Characterizing Galaxy Clusters with Gravitational
Lensing: Halo Shape and Splashback Radius
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Galaxy clusters: Largest class of dark-matter halos

Space-time abundance of rare massive clusters is “exponentially”
sensitive to cosmology AND their mass calibration

62.5I_V|pc/h : e ¥ o\ , Diemer & Kravtsov 2014



Cluster gravitational lensing

15Mpc/h
Key Objectives

Intra-halo structure
Density profile, p(r)
Halo mass, M,
Concentration, c, =R, /r,
Splashback radius, R,
Halo shape

Surrounding LSS

Halo bias b, (M)
DM clustering strength, cg
Assembly bias

Diemer & Kravtsov 2014



strong lensing

High-resolution space imaging
with HST (ACS/WFC3) for
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CLUMI (CLUster lensing Mass Inversion):
Multi-probe lensing analysis

Combining strong-lensing, weak-

lensing shear and magnification
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@ Negative magnification bias from red counts (S/N~5)

@1 Positive magnification bias from blue counts (S/N~3) ]
Joint solution (shear + magnification + strong lensing)
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Ensemble Cluster Mass Profile (CLASH

Combining strong and weak 6 0.01 0.02 0.05 Rcl)'.%oomo.z 05 1 2
IenSing allows measurements ? ; HSTI strolng Iensling’l‘ Sulbaru wleak Iénsinc?
of cluster density profiles over — i
a wide dynamic range.
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The stacked profile is well
described by cuspy, outward-

: . . M 50, =1.4791 x10° M,
steepening density profiles as S

[AMo/MpC?]

_ . ()~0.34

predicted for CDM-dominated w 10"}
: Clusters
halos. - 4 Averaged
NFW (Maooc, c200c)

Cored profiles (e.g., Burkert) 13— EEE Halo model (Moo, Caooc, br) \\
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Clustercentric radius, R [h'kpc]

Both strong and weak lensing

“re needed!! Umetsu+16, ApJ, 821, 116

Merten+15, ApJ, 806, 4



Concentration vs. Mass (CLASH)

The c(M) relation is sensitive to the shape and normalization of P(k)
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Concentration, ¢
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CLASH vs. Superlens Clusters
o X-ray selected CLASH clusters (Umetsu+16)

o Superlens clusters with R

Halo mass, Mag. [105M, hig']

en >30” (Umetsu+11b)

Millennium & o WMAP

Dutton & Maccio 2014
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Cluster gravitational lensing

i Key Objectives

4 Intra-halo structure

Density profile, p(r)

Halo mass, M,
Concentration, ¢, = R, /r
Splashback radius, R,
Halo shape

| Surrounding LSS
\* Halo bias b, (M)
DM clustering strength, cg
Assembly bias

J. Merten’s SaWLlLens reconstruction of MACS1206 (Umetsu+12, ApJ, 755, 56)



Splashback Radius of
Galaxy Clusters

Umetsu & Diemer 2017, ApJ, 836, 231

Okumura, Nishimichi, Umetsu, & Osato 2017,
arXiv:1706.08860 (submitted to PRL)



Splashback radius, R : Physical halo boundary

z (h~"Mpc)

Slow accreting halos

r> Rg,: outer infall region

r < Rg,: multi-stream intra-halo region

Fast accreting halos

Rsp >> R200m

z (h~Mpc)

-1 0 1 2
y (h~'Mpc)

Rsp RZOOm

2

-2 -1 0 1
x (h~'Mpc)

More, Diemer, & Kravtsov 2015




Splashback feature in real space

Steepest “3D" gradient point as splashback radius R,

v > 3.5, scaled by Rogom
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N-body simulations (Diemer & Kravtsov 14, DK14)



Splashback feature
in real and velocity space

Intrinsic Alignments and Splashback Radius of Dark Matter Halos
from Cosmic Density and Velocity Fields

Teppei Okumura,L Takahiro Nishimichi,?? Keiichi Umetsu,! and Ken Osato®

T Institute of Astronomy and Astrophysics, Academia Sinica, P. O. Box 23-141, Taipei 10617, Taiwan
“Kawli Institute for the Physics and Mathematics of the Universe (WPI),
UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan
SCREST, JST, 4-1-8 Honcho, Kawaguchi, Saitama, 332-0012, Japan
4 Department of Physics, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033 Japan

(Dated: July 4, 2017) arX|V:17O6'08860

Cluster-galaxy correlations from N—body simulations
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Splashback feature in projected density

DK14
profile
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N-body simulations (DK14)
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Splashback in surface number density
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10°
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membership identification (Zu et al. 16)

dlog¥s/dlog R

profiles of cluster galaxies?

| Projected galaxy distribution
Y laround SDSS/DR8 redMaPPer

clusters (More+16, ApJ, 825,

139)
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R [h~'Mpc]
* Splashback feature detected using
“galaxies”, instead of “mass”
However, observed Rsp(gal)/RZOOm(WL)
values are significantly smaller than
predicted!
Likely due to projection effects in cluster |
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Splashback in CLASH lensing data?
R/ r200m
10 O.‘T’)l O.‘ID2 0.?5 0.1 0.12 0.15 f!. 2
?HST strong Iensing’ S uUbary weak Iensing CLASH X-ray regular subsample
310° prevalently composed of relaxed
T o * | clusters (70%; Meneghetti+14)
2 o
ia 4107" %
CU
= 10t - Clusters = <M 200m > = (13 T 01) X1015 h=M sun
W H+  Averaged 8

—
OI
]

NFW ( Maooe, Ca00c)
" W Halo model (Msgoe, 000, bn)

<V200m> =4.0£0.1

16 clusters with <z> ~ (.34
Umetsu+16, ApJ, 821, 116

dnX/dinR

Ilil l 1 1II

163056100 200500 1600 2060 5600
Clustercentric radius, R [f’f1 kpc]
* CLASH spans a factor of 5 (1.7) in mass (radius), so that sharp
gradient feature is washed out when stacked in physical units.
* How to extract Ry, from coarsely binned ensemble profiles?




Solution: Parametric forward modeling

of “scaled” cluster lensing profiles
Mass distribution around halos in ACDM (DK14)

A}O(T) — {3(?) — Pm — Pinner X ftrans + Pouter

A scaled version of DK14 density profile:

9 . B —/B B
Ap(r=razx) = N {exp {——cg(:}:a - 1)] 1+ (—) ] + = }
« TA EA + X
X finncr(x)ftrans(x) + fouter (T)a
E(R — ?"AI)
y(x) = >(ra) specified by P = {ca,,7a,Ba, s, 3,7}

We marginalize over nuisance shape parameters (s, £, 7)
using “generic” priors found from N-body simulations of DK14
Umetsu & Diemer 17, ApJ, 836, 231
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Appl|cat|on to CLASH: Universality of cluster
mass profiles
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dn(Ap)/dinr

dnX/dinR

Results: CLASH logarithmic density gradient

'x = loom
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Marginalized posterior PDF

Marginalized posterior PDF

Constraints on Splashback Ry, & M

Ry2 [A~"Mpc
spd[ p ]

R’ [h~'Mpc
s Lh™ MpC]

Table 3

Constraints on the Splashback Radius and Mass

0 2 8 10 0 8
:I' : T T : T T : T T : T
0.8 . ! 1 02 : ! §
1 : : . :
0.6 H ' - . |
0.4 ‘ 1 0.1 i -
0.2 E ;
0.05 2 3 4 5 005 5 10 15 20
R2P1 Fa00m R2P!raso0c
M3D[1015h—1 MG‘] M3D[1015h—1 MG]
0 1% 2 3 0 1 ® T2 3 4
T R T LI A A
1.0 HIE I | (IR !
o oaf e ]
W 1 1 1 iR 1
0.5 ! ] . : |
AL : i :
0% 1 2 0.0 5 10 15
Msp/MQOOm Msp/M?_SOOc

A R3D /ra R3D Msp/Ma Msp,

I (l\ﬁpc/h) ‘1015]\/[@/h)
200m > 0.89(1.23) > 1.83(2.52) >0.93(1.13) §> 1.21(1.48)
virial > 0.91 (1.52) > 1.67 (2.78) > 0.94(1.30) > 1.13(1.56)
200c¢ > 1.04 (1.90) > 1.52(2.79) > 1.03(1.55) > 1.04 (1.57)
500c¢ > 1.37(3.09) > 1.30(2.94) > 1.31(2.39) §> 0.90(1.64)
2500c > 2.69 (4.96) 1.09 (2.00) > 2.91(5.22) 0.77 (1.38)
Note. — Lower limits (68% CL) and best-fit model values (in parentheses) for the

three-dimensional splashback radius and mass. The splashback radius and mass in physi-

cal length units were converted using the effective overdensity radius 'r'sz and mass M

of the sample, respectively.

Tighter lower bounds on (R

eff

sp’

M;,) obtained when cluster
profiles are normalized to
outer halo radii (r,4,,,,)

Umetsu & Diemer 17



First lensing constraints on R

R [ty >0.89 (lo) = T'i=
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Cluster Halo Shape from Weak
Lensing

In collaboration with CLASH and CLUMP-3D: Mauro Sereno, |-
Non Chiu, Stefano Ettori, Julian Merten, Jack Sayers et al.

For SaWLlens-2, see Julian’s talk
See |I-Non Chiu and Mario Bonamigo’s talks on Thursday



mean 2-D ellipticity(z)

Halo shape as a cosmological probe

Aspherical halo shape due to collisionless
DM nature

Halo shape depends on 68 and halo mass
Dynamically young halos tend to be more
prolate

0.24 6 | |
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M,, 210%“h-1M, 5L z2=0
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4+ 1 15.2- 154 -
- z =1
@ 1 14.0 - 14.2
5 3 1 14.6 - 14.8
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0.18 ~
0 ] 1 1
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Bonamigo+!5



2D halo shape in lensing, optical (BCG),

|C-gas in HSE is
rounder than the
DM distribution:
e!tM/ebM ~ (7 (Lee
& Suto 03)

MACS1206

6™5 6" 0° (Umetsu+12)
RA (J2000)




A383 (0.189)
/ ; -

B -
»

» i

MS2137 (0.315)
R

~

" .

MACS0416. (0.396)

CLASH HST dataset

A209 (0.209) +AL423 *(0.214) RXJ2129 (0.234)

»

A2261 (0.2245";

-~
*
AT
]

.
.
L

.

Zitrin et al. 2015, ApJ, 801, 44




CLASH X-ray dataset
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Donahue et al. 2016, ApJ, 819, 36




CLASH+ SZE dataset

Abell 2204 Abell 383 Abell 209 Abell 963 Abell 1423 Abell 2261
o & D e

Abell 2219 Abell 267 RX J2129.6 Abell 1835

MS 2137 Abell S1063 MACS J1931.8 i MACS J1532.9

MACS J1720.3 ZWCL 0024 MACS J2211.7 MACS J0429.6 MACS J0416.1 MACS J0451.9

MACS J1206.2 MACS J0417.5 MACS J0329.6 xj1347 MACS J1311.0 MACS J2214.9
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MACS J0257.1 MACS J0911.2 MACS J1423.8 MACS J1149.5
MACS J0717.5 MS 2053 MACS J2129.4 MACS J0744.8

MS 1054 CL Jo152.7 CL J1226.9

B | @ Czakon et al. 2015, ApJ, 806, 18
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CLUMI-2D: Combining 2D shear and magnification

Subaru/S-Cam data: A1689
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Joint-likelihood mass reconstruction

Joint 2D-shear + Distribution of constraints (A1689)
magnification likelidhood : :

I(m) =1, (m)+1,(m)
Pa rameter vector .

Npix 'E

m= ({Zi }i:i ,C) g

ey
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CLASH-WL2D: Reconstruction examples
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Stacked CLASH PDF (eNFW): M,55., C500c

20 CLASH clusters (16 X-ray-selected + 4 magnification selected)

from Umetsu+14
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Stacked CLASH PDF (eNFW): 2D axis ratio
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WL vs. BCG, X-ray, SZE alignments
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Summary

No statistically significant detection of the splashback radius from CLASH
lensing. NFW/Einasto gives very good fits!!!

Assuming the DK14 profile with generic priors, first lensing constraints on the
splashback feature obtained. No tension with LCDM.

Larger statistics needed for “detection” of Ry, by lensing — Subaru HSC SSP-

Wide survey (1400 degrees?) _
More+16, ApJ, 825, 39 (SDSS galaxies)
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