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Cold Dark Matter

* Massive, cold, collisionless matter
with only gravitational interactions
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* Success in large scale: Cosmic web, galaxy rotation curve, lensing

effect (bullet cluster)

* Failure in small scale: Core-cusp problem, missing satellite,

diversity problem



Ultralight dark matter (ULDM)

« DM as an ultralight (~107%%¢eV) boson
 Galactic scale Bose-Einstein condensate

* De Broglie wavelength of ~1kpc

h —Zn—048k 107%%eV_ 250km/s
ag = = pc( m ) »

* The irrotational nature of BEC give rise to
vortex structure

c. DelPopolo, Astrophys.J.698(2009)
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Ultralight dark matter (ULDM)

« DM as an ultralight (~107%%¢eV) boson
 Galactic scale Bose-Einstein condensate

* De Broglie wavelength of ~1kpc

h —Zn—048k 1072%2eV_ 250km/s
ag = = pc( m ) »

* The irrotational nature of BEC give rise to
vortex structure

Vortex is well studied in the lab scale (~ 100 pm)

108(p/Persy)
5

c. DelPopolo, Astrophys.J.698(2009)
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Q=120/kms™?

Formulation

a
* Gross Pitaevskii-Poisson equation: i; g
Gravitational potential Rotation
ki 0¥ K K Kg k<2
—— = |——= V> H{ = (D + P4 =¥ H =L, ¥
2 0t [ P B sy 2 H 2 1

VPO =2 4n Gl

Y : wave function of the ULDM

® : gravitational potential

z | kpc

g : ULDM self interaction coupling constant
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3D simulation result of the DM soliton
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Gravitational lensing



Basics of Gravitational Lensing

* Produce multiple distorted, magnified & time delayed images

ensm\
background galaxy

background-galaxy

foreground galaxy S Smm—
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Credit: ALMA (ESO/NRAO/NAOQJ), L. Calgada (ESO), Y. Hezaveh et al.
Q0957+561A,B. Credit: E.E. Falco et al. and NASA



Basics of Gravitational Lensing

* Produce multiple distorted, magnified & time delayed images

Soliton from simulation __--

C4725-like'galaxy
lensed image seen of
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Credit: ALMA (ESO/NRAO/NAOQJ), L. Calgada (ESO), Y. Hezaveh et al.
Q0957+561A,B. Credit: E.E. Falco et al. and NASA



Result from smooth DM soliton £ 3

Lensed image Magnification map
Combined image
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Result from vorticed DM soliton lens

Lensed image
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Angular speed of the

Increase of angular speed

soliton:
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Increase of angular speed




Total mass of the
soliton:

Q=40/kms™!
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Increase of vortex size
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Total mass of the
soliton:

Lensed Image
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Rotational axis to the
line of sight :

Q=40/km s !

Horizontal = Vertical

Hole = Pillar

Q=40/kms~1
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Rotational axis to the

line of sight : Horizontal = Vertical
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Conclusion

* ULDM predict a soliton core with vortices

* The vortex structure may have lensing significance if the lensed
Images overlap on it

* The lensing significance is mostly affected by:
1. Vortex arrangement(size and position)
2. The alignment of the lens to the line of sight

3. Redshift of lens and source
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Appendix
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Basics of Gravitational Lensing

e

deflection
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Mass sheet/ lens plane,
orthogonal to line of sight .
Sensitive to

* Lens potential: i~ [ Dlane %(x") In|x — x| df/ substructures!

* Projected/column density of lens: X(x)
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Simulation BEC soliton + NFW extension

3D simulation
result

Top view Density profile
projection
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For Our Lens with Under-density Vortices (Top
View):

log_abs_magnification_map
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* Magnification map
* The position of image vs its magnificatiol 40
* Vortice perturbs the magnification!
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If it is an Over-density Subhalo...

° Magnification map log_abs_magnification_map
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* The position of image vs its magnificatio
* Subhalo perturbs the magnification!
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Note: similar result for a single subhalo is shown in Keeton 2002
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Under-density Vortices VS Over-density
Subhalo

* They have opposite geometry in terms of perturbation to image
maghnification!
* Unique signhature to identify if it is over or under density!
Under-density Vortices

Over-density Subhalo
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