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Quiz

» What is microlensing?

* For what scientific purpose are we using microlensing?

- Have you got/checked the GravLens3 iphone App?

* What is the largest camera on Earth? In Space? (For weak
lensing application)

- What is weaklensing?

 What is the reduced shear?

 What is the Bullet Cluster? What do we learn from it?
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Outline

* Modelling strategy of strong lens systems
(focusing on cluster of galaxies)

« Combining Lensing and other techniques

» Galaxy-galaxy lensing
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Modeling Strong Lensing




Lensing Equations

Lens Mapping: Lensing Potential

7.5, - D)y -7 - )
C

¢ : lensing potential

= Link with catastrophe
theory

Source

= Parameters: Distances a@=--.__

and Mass "
< Lens Observer

= Purely geometrical: «—— D —>< D, >
Achromatic ’ = "
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Strong Lensing Cluster Modeling
and Errors

Constraints:

— Multiple images (position, redshift, flux, shape)
— Single images with known redshift

— Light/X-ray gas distribution

Model parameterisation

— Need to include small scales: galaxy halos
(parametric form scaled with light)

—  Large scale: DM/X-ray gas (parametric form or multi-
scale grid)

Model optimisation

— e.g. Bayesian approach (robust errors)

— Not a unique solution: “most likely model and errors”

—  Predict amplification value and errors => cluster as

telescopes
. . » ‘ ' /% ’l ‘4 ‘ ~
Jullo et al 2007, Jullo & Kneib 2009 Wiy,
LENSTOOL public software ‘\\--..;_wv\ —
https://projets.lam.fr/projects/lenstool/wiki S S = 7



https://projets.lam.fr/projects/lenstool/wiki

Strong Lensing

Lensing equation have multiple solution (Strong lensing):

95 — 9[ — v<,0<9[)

X Yy)

(X13: Y13)

% I ~

V(p(XB . YI3)

—

V(p(XIl , YIl )

Finding source is
easy!
Vo(Xp, Yio)
Finding the images
need solving a 2D
equation (ray tracing)

(X2, Y1)
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Modeling

o nding Multiple images




Finding Multiple images

» Need GOQD (high-resolution) data
e Really this means HST or JWST quality data!

- Morphology (should agree with rules of image parity)

» Color (could do from ground observation but hard)

» Spectroscopic confirmation (important for lensing strength)
» Modeling confirmation/finding

- Still missing an automatic software for multiple image
identification! The human eye is still the best!
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Abell 2218 at z=0.175
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How to identify multiple images ?

Extreme distortion:

Giant arcs are the s ' ~-

merging of 2 or 3 (or El
possibly more)
multiple images

Giant arc in
C12244-04,
z=2.24,
Septuple image
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How to identify multiple images ?

Critical Line

Morphology: Change
of parity across a
critical line.

Note: lensing
amplification 1s a gain
in the angular size of
the sources. Allow to
resolve distant source
and study their size
and morphologies.

Lensed pair in AC114, z=1.86
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How to identify multiple images ?
+K Color image

—xtreme similar
colors:

Example of a triple ERO
system at z~1.6 (Smith
et al 2002) lensed by
Abell 68

Interest of magnification
1s to allow to resolved
the morphology of these
systems (see Johan
Richard presentation)

Abell 68: ERO triple image at z~1.6
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How to identify multiple images ?

Color and
Morphology:

Lens model can help
for the i1dentification
when different
solution are possible

Quintuple arc (z=1.67)
IN
Cl0024+1654 (z=0.39)
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How to identify multiple images “?
Giant arc in Abell 370 by Richard et al., 2010

HST multi-color
images help

understand giant arc S S 2.3 %
morphologies. .. : 4 |

-

i GAL1

0.5" /3.6 kpc

... and allow unlensed source
reconstruction (Richard et al 2010)

Here the source 1s at redshift z=0.725
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Strong Galaxy-
Galaxy Lensing in
Cluster

Cluster Galaxies are
breaking arcs into
smaller ones, adding
new images of the
lensed galaxy.

Abell 2218, arc at z=0.702,
with 8 images
identified (the arc is the
merging of 2 images)
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>200 Multiple Images in MACSJ0416

Mass Precmpn <1% B At TRERETS I




Modeling

e\/\\hich Mass Model?

e\\V\nat Mass Model

Parametrisation?
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Singular Isothermal Sphere - 1

» Jo first approximation stars or other mass components
are like particles in a gas.

pkl
m

* The temperature 1 is related to the 1D velocity
dispersion of the particles with: m 62 — 1T

» Let’s consider an ideal gas: p=

* Thus: pzpo'%/

Jean-Paul Kneib - Astro-V/Cosmology Spring
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Singular Isothermal Sphere - 2

- Consider a spherical shell, its mass is:

dM=4rr pdr
» The gravitational force between the

inside and the shell can be expressed dr
as: JF=_ GM(};)dM
2

» The pressure variation is thus:

IF GM(r)
d' — : 5 — = : dl‘ —
p 4jz_rb 2 p and p po-%/
* One solution of this equation is: _ Po _ o, 1
- r2 27TG r‘2
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Singular Isothermal Sphere - 3

« Total mass is thus:

M(r)=4rp,r= 2((;’;, r
» Projected surface density:
_ oy I
*N=36 R

* |Sssues:

* Mass diverges at large radius

» Mass density diverge at small radius

Jean-Paul Kneib - Astro-V/Cosmology Spring

dr
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Truncated Isothermal Sphere with a core

- Adding a core (softening the central density spike):
2

T
/)7—2”(] o1

» Truncating the profile at large radius:

| OV / /
/)(")z 3 > 3 - > >
2 ]Z- G r C +r / "(.'uf+ r

» Pseudo isothermal profile:

. A 2 .
« Mass converge at large radius P~} M ™~ OVl

+ Mass density diverge at small radius  p~~cSste
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Navarro-Frenk-White (NFW) mass profile

» The NFW profile correspond to the 3D mass distribution
of dark matter fitted to dark matter haloes identified in N-
body simulations by Julio Navarro, Carlos Frenk and
Simon White (1996, 1997).

D= Po
r/r (1+1/r,)°

» The NFW profile is one of the most commonly used

model profiles for dark matter halos.
- However:

» Mass diverges at large radius
» Mass density diverge at small radius
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More recent CDM-only Simulations

(e.g. Navarro et al. 2004; Diemand et al. 2004; Tasitsiomi et al. 2004 + others)

*Convergence achieved down to
~0.003r,.....roughly the size of

massive galaxies. Baryons are
important for progress!!

* Density profiles obtained using
different codes and initial conditions
agree.

*The generalised NFW density profile
1s a good fit to simulations with 3

between 1.0 & 1.5. There is
significant scatter.

eSersic profiles seems to be an
alternative to generalised NFW
expression (Merrit et al 2005)

Jean-Paul Kneib - Astro-V/Cosmology Spring

Generalized NFW

Po

= (r/r V(1+1/r. )"
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Sersic mass profile

» General profile used to fit

galaxy surface brightness
profile:

I(R) = Lexp {—bn -(Ri;)l/n " }

» n: Service Index

- n=1 Exponential profile (spiral
like galaxy)

« n=4 de Vaucouleurs profile

n=10

log Surface Brightness

(elliptical like galaxy)
» Also used to describe Dark
Matter halo profile

log Radius

Jean-Paul Kneib - Astro-V/Cosmology Spring



Generalised NFW profile

10" = E
/ \ - ) p
Q -
N ;100 r— .
ol !
O 1D® r 1:
o ;
) -3
1000 = A A F
“C 0D A 4
[ ]
lOg (radIUS) Vioore simulation

Inner profile: por -8 NFW: f—1.0 Moore: p—1.5

What is the inner slope of cluster DM profiles?
What is the TOTAL density profile?
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Mass model representation of complex system

» large scale cluster component+sum of galaxy halo
components ([DM+gaz]+galaxy halos):

— l .
¢to1‘_¢c'h{ster_ Zi ¢halos Kneib et al 1996

* need to scale the galaxy halo components; for
example for a pseudo isothermal mass distribution:

L . L
0O — U*(L_)1/4 Feut = Tcut(L_* K

* Hence: ﬂ ~ [ 1/2 1) — 1/2 Constant M/L

L n = (.8 Fundamenta
Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020 Plaﬂe Scallﬂg



Mass profile for a mass clump?

- Mass profile should match theoretical or numerical simulations in
order to be close to reality (avoid Gaussian function for example):

- isothermal model (singular => cored & truncated, circular
=>elliptical): PIEMD

« NFW model => gNFW, Sersic, Einasto (beware at infinite values,

truncate?)
10000 ==
G, 1000 Additional data
S O X-ray :
S 10F velocity ~ Strong N\ +wi3 Useful to constraints
S . [Dispersion Lensing SN further the mass
’ 1 1T =\ profile
01 10 10 100 1000 10000

R (kpc)
Jean-Paul Kneib - Astro-V/Cosmology Spring 29



Strong lensing modeling strategies

Observationally motivated models
* Decomposition into halos
* Simple clusters
* Few constraints
* Good fit with few constraints

Grid-based models

* Decomposition into pixels/clumps

* Complex clusters

e | ots of constraints

e Better fit with lots of constraints

Jean-Paul Kneib - Astro-V/Cosmology Spring



Modeling

Likelihood estimator, optimisation

31



Lens Modeling with Multiple Images

* One system with N images:
- # of constraints: 2N, 3N (image position+flux)
- # of unknown: 2, 3 (source position+flux)
- # of free parameter: 2(N-1), 3(N-1)
Double: 2, 3 Triple: 4,6 Quad: 6, 9

® 1 systems of N images:
- # of free parameters: 2(N-1)n, 3(N-1)n

Phn image

- need to subtract the number of unknown redshifts!!

A1689 with ACS

~30 triples: <120, <180

[=> deep JWST observations may reach ~1000]

Distribulion
de matere

= parametric models have been favoured as there was
generally a small number of constraints

= |ntroduce other constraints:

critical line location and/or external constraints from
X-ray observations or velocities (of stars in central galaxy)

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020
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Maximum Likelihood expressions

Likelihood of the image positions can be computed:
- In the source plane [FAST no lens inversion needed,
bad error estimate!]
- or in the image plane [better! real error estimate

possible, SLOW] e - 4 .
B =3 [z5(0)— < z5(0) >
Source plane: = u; 202
Image plane: ) "’Z [xf;bs — 27(0))?
Xz o 0_2.
j=1 ij

Jullo et al 2007 ¢): source, and model parameters

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020



Lens modeling strategy
@

0, ldentification of multiple image systems

% 0, Modeling strategy:
Source Plane

- Q VS
° / Image Plane
O ©

The fit 1s good when the

% predicted and observed
63 images overlap each

others (within the positioning

Ol3 %
accuracy!)



Source vs. Image plane modeling

I hod L] hd 1] hd L] - 1 .4 ]
st Source 5 _ Image Plane i § | Source+Image Plane  _
Jullo et al 2007 -\ | =l - |
oy ey o
AS = K ﬁg = B ,_\8 -
o - o= O -
o 3 - m - - 0 3
23 128 {28}
<< | 1< 1<
Q o O o 0 e
R 1 2 12
O. i o 1 w0
2L . i . 2L . : . 1 2L
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- Source plane only => bad error estimate, possible bias in some parameters
(depending on the constraints)
- Source+image => ~10 times faster than image plane optimisation
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Other (lensing) constraints

» Constrain from critical line position

i N (f.-fmedeh2 Although ideally, we would like
X = Z 3 to do the fitting at data pixel
i=! % level |

This yet to be fully implemented

Jullo et al 2007 (Mmassive computation)

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020



MCMC optimisation (LENSTOOL) Jullo et al 2007

Bayesian approach (problem with many parameters, need for proper error
estimates)

Bayes Theorem Likelihood  Prior
Pr(D|6, M)Pr(0|M
Pr(9| D, M) — 1(D[6, M)Pr(0| M)

Posterior Pr(D|M)

evidence

Use of selective annealing (rewrite of Bayes theorem) - control convergence
speed

—35 My 30)

Pr(D|@, M)*Pr(8| M)

Pr(8|D, M) =
40}
Pr(D| M) 25
Burning phase goes 0=>1 depending s |
on the ‘Rate’ value i:o,o + + | W 20} It |
‘Rate’ does impact on the convergence ~ -so} il t ] 1
Sampling phase to derive errors Sl
=55
—601 s aaaaad Lo sl 10 L bt aaaal Aol
0.01 0.10 1.00 0.01 0.10 1.00

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020 nate Rate 37



MCMC optimisation (LENSTOOL)

Jullo et al 2007

- Example of degeneracies for 3
different simulated clusters

- Easy parameter estimation
 Can include cosmological

parameters in the optimisation
(Jullo et al 2010)

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020
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Modeling:
Mass Distribution Measurement
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Mass Distribution Measurement

- Why do we measure cluster mass ?
 Central mass profile ? => learn about DM and baryon interactions

- Large scale mass profile and substructures ? => structure
formation paradigm, halo models, filaments (use of with weak
lensing)

- Case of mergers => probe nature of DM

- Comparison of the distribution of the different components =>
scaling relations, cluster thermodynamics

» Use cluster as telescopes

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020 40



Encounter of 2 massive clusters

*Significant offset between X-ray gas and lensing mass peaks
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Measurement of the
offset between Dark
and Baryonic Matter
can inform us on .
their possible
iInteraction.

offset ?

Example of a galaxy
infalling in the cluster %
A3827. o ' i £
Offset of DM and B ol s »
light => sign of DM i
self interaction”

Massey et al 2015 42



Where is the Matter in A22187?

BAD FIT

Mass scales with stellar mass

GOOD FIT

St I .

MATTER vs GAL. LIGHT

constraints in Abell
2218:
»  Mass distribution
proportional to the stellar
mass produce a BAD FIT
to the lensing data
» Require large scale
mass distribution (cluster
DM)

» Important difference
between DM , Galaxy
distribution and X-ray gas
(different physics)

» But, scaling relation
should exists

43



Cluster lens model accuracy ?

‘Mass model accuracy
depends on the number of
multiple images.

‘Mass accuracy limitations:

‘multiple images
identification

redshift of multiple images
priors on the mass models
(hence on the method used)
galaxy halos scaling
relations

*line of sight structures (can
be modelled)

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020
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s §

Deep = Many | .

p, . a3
N 8.1 7.2
9.1 9.2 :
Deep HST/ACS multi-band \ . §- 4 s
imaging of massive clusters . poh W 43 % b o' N £ )
provides MANY multiple images: UM,
A1689 ~40 systems Y ~
A1703 ~20 systems . , o g

Standard parametric modelling
have the RMS image position fit

proportional to number of
constraints = model too rigid!

Need a change of paradigm in

strong lensing mass modelling

= Grid approach: Jullo & Kneib
2009

1.5

15.1

16.1

Limousinfetial B20085Richardietial 2009)
Jean-Paul Kneib - Astro-1V/Cosmology Spring 204
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The most massive cluster: Abell 1689

-Mass models form different groups w. or w/o weak lensing
* Massive spectroscopic surveys (2003-2006)
* 41 multiple image systems, 24 with spectro-z with 1.1<z<4.9

Broadhurst et al 2005
Halkola et al 2007
Limousin, et al. 2007
Richard et al. 2007
Frye et al 2007
Leonard et al 2007
Jullo & Kneib 2009 ...

X KECK/LRIS
VLT/FORS
CFHT/MOS

X MAGELLAN
/LDSS2

Littérature
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2'014 2016 Hubble Fronher Fields
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'MACSJ0416 : Before HFF ...

”

. 2 ' ¥
- i Previous GL Analysis :
; ¥ Zitrin et al. 2013, ApJ, 762, 30

. .+ - 34 SL rhultiple images
: - no WL data

." i PreHFF GL analysis :
-Jehnson et al. 2014, arXiv 1405.0222
Coe et al, 2014, arXiv 1405.0011

” : pRe Richard, Jauzac et al. 2014, MNRAS,
- . .. , . 4 “a 444,268

- 47 SL multiple images
. -=~50 WL gal.arcmin-2

e . S -y )



" MACSJ0416 : ... After HFF 11!

Jauzac et al. 2014a, MNRAS, 443, 1549
Jauzac et al. 2014b, arXiv, 1406.3011

194 multiple images
~1 00 WL gal.arcmin-2

"".‘./5 A CSJ0416 -
the MOST Cons'eralned
'. L Iensmg Cluster to date !!!

. & ’ ’ 49




Mult||5|o Images in MACSJ0416
& Sl-only analysis

_.., 3 Jauzac et al. 2014a, MNRAS, 443, 1549

~ Bestfit parametric mass model
~ (LENSTOOL):

N b e 194 multiple images
4 2 DM clumps

- * 98 cluster galaxies

« %" RMS = 0.68""

; longated mass
| distribution NE-SW
. ¥ Typical for galaxy
mergers

2. Reason for so many
multiple images 50



MACSJ0416

Strorg.Lensingi

Mass estimation
to the 1% level :

M(R<200kpc) = 1.60 +
0.01 1014 M,

vitiple images
‘have bheen found |
recently !! |
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How to measure redshift: spectrograph !

e Classical spectroscopy is using slit-
masks:

e this allow to measure at best 20-30

redshift in a 5x5 square.arcmin region
e VLT/FORS or Keck/LRIS are the most
powerful spectrograph of this class

e Advanced spectroscopy is using integral-
field unit spectrograph:
e this allow spectroscopy measurement of
any object in the field of view
e the VLT/MUSE spectrograph is the most
powerful instrument

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020



Slit Mask Spectroscopy
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VLT/MUSE spectrograph




A2744 Frontier Fields Observation

Red: critical lines

Yellow: enclose region
of multiple images

Green: z>6 galaxy
candidates




MUSE Spectroscopy of the A2744 Cluster

Integral Field Spectroscopy is very powerful
to identify both foreground, cluster and
background galaxies.

MUSE wavelength range from 0.55 to 0.95
micron

This limits the detection of galaxy redshift in the
1.5<z<3.0 window.

BN STAR
0<z2<0.29
029 <z<0.33
0.33<z<15

15 Mahler et al 2017 || 1.5 <z < 3.0
Bl z> 3.0

Count

10

&.00 012 0.24 0.29 0.30 0.31 032 0.4 1.0

Dadehhi 5~



Combining Lensing and other techniques
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Mass profile for a mass clump?

- Mass profile should match theoretical or numerical simulations in
order to be close to reality:

- isothermal model (singular => cored & truncated, circular
=>elliptical): PIEMD: Pseudo Isothermal Elliptical Mass
Distribution

- NFW model => gNFW, Sersic, Einasto (beware at infinite values,
truncate?)

10000 ==

........................

Additional data
N useful to constraints
Lensing | " “\«.. further the mass

T W M profile

0 10 100

¥ (10° M, /kpe2)
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Mass Profile of Clusters (SL+Dynamics)

DM simulation predicts a
universal profile; what is

slope (8)

NFW

vvvvvvvv

MS2137-2353 |

Moore A
T s T P —

observed in the inner core? L

DM inner

05+

«Combination of strong lensing
(radial and tangential arcs) +

-

dynamical estimates from the

cD galaxies New detailed modeling

..I .: L - -
- . e L
‘ 3 - - - o AAAAAAAAAAA
MR- AN . 2 P

-
o™
T ——r—r—y

Some degeneracies, but .
indication of a flatter profile than =

pe (B)

vvvvvvvvvvv

e -

canonical NFW: -0.5<beta<-1

“Flat” core found in other
clusters (RCS0224, Cl0024)

DM inner slo

AAAAAAAAAA

*Possibly probe DM & Baryon M/Ly

coupling? Sand, et al. 2007

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020



Mass Slope Measurement
for Abell 383 Newman et al 2011

+ Best measurement yet of velocity
dispersion of stars in a cD galaxy!

- Best constraints on the inner slope profile
of Dark Matter (slope shallower than -1)
=> limited by the knowledge of mass/
luminosity of stars

* in conflict with DM only simulation, but
baryon/DM interaction are likely to be

important.
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Mass Profile of Clusters (SL+Dynamics)

Newman et al. 2012

10°— - - . ., . —
DM simulation predicts 3 :Zii“\.‘\\ MS2137 \\\ A9E3 :\\\\ A3E3 :.‘\\_\ ABTI
universal profile; what is o'} | ! ]
observed profile? o T o = BN § 2
g" :z:: \i " AZB;-E.' \ ) | AZi(;;) Icr 100 10}304
- Combination of strong lensing, ¢ 1| I
weak lensing and dynamical ol N \;_’ |

estimates from the cD galaxies to wtE=2—t

10 100 1000

10 100 1000 10 100 ?adl.:g‘[« J
measure Py between 3-3000 ”
k C. 10. ..... ,: — .‘ ,=.+. .- ......... -
9 | — e Buve = 402,502 |
=5 / 7
« Sample of 7 galaxy clusters at @ [ —— Ensonbe ﬁ
redshift z ~0.25 z | "
8 4r
The slope of the density profile y,,;~ 1.16 Al
IS In agreement with DM simulations A S LA \
0.6 D.& 10 "2 14 1.6

Y. Measured over (0.603-0.(33) o
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Mass profile for a mass clump?

- Mass profile should match theoretical or numerical simulations in
order to be close to reality:

- isothermal model (singular => cored & truncated, circular

=>elliptical): PIEMD: Pseudo Isothermal Elliptical Mass
Distribution

- NFW model => gNFW, Sersic, Einasto (beware at infinite values,

truncate?)
10000 F=—— <7
B Additional data
S 10F veiocity | Strong  \+wi |useful to constraints
g -ensing ~.] | furtherthe mass
g [T M profile
01 To [ Tio oo i0e0 10000

R (kpc)
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Cluster triaxiality

Dark matter halos are triaxial

Mass discrepancies when Lensing
and X-ray estimates when a
Spherical shape is assumed

Strong lensing clusters constitute a
highly biased population of prolate
halos with major axis aligned along
the LOS (Oguri & Blandford 2009,

Oblate

Meneghetti et al. 2010)
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Cluster triaxiality

Morandi, Pedersen & Limousin 2010a,b

Joint X-ray, SZ & Lensing ana\y8|s

X-ray flux

1
Sy =
2T 4m(1 + 2)*

A(Tg,oj,Z)/nenp dz'

SZ effect
AT(v)

Tcmb 'rnec2

Lensing mass

/ P(r) f(v; T(r)) d2’

> = /_Z p(R)dz'

- Estimation of the 3D shape of
the gravitational potential (DM)

Jean-Paul Kneib - Astro-IV/Cosmology Spring 2020

(o2}
L) ' L] L}

My (<R) (x10™ M)
o

R (kpc)
Solving the Xrapy-Lensing mass

discrepancy in MACS1423
Morandi et al. 2010
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COSMOS Survey
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COSMOS Survey:
3D mapping of Dark Ma

v e e Srna, A8
Y L X

' _,»_.;',_‘_"x/r/ e

_ - _

One of the largest Hubble project:
* 10% of the observing time during 2 years
* 575 images
* 9 times the moon size
* 20 Giga pixel image (0.03”/pixel)
* 1.2 millions of galaxies
* 400 000 galaxies used for the weak lensing
analysis



Mapping the mass in the Universe

Weak Gravitational o P
Lensing i a

Galaxies shapes are sensitive to the mass distribution along the line
of sight : a powerful tool to constrain the mass-energy content!




Depth lag (5¢)
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Tomography
of mass
distribution

combining the
lensing
information and
distances

(redshift),
=>

Mapping in 3D
off the (dark)
matter.




Galaxy-galaxy lensing techniques
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Galaxy-Galay Lensing

* Average tangential weak
lensing signal in radial bins

AS(r)=Z(<r)=2(r) = 2 . xy,(r)

\' >
C D
Distance radiale Z ir = oS
> L L L Ty LB B | L L :

10;5

Mvir = IOP: hn-,'I Msun
Mvir = 8.10"% h,,”' Msun

L =
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Interpreting galaxy-galaxy lensing signal

107§

10°

10

AL [ h, M, pc~

0.1

Full profile
Baronic component s i
et NFWhalo = = = = = X
= < Two halo term = = mimi
EI'“ on
107
R [ Mpc hyy' ]
A‘—‘Cent A-—Jcent + Ad—‘cpnt + A._Jcent
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¢ 3 main contributions to
the lensing signal:
e Stellar mass
¢ Dark Matter halo
e Sub-halo contribution
(satellite galaxies)
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AL [ hy, M, pc

Interpreting galaxy-galaxy lensing signal

107§

Full profile .
Baronic component e .
NFWhalo = = = = = <
10° Group COmponent s« me.. -
: Two ha]o tCrm = imimimis i
D'n
10 .
'F , E
- “ 'O" '\ 2
- g ‘s 2 -
’ ¢ —t-‘" ‘‘‘‘‘ 5
“ ‘ ------ "'o "t
,\ -‘—' 'l' \'
PRt Ll - .,
‘ -
0. l 1", a A% . | g ".
107~ 0.1 1

Ld ey

AT = ALY, + ALY L AY2S L AT

R [Mpc hy']
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e 3 main contributions to

the lensing signal:

e Stellar mass

e Dark Matter halo

e Sub-halo contribution
(satellite galaxies)

e (Group/cluster contribution

for non central galaxies
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Example of measurements

L4 Ll LA '
COSMOS low » =00

COSMOS high 7 {195
Mande baum et 21 N5 7 0.1
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Stellar Mass M. [hy, " M,)]

L eauthaud et al 2007
in the COSMOS field
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Results M* versus Halo Mass

 Results for the COSMOS field observation (1.5 sqgdeg with HST data)

T R R E 10000 71 oo HERARL
N - 1
— -
"""""""""""" Behroozi et al. 2010 z=0.1 R ! |
10" E COSMOS z=0.37 - 'i
- f mmeeeees COSMOS z=0.66 1 1000k Downsizing €| 7
N COSMOS z=0.88 - : in M,” and M.P" i A
o* : 1 72
g X ' : 4 \
o~ 1 X >
= Typical systematic error in stellar masses % 100 : , =
2 10" (when comparing COSMOS to SDSS) P ; :l
] .
= o
k= I
C oL i _
10® i =
|
! -
[
10" ¥
10° 10" 10" 10° 10" 10"
Stellar Mass M. [Mg] StellarMass M. [Mg]

Leauthaud et al 2012
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Projects mapping the mass of the universe

e Hubble precise imaging (0.17),
but small field of view (clusters,

COSMOS: ~1.5 deg?).

CFHT first wide field imager
~300 deg2.

¢ Ground projects:
KIDS(2014-22), DES(2015-22),

HSC(2016-23), LSST(2025-35) from
1’500 to 20’000 deg?

/
"e Euclid: ESA space mission A
(2024-2029) ~15°000 deg?

® SKA: radio-telescope !
O ot S B i V(B (2030-2040) ~20°000 deg? ()

)3 &}L&Uh mukwgu N R Li,k_u ,‘g. e .x, \_

79



