A New Window of Exploration in the Mass Spectrum

Strong Lensing by Galaxy Groups in the SL2S
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PLAN
The Canada France Hawaii Telescope Legacy Survey (CFHTLS)

The Strong Lensing Legacy Survey (SL2S) — TALK BY REMI CABANAC

e A Big reservoir of Strong Lenses (~ 100) Covering the Full Mass Spectrum:
Galaxies, Cluster and GROUPS

Strong Lensing by Galaxy Groups:
Opening a New Window of Exploration in the Mass Spectrum

e Probe an Intermediate Mass Regime

e Global Analysis of a Sample of 13 Strong Lensing Groups (+ 7 new ones)

Strong Lensing as a Probe of the Mass Distribution Beyond the Einstein Radius

e The Dark Matter Distribution in SL2S J08544-0121, A Galaxy Group at z=0.35
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The Canada France Hawaii Telescope Legacy Survey

CFHTLS-Deep&Wide targets
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Look for Strong Lenses Automatically:
Arc Finder (Alard et al., 2007) & Ring Finder (Gavazzi et al)
= Strong Lensing Legacy Survey (SL2S) (Cabanac et al., 2007)
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Follow-up: Space Imaging + Spectroscopy
(LRIS-Keck - FORS-VLT)

CFHTLS

Ziens = 0.6495

Zsource = 1.87
HST/ACS

o PR AT PR

z|=0.650, zs=1.87

(Kneib et al.)

c15: 5 systems (ACS/F814)
c¢16: 130 snapshots... WFPC3

(Treu et al. + many...)
longslit LRIS@Keck

= Confirm Lensing Hypothesis, Better Resolve the Arcs
Sometimes Inconclusive . . . Ongoing Work . . .



PucON - November, 1oth

Strong Lenses over the Full Mass Spectrum

The Contributions of Different Types of Haloes
on the Image Separation Distribution (6 ~2 Rg) (Oguri et al., 2006)
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Intermediate Mass Range Lenses Should EXIST in a ACDM Universe ?
All SCALES are found in the SL2S
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Strong Lensing IN and BY Galaxy Groups

IN Groups: A Galaxy Scale Lens (Rg < 2 ") around a Galaxy living within a Group

e High Density environment likely to enhance the SL cross section w—— i
(Kovner 1987; Oguri et al., 2005; Fassnacht et al., 2006; King 2007) -
e Groups Contains Preferentially Elliptical Galaxies ' i
e = Many Strong Lenses in Groups Reported: L
e.g. Kundic et al., 1997; Fassnacht & Lubin, 2002; Morgan et al., 2005; Williams
et al., 2006; Momcheva et al., 2006; Auger et al., 2007, 2008; Tu et al., 2008, 2009; Cosmos 5921
Grillo et al., 2008; Faure et al., 2008, Treu et al., 2008 ... (Anguita et al., 2009, A&A)

IN Groups: Strong Lensing Generated by a Galaxy Scale Dark Matter Halo
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Strong Lensing IN and BY Galaxy Groups

IN Groups: A Galaxy Scale Lens (Rg < 2 ") around a Galaxy living within a Group

e High Density environment likely to enhance the SL cross section
(Kovner 1987; Oguri et al., 2005; Fassnacht et al., 2006; King 2007)

WFPC2 F606W ACS F814W

-
g ]
e Groups Contains Preferentially Elliptical Galaxies " -

e —=> Many Strong Lenses in Groups Reported: e |

e.g. Kundic et al., 1997; Fassnacht & Lubin, 2002; Morgan et al., 2005; Williams
et al., 2006; Momcheva et al., 2006; Auger et al., 2007, 2008; Tu et al., 2008, 2009; Cosmos 5921
Grillo et al., 2008; Faure et al., 2008, Treu et al., 2008 ... (Anguita et al., 2009, A&A)

IN Groups: Strong Lensing Generated by a Galaxy Scale Dark Matter Halo

BY Groups: 3" < Rg < 8" — M(Rg) ~ 10 M,
= Group Scale Dark Matter Haloes

SL2S: 13 Strong Lensing Groups (from z = 0.3 to z = 0.8)
(Limousin, Cabanac, Gavazzi, Kneib, Motta et al., 2009, A&A) (—|— / new ones ) CosMic HORSE SHOE

(Belokourov et al., 2009, A&A)
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Non Cusp Groups

|dentify Systems ? — No Strong Lensing Modelling
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Space Based Follow-up: Strong Lensing Analysis
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Analysis

HST Imaging = Small Scales Properties: Strong Lensing Modelling — Rg

CFHTLS Imaging = Large Scales Properties

LIGHT:

e (g, r,1) Photometry

e Red Sequence Techniques
— Group Members

e = Luminosity Contours

How 1s THE LIGHT
DISTRIBUTED 7

WEAK LENSING:
(TALK BY GAEL FOEX)

Background Galaxies:
21.5 < 1 < 24 ~ magcoMpP

PSF Subtraction & Shape Parameters:
IM2SHAPE (Bridle et al., 2002)

Mean DLS/DS
= CFHTLS Deep Field Photometric Redshift Catalogue
(Roser Pello, 2008)

Fit Shear Profile (~) using SIS
= OSIS

How MucH MASS 1T CONTAINS ?
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Results (Limousin et al., 2009, A&A)

e FEinstein Radii: 2.5” < Rg < &”
e Weak Lensing: (o ~ 500 kms™!)

e Lens (white cross):
Dominates the Luminosity Distribution
(except J08544-0121, see later)

e = MASss LicHT CORRELATED

e M/L; ~ 250: Comparable

o Poor Groups (o ~ 300 kms™1)
o Clusters (o > 1000 kms™*)

e = BRIDGES THE GAP
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Combining Complementary Probes

RELEVANT TO GET A BETTER UNDERSTANDING OF THE LIMITATIONS
AND ADVANTAGES OF EACH TOOL

Spectroscopy of Group Members: FORS 2 on VLT (POSTER BY VERONICA MOTTA)
Dynamical Mass, Structures along the Line of Sight

Near Infra Red Imaging from WIRCAM on CFHT (P.I. G. SOUCAIL)
Stellar Mass, improved Photometric Redshift

X-ray (proposal XMM /Chandra)

INVESTIGATING SOME GROUPS IN MORE DETAILS:

Inner Density Profile of SL2S J02140-0532 (TALK BY TOMAS VERDUGO)

SL2S J02176-0513: The Mass Profile of an Early-Type Galaxy in a Group Environment
(TALK BY REMI CABANAC)

SL2S J08544-0121
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Strong Lensing as a Probe of the Mass Distribution
Beyond the Einstein Radius

Strong Lensing (SL) is well established to provide accurate mass measurements at the
location of the Einstein Radius (location of the arcs)

However, precise modelling can be “bothered” by some External Mass Distribution
(e.g. the Group/Cluster within which the Lens is embedded)
(Kochanek & Blandford, 1991; Keeton et al., 1997; Keeton et al., 2000; Kochanek et al., 2001; Oguri et al., 2005)

Example: derive Hy from SL + time delays: A(h)/h ~ 0.22 (Keeton & Zabludoff, 2004)

Turn this “bother” to our advantage =

USE PRECISE SLL MODELLING TO PROBE THE EXTERNAL MASS DISTRIBUTION:
“Ring Technique”

Simulations & Application on Abell 1689
(Tu, Limousin et al., 2008, MNRAS)

Application on SL2S J08544-0121 (Limousin et al., submitted)
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Ring TeChnique on Abell 1689 (Tu, Limousin et al., 2008 - MNRAS)

Fitting the Images around the Three Galaxies ONLY
(> 100 multiple images in the Cluster Core NOT considered)

e Model: 3 Isothermal Potential (G1, G2, G3)
+ Cluster (One Clump, free position)
= x2 > 100 — Clump Between Lights Clumps

e Model: 3 Isothermal Potential
+ Two Clumps associated with Each Light Clump
= x? <4

Rings ONLY: Strong Evidence for BIMODALITY of the Cluster Core

(Miralda-Escude & Babul, 1995; Broadhurst et al., 2005; Zekser et al., 2006; Halkola et al., 2006;
Limousin et al., 2007; Leonard et al., 2007; Saha et al., 2007; Umetsu et al., 2007)
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SL2S J08544-0121 at z = 0.35 : Modelling the Lens

Bright Arc: zgpec = 1.268
(Johan Richard, LRIS, KECK)

Faint Arc 7

Strong Lensing Model:
An Elliptical Isothermal Potential
Centred on the Main Galaxy ?

e = a’ — b2/a2—|—b2 < 0.6
(Jing & Suto, 2001)
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SL2S J08544-0121 at z = 0.35 : Failed Modelling

Bright Arc: zgpec = 1.268
(Johan Richard, LRIS, KECK)

Strong Lensing Model:
An Elliptical Isothermal Potential
Centred on the Main Galaxy ?

e =a’ — 172/0,2—1—192 < 0.6
(Jing & Suto, 2001)

= BAD fit :
rMS=0.4", x2 ;=29, e > 0.6

= Need to Account for
EXTERNAL MASS PERTURBATION 7
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Environment

LENS (X) NOT FOUND AT THE CENTRE OF THE LIGHT DISTRIBUTION
(BiIMODAL)

EXTERNAL MASS PERTURBATION BASED ON THE LIGHT DISTRIBUTION 7
= Is MASS TRACED BY LIGHT 7
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Introducing an External Mass Perturbation: (s, MgxT)

Group Members [- LENS]: Total Light — Luminosity Map (smoothing, s)

L =107, 10% L arcsec™?

LUMINOSITY MAP — MASS MAP (MgxT) (Jullo & Kneib, 2009)

— EXTERNAL PERTURBATION (s, MgxT)
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Remodelling the Lens
Accounting for External Mass Perturbation (s, MgxT)

Good Fits are Found for a Range of s and Mgxr
(best fit: rms=0.05", x* ~ 1)

s and Mgxt do Characterize the Galaxy Group Properties

From a LocAL (~10") Strong Lensing Analysis ...

= Global (~100”) Constraints on the Group as a Whole !

= Strong Lensing only is Sensitive to the Mass Distribution on Large Scales
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Constraints on the Group (Strong Lensing Only)

for (s, Mpor) [Lens Modelling] — A(x2) — Confidence Levels

( MToT = MEXT + MLENS (~ KST) & L=LT0T )
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EFFECT OF THE LARGE SCALE PERTURBATION
EXPERIENCED LOCALLY BY THE LENS 7
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External Mass Perturbation [First Order]: rcyxt & Yext

MEXT Fixed (5.7 1014 M@) ¢ Yext — 0.1 - Rext — O.]., 0.2
Yext = 'Yext(s) & Rext — "fext(s)

WHAT DOES THE LENS FEEL 7 [FIRST ORDER]
— AVERAGE Vext & Kext AROUND THE LENS



rext EXperienced by the Lens
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Yoxt EXperienced by the Lens

30

Smoothing (arcsec)

10

[
o]
IIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIII

_..|..|.|.|.....|.|.......\

e
=

100 120 140 180
MAL (Salar, 1 band}

v lines DO FOLLOW Degeneracies:
Multiple Images NEED LOCALLY a Shear Value of ~ 0.075

Degeneracies Understood: large s compensated by larger Mass [FIRST ORDER]
CONTOURS DO CLOSE: HIGHER ORDER TERMS BEYOND SHEAR
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Complementary Mass Probes: Weak Lensing

os1s = 6581148 kms™t = M/L=106440 (10)
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Good AGREEMENT with the Strong Lensing ONLY Constraints
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Complementary Mass Probes: Dynamics (losvdisp)

Group Members Dynamics (FORS 2@VLT)

0.35 0.36 0.37 0.38
redshift

( VALPARAISO TEAM, POSTER BY VERONICA MOTTA)

A BIMODAL STRUCTURE IN VELOCITY SPACE AS WELL
(L1IGHT DISTRIBUTION WAS FOUND BIMODAL AND
MOTIVATED THE LENSING SCENARIO PRESENTED)
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Complementary Mass Probes: X-Ray ?

X-RAY COUNTERPART 7 (XMM - CHANDRA)
(P.I. FABIO GASTALDELLO)

e CHECK THE LENSING BASED SCENARIO
(IN PARTICULAR THE LIGHT TRACES MASS HYPOTHESIS)

e CATCH AN INTERESTING SNAPSHOT OF THE STRUCTURE FORMATION PROCESS
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Can Strong Lensing Compete over Weak Lensing ?
IN SL2S J08544-0121, SL SEEMS TO COMPETE OVER WL !

CHEAPER IN TERMS OF TELESCOPE TIME 7

High Quality Data (CFHTLS + Terapix) e Shallow Snapshot HST Imaging
Deep Enough + good seeing (0.5”) e BUT STILL EXPENSIVE
FEASIER 7

Model and Subtract the PSF

e Only Conjugating a Few Images !
Measure Shape Parameters of Faint Objects

e Arc Brightness Distribution (Suyu et al., 2006)
Removal of Faint Group/Cluster Members

MORE ACCURATE 7
WL: 66 < M/L < 146 (10) e SL: 52 < M/L < 165 (30)

EXTENDABLE TO HIGHER REDSHIFT 7

WL signal Decreases Quickly with Lens Redshift
e HST Imaging of z = 1 Lens Feasible

SL2S J08544-0121 at z = 1: NO WL
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Where do Constraints are Coming From ?

A HicHLY PERTURBED SL SYSTEM
d(1.1-1.2-1.3) ~ 5”
d(1.4) ~ 8"

REMOVING IMAGE 1.4:

e Lens Modelling (No Ext. Perturb.): Good Fit RMS=0.04", x*=0.06

e Lens Modelling (+ Ext. Perturb.): Equally Good Fit for a Large Range of s, M/L
= NO NEED FOR AN EXTERNAL MASS PERTURBATION

Looking for Perturbed Strong Lensing Systems 7

A NON DOMINANT SL. SYSTEM
AS A PARTICULE TEST PROBING THE MAIN POTENTIAL
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A Non Dominant SL System as a
Particule Test Probing the Main Potential
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A Non Dominant SL System as a
Particule Test Probing the Main Potential

L L L I | ' ' L L L L
0.35 036 0.37 0.38
redshift

Bimodality ! (In its Light Distribution and in Velocity Space)
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A Non Dominant SL System as a
Particule Test Probing the Main Potential
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NO EXTERNAL SHEAR REQUIRED by the SL Model
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Conclusions

STRONG LENSING BY GALAXY GROUPS

Intermediate Mass Scale Strong Lenses DO Exist: ~ 20 in the SL2S
This Finding Opens a New Window of Exploration in the Mass Spectrum
From SDSS ~10 groups

Bridges the Gap Between Galaxies and Clusters

From SDSS ~10 groups Sample Being Built !
SEE, e.g. THE CAMBRIDGE SLOAN SURVEY OF WIDE ARcCS IN THE SKY (CASSOWARY) + FErRMILAB TEAM

Strong Lensing Can be Used (somermves) to Probe Mass Distributions
Far Beyond the Einstein Radius
= a Non Dominant Strong Lensing System as a
Particule Test of the Main Potential

Look For HIGHLY PERTURBED SL Systems:
ARCHIVE — FUTURE = LSST-JDEM ...
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PucON - November, 1

Red: Members Associated to the most massive structure
Blue: Members Associated to the less massive structure (and less extended 7)
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Shear Ellipticity Degeneracies

Ellipticity-shear degeneracy is quite complicated, and depending on the situation the
values can either correlate or anti-correlate. See, e.g., Keeton, Kochaneck, Seljak
1997, in which both examples were shown.

In most situations the ellipticity of the galaxy, rather than external shear, mainly
determines the ellipticity of the lens potential. The fact that the lens potential want to
be elliptical does not say anything about the external shear.

Misalignment of the position angle is a good indicator of the external shear.
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Environment

Introducing an External Mass Perturbation: (s, MgpxT)
Remodelling the Lens

Accounting for External Mass Perturbation (s, MpxT)

Constraints on the Group (Strong Lensing Only)
External Mass Perturbation [First Order]: Kext & Yext
Kext Experienced by the Lens

Yext Experienced by the Lens

Complementary Mass Probes: Weak Lensing
Complementary Mass Probes: Dynamics (losvdisp)
Complementary Mass Probes: X-Ray 7

Can Strong Lensing Compete over Weak Lensing ?
Where do Constraints are Coming From ?

A Non Dominant SL System as a

Particule Test Probing the Main Potential
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