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Infroduction: why are there more subhalos in
simulations of galaxies than MW satellitese

Measuring the cosmic evolution of satellites
Comparison with CDM

What about altering the properties of
DM2Comparison with WDM models

Breaking the degeneracy: prospects for
direct measurements of the mass function of
subhalos with gravitational lensing and
iNnsights from luminous satellites



Substucture: Theory




Substructure: Observations
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Are the satellites predicted by theory non-existent or just
dark?

If they don't exist, what's wrong with the standard
cosmological modele

If they exist and are dark, why are they not forming starse



Measuring the Cosmic




* New observational benchmark for galaxy
evolution models

» Hosts comparable to massive lens
galaxies. Combining subhalo mass
function and luminosity function one can
Infer physics of star formation at low
masses (Treu 2010)
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The power of HST: detecting satellites at z>0.1
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Nierenberg et al. 2012, astro-ph/1202.2125




COSMOS Catalog Detections
New Detections
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Aligned with major axis
=more efficient for lensing
anomalies?

(Zentner 2005)

Nierenberg et al. 2012

|¢| (degrees)



-1+ All

—3k 0.1 <2<0.4 (Ryy)

1

01<z<04(RQ

PLina|l

k|

0.4 <z<0.8 (Ryy)

st

0.4<z<0.8 (R)

1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
& i T ’
0 10.5<Log[M’ ] <11.0
—3r T C) 110<LogM@lt<115
1 1
1 1
Late

ﬁ

At variance with previous work claimed strong dependency on host mass
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Warm or Cold Dark Matter
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Dark substructure




Strong gravitational Lensing

Image 1
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Distant Object




Observables: flux, position, and arrival time of the multiple images



e Strong lensing can detect satellites based solely on
mass!

e Satellites are detected as “anomalies” in the
gravitational potential y and its derivatives

— '’ = Flux anomalies
— g’ = Astrometric anomalies
— Y = Time-delay anomalies

— Natural scale is a few milliarcseconds.
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Flux Ratio Anomalies

A smooth mass distribution would predict:

This to be 10% brighter

This to be 100x brighter These to be 2x brighter




The accretion disk Is so small

that can be lensed by asingle
star in the foreground galaxy
(microlensing)
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COSMOS

Jackson et al. 2010



1. Direct detection a.k.a. "gravitational
Imaging” (Vegetti's talk)

2. Larger samples (Dalal & Kochanek used
only 7 lenses); need more lenses..

3. Avoid microlensing (e.g. mid-IR; Keeton's

fellq
4. Take into account spaftial information from

luminous satellites



S

. Radial number density profile well

measured and close to isothermal
Angular distribution highly anisotropic

This should be accounted for in
comparing statistics of flux ratio anomalies
And we can combine the inferences to

figure out M/L!
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H Sensitivity at 11ums:
D ~0.2-0.3mJ:
*Undetected by Subaru
« S/IN~40-60 in 28s of IWST-MIRI
B 10mJ:
*S/N~5 In 3.1 hrs of Subaru
*S/N~700 in 28s of JWST-MIRI

Chiba et al. 2005; 3.1hrs of Subaru



« Gravitational imaging can
now reach 2x108 solar mass
sensitivity, limited by .
resolution and S/N ™, dark subhalos
(Vegetti et al. 2012) A
* With Next Generation
Adaptive Optics and then
TMT we should reach 107
solar masses, that 1s where the
discrepancy with theory is
strongest 107 10°
*Also, for more massive Mass < 0.6 kpe (M)
galaxies than MW we should

think in terms of mass ratio
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MW satellites




Future surveys (DES/LSST) will discover thousands of systems,
mostly fainter than those currently known

*High resolution follow-up (and spectra!) will be needed to make
sense of them

«JWST will be able to measure flux ratios in the mid-IR in snapshot
mode



Satellites as faint as 1/1000 of the host can be detected up to
z=1 with HST images

The angular distribution of satellites is anisotropic for early-type
hosts and Isotropic for late-type hosts

The radial profile of satellites is consistent with isothermall

The number of satellites is a very strong function of galaxy mass
and morphology, not so much of redshift

Observations can be matched by properly rescaling M/L in
CDM. However... WDM does surprisingly welll

We need lensing observations to disentangle luminosity and
mass function. Currently limited by small number statistics and
selection effects, need JWST and AO (Keck and TMT). We
should not forget the lessons learned from luminous satellites
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