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How do we probe the small scales beyond the
Local Universe and independently from baryons?
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Independent of the baryonic content
Independent of the dynamical state of the system

Only way to probe small satellites at high redshift
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Substructure EFect

How do we recognise the effect of substructure?

Extended galaxy
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Potertial corrections

Potential model w(x, 77) — % (QZ‘, 77) == 5?# (CE)

Ws (ZE, 77) Families of (elliptical) parametric models

5¢(g;) Potential corrections, pixelized on a Cartesian grid. Signature for substructure °
or general features that are not part of the parametric model.

Conservation of surface brightness
allows us to express the lens mapping
as a set of linear equations:
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Substructure density profile as truncated isothermal

Psub X r—2 (r2 = a2)_1 Mgyp = 3.0 X 109M@




Multiple Scubstructures

Imoge Residual

Blind test with simulated lens systems e

containing multiple massive substructures PR e TR [
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St i stics of Detection

Constraining the substructure mass fraction and mass function

dN/dm oc m™
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P(a, f | {ns,m},p) =




St i stics of Detection

Constraining the substructure mass fraction and mass function

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

P(aaf ‘ {nsvm}ap) =

Results depend on:

O The mass function slope

O The mass fraction of substructure

O Number of galaxies in the survey

O Mass-detection threshold, i.e smallest mass you can detect

O Error on the substructure mass measurement/Prior on mass slope
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St i stics of Detection

Summary:

O Substructure detection threshold 3 x 108M@ . 30 lenses and true dark-
matter mass fraction is 1.0%:

f <1.0% (95% CL)

O Substructure detection threshold 3 x 10° M, , 200 lenses and true dark-
matter mass fraction is 0.5%:

f=0.5%0.1% (68% CL)
x=1.90£0.2 (68% CL).

O Constraining the mass function slope requires a high number of detected
substructures ~ |0
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JI2¢402+ 514229

Power Law + density corrections

Image Residuaol
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7 Ae SLACS Sar\/ey

SLACS:
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SOSS J142046019  21=0.063 22«0.333 SOSS J2321-0939  21«0.082 22«0.552 SOSS J1106+45228  21=0.095 22«0.407 SOSS J1029+0420 21=0.104 22«0.615 SOSS J1143-0144  21=0.106  22+0.402 SOSS J0935+0101  z1=0.011

- P P s . - O Lens selected

SOSS JOB4143824  21=0.116 220657 SOSS JOO44+0113  21=0.120  22=0.197 SOSS J143246317  21=0.123  22#0.664 210125  22#0.520 SOSS JOR5040410  21=0.126  22=0.535 SOSS J1032+45322 210133  22#0.329

O Spectroscopy-selected

— .
SOSS J144340304  21=0.134  12+0.419 SDSS J1218+0830 1=0.135 12-0.717 SOSS J2238-0754  :1=0.137  12=0.713 SOSS J1538+5817  21=0.143 120531 SOSS J113446027 21=0.153  12-0.474 SOSS J2303+1422 210155 12=0.517

| O Uniform lens-galaxy criteria:
- ’ . . - . . - E/SO

SOSS J110345322 21=0.138 22«0.733 SOSS J1531-0103  21=0.160 22«0.744 SOSS J091240029 21«0.164 220324 SOSS J1204+0338  21«0.164 22«0.631 SOSS J115344612 21«0.180 220873 SOSS J234140000 21«0.186 :2«0.807

» & & & » 4dF S Y B * O Emission-line selection

S0SS J14034+0006  21=0.189  z20.473 SOSS J0936+0913  21=0.180  22«0.588 S0SS J1023+44230  21=0.191 720,696 SOSS JOO37-0042  21=0.165  22«0.652 SOSS J14024632)  21=0.205  z2=0.48) SOSS JO728+3835  21=0.206  22«0.688

K

@ * . > . . O Blue star-forming source
provides good lens/source
contrast

SOSS J1627-0053  11=0.208 12+0.524 SOSS J1205+4010  1=0.215  12#0.481 SOSS J114241001  21#0.222  12+0.504 SOSS JOOME+1006 110,222 22+0.609 SOSS J1251-0208  11+0.224 12+0.784 10,227 220931

» » » » . ¥ '! »
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SOSS JI1636+44707 21=0.228 12-0673 SOSS J2300+40022 210228 :2-0.453 SOSS J125040523  21=0.232 12+0.795 SOSS J0939+4416 210237 2-0.532 SOSS JOS6+5100 21-0.24) 220470 SOSS JOB22+2652 :1=0.241 2-0.584

» » » » - . »

: . | O State of the art: few x 10°

SOSS J16214393)  21=0.245  22«0.602 SOSS J1630+44520 210248 22«0.793 SOSS J111240826  21=0.273  12«0.630 SOSS J0252+0039° 210280 :2«0.982 SOSS J102041122  21=0.282 22«0.553 SOSS J1430+4105  21=0.285 220575

_ », » » » - - - -~ & » . ta rgets

SOSS J1436-0000 21=0.285 22#0.805 SOSS J0109+1500  21w0.294  22#0.525 SOSSNI41645136  21=0.200 z2#0811 SOSS J110045329  21=0.317  22#0.858 SOSS JO73743216  21w0.322  12#0.581 SOSS J0216-0813  21=0.332  12w0.524

- O Lensing rate: ~1/2000

. . » » » . . - N .

SDSS J0935-0003 21=0.348 12+0.467 SOSS JO330~0020 21=0.351 22=1.071 SOSS JI152543327 :1=0.358 12-0.717 SDSS JOO3+4116  21=0.430 21064 21=0.440 22+1.192 SOSS JO157-0056 21=0.513 12-0.924

SLACS: The Sloan Lens ACS Survey www.SLACS.or O RGSUltSZ — I OO Conﬁ rmed

A. Bolton (U. Hawai'i IfA), L. Koopmans (Kapteyn), T. Treu (UCSB), R. Gavazzi (IAP Paris), L. Moustakas (JPL/Caltech), S. Burles (MIT)

e lenses
Bolton /4 S. el al. 2006




J0946+106¢ — Dowble King

High Signal-to-Noise Data & Large DM Fraction

Gavazzi et al. 2005

L/egez‘z‘/ S., Koocprians L. V. E 200

O Two concentric ring-like structures
O Dark-matter fraction: f (< Rer¢) = 73% + 9%

O Expected number of mass substructure from
CDM paradigm within AR = R.;, + 0.3

ulae =1.90, f =0.3%, R € AR) =6.46 + 0.95

O If f~5% (Dalal & Kochanek 2002), the expectation
values for mass substructure is ~50 substructures
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Single Power-Law model + Potential Corrections

Model Image Residual
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Results are stable against changes in the PSF, lens galaxy subtraction,
number of pixels, pixel scale and rotations
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Power-Law smooth model + Power-Law substructure

Model

Maup = (3.51 =

- 0.15) x 10°Mg

r: = 1.1 kpc

Arcsec Arcsec A log g e 1 28 : O

Image Residual Source

equivalent to a ~ 160 detection

Msp(< 0.3) = 5.83 x 10° Mg
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SYAKP

The Goals:

O search for evidence of mass substructure in cosmologically
distant galaxies

O built up information on the substructure mass function and
the dark matter mass fraction in substructure

O compare with prediction from simulations

The Tools:

O gravitational lensing imaging technique

O high angular resolution imaging
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B35+t G060

Radio Source at z. = 2.059 with a Infrared Einstein ring lensed by an
early-type galaxy at 2; = 0.881

AO HST + Merlin
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B1935+ GG 0

Keck K-band
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B1935+ GG 0
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Substructure as a truncated pseudo Jaffe
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Io
)

M(<0.3) = (7.24+0.6) x 10" M

Substructure as SIS

M(< 0.3) = 3.4 x 10" Mg
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LOS cortarnnalior

The major source of systematic error is de-projection of the substructure

position within the host galaxy

J

Probability of M under the
assumption that the
satellites follow the host
galaxy mass distribution

Contamination from LOS
interlopers is also possible:

Chen et al. 2009: 1- 10 %

0'%.()

9.0 9.5 10.0
logl M_,,/M. ]

De-projection yields a systematic uncertainty on the total mass of 0.3 dex at the
68 per cent confidence level.




Concl/eusions

O Surface brightness anomalies can be used to find low mass galaxies
at high z

O Simulations show that with HST quality data, 10 systems are sufficient
to constrain the mass function

O Using high resolution adaptive optics data and the gravitational
imaging technique we discovered an analogue of the Fornax satellite

at redshift about 1

O The first constraints on the mass function are consistent with prediction
from CDM (large errors ....)

O LOS contamination is not necessarily bad




