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Abstract: Rich clusters of galaxies are the largest gravitational magnifiers in the Universe. One of the most interesting gravitational e
phenomena arises when background galaxies overlap with the lensing caustics cast by the cluster lens, such that a portion of it is treme
magnified by hundreds to even thousands fold. As a result, Nature's most luminous classes of stars have been individually or collectively dete
space telescopes from cosmological distances. Quantitatively studying their behavior will enable us to probe an impressive hierarchy of fin
structures inside the lens: from star-free sub-galactic cold dark matter halos, to intracluster stars, and to even minuscule dark matter
predicted in many of the particle physics models of the dark matter. | will talk about what we have theoretically understood about the extr
magnified stars, what latest observational advances there are, and what unique constraints on dark matter micro-structures can be derived.

Zoom link
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Gravitational Lensing

wavefront unaffected

Lens mass

self-pinch

wave source

“strong” lensing \

wavefront “slows down”
due to curved\spacetime

“‘weak” lensing
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* James Webb view of galaxy cluster SMACS 0"23-7_3
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* James Webb'view'of galaxy cluster SMACS 0"23-73
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Rich Science of Cluster Lensing Fields

Measure cosmic expansion Detect and resolve ancient
by timing strongly lensed SNe ~ galaxies at Cosmic Dawn (z>8)

‘ L A primordial galaxy at z=11;
S, bes-¢ Two components ~ 70 pc and ~ 20 pc

9 . - ‘,'smmn-zh e.qg. HSI80++ 2023)

g Type la SN HOpe (standard a0 1 o
= candel) at z=1.78
sfope 2¢ 3 lensed ]mages .

Extragalactic extremely magnified stars

Reveal extreme star formation at o Study individual massive stars in young universe
Cosmic Noon (z~2-4) o Probe dark matter substructures

, lensing caustic network
O CEIEIRIVEEELN Chemical enrichment from , - ¥

Setlitbiiiebaad icllar winds and SNe

Gas condensation and retention
and formation of “2nd gen.”

stars?

Pascale, LD, McKee & Tsang (2023)
Pascale, LD & McKee (in prep)
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Outline

o Introduction: geometric lensing, caustic and critical curves

o

Highly magnified stars seen in galaxy cluster lensing
o Microlensing effects of intracluster stars
o Effects of sub-galactic dark matter subhalos

o Effects of dark matter micro-structures (?)
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Geometrical Lensing

lens (image) plane
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> Geometrical Lensing
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image plane source plane

2.0 1.00
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o Surface brightness conserved
o (De-)magnified source looks (smaller) bigger and (fainter) brighter

o Multiple images can form

Pirsa: 24030119 Page 10/49



Caustics in a swimming pool
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Caustic
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Caustic and Critical Curve

image plane source plane

2.0 1.00
L5 P critical curve 0.75 |
1.0 0.50 .
caustic
0.5 0.25
negative
0.0 parity 0.00
]
=0.5 =0.25
=1.0 -0.50
-15 ( W —0.75
-2.0 e . —1.00, — — .
-2.0 -1.5 —-1.0 0.5 0.0 0.5 1.0 1.5 2.0 —-1.00 -=0.75 =050 -0.25 0.00 0.25 0.50 0.75 .00

see Blandford & Narayan (1986)
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Caustics in Catastrophe Theory

Catastrophe theory deals with discontinuous transitions between the states
of a system given smooth variation of the underlying parameters.

fold

AN
BN !

swallowtalil

butterfly
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Lensing near fold caustic

caustic -
critical curve

Perpendicular magnification
(moderate)

+— Azr —»
— Ay e , — A0 ni ~ [2 (1 - "'30)]_1
L ] L e L ——— D]

source image image

Parallel magnification

p = 1/(d sina Az)

Total magnification

source plane lens plane H= ) KL

3 parameters: source plane region

2
(1) local convergence ko Ay = 1 (d sine) (Az)? = M'_'
(2) 2nd derivative of deflection d 2 2d sina
(3)angle a
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Source passing a fold
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lensed galaxy
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lensed galaxy

Abell 2667 @

Nt

Galaxy lensed by galaxy cluster

supergiant stars

cluster DM halo
~1014—1015 Mg

X
2
N
)
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caustic crossing arc

Jordi Miralda-Escudé

galaxy cluster d ~ 1/6¢ ~ 1/10”

telescope resolution Ax <~ 0.1"
magnification y ~ O(100-1000)
distance D ~ 1 Gpc

observer Miralda-Escudé (1991)
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What individual stars are sufficiently bright?

Need stars whose (bolometric)
luminosity is ~1056 Lsun

Hot main sequence

P Sun

Blue supergiant
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Kelly++ (2017)

First discovery of highly magnified star

ges of host galaxy

. Imay
5 (z=1.49)

& SN Refsdal 2

Blue supergiant
R ~ 100 R_sun
T =11000 — 14000 K

Brightness

Comparison of a Model of a Blue Supergiant’s
Spectrum with Observational Data

4 Observational data
Model stellar spectrum

¢ &
Balmer ® *
discontinuity
L 2
2 [ St o
Hydrogen
v ® absorption
= lines

ey s e iy S el s v S T R
800 100 1200 1400 1600
Wavelength (nm)
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More detections of highly magnified star

Cler-+ (P01 Rodney++ (2018) “Christmas Tree”

Kaurov, LD,
Venumadhay,
Miralda-Escudé &
Frye (2019)

“Warhol”

lone image of Earendel
a star at z=67
Welch++ (2022a)

Maybe a M ~ 100 Msun
evolved (Tert = 15000 K)
low-Z blue supergiant
magnified by ~ 8000 fold

It
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Flashlight program (PI: P. Kelly)

Kelly++ (2022)
~30 mag per epoch at 50
image difference technique

MACS J0416
z=0.94

Abell 370

2014 to 2016

PRS-

Yan++ (2023); JWST imaging

Epoch 1 Epoch 2 CANUCS Epoch 3
83.4 Days 96.7 Days 126.1 Days
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<« Images of host galaxy
(z=1.49)
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observer

lensed galaxy
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Point-like microlenses

up = 3, Ky = 0.03  “optically thin”
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1/2
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Abundance of microlenses
quantified by the course-
grained convergence
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More microlenses

UB = 3, Ky = 0.3 ‘optically marginal” UB =— 3, Ry = 2.0 “optically thick”
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Microlenses with large macro magnification

Intracluster star abundance at the location of the caustic crossing arc

“Optically” thick! ke ~ 0.001 — 0.01
I,LB — 200, R* — 0-01
| ] Optically thin:

|

Optically marginal:

1) | | | ke = 1/uB

|
|

.

IR r | Optically thick:
Il | '
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Observational Consequences of Microlensing

Source star traversing the micro-caustic network on the source plane

|5. - .I_,.._._...T‘. E -

sour'cgg stal
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-1.0
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!

macro caustic ‘\, e, S—— e R S R S

magniflca ion boost

time

Crossing of micro caustics: fpenis = 104 (R/10 R@)_l/2

Occurrence of peak events: ~1—100 per year Venumadhay, LD & Miralda-Escudé 2017,

Diego++ 2017; Oguri++ 2018;
Timescale for transiting the network: ~104 years  Diego 2019
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& ' smaller stellar disk
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& ' smaller stellar disk
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Study stellar properties during micro-caustic crossing

Han & LD (2024)

Critical curve Caustic
x10~2 x10-10 B
4 24000
f— == 2 22000
o 3 <
5 = 20000 —
= — =
)r("' 9\ 59 18000
16000
-4
-4 -2 0 2 -+ -4 -2 0 2 4
x1 [arcsec] x1077 y1 [arcsec] x1071°
Image plane Source plane
Can measure individual massive star properties in high-redshift galaxies: _ Q/Q
(dimensionless) stellar rotation, luminosity, radius W = cr

Pirsa: 24030119 Page 30/49



lensed galaxy

supergiant stars

cluster DM halo
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_intracluster stars
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0.1 pc

* DM sub-halos

~106—109
observer 10°—10°Mo
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Subhalos inside halo

Gao, White, Jenkins, Stoehr & Springel (2004)

1075 ——rrrrmy .
10 | Gaan | Up to ~10% of dark matter in a galaxy
b e cluster halo is locked up in subhalos
“Halos inside halos”
R E
£ o Subhalo mass function:
TS \ 1 10x more subhalos when subhalo mass
of LN decreases by 10x
1078 E
T TR Subhalos <109 solar masses are essentially

m,,(h" M)

devoid of stars

Hezaveh++ (2016)

Imprint of a 10¢ solar mass subhalo in an
Einstein ring seen in sub-mm

Bullock & Boylan-Kolchin (2017)

Cold Dark Matter Warm Dark Matter
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Subhalos are inefficient lenses

" Critical lens surface density
Lensing convergence
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Solution: exploit large “background” magnification

Ray-bundle deformation matrix

Oy | 1-rk—m —2
ox —72 l—Kk+m
Flux magnification b 1

detg—g

K = Kmacro T Ksub
Y1 = Y1,macro + Y1,sub

Y2 = 7Y2,macro + Y2,sub
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Evidence for Sub-galactic CDM Subhalos

LD, Kaurov, Sharon++ (2020)

8 <log(mp/Mg) <10 7 <log(mpu/Mg) <10

|
i
1Al

00 0.2 04

xll T w

Difficult to explain using time-varying microlensing effects.

Evidence for a population of 108-108 solar mass dark matter
halos (which are expected to be “galaxy-free”)
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LD, Kaurov, Sharon++ (2020)

8 <log (mu/Mg) <10

Evidence for Sub-galactic CDM Subhalos

0.4

=
—_

0. 0.2

al’l T
Difficult to explain using time-varying microlensing effects.

x|

Evidence for a population of 108-108 solar mass dark matter
halos (which are expected to be “galaxy-free”)
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Flux asymmetry

LD, Kaurov, Sharon++ (2020) Images from Hubble

Lensed galaxy atz = 2.9

Multiple clumps of stars near the
caustic.

Lensed image pairs straddle the
model critical curve.

Several image pairs show Evidence for a population of 106-108 solar
asymmetric fluxes ~ 60% mass (invisible) DM sub-halos
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LD, Kaurov, Sharon++ (2020)
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Difficult to explain using time-varying microlensing effects.

Evidence for a population of 108-108 solar mass dark matter
halos (which are expected to be “galaxy-free”)

Evidence for Sub-galactic CDM Subhalos
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Astrometric signatures

macro critical curve ‘ -
Enhanced perturbation on magnification

8_y d7_ dag g oot
ox | ox ox

nearly singular matrix

Enhanced perturbation on image position
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direction of macro elongation Shift of image position Ray deflection from
perturber
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Lensed image pairs in the critical curve vicinity

A locally smooth lens

An unsmooth lens
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direction of macro elongation

< - N .
Ty 4

direction of macro elongation
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Astrometric Signals of Perturbed Critical Curve

Considered a giant arc like the one in Abell 370 |

JWST PSF (~1.5 um) | "
LD, Venumadhayv, Kaurov & Miralda-Escudé (2018)
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Midpoints of image pairs should not lie along a nearly straight line.
Sensitive to the population of subhalos in the mass range 106-108 solar masses

In new JWST images a few dozen highly magnified stars have been uncovered.
Stay tuned!
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