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Lovell et al. 2012

CDM vs WDM




How do we probe the small scales beyond the Local Universe and
independently from baryons?

Using strong gravitational
lensing!

— Independent of the baryonic content
— Independent of the dynamical state of the system

—  Only way to probe small satellites at high redshift



GRAVITATIONAL LENSING

background

observer

gravitational lens

P

y=x—a(x) a@x)x [d [dpi,2)

X — x/|?



GRAVITATIONAL IMAGING

—— substructures are detected
as magnification anomalies

—— Compact sources are easy

to model

—— Sensitive to a wide range of
masses

—— degenerate in the mass
model

—— substructures are detected
as surface brightness anomalies

¢ —  need to disentangle
E B structures in the potential from
® structures in the source

—— Sensitive to higher masses

—— NOT degenerate in the
— mass model




“Mao & Schneider 1992
Dalal & Kochanek 2002

Rcusp L

FOLDS & CUSPS

HA + UB .0
pal +|ps)
HaA + UB + UC

lpal + Bl + |pc]

CASTLES

In the optical and X-ray the quasar emission

regions are small enough that the lens fluxes

are sensitive to the effect of stars. In the radio

the sources are large enough be insensitive to
microlensing



FLUX RATIO ANOMALIES

Smooth lens modeling can fit the image positions well, but fail to reproduce the relative fluxes

(arcsec)
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Relative R.A. (arcsec)

—— Smooth models produces images — Smooth models produces images
B which are as bright as A B which are as bright as A



Bradac et al. 2002

HA + UB + e
Rcusp = =y
lwal + el + |pc

FLUX RATIO ANOMALIES

0

o=1.5 kpc _

g, (arcsec




"Xu et al. 2009

FLUX RATIO ANOMALIES IN
SIMULATIONS

—— the observed cusp lenses violate the
cusp relation more frequently than predicted
by the the Aquarius simulation os : )
—— the discrepancy is not related to the
resolution of the simulation

— the probability of reproducing the
observed rate is 0.2% and as high as 30%
with the los is included

—— maybe not a proper comparison

—— proper masses and ellipticity increases [os
theprobabilityto36% 0,0- a2 1 .80.12.8" NP PRSP B -




“McKean et al. 2007
Schechter & Moore 1993

“More et al. 2009

photometric redshift LJ M l N O U S S AT E L L l T E S

—— 3/6 radio loud systems show evidence of a

KECK-AO K-band : ! e
i luminous satellite within 5 kpc from the host galaxy

—1 once these are included in the mass model the
flux ratios can be reproduced along side with the
images positions

—— up to 1% of the host mass is contained in these
systems

——1 5/22 of all CLASS lenses have a luminous
satellite within 5 kpc

(McKean et al. 2007)

—— Are such luminous satellite galaxies expected this frequently?



Kogpmans 2005

\/egetti & Koopmans 2009

GRAVITATIONAL IMAGING

w(Xa n)tot S w(Xv 77) A (W(X)

w (X7 77) Smooth analytic power-law model

) w (X) pixellated potential correction




GRAVITATIONAL IMAGING

——  substructures are responsible of localised surface brightness
perturbations and are detected as localised potential corrections

—— Any substructure can be detected provided it is mass enough and /
or close enough to the Einstein ring

——  For each substructure detected its mass can be measured by

assuming a mass model or directly from the pixelated corrections in a
model independent way
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GRAVITATIONAL IMAGING

Data Model

0.01

5x1073

Arcsec
Arcsec

Arcsec Arcsec

Image Residual Source

5x%10™° 0.01

Arcsec
Arcsec

—0.01-5x10"> 0

0]

Arcsec Arcsec

——1 Simple smooth model with a power-law mass density profile
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GRAVITATIONAL IMAGING
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STATISTICS OF DETECTIONS
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—— 10 not-very sensitive lenses cannot —1 200 very sensitive lenses can
constrain the slope of the mass function constrain the mass function at the few —— but 10 may be just enough

percent level
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CDM vs SIDM

o RefPO (CDM) o RefP1 (SIDM-ruled out)
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SENSITIVITY TO THE PROFILE

W — BRI r. =0 — 300 pc
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éo[wn et al. 2006

ﬁofwn et al. 2008
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The Slocon Lens AC urvey

A Bolion (U, Mowolt HA), L Kocpmons (Kopteyn), 1. Treu (UCSH), R. Govezal (WP Porig), L. Moustiokos (M /Coltech), 5 Duries (W)

z =0.0060 —0.36
o, =175 — 400 km s



Gavazzi et al. 2008

\/egetti et al. 2010

Sonnenfe[cfet al. 2012

SLACS-DOUBLE RING

— Two concentric ring-like structures
— ¢ Dark-matter fraction: [ (< R, f f) — 737 0

—i Expected number of mass substructure from CDM paradigm within

AR =R sl

— If £~5% (Dalal & Kochanek 2002), the expectation values for
mass substructure is ~50 substructures

w(a = 1.90, f = 0.3%, R € AR) = 6.46 + 0.95



\/egetti et al. 2010

DOUBLE RING

0

Arcsec Arcsec

Potentla! Correction Comvergence Correcilon

0.02 0.03

0.01

0

) Results are stable against changes in the PSF, lens galaxy
subtraction, pixel scale and rotation
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DOUBLE RING

My = (3.51 £0.15) x 10° Mg

re = 1 e

Alog& = —128.0

Ly =) <l02i

Msp (< 0.3) = 5.83 x 10° Mg

(M/L)y o 2 120 Mo /Ly o



z=0.06—-0.36 o, =175—400 km s

Mo = 3.2 x 109 M
Mpy = 7.0 x 108 M

Chosen on a s/n basis

Representative sub-sample of the
SLACS lenses

|

Representative sample of massive
early-type galaxies



\/egetti & Koopmans 2009, Vegetti et al 2013

STATISTICS OF DETECTIONS

Constraining the substructure mass function

L({ins,m;} | o, f,p) P(a, f | P)

P(a, f | {ns,m},p) = P ({ns,m} | p)

e_u(a7f’<R) /L(O&, f7 < R)ns =

HP(mMR ’ p,Oé)

L(ns,m|a,f,p)=

=tk

0.2 0.3

0.1




\/egetti et al. 2013 in prep.

SLACS MASS FUNCTION

Preliminary!

N RSB RE sl Tl T T T T T T T T T T T T T
g —— Normalization: uniform prior between 0 and 100 percent
—— Slope: uniform prior between -1 and 3, Gaussian prior centred
on 1.90
A =
S
e 5 +0.48
i f 0. 48 e G (7
QN

a—~ 0438

f = 0.06% 3%




Dalal & Kochanek 2002

Xu et al. 2009 OBSERVAT]ONS Vs
PREDICTIONS

six holoes in 18 projections

§ walal & Kochanek (2007)
subs Dalal & Kochenek (200: .

—— 6/7 radio loud CLASS lenses
show a flux ratio anomaly

——  No microlensing, or dust

extinction but gravitational origin

—— Imply a projected dark matter
fraction between 2 and 7 percent

ause of the mass ; y == .
R Deeusoiih Preliminary! = 0.48T 555 %

degeneracy we don’t know how this

mass is distributed +0.63
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—— Medium sized sample of ~20 systems
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Potential Correction




800 900 ¥00 ¢

Convergence

Image Residual

M ~ 1.7 x 10° M

$'0 0 §0- $'0 0 50~ 1

> 20’0 100 0 e-0IXZ 0 ( OIXZ=, OIXp~

aJ r v - v v v ‘\d‘l{ d L ‘ q :s.
 +g ®

Potential Correction

SHARP

S0 0 S0~ S0 0 S0

20’0 100 0 ¥00 €00 200 100 0

YT
- R

\/egetti et al. 2012



\/egetti et al. 2012

SHARP
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SHARP
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Lagattuta et al. 2012

AO vs HST

—  AO lens model parameters have
significantly smaller measurement
uncertainties than their HST counterpart

—1 AO data with compact source galaxies,
the higher resolution provided by AO
cameras significantly outweighs any loss in
S/N




SHARP, SHARPER, SHARPEST




"McKean et al. 2013

44".5

Declination (2000

—— Compact sources with a flat
spectrum between 1.4 and 5
GHz: 10-20 mas

—— A few with steep spectra:
select arcs with 50 mas scales
with MERLIN at 5 GHz and then
observe them with VLBI
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Right Ascension (J2000)

MG JCT51+4271 Glebal V




“McKean et al. 2013

’
[
o
o
C
o8
c £
3
.
3
(-}
()
=~
1857
-

RADIO - SHARP

300

200

100

0

Arcsec

————————RAN



@u B al, 2013

GALAXY SIZE
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CONCLUSIONS

Thank you
&

Stay tuned!



