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o I e P The Einstein radius of the
system is much larger than
can be explained by stars
alone for any reasonable IMF
lens or dynamical model.
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Strong Lens Galaxies: Integrated Approach

"/alaxy Structure/ ‘A
. Dark Matter _/

Stellar Dynamics <=  Strong Lensing <~ Stellar Population

Stellar + Dark Matter Stellar + Dark Matter Synthesis
around the effective radius around the Einstein Radius
Phase-space density CDM Substructure Stellar masses/ IMF shape
Grid-based methods Grid-based methods SPS modeling: color/spectra
Weak Lensing Micro Lensing
Environment & Stellar + Dark Matter
Outer DM halo at the Einstein Radius

Grid-based methods
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Early-type Galaxies:

Evidence Against Constant
M/L Mass Models from
Strong Lensing (+ Dynamics)
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Some Early Evidence for DM in
Galaxies from Strong Lensing

Observed lenses sometimes have image separations >2”, which
should not happen in case of constant stellar M/L models (e.g. deV).

When a massive DM halo is added and p~r=, then lensing statistics
matches observations (this is confirmed in many studies).
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Some Early Evidence for DM in
Galaxies from Strong Lensing

Data: Radio Einstein ring MG1654+134
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to the extended Einstein ring and obtain a
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Some Early Evidence for DM in
Galaxies from Strong Lensing
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Constant M/L models (deVaucouleurs)
are only marginally consistent with data:
(1) very large M/Ls~20, taking passive
evolution in to account.
(ii) Ref exceeding observations

The M/L is ~3x larger than locally
observed and expected from SPS models

SIE model fits the data very well and
predicted stellar dispersion matches FP.

Conclusion: Constant M/L models fail to fit
the data and DM is needed in this galaxy.



Stars + DM

Two-Component Models

Q0047-2808
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Two-Component Models: Stars + DM

Grid-based inversion of the lensed images makes use
of all information: tight constraints on density profile Q0047-2808
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Single-Component Mass Models

Horseshoe

The Horseshoe system has a very
large Reinst=30 kpc but only a single
galaxy in the center suggesting an
extremely massive DM halo.

Table 1. Properties of the cosmic Horseshoe'.

Parameter Values
Lens RA 11h 48m 33.15s
Galaxy Dec 19 30/ 03”5
Redshift 0.444
Effective radii 1796 4 002
qr (20.84 £ 0.06) mag
"L (19.00 £ 0.02) mag
iz (18.22 £ 0.01) mag
ZL (17.75 £ 0.04) mag
Axis ratio, g 08+0.1
Source Redshift? 2.38115 £ 0.00012
Star formation rate ~ 100 Mz yr—?
Dynamical mass Myir ~10*° M-
" Ring  Diameter 1002
Length ~ 300°
uy, 21.6 mag
qrL 20.1 mag
i 19.7 mag
Mass enclosed” (5.02 £ 0.09) x 102 M,

! Belokurov et al. (2007) measured the redshift of the source
to be z = 2.379. We find a systematic shift that brings the
source redshift to be 2z = 2.3811 in agreement with Quider
et al. (2009).

“ The mass within the Einstein radius or, more precisely,
within the ring diameter, is taken from Dye et al. (2008).

’ Parameters obtained from images taken with the 2.5 m
Isaac Newton Telescope (INT). Magnitudes are taken from
SDSS DRY7. See Belokurov et al. (2007)
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Single-Component Mass Models

obwerved ring and lens (g band) observed ring and lens (| band) ; The Horseshoe SyStem haS a Ve ry
W e ™A N AT L N T A'! Ai .
2| 1 B large Reinst=30 kpc but only a single
; ﬁ'ﬁ 1 & S galaxy in the center suggesting an
v ‘ . extremely massive DM halo.
‘ & Table 1. Properties of the cosmic Horseshoe!.
5 . -~ 3 Parameter Values
' ? ..n.:. ‘ Lens RA 11h 48m 33.15s
Galaxy Dec 19° 30" 03’5
observed ring (g band) Redshift 0.444
""""""" o 1 Effective radii 196 4 0202
< 1 B $ 9L (20.84 £ 0.06) mag
\:A‘ 1 B 3 " (19.00  0.02) mag
o “ ':‘ ' < ' ; iz (18.22 £ 0.01) mag
h 3 £ zr (17.75 £ 0.04) mag
‘ ’ o Axis ratio, g 0.8 +0.1
’ Source Redshift? 2.38115 £ 0.00012
i - Star formation rate ~ 100 My yr—!
0 --------- — -L % Dynamical mass Myir =~ 10'° My
P ¥ Can Ring Diameter 1072
| | , Length ~ 300°
o -n..:-s.c.‘r.tj«.n' b.-r._d,A o . model ring (i band) : Ny 21.6 g
§ f : : N B 9L 20.1 mag
5 3 iy, 19.7 mag
i o Mass enclosed? (5.02 £ 0.09) x 10'2 My,
= is J‘ ! Belokurov et al. (2007) measured the redshift of the source
;g 3 : 3 to be z = 2.379. We find a systematic shift that brings the
U 1 Ol source redshift to be z = 2.3811 in agreement with Quider
' et al. (2009).
. : , 2 The mass within the Einstein radius or, more precisely,
: o " i x 8 = OGN : ” within the ring diameter, is taken from Dye et al. (2008).
. . - . ‘ ” - . p ” ¥ Parameters obtained from images taken with the 2.5 m
— ey eznson Isaac Newton Telescope (INT). Magnitudes are taken from

SDSS DRY7. See Belokurov et al. (2007)

Dye et al. 2008
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Single-Component Mass Models

Parameter SIE NFW PL

K0 2.50 £ 0.03 0.118 £+ 0.002 2.30 £0.03
7 46.5 = 2.7 555+13.1 49.2 + 3.0
q 0.76 = 0.03 0.89 + 0.02 0.78 = 0.03

X —0.12 % 0.04 arcsec —0.10 = 0.04 arcsec —0.11 £ 0.04 arcsec
Ye 0.05 £ 0.03 arcsec 0.04 + 0.03 arcsec 0.02 £+ 0.03 arcsec
o - - 1.96 £ 0.02

Ine —-4237.7 —-4262.7 —4235.4

Param SIE+y NFW+y PL+y

K0 2.58 £ 0.03 0.116 &= 0.002 2.37 £0.03
7 498 = 2.7 479 £ 3.1 50.8 £+ 3.1
q 0.81 £ 0.02 0.86 £ 0.02 0.83 £0.02

X —0.10 £+ 0.04 arcsec —0.09 + 0.04 arcsec —0.11 £ 0.04 arcsec
Ye 0.03 £ 0.03 arcsec 0.04 + 0.03 arcsec 0.04 + 0.03 arcsec
o - - 1.95 £ 0.02
Y 0.017 £ 0.005 0.011 £ 0.006 0.020 £ 0.005

8., 38.2+94 46.1 + 124 37.7+ 8.6

Ine —4239.0 —-4272.0 —4240.2

Residuals: SIE

Power-law

Dye et al. 2008

Different models can be
compared via the Bayesian
Evidence:

Vpost

Vprior

E ~ Linax X

l.e. the marginalization over
all model-parameters of the
posterior PDF: Probability of
the data, given the model-family

A SIE/PL model leaves nearly
no residuals and has an
evidence exceeding that of the
NFW model [this is a massive
group-like system]

11
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Two-Component L&D Mass Models

Spiniello et al 2011

When the mass inside Reinstis combined
with an extended kinematic profile, only

a small subset of models still fits the data.

For a Hernquist (B=0) stellar component
embedded in a gNFW DM halo, the
posterior PDF for Mstar gives:

Z 4+0.15 1~
3000 3500 4000 Flcstfradrgaow.wclcn%ol\n-gslromgsoo 8000 6500
" Xshooter I

7000 10000

Observed Wavelength(Angstrom)
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10910l M(<Rgn)] — Iog1o[G_10e2 (Re/2)]

Scaling Relations versus Constant
Stellar M/L Models

1.0 7 77

0.8
0o
0.4

2

0.0 "

Under homology conditions, one can
rescale (i) Reinst/Rett and (ii) Meinst/(0?Rett).

One finds that lenses follow a power-law
density distribution.

=

I .-~ 1 Constant M/L models can be excluded at
i 1 >99.9% CL and <fpm-=0.38+-0.07 (68%)
| inside Ret.
ot - \
% i '&(\
/// % ; /// 00(\6\ i
. A
1 Bolton et al. 2008; also Koopmans et al. 2009

—0.8

—0.6 —-0.4 —0.2 0.0 0.2

10910Ren — 10g40R,
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DM Density Slopes inside REeinstef



Combination with Stellar Dynamics

Constant M/L model versus SIS
4 OO | ] ] 1 I | 1] 1 [

I M./Ly=7.5 My/Ly o

R1/4 constant M/L
density profile

|

Lensing mass is
the same

|

SIS density profile
with stellar M/L=0

Velocity Dispersion (km/s)
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DM: Lensing & Dynamics
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Treu & Koopmans 2004

Applying this technique through the
spherical Jeans equations (w/B<>0)
to five lens systems with lensing
and kinematics (from Keck) at
z~0.5-1.0, it was found for two-
component models (HQ/JF+gNFW)
that for 3=0.

(vpm) = 1.3792 (68%CL)

fom = 0.15 — 0.65 inside Reg

And for Osipkov-Merritt model
with ri = Re

<”7DM> < 0.6 (68%CL)

[Slope total mass is 0.45-0.90 steeper]

16



Adiabatic Contraction

Waveleogin (A)

Treu & Koopmans 2002

flux (counts)

4250 4300 4350
T T . - . XL A L . . -

BO — ) -

8500 8600 8700

Wavelength (A)
MG2016+112: ETG at z=1.01.
Refi~2.7 Kpc; Stellar dispersion of
330+-32 km/s; 80% DM inside
REeinst~14 kpcC
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Adiabatic Contraction

Impact of adiabatic contraction
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Salpeter Chabrier
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Contraction & IMF have

major impact on the halo
shape and required halo
mass.

Constraints from WL, SL
and dynamics prefer a

heavy Salpeter-like IMF
with some moderate AC.

Auger et al. 2010

18



20

13|

Similarly: Scaling Relations for DM

Chabrier

Salpeter

—=ih
— Sa |
-=Ch—> Sa A

Rescaling lenses to a common
DM mass-scale (substracting
stellar mass) as function of
Reinst/Rett allows its density profile
to be inferred.

Chabrier IMFs leads to low stellar masses
and DM profiles close to y’=1.7 (SIE),
whereas Salpeter IMFs lead to more
stellar mass and a more shallow DM
profile (yom=1.7), consistent with TKO4.

Grillo et al. 2012
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The Double Einstein Ring

If strong lensing provides Meinst accurately inside Reinst, then having two rings
provides the density profile inside the two rings w/o hardly any assumption.

Color Composite Multi-color HST data

G600 6
GO0 00

Sonnenfeld et al. 2012
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The Double Einstein Ring

If strong lensing provides Meinst accurately inside Reinst, then having two rings
provides the density profile inside the two rings w/o hardly any assumption.

Color Composite Multi-color HST data

G600 6
GO0 00

Sonnenfeld et al. 2012
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The Double Einstein Ring

If strong lensing provides Meinst accurately inside Reinst, then having two rings
provides the density profile inside the two rings w/o hardly any assumption.

Color Composite Multi-color HST data

—  HDFN prior Photo-z for 2nd source
Flat prior

Sonnenfeld et al. 2012
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The Double Einstein Ring

Combining the double Einstein ring data with an extended kinematic
profile breaks the old single-ring-only degeneracy
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The Double Einstein Ring

Full Bayesian MCMC exploration 3.0
of parameter space:

yom=1.7 £0.2

! I | Sonnenfeld et al. 2012
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Self-consistent 2D L&D

- | J1330

:S J1443

| JO959

~ | J1451

N\
\ N
SN —

Barnabe et al. 2011

fom

0.8

0.6

0.4

0.2

-0.2

-0.4

Fully self-consistent L&D
sets very tight constraints on
the density profiles using all
information from 2D lensing
and 2D kinematic data.

DM fraction fom increases rapidly
with ETG mass/dispersion
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Extended Halos: 1-100 Res

Connection between SL & WL



Weak Lensing of Strong Lenses

SLACS galaxies are centered in the
middle of the upper CCD of ACS

. . rIrﬁ* LA ALY RRLLE RARAR R :
Shear field after PSF correction  osi- A £
using 22 SLACS ETGs oo -
: |
1 » £ 00 - All lens galaxies are centered
’O‘E - at the same position on the
158 - CCD and the shear signals can
zoE . —  Dbe stacked to obtain a mass-
: | % alendodinlanedinld - gveraged convergence map.
_— o s \ ' . -z 15-10-05 00 05 10 15
Em ' ’E?n;&;' Ty Systematics (B-modes) seem
4| under control
. .ILL]L.‘I.Jlll..nL.LlllJlZ‘JLLI,L_Al_é
Gavazzi et al. 2007 15-1.0 -05 00 05 10 15
B
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Weak Lensing of Strong Lenses
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Gavazzi et al. 2007

10.000

The best SL-SIS model can
fit the WL data all the way
over 1-100 Rett.
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Weak Lensing of Strong Lenses

10000 = S O S B E T T TTTITT] T T TTTTH
: stars deVauec. -
DM NFW —
N Total (with rms) =
T i
o \\
O" lOOO \R 1 Slope
© it ¥
=
=
100
I~
<]
10 | — O T N L 1111wl Ji\@J
0.001 0.010 0.100 1.000

Radius [Mpc/h|

Gavazzi et al. 2007

The best SL-SIS model can
fit the WL data all the way
over 1-100 Rett.

Two-component mass model:
deV+NFW with stellar M/L and
M.ir as the only free parameters:

M-/Lv=4.5+0.5 h
Mvir/Lv=250+95 h

fom(<Rvir) = 0.02 £ 0.01
fom(Reff) = 0.27 £ 0.04
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The Inclusion of Stellar
Population Synthesis:

Impact on DM inferences



Multi-color SLACS Sample
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data allow one to
measure stellar
masses using SPS
and subtract this from
the total lensing mass
inside REinst/eft

SPS codes: B&CO03,

MIUSCAT, CvD12, etc
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CSP Constraints on Stellar Mass

Stellar Mass
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B&C03 SPS models provides
strong constraints on the stellar
mass PROVIDED the IMF is
given (e.g. Chabrier, Salpeter)
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Dark-Matter Fraction versus Mass

1.0
Subtracting the SPS stellar mass
0.8 from the mass inside Reftio~REinst,
- suggests that the DM fraction
0.6 +_ . . .
b in ETG increases with galaxy
0.4}, Jhomrte mass, assuming a fixed IMF.
0.2 '+
Biol This has implications for feedback
| models in ACDM, increasing
—0.2| Salpeter as galaxies get more massive.
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However! Impact of IMF variations on

the inference of DM In ETGs

A full SPS modeling of SDSS galaxies suggest a trend in the IMF slope

between 150-300 km/s, doubling the stellar M/L over this range. If confirmed
(e.g. Conroy et al. 2013), this implies a tilting of the fom trend with galaxy mass

—

30 X=4.87log(0 ) + 2.33 (Ferreras et al. 2013)
X = 2.2210g(0 5y,) + 2.13 (this work)
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M/L increases
by a factor ~2
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Impact of IMF variations on the
inference of DM in ETGs
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The amazing conclusion
seems to be that fom does
NOT depend on galaxy
mass anymore and is
constant over 150-300 km/s.

And fpm~0.5 inside Re#/2.

Spiniello et al. 2013,
In prep.
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probability density

probability density

The Slope and Lower Mass Limit of the
IMF from L&D+SSP.

(see talk Barnabe)
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L&D provides an excellent constraint

on the stellar mass independent of M/L.

SSP provides a slope, but no lower

mass cutoff. Combined Mw of the IMF

can be determined.

IMF Mlow - 012 + 003 Msun
IMF slope = 2.21+0.14
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Disk/Spiral Lens Galaxies
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B1933+503: A disk-galaxy at z=0.76

Power-law models fit best. Only deV with Rer=19 kpc h-
fits, but that is much larger than observed.
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B1933+503: A disk-galaxy at z=0.76
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B1933+503: A disk-galaxy at z=0.76
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— |ensing+kinematics

Given both high-resolution VLBA and Keck-
AQ data plus kinematics, a disk+bulge+halo
model can be constructed.

When marginalizing over disk+bulge
one finds:

(1) Disk contributed 0.76+0.05 to V at 2.2 Rq
and hence is marginally sub-max.

(2) fom = 0.43/0.37 £ 0.09 inside 2.2Rq4/Ref

(3) (c/a)=0.3 and rh,0>16 kpc

(4) Chabrier IMF is preferred over Salpeter
by 7.2 LH ratio.

Ph,0
(r/rao)(1 +r/rm0)?’

Pu(r) =

2 y2 22

X
% __ w2
e =i (a2+b2+c2)’ g b6

Suyu et al. 2012
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probability density

B1933+503: A disk-galaxy at z=0.76

Given both high-resolution VLBA and Keck-

Al e L TR AL P RO W AO data plus kinematics, a disk+bulge+halo
—baryonic: lensing+kinematics model can be constructed.
—stellar: lensing+kinematics o .

o When marginalizing over disk+bulge

- stellar: Chabrier IMF | one finds:
- ---stellar: Salpeter IMF -

(1) Disk contributed 0.76+0.05 to V at 2.2 Rq
and hence is marginally sub-max.

(2) fom = 0.43/0.37 = 0.09 inside 2.2Rd/Ret

(3) (c/a)=0.3 and rn,0>16 kpc

(4) Chabrier IMF is preferred over Salpeter
by 7.2 LH ratio.

pn(r) = il ;
(r/m.o)(1 +r/mo)?
2 2 2
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Suyu et al. 2012
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Q2237+0305: A disk-galaxy at z=0.04

The Einstein Cross is a spiral galaxy with a lensing bulge. DM should (in
principle) play a minor role in the inner regions of this system
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Q2237+0305: A disk-galaxy at z=0.04

Very little dark matter (<20%) in the bulge:
a sanity check on methodology.

JUS N R [roc] : ‘ R (ke

van de Ven et al. 2010
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The SWELLS Survey - Disk-Galaxy Lenses
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The SWELLS Survey - Disk-Galaxy Lenses

Joint lensing & dynamical provide a stellar mass for the disk and the
bulge. SPS modeling predict M/L value.
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The SWELLS Survey - Disk-Galaxy Lenses

Constraints on the bulge are quite tight and show a Salpeter IMF.
Disk masses are less well measured but jointly Chabrier is preferred.
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Constraint on Stellar & Dark Matter
from Microlensing in Strong lenses



Strong-lensing+Microlensing
evidence for dark-matter in galaxies

At the lensed image position, the magnification PDF due to
stellar ML depends strongly on the fraction of DM in the
line-of-sight for FIXED total surface density (from SL).

Caustic networks with increasing microlensing High ML optical depth Low ML optical depth

optical depth but fixed surface density (DM+stars)
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Strong-lensing+Microlensing
evidence for dark-matter in galaxies

This technique can be applied to either ML light curves
of single systems or to an ensemble of single-epoch
observations of a sample of lenses.

PG1115+080

Standard Image Standard Image SER Image SER-CO Image
0.492" Pixels 0.0492" Pixels 0.0492" Pixels 0.0492" Pixels

Counts arcsec - Counts arcsec - ‘ Counts arcsec

Pooley et al. 2012
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PG1115+080

Strong-lensing+Microlensing
evidence for dark-matter in galaxies

Caustic patterns for all 4 lensed images in PG1115+080 for two different
stellar surface densities (the total density is obtained from the SL model).
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Strong-lensing+Micro-lensing
evidence for dark-matter in galaxies
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Based on 14 systems and 61
epochs, a Bayesian analysis give
that 93% of the surface density
Is in DM at <R>=6.6 kpc.

Pooley et al. 2012
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Strong-lensing+Micro-lensing
evidence for dark-matter in galaxies

Stellar surface mass density fraction
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Conclusions

* There is conclusive evidence for DM from strong lenses in both early and late-type
galaxies from lensing alone, even more so in combination with dynamics, stellar
population studies and micro-lensing.

* In ETG the fraction of DM inside Rett seems to increase with galaxy mass and ranges
between 40-80% inside Rei/2 in projection for a fixed/universal IMF.

 Evidence is strong that the IMF varies over the 0-=150-350 km/s range for ETGs
which has implications for lensing DM studies and scaling relations.

 Evidence for a varying IMF with galaxy mass flattens the fpm trend to a fraction of
fom=40+-10% inside Ref/2 from 0-=150-350 km/s

* The DM density slope inside Reinstett Is around 1.3-1.7, steeper than NFW.

* The overall stellar+DM profile is consistent with an adiabatically contracted NFW
for Salpeter-like IMFs.

* SL+WL suggest an approximate deV+NFW = p~r-2 total density profile over 1-100Ref

The future of SL studies of galaxies is bright but it (i) requires
much larger sample for continual progress and (ii) must possibly
re-focus on more unique or complementary science cases.
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HST/ACS credit NASA/ESA
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