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Dark matter substructure

Iwo things we may agree upon ...
* (Unfortunately) all our evidence of dark matter is gravitational
 Many dark matter models feature extended substructure

Boson stars, Subhalos, Miniclusters, etc
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Dark matter substructure

Iwo things we may agree upon ...
* (Unfortunately) all our evidence of dark matter is gravitational
 Many dark matter models feature extended substructure

Boson stars, Subhalos, Miniclusters, etc

— Microlensing in giant arcs surveys constrain extended structures
[Croon et al., arXiv:2511.20761v2]

— Ultralight dark matter creates extended structures trough wave interference
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https://arxiv.org/abs/2511.20761v2

Gravitational microlensing

magnification Microlensing occurs when a
massive object in front of a
background source—like a
star—temporarily magnifies
lensed images its brightness.

source /\

¢ . ’ T T . . . .
i Microlensing is characterized
by micro-critical curve:

e “Effective” size of a lens

"dark” \ * Hmicro = ©0-
igrolens |
For an isolated point-like lens
This is given by “Einstein
angle”

Adam Rogers, theamateurrealist.wordpress.com
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Gravitational microlensing in giant arcs (galaxy cluster)

magnification

lensed iImages

source | [ | S

star *

[Kelly et al., arXiv:1411.6009v3]

, 1 , What happens if
: | | " | microlensing happens in
| nd / " \ / \. ,'/ J | giant arCS?
ark o | T— |
miclrolens | - :
g | * Extreme magnification
' \ / \ / | \ / events

* Images are stretched
Immensely

B o W ™ W Microlensing is enhanced!

Adam Rogers, theamateurrealist.wordpress.com
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Part |: Microlensing of extended
structures In gilant arcs
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Micro-critical curves

 Microlensing is characterized by effective E.Qg: Parabolic sphere
Einstein angle
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Saturation

» Microlenses disrupt macro-CC and ., is “capped”
when microlenses overlap: T & 1 (saturation)

2
T = HtRtot fcoEEDo

Mass fraction of monochromatlc
.compact objects '

—1 p—1 —2
Htsat ~ Kot co CEDO

* Larger fractions of dark objects “kills” the macro- | _
magnification — Fainter events. [Diego et al., arXiv:1706.10281]

I\/Iacro magnlflcatlon is redistributed:
into a network of micro- iImages '
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DM Constraints

* |carus event: First ever star observed at cosmological distances (z = 1.49)

10°

EFinite—source effects !
(Microlenses ~ smooth):

— 10* Rg
10° Ry
10° R,
— 10’ Rg

- -=- Point-like

e 10—2

Massive lens — More deflection — More magnification — More fraction allowed

M| Mg

107 107¢ 10°° 10% 1073 1072 107! 10° 10! 10% 10°® 10* 10°
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DM Constraints

* |carus event: First ever observed star at cosmological distances (z = 1.49)

v =100 km/s (solid), v = 250 km/s (dashed),

/ 100

10~}

— 10° R,
10 R,
10" Ry
— 108 R,
— 10° R,

10
10-710610-10#10-°10-210-" 10° 10' 107 10° 10° 105 10° 107

M| Mg

v = 500 km/s (dotted)

I\/Ilcro CC merge with giant arc
. (assumptions break down)

M < 5.1 % 10" Mg

Higher bulk velocity — Larger source — More magnification — More fraction allowed
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Part |l: Ultralight scalar dark
matter




Density perturpations

» Ultralight dark scalar matter behaves as classical waves

104 eV) ( 1000 km/s)

™m U

1
(= ~ 5.3 x 10°Rg (

mvu
Dispersion velocity

+ Constructive interference creates g A
massive extended objects

7“2

0p o (1 2 ) OR—r) [T e S A 7

Parabolic sphere! >
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Mass/radii extended function

« Gaussian density fluctuation — Large/small structure suppression
d? d M d?
n3p _ n(M, R.L. ﬁ) Jpo _ n2p
dlog M dR dlog M dR Yitot dlog M dR
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Saturation

* Optical depth for an extended mass/radii function

dr e dfpo 2
dlog M dR Sl

O(MaR)

dlog M dR EED\

» At saturation7 = 1,

—1
K tot

[dR [ dlog M52 2 (M, R)

Kt sat —

» Next step: We teed y, (. Into the Icarus observation to see whether or not the
model is constrained by the Icarus event (in progress).
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Takeaways

* Microlensing in giant arcs represents a compelling laboratory to constrain
extended dark matter structures.

» |carus was just the beginning. New observations (Earandel, Spock, Godzilla,
etc.) will potentially put sharper constraints on a variety of extended DM.

o Ultralight scalar dark matter wave interference naturally generates extended
massive substructure.

?

foum

m|eV]
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Takeaways

* Microlensing in giant arcs represents a compelling laboratory to constrain
extended dark matter structures.

» |carus was just the beginning. New observations (Earandel, Spock, Godzilla,
etc.) will potentially put sharper constraints on a variety of extended DM.

o Ultralight scalar dark matter wave interference naturally generates extended
massive substructure.

. NA—~EXCIFUDED! v
il @ ' ' ' YV Ve

Thank you!

foum

m|eV]
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Backup slides
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Lensing geometry

Deflectlon angle: a = Ocmlcm
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Deflection angle: @ = & : ., + Xacro!
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The lensing equation (“Chang-Refsdal lens”)

 Chang-Refsdal lens: Two length-scale problem, macrolens acts as a perturber

» The source position / and image position @ are related by

o é’ - -
5 — — (micro — Xmacro

1/2; R — ,7 0 \ -
CKn'li.CI'O — ) : amacro — 9
5 kot
Macrolens convergence and shear
D;
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The lensing equation (“Chang-Refsdal lens”)

» After some redefinitions: y = /6., x = 0/6,, m(x) = M(x0,)/M

= X

pr=1—Rk+79)" N T

mT( ) Yy = (2)$2
_______________________________________________________________________________________ Ut XL

Radlal and tangential macro- magnlflcatlon
Near a tangential macro-CC: u, > u, '

* The magnification of the micro+macrolens system is

po = () mxix) (" + py 1)m;:(::) : m(xl?/(x)
=) (= ) ot
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Micro-critical curves and caustics

e New micro-critical curves/caustics structures

Y 15—
9 ......................... Point-like
r - > Parabolic sphere (z; = 1) 1 10L
o) =po (1= 55 ) @—n) [ phere (21 =11 19
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* Microlensing is now characterized by effective Einstein angle
| > Efficiency (finite-lens effects), ¢ < 1

0E EDO = EE‘DDO\/ uil g

Macro-CC stretching
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Saturation

* Normally one expects that as the image of a lensed source
approaches the macro-CC it gets brighter y, — oo

 Microlenses disrupt macro-CC and ., is “capped” when
microlenses overlap: 7 &~ 1 (saturation)

2
T = ,Utlitotf co€EDO

—1 p—1 —2
Htsat ~ KiotJco €ERDO

* Saturation validity Finite-source effects: Micro-CC merge with macro-CC!
v x 0, \°
1.5 x 107 M <M<51x10°uL M ( )
H,obs 0 ( 500 km /s ) Hops™ 0\ 137
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lcarus event
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DM Constraints

* |carus event: First ever star observed at cosmological distances (z = 1.49)

— Microlens embedded Iin giant arc

— Observation matches intracluster star population

fICL ~ 0007

without causing saturation

- Transient

— High fractions of DM are incompatible with observation

[Venumadhayv, Dai, Miralda-Escude, arXiv:1707.00003]
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ULDM Model

» Ultralight scalar dark matter (non-relativistic)

Classical scalar field a(t,x) = ag(x) cos(mt + a(t,
— 1. 2
Energy density p(t,x) = To = b (a(t, X)

* Density two-point function (slow mode)

Two-point function (p(x)p(x’» — ,526_|AX|2/€2

Power spectrum P(k) — 7T3/2'52£3e_k2/£2

X))

(Va(t,x))*

m?a(t,x)?)
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ULDM Model

» BBKS formalism: Power spectrum — Peaks () and curvature (x) distribution

X Op cxvz(ép)
15 M 45 M
» Parabolic sphere: M, R) = M,R) = *=p°
arabolic sphere v(M, R) o 73 r(M, R) Trog R o= p

Curvature probability

2
d*n3p _ 1 50(2) z’ f(z) exp ! 2 (x —yv)°
dMdR  (27)?R? 48mo3 v? V27m(1 — ~2) 2 1 — 2
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Surface mass fraction

* | ens-plane-projected surface number density « At Icarus position

d2 00 d2 im,zllo_ml eV, . vzllOOOIkm/sl,, fDM :.1_

nep / nsp__ . y

dlog MdR o dlog MdR d

p = fpDMPDM i

5l

» Surface mass fraction S
dfpo M d*ngp ;
dlogMdR Y. dlogMdR g N,
1} T 1o

10-1 100 100 102 10° 10* 105 10°
M [Mg]
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