/[eV/c?]
10 | % 10-23 Collapse towards a halo
1 2 x 10723
5x 10723
0.100 | 10-22
0.010 2 x 10722 \ Q
5 x 10722
0.001 1 x 1072
-5 4 >
10 10 0.001 0.010 0.100 1 t/tf

[In preparation]
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ULDM gravitational potential

Einstein’s equations in the o
perturbed FLRW spacetime: Gl“/ o SWGTMV

3a P
_QA(I) 5 — 81Gpy— = dnGped
a a C C
1 /7 oo B2 R3(1 4+ AR
L(t) = 2‘E ChRIR? -~ Fo(1 + 4R°57) ,
Gmt 4 mitd/3 2R? fdvg
al

d(n, x) m(‘ZRbt 2/3 a(r)dr b
6t2/3 ), (R2(t) + R2(1) + 4C(7,t))3/2
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