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T S G Magnified Stars Near Caustics
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Critical curve
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Hierarchy of caustic structures

Observable CDM? Inevitable
Galaxy Cluster DM subhalos Intracluster stars




Micro caustic network induced by intracluster stars
Venumadhay, LD & Miralda-Escudé 2017; Diego++ 2017;

Oguri++ 2018; Diego 2019 Little “hourglasses” much larger than Einstein length
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Observation with Space Telescopes

Kelly++ (2017)
October 30 2016 Chen++ (2019) Rodney++ (2018)

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

Blue supergiant T=11000-14000 K “Warhol”
Luminosity ~ 106 Lsun

JWST observed highly magnified a red supergiant?



Flashlight program (P P kely)  QDServation with Space Telescopes

~30 mag per epoch at 50
Image difference technique

MACS |0416 5014 to 2016 Abell 370

z=0.94

e s ‘ TR el ); JWST imaging
, . '.];’ " QQ‘DI - l.-.-...l‘ v _. A -8 .". c
‘.202“2 .;i‘.jl‘f-' S l; \\\\' : s "':.- P ' : Ke”y++ (2022) . : Rg?gcgais QfS.A;JUDcoSys 12E6p.01 h[)o3ys

Sl .
T . )
LN 3 .

.-
LT AN ..

n
o 2 .

2014 to 2016

-

~a

-~

“Abell S1063
2=1.26

TN =




y> [arcsec]

4

N

o

Measuring Star Properties During Micro Caustic Crossing

Effect of surface rotation:

[1] flattened shape

[2] gravity darkening

Rapidly rotating star
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Ray-tracing Example of A Star Crossing a Caustic

Rapidly rotating star w = 0.8
Viewed at an inclined angle
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3 HST filters: ~435nm, ~555nm, ~814nm

Simulated Multi-filter Lightcurves

Lightcurves near peak magnification

~ 1hr per filter, 29 mag @ 1o
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Lightcurves near peak magnification

Fast rotating star w = 0.4
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Han & LD 2312.04774

Parameter Inference Test (Single Star)

Surface rotation

(relative to breakup) W = £/ er
Equatorial radius Re
Bolometric luminosity Lbol
Stellar mass \Y/
Inclination ©
Position angle )

Micro Caustic Strength|  d = (d+1, dy)
Effective velocity Vi
Epoch of Caustic tor

Crossing

Potential use:
1] survey (very) massive stars in z~1—2 galaxies
2] associate caustic-crossing events with source stars for dark matter probes

Degeneracy between Re, Lool, d1, Vi

w = 0.4212:23
%_BéRe_S(SLbol_S%
ftf I‘L di Re 2 Lol B Ut
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e Future extension:
ESSIESS B— 1] limb darkening
2] dust reddening
3] additional micro-images

Possible improvement:
jointly analyzing multiple micro caustic crossings for the
same source star




Critical curve

Caustic

Hierarchy of caustic structures

Observable CDM? Inevitable
Galaxy Cluster DM subhalos Intracluster stars




Flux asymmetry induced by sub-galactic CDM halos

Images from Hubble

LD, Kaurov, Sharon++ (2020)

—vidence for a population of 106-108
solar mass dark matter halos




Astrometric signals of sub-galactic CDM halos

Considered a giant arc like the one in Abell 370

JWST PSF (~1.5 pm)
NIRCam pixel (32 mas) LD, Venumadhav, Kaurov & Miralda-Escudé (2018)
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Sensitive to the population of subhalos in the mass range 106-108 solar masses



Earendel: highly magnified individual star at z=6"

Lensed galaxy: z~6 from IGM absorption bluebird of Lya lone image of Earendel
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Earendel: highly magnified individual star at z=6"

Maybe a M ~ 100 Msun evolved (Tes
= 15000 K) low-Z blue supergiant that
Earendel delensed Is magnified by ~ 8000 fold

-=-21u ~ 1,400, Lenstool
----- 21 = 1,500, WSLAP+
---- 2u = 2,200, Glafic c=7
—= 21 = 6,800, Glaficc=1
—2u = 8,400, LTM

21 = 100,000 limit

Welch++ (2022a)

Source size constraint < 0.1—0.3 pc
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Single star does not decently fit JIWST/NIRCam photometry

A hot-cool binary stellar system can fit the data better
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The effect of sub-galactic CDM subhalos

Ji & LD in prep

Al

Macro caustic not expected to be smooth, but corrugated with fine structures Lingyuan Ji (BCCP)

BIOOES TSl Gnly. (00 Suhbo) subhalo infall mass (7, M) = (1 x 107 M., 1 x 107 M.,)

0.4
(0.4 1 -1,
-
0.2 7 0.2
3 1 6 8
0.0 - 5 0.0 - subhalo mass log,,(m | Mk
—0.2 - —0.2
magnification p(.r. Ta) ma gn ification ju(zq, x2)
. —10101010%102 0 102 10° 101 10° 108 — 105 10=10% 10107 0 m? 107 10° 10° 10°
il pe— e ik pe—— e

subhalo infall mass (M, Mpnax) = (1 X 10° Mz, 1 X 10° M) subhalo infall mass (Mmin, Mmax) = (1 % 10° Mz, 1 x 10° M5)

0.0 - subhalo mass log,,(m [M U

Tu arcsec|

0.9 - —0.2 -
magnification ju(z1, x2)

—1010-10%10%10% 0 107 10° 107 10° 10°

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Ty |arcsec

magnification u(.r. To)

—108-10%10-10%102 0 102 10° 101 10° 108 —0.4 1

0.4 -

Source size constraint?

caustic strength weakens by nearby
< R2 D- d° . e° perturbing sgbhalos
(Inverse angle increases)




size constraint

size constraint log, ,(7v [pc|)
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Hierarchy of caustic structures

observable CDM? Inevitable ? ? ?
Galaxy Cluster DM subhalos Intracluster stars
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QCD axion DM: Peccei-Quinn phase transition after inflation

Vaguero, Redondo & Stadler (2019) Isocurvature initial density fluctuations
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Axion minihalos: collapse after z=3400, solar system sized,
B - asteroid to planet masses Xiao, Williams & McQuinn (2021)

M=1x10""My,z=19 M=1x10"%M,,z=19

yIAL

-10

-15

xIAL



Collective lensing effect of many minihalos (in projection)
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Summary

Highly magnified extragalactic stars arise in caustic crossing lensed galaxies.
They are often very massive stars and have been individually detected by
space telescopes through deep imaging. The number of detections rapidly

grows toward a magnitude limit ~ 29-30

Highly magnified stars repeatedly cross micro caustics cast by intracluster
stars. This renders each one of them a recurrent transient. Micro caustic
crossings can enable measurement of stellar properties including surface

rotation.

Highly magnified stars can be used to probe a population of sub-galactic
dark matter halos (106-108 Msun) predicted in the CDM theory.

High cadence deep lightcurve measurements can uniquely enable us to
discover or constrain tiny dark matter clumpy structures on minuscule
length scales, with important candidates being the minihalos made of the

QCD axion.



