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TALK OUTLINE

R Pll Cluster-lenses as astrophysical laboratories for
; testing LCDM

Substructure tests of the nature of DM on
small-scales in clusters and galaxies

L.CDM Predictions & Current Tensions: abundance
of subhalos, radial distribution of subhalos, and
internal properties of subhalos

— New metrics to probe small-scales: GGSL, Power
spectrum analysis



The LCDM paradigm
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L.CDM remarkably successful on large scales > 1
Mpc
CMB, LSS, GalI;xy Evolution
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WAVES OF CRISES IN CDM

MISSING SATELLITE PROBLEM
(abundance)

CUSP-CORE PROBLEM (internal
structure)

TOO-BIG-TO-FAIL PROBLEM
SATELLITE PLANES
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A Crisis in Cosmology — Measurements of
Hubble Constant Disagree
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C Einasto

100

Testable CDM predictions

abundance, radial distribution, and internal
structure of halos
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Diemer & Joyce 2019

Ludlow et al 2016
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Neto et al 2007
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Mapping DM substructure on

small-scales

Abundance & Propert1es
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WHY CLUSTERS? & WHY

JWST image
of
SMACS0723
Model

21SL. image
systems

of
17 are new!

omposition
~1 ﬁ of mass is in galaxies; ~10 % of mass is hot gas; the rest is
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Lotz+ HFF'; Newman+; Smail+; Kneib+; Sand+; Bradac+; Williams+; de
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Cluster-lenses as astrophysical &
cosmological probes
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o=4GM/bc?

' . Cosmology changes
We observg this deﬂgctton angle the geometric distance
(more precisely, gradients of the factors

deflection angle). .

Cosmology changes
growth rate of mass
structures in the Universe.

Map DM via properties of the lenses, study lensed
high-z sources and constrain DE via cosmography

Blandford & Narayan 92; Schneider Ehlers & Falco 92; Bartelmann & Narayan 97; Kneib &
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Strong lensing

number counmultiple images, highly distorted and
magnified arcs, depletion of background sources

e Projected surface mass density within the beay(r) > X
» Massenclosed within the arcis tightly constrained

crit

Weak lensing

coherent distortion in the shapes of background

2HRAEIGT1d used to construct mass map Kaiser & Squires 93
Smail & Ellis 94, 95,



MAPPING SUBSTRUCTURE IN
CLUSTERS

(I)cluster = 2 (I)smooth + E (I) perturbers
i n

PN & Kneib 1997; PN+ 2005; 2009;

SN 11



HST F'rontier Fields
840 HST orbits deep look at 6
clusters

The CLASH Program
524 HST orbits shallow
look

Ongoing programs:

BUFFALO (Jauzac,
Steinhardt+
RELICS (Coe+)

Lotz+ Postman+



Abundance of substructure; the subhalo mass

function
Comparison with LCDM clusters in the Millenium
Simulation
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n(subhalos)

Abdundance of subhalos
Comparison of HFF with Illustris LCDM
clusters

(See talk by C.
Cerny)
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Abundance of sub-halos:
MW

A quantitative companson of # satellites at r < 400 kpc
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Radial distribution of sub-halos
On galaxy scales
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Trouble on small scales in CDM: internal structure
halos

+the fri1ien-cnre nrohlem
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Internal structure of sub-halos

GGSL, concentration
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Internal structure of sub-halos

Measuring strong lensing cross-sections and probabilities
inside cluster-lenses

Identify secondary critical lines; Map critical lines into caustics;
Measure area enclosed by caustics; Obtain GGSL cross-section by

summing up areas
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Sources overlapping at the caustics are strongly lensed
not only by the cluster, but also by the individual cluster galaxies
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GGSL probability [10 7]

1000.0

GGSL comparison with simulated

clusters

11 Clusters from CLASH + HSTFF
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inner regions of cluster galaxies are more concentrated
and are hence more efficient strong lenses than in CDM
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M

sub

< 10! Msun, the most relevant mass-range for GGSL

have maximum circular velocities ~ 30% smaller than those
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Regardless of the resolution and galaxy formation model
adopted, simulations are unable to simultaneously
reproduce the observed stellar masses and compactness
(or maximum circular velocities) of cluster galaxies. The
GGSL discrepancy remains!



The concentration of subhalos
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CONSTRAINTS ON DM FROM

GALAXY-GALAXY LENSES

IMAGE RESIDUALS

3

RECONSTRUCTED SOURCE DENSITY CORRECTION

-
_

® Small mass clumps are detected as corrections to an overall smooth
potential, based on perturbations in the surface brightness distribution

e if present, more than one can be detected and we can quantify its mass

® in order to claim a detection, we require the smooth lens+clump model
to fit the data better than the smooth lens alone at the 100 level
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Pushing the subhalo mass function to lower

IMasses

(Lovell et al. 2012)

Vegetti+; Despali+; Dorkin+;



New metric to characterize small-scale DM

substructure Auto & Cross-Power spectra of mass and gas
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New metric to characterize small-scale DM
substructure Auto & Cross-Power spectra of mass and gas
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OUR CURRENT
CONCLUSIONS

LY TWO POSSIBILITIES L.E

Poor understanding of interplay between DM
and baryons in the cluster cores

eper problems with the CDM paradi

WHY ARE GAPS IMPORTANT?

Interrogate current paradigm portend refinements &
revisions

AND/OR
point the way to radical revisions

DATA FROM UPCOMING SPACE & GROUND
OBSERVATORIES & SIMULATIONS

JWST, NANCY ROMAN, EUCLID, LSST RUBIN
ADDITIONAL PRECISION TESTS WITHNEW

METRICS



A cosmic book of phenomena

P. J. E. Peebles & Joseph Silk

A comparison of the merits of five general theories for the origin of galaxies and large-scale structure

in the Universe with 38 observational constraints from extragalactic astronomy produces no clear winner.
Two theories, cold dark matter in an inflationary cosmology and baryonic dark matter in a low-density
Universe, emerge slightly ahead of the pack.

NEVIEW ARIVLE

A cosmic book of phenomena

P. ). E. Peebles & Joseph Silk

A comparison of the merits of five general theories for the origin of gataxies and large-scale structure
in the Universe with 38 observational constraints from extragalactic astranony produces no clear winner.
Two theories, cold dark matter in an inflationary cosmology and baryonk dark matter In a low-d2nsity

Universe, emerge slightly ahead of the pack

THERE is & tendency 3t scientific meetingy, when a particularly
imporant but lentacive resall i peesencsd to demand of ooe's
collexgues what cdds they wosld give for eventual confirmation
Many bottles of he fnest champagees and malt whiskies, and
even more eoleric slakes, e in Wbeyance while obeervers
stroggle 1o cowst rare phetons from remete galavies or
experimesalists devole decades 10 devgring new type of detec
tors. To enrsch, erlighten and even amuse those of osr colleagues
who are trying o assess the merits of the rival cosmogomiss, we
have be peogramme of wetting up & cowmic book
of odds, Our fint book' focused almost exclusively on the
lisge-scale structure of the Universe. This one i devotsd o the
obuevable phesomena that theorists cussomacily lavoke (or
Ignore) in developisg models for the foematicn of the pulasicr.
Which olmervatioas are relable? Which observacions can be
used 10 dacrireinate between altemative thaosies? As issies in
extrgalactic satroaomy rarcly are seitled by any cme memsire
e, an array of assessments, such as that in Table 1, may be
what finally leads & W & true stndasd model for the origin of
gatasics wnd the large-scale sircture of the Usiverse

We remind pusters that the redshifl £ of an objest is defined
¥0 that 142 the ratio of the observed wavedergihs of spectral
features 1o the coerespording waveleageds in the reat frame of
the objece. At 2% 1, the redshift i 3 cosveniont measure of the
eposh at which the observed radiatios fefl the object. At £« 1,
redshifl s prepartional o distance. Hubble's conviant, the ratio
o redshift to diszance, s stll Quite uncerain, 5o ¥ s wriien as
H o= 100k ket s~ Mg re the purareeter A is Sought 1o
be in the ramge 0.5-1. The valos of b is ve % foe some
cosmological tests, bt at the crede Sevel of our table it is osly
a sealing factor

Theories

Of critical imponaace in the

deasily pursmeter 1)

deasity in the Universs t the valee in the scaleinvariasc
Einsteia-de Sitter usiverse, 2 = 1H/3 G, where G ia the gravi-
tatiosal constant, Luminsas master (both sars and gas) ooa.
ribates €1~ 0,007, Mass estiounes dused on the dynamics
systems of gatasies saually indicate (1= 0.1 (ref, 2), Theorises
kot 2 agree thar () Is peobebly close to waity. Firs. inBatios
makes the sputial curvature ful 1o withia 0.01%, which
£=1 salcus there in 3 cosmological consa

fine-tuning argument: the Friedmara-Roberson- Walker equa
ies that the ratio of the mean mam demity 10 the
Eiasteln-de Sitter value (which is proportional 5o the
curvature term asd is o peesest of the order of unity) was equal
0 2 the Panck epoch, which
willing so live with a cosmological
comitare, cae bas 3 vire cular comcdence for it
value o the end of Inflation. Moreover, there ase two arpuments
againut the ides that the ‘mining suss’ needed o make £ =
Is ordinary (baryosic) matter: % is dificult 1 wnderstand how

NATURE © VOL 346+ 19 LY 1980

w0 rauch material could be hiddes from cheervati

i, 2ad 3 bigh

Yaryon density would make it difficul 1o reccacile the calculied

agreeimeet betwees the baryos demity aceded 10 accoust for
mans sucleosynthess with ¢
accoust for the dynamics of galaxies. The two populi inleepre
sations are that the mans of the Universs i dosminated by sore
5ot of exatic nondaryonic weakly Mtesacting maiter, of that
=01, theoretical arguments notwithytanding, and the mavs
deasity peedominanily baryoaic

In the cold durk matter (CDM) theory™", u Einein-de Sitter
umiverse Is dominated by weakly inteeacting matser with negh
gible primeval pecsure (that i, cold maties), and structure
pows by gravitasaal mstability out of 3 scale-mvaran spec-
tram of primacval adiabatic dessity fuctuations (where the
primeval ration. of local demities of photons, baryeas
4nd dark maner particles are indepeadent of posiion). This
theory requires bissieg, in (e seme thal sass is Joas stroagly
clustered than are galaxses (30 tha the rebatively small m
per gulany found in studies of the dymamics of sywens of
galixies can be comsistent wich the high set mass per gataxy
ireplied by £t = 1) The degree of biaviag required depends 10
some extest oa the phenamezon. For the sake of the argsment,
we aseume that the £ 5. Bacosation SN/ N i@ the galaxy count
in  randomily placed sphere of adius equal 6o the glaxy chasier-
ing leagth 7, = 540410~ Mps is twice the rms. fuctustion
A/ in the ma

i
H

this mass, ard the prodicsed mean
ember derity of neutrings left over from the Mot Big Bang,
the mass densky in seutrinos makes ()= 1.) Structure grows by
gravity eut of adisbecic Suctuations in the mass distribation. In
the linear-persarbatios approsimation smoothing by o
streaming of the dark matter produces a mass cohersnce kengih
of ~Sh™* Mpe al the peeweon epoch

There are two classes af medels in which srectsee formation
is weaded by peimeval nosliacar perturbations. In the strieg
(STR) theores, density pertechations
taional eSiect of a network of oesmic st
the Useverne expusd
the Hubbie Jength f contains a few Jong sirings and closed
Jozps. Rocent caluelutions have lowered the expected sbundanse
of massive loogs rebative 10 long sirings'. Our improssion is that
the issplied modifieation ia the picture for galaxy foemasion,
from accretion omio iselaed loops to fragmentation of the wakes
kes the string scoded galaxy formation models

In the exphosion (XPL) picrsee” locally Inserted energy, per
baps from carly sspernovac, piles bacyors into fidges which

collapee 10 produce new star chesters. We know St non-gravita.
an esscatial

role in the behaviour of the intentelfar medien xed in star
m

© 199 Noise Pbbsning Gonep.

WDM, Self-Int Dief)

TARE L Criieal exagaactc pheromen. cesl and chimercsl

e e
s = e
-
core-car e o 0t g e
. S i
e T 10107 ot w10 wesec 10 o 03 o o: o1 ox
o s T 2%307" st 30 merin 10 oss 003 ar ar 0T an
S
e b BB EE OB PER
B 208 B s n e
e
e oy e
Sl L EEEs
=
G s
-
L i "
=
# Chuntie Cuanaring lergeh % 224412 Moe. aa or: os om0 o4 am
i
by
30 07T N 18 200N 3 or 0o e a7 ops 08 0ST o6 018 o8 02
o
Sy
00 A ape separeton & -~ 300 kn st 23 08 o% o2 oes o0 a8 oBs
[ ] os6  0%8 o5 04 08 om0
T o HE2EES
1 n W & Dwafs vt the vachs dufred by goris 003 a4 oo 0y oM a3 om
Sa as ——
T T
- (+S0%W siree £ =07 o 0w oos os ez o3 g0 o9 20
a a S au o 03 3% o7 om o8 o
. X
om oo aes on
T
Eiees :
BT :
¢ e : 18
e , B2
s S
u ner i
[ ]
i NATLSE - VOL 348 - 19 ALY 1960

Self-Ann DM, PBHs)

thsildetigeINM, Plasmon DM,



THE FIXION xked.com/1621/
A NEL) PARTICLE THAT EXPLAINS EVERYTHING

MPAN COMPONENT __—= CONFINES QUARKS AND GLUONS
q\_/

SUPPRESGES ANTIMATTER
NEUTRALIZES MONOFDLES — N EARLY UNIVERSE
SPONTANEOUBLY — «* ,— VEDATES PROON DECAY
EMITS DARK ENERGY ™~ /* BUT THEN HIDES IT
INTRODUCES DISPERSION INTO BROKEN SYMETRY CAUSES
PERYIONS FROM KITCHEN MICROWAVES, — S §=0 EXPLANNG UNORSERVED
BPLAINNG FRST RADID BURSTS NEUTRON DIPOLE. MOMENT
CAUSES ALPHA EFFECT COVERS NAKED SINGULARITIES
':‘,':Emm'%m: I"’“'O’“- - CRUSES CORONAL HERTING
be: SUPERLUMNALLY SMOOTHS
HIGGS-1sH " ANISOTROPIES IN EARLY UNIVERSE.
=2 e 3 (BUTADDs FRINT ROLARIZATION
PACCELERNTES cm 2 / W i
MELTS ICE IN "SNOLBALL TRIGGERS SBERIAN SINKHOLES
EARTH SCENARD TRANSFORTS NEUTRINGS FASTER THAN
SUPPRESSES SIGHA { LIGHT, BUTONLY ON CERTAIN DAYS
IN EXPERMENTS THROUGH ONE ARER OF FRANCE
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GGSL in MACSJ1206

Which substructures contribute mostly to the GGSL cross section in simulated and rez

clusters?
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Concentration of subhalos: subhalos in clusters and

SEE WORK BY: Hezaveh+; DalgB I¥62Rin+; Despali+; Vegetti+;
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