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Outline

• Introduction: why are there more subhalos in 
simulations of galaxies than MW satellites?

• Measuring the cosmic evolution of satellites

• Comparison with CDM 

• What about altering the properties of 
DM?Comparison with WDM models

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



Substucture: Theory

Kravtsov 2010

Cluster Galaxy



Substructure: Observations

Cluster Galaxy



Milky Way Satellites

Strigari et al. 2007
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The missing satellites problem:

big questions
• Are the satellites predicted by theory non-existent or just 

dark?

• If they don't exist, what's wrong with the standard 
cosmological model?

• If they exist and are dark, why are they not forming stars?



Measuring the Cosmic 

Evolution of Satellites



Motivations

• 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)



Nierenberg et al. 2011

The power of HST: detecting satellites at z>0.1



Nierenberg et al. 2012, astro-ph/1202.2125

COSMOS: 1000s of hosts, 1000s of satellites
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The power of HST and bspline
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objects that the conservativeparametersmighthaveoth-
erwise missed, we remove the host light from the image
in a three step process.

Inthe first step, weuseSExtractor (Bertin&Arnouts
1996) to identify andthenmaskobjects in a small cutout
region of 10 Rh near the host galaxy, where Rh is the
secondmoment of the host galaxy light profile along its
major axis (SExtractor ’s A IMAGE). In this step,
we select more ‘liberal’ SExtractor parameters than
are used in our final model, erring on the side ofmasking
noise, to ensure faint satellites aremasked. Twoseparate
rounds of object identification are combined tomake the
final mask, one which is tuned to detect diffuse objects
farther from the central galaxy and the second which is
tunedtodetect faintcompactobjectsclosertothecentral
galaxy. Finally, we use a two dimensional, elliptical B-
spline model to model the masked image and subtract
the host light profile. The model we use is similar to
that described by Bolton et al. (2005, 2006).

4.2. Object detection and photometry

We detect objects in the host-subtracted images using
SExtractor parameters tuned tomatch the object de-
tectionandphotometry that was used tomake the COS-
MOS catalogs, as discussed in Appendix B. In order to
test our sensitivity to low surface brightness objects, we
simulated faint sources near our hostswith Sersic indices
and effective radii given by the measurement of dwarf
satellite light profiles given by de Rijcke et al. (2009),
and measured the recovery rate and photometric accu-
racy prior to performing host subtraction. Results of
these simulations can be found in Figure 11 in the Ap-
pendix.

We use the results from these simulations to identify a
minimumradius at which we can detect at least 90 per-
cent of simulated satellites with accurate photometry,
anddefine this as theminimumradius atwhichwe study
the properties of the satellite population. We find that
we can accurately recover satellites with MAGAUTO
I814 <25.0 up to 2.5Rhin COSMOS for the majority of
hosts with early-type light profiles. This corresponds to
a mean distance of 1.2/7kpc with a standard deviation
of 0.7/3 kpc. The inner detection boundary is slightly
higher for host galaxies withM∗

h > 11.0 and z < 0.4 as
these tended to have light profiles that extended above
the background further fromthe host centers. Late-type
galaxies have more extended light distributions in addi-
tion to spiral armswhichare difficult to distinguish from
neighboring galaxies, thus we choose a more conserva-
tive inner boundary of 4Rh(3± 1 arcseconds, 17± 6 kpc)
for these hosts. On average, these minimum radii cor-
respond to 0.02 and 0.07 R200 for early and late-type
galaxies respectively.

4.3. Properties of Objects Detected in Cutout Regions

In this section we compare the properties of newly de-
tected objects after host light subtraction to the proper-
ties of objects already in the COSMOSphotometric cat-
alog near the host galaxies. The upper panel of Figure
2 shows the distribution in the contrast inMAGAUTO

measurement (δm= m− mh)
8 between hosts and ob-

jects detected within 2.5 of the host galaxies. The dis-
tributions are compared for objects already in the COS-
MOScatalogandnewlydetectedobjects. For bothtypes
of objects, photometry is performed after host light re-
moval. Newly detected objects are about a magnitude
fainter than objects that were already in the COSMOS
photometric catalogwith averageδmvalues of 3.22 com-
pared to 4.44 for previously detected objects within the
same region, with typical measurement uncertainty of
0.05mags.

The lower panel of Figure 2 shows the number density
of objects as a function of distance fromthe hosts. The
number density of objects in the COSMOS photomet-
ric catalogs drops within the inner 1.5, while the num-
ber density of newly detected objects rises, more than
doubling the number of COSMOS detected objects in
this region. The sum of the two number density sig-
nals increases steadily with decreasing distance fromthe
host galaxy. Thus host subtraction and rigorous mea-
surements of completeness in the innermost regions are
necessary for anaccuratemeasurement of the radial pro-
file and number of objects close in projection to the host
galaxies.

8 Note the use of lower-case δm, which denotes a specific con-
trast from the host and is different from ∆mwhich describes the
allowed maximum contrast between host and neighboring objects
for a particular data set.
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Observational signal visible with “naked eye”

Cosmic evolution of substructure 7

Fig. 2.— Comparison of the properties of objects detected in
the COSMOS catalogs to those of newly detected objects. Upper:
The distribution of magnitude differences from hosts (δm= m−
mh) within 2.5. Lower: Number density of objects as a function
of distance from hosts. Newly detected objects are closer to the
host than those in the COSMOS photometric catalog and make
a significant contribution to the measurement of object number
density within 2 arcseconds from the center of the host.

5. FIRST LOOK

Before describing our model for the radial and angular
profiles of objects near the host galaxies, it is instruc-
tive to show these distributions in spatial bins in order
to provide a visual representation of the data. However,
binning is inherently limited because it requires the av-
eraging of data, thereby losing information. Thus we do
not perform our analysis on the spatially binned data
but instead use this section to justify our model choices
in Section 6.1.

5.1. Distance Scaling and Radial Distribution

We scale measured object distances to account for the
range of redshift and host mass scales in our sample.
A scale relating to the host light profile is the natural
choice for the observer as this will varywith host redshift
as well as host mass according to the size-mass relation
(e.g. Trujillo et al. 2006; Williams et al. 2010). For this
distance scale, we use Rh which is AWIN IMAGE from
SExtractor . Wealsoperformaparallel studywithall
distances scaledbyR200 of the host galaxies. UnlikeRh,
R200 can be calculated in dark matter only simulations
and is thus a better choice when attempting to compare
results with simulations. However, estimating R200 re-
quires multiband photometry and stellar mass modeling
whichisnotalwayspossible, so it is useful toperformthis
analysis using both distance scalings to see if one choice
or the other leads to systematic differences.

Figure3showstheaveragenumberdensityof objectsasa
functionof distance fromthe hosts, withdistances scaled
by Rh in the upper panel and R200 in the lower panel.
The behavior is qualitatively similar for both choices of
distance scaling; the number density of sources increases
as apower-lawnear the hosts. At large radii, the number
density becomes dominated by the isotropic and homo-
geneous distribution of objects not associated with the
hosts, represented by the gray dashed lines.

In Section 6 we describe how we analyze the number
density signal by inferring the combined properties of
the satellite and background/foregroundpopulations. In
Section9.1, there is a comparisonof the results using the
two distance scalings.

5.2. Angular Distribution

In Figure 4 we show the angular distribution of objects
within 10Rh, plotted for all hosts, early-type hosts and
late-type hosts, whereθ=0 is alignedwith to the major
axes of the host light profiles. This figure only includes
host galaxies with axis ratio b/a<0.6, to ensure that the
direction of the host major axis is clearly measurable.
As background/foreground objects are expected to be
distributed isotropically relative to the host galaxy, any
anisotropy we observe is caused by correlated structure

Fig. 3.—Average number density of objects near hosts as a func-
tion of radial distance. Upper: In units of the second ordermoment
of the host intensity profile along its major axis (Rh) Lower: In
units of the host galaxy virial radius estimated from the host stel-
lar mass. The gray dashed lines indicate the average background
number density far from the hosts

presumably, in the form of satellites. In this region we
expectasignificantcontributiontothenumberdensityto
come fromsatellites, as evidenced by the strong satellite
signal within this region in the upper panel of Figure
3.

Near early-type galaxies, the angular distribution shows
a dominent component aligned with θ = 0. A
Komogorov-Smirnoff KS test gives a probability of ∼
10− 8 that the objects near early-typegalaxieshaveauni-
formangular distribution. In contrast, the objects near
late-type galaxies appear more isotropically with a KS
probability of being uniformof a few percent. This sim-
ple examination has been done without any effort to re-
move background/foreground contamination. However,
it indicates that the satellites of earlyand late-typehosts
mayhave different angular distributions relative to their
host light profiles. To test this further, we separate satel-
lite populations based on host morphology in our infer-
enceof the parameters of the satellite spatial distribution
in Section 6.1.

6. JOINT MODELING OF SATELLITE AND BACKGROUND
GALAXY POPULATIONS
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Fig. 4.— The average number of objects at angle |θ|from the
major axis of the host light profile, within 10 Rh, for hosts with
elongation (b/a) less than 0.6. The distribution of objects near
early-type hosts is more aligned with the host light profile than
the distribution of objects near late-type hosts.

Our final set of data is a catalog of object magnitudes
and positions relative to their host galaxies.

In this section we review how we infer the number of
satellites and their radial and angular distributions from
a catalog of object positions and magnitudes. The ba-
sic procedure is to model the observed positions and
number density of objects as a combined signal from
background/foreground objects and satellite galaxies.
These two populations have significantly different spa-
tial distributions; satellite galaxies increase in number
near the host galaxies and for early-type galaxies ap-
pear preferentially aligned with the major axis, whereas
background/foreground objects have a homogenous and
isotropic number density signal. By inferring the proper-
ties of the combined signal, and using prior information
about the background/foregroundobjects, we isolate the
satellite number density signal.

In Subsection 6.1 we discuss the details of this model for
the satellite spatial distribution and in Subsection 6.2
for the background/foreground objects. Theoretical and
observational justifications for the model choices, along
with a schematic illustrating a possible realizationof our
model can be found in N11.

6.1. Satellites

6.1.1. Satellite Spatial Distribution

We construct our spatial distribution model to investi-
gate threemain components. The first is the slope of the
radial profile of the satellite number density. We model
the projected satellite radial distribution as a power-law
p(R) ∝ Rγp . The second two parameters describe the
ellipticity and orientation of the angular distribution of
satellites relative to the host light profile. Wemodel the
satellite angular distribution as elliptical with axis ratio
qs between its major andminor axes and with an orien-
tation, |φ|of its major axis relative to the major axis of
the host light profile |φ|is allowed to varybetween 0 and
90 degrees, where 0 indicates alignment with the major
axis of the host light profile.

Giventheseparameters, theprobabilityoffinding asatel-
lite at a position (R,θ) is given by:

Ps(R,θ|φ, qs,γp) ∝

Rγp [cos2 (θ− φ)+1/q2s sin
2 (θ− φ)]γp/2RdRdθ

(1)

Thenormalizationof the angularpartof this distribution
is given by a generalized elliptical integral.

For some of the host galaxies such as face-on spirals and
very symmetric early-types, the orientation of the host
major axis is not well defined. To account for this in
our inference, we infer the relative flattening between
satellites and host galaxies.

Defining the ellipticity of the satellite population to
be:

s =
1− q2s
1+q2s

, (2)

We relate the ellipticity of the host light profile to the
ellipticity of the satellite angular distribution via the pa-
rameterA:

s =
hA

1+ h(A− 1)
(3)

The parameter A can be understood as follows: when
A is zero, satellites are always distributed isotropically
aroundhost galaxies, regardlessof howflattenedthe host
light profiles are. WhenA is one, the satellite population
follows an ellipse with the same elongationas the central
light profiles, as A goes to infinity, the distribution ap-
proaches a straight line. In this work, we only examine
whether the satellite angular distribution is rounder or
flatter than the host light profile, so we restrict our in-
ference to values ofA between zero and two.
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More rigorously: Spatial Distribution Model

A=0 A = ∞

P(R)∝≠ R
γp
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Fig. 9.— Results of ‘unbinned’ analysis for on average 5 satellites per host drawn from a Poisson distribution, now including fq which
describes the axis ratio of the satellite spatial distribution. 90 and 60 percent confidence contours are drawn in solid and dashed lines
respectively.The cross shows the input value to the original simulation of the data. In the case of Ns and σb, it shows the mean value of
the simulated data for this parameter.

P(r,∆θ) =Ps(r,∆θ|γ,Ns)+Pb(r,∆θ|Σ) (F1)

∝
Ns

Ns+Nb
rγ (1+ )cos2(∆θ)+(1− )sin2(∆θ))0.5+Nb/(Ns+Nb) (F2)

s =
Ae h

1+ h − Ae h

(F3)

=
1− (b/a)2

1+(b/a)2
(F4)

Nierenberg et al. 2011
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Aligned with major axis

=more efficient for lensing 

anomalies?

(Zentner 2005)

Early-types

Late-types

Angular distribution of satellites



Projected slope of the satellite number density is -
1.1+-0.3 for every subsample

At variance with previous work claimed strong dependency on host mass



Satellite cumulative luminosity function



Comparison with MW/SDSS



A curious coincidence



Warm or Cold Dark Matter?

Nierenberg, Menci & Treu 2012



Warm or Cold Dark Matter?

Nierenberg, Menci & Treu 2012



Dark substructure

and strong lensing



Strong gravitational Lensing

Light ray deflection is a direct measurement of mass, luminous or dark!



Strong lensing in terms of 

Fermat’s principle

Excess time delay

Fermat distance

geometric time delay

Shapiro delay

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



“Missing satellites” and lensing

• Strong lensing can detect satellites based solely on 
mass!

• Satellites are detected as “anomalies” in the 
gravitational potential ψ and its derivatives

– ψ’’ = Flux anomalies

– ψ’ = Astrometric anomalies

– ψ = Time-delay anomalies

– Natural scale is a few milliarcseconds.



“Missing satellites” and lensing

Treu 2010



Flux Ratio Anomalies
A smooth mass distribution would predict:

This to be 100x brighter These to be 2x brighter
This to be 10% brighter 

What causes this the anomaly?
1.Dark satellites? 
2.Astrophysical noise (i.e. microlensing and dust)?



(Micro)lensing of active galactic nuclei

The accretion disk is so small

that can be lensed by a single

star in the foreground galaxy

(microlensing)



Radio Anomalies. Are they enough?

Dalal and Kochanek 2002

Fraction of mass in satellites
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Or perhaps too many?

Xu et al. 2009



Is CLASS Unbiased wrt substructure?

Jackson et al. 2010

CLASS

COSMOS



How do we make progress?

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 
talk)

4. Take into account spatial information from 

luminous satellites



4. Luminous satellites

1. Radial number density profile well 
measured and close to isothermal

2. Angular distribution highly anisotropic
3. This should be accounted for in 

comparing statistics of flux ratio anomalies
4. And we can combine the inferences to 

figure out M/L!



Future Prospects



Dusty torus is “immune” to 
microlensing

Treu 2010



Dusty Torus: mid-IR fluxes

Chiba et al. 2005; 3.1hrs of Subaru

Sensitivity at 11μms:

•D ~0.2-0.3mJ:

•Undetected by Subaru

• S/N~40-60 in 28s of JWST-MIRI

•B 10mJ:

•S/N~5 in 3.1 hrs of Subaru

•S/N~700 in 28s of JWST-MIRI

Flux (mJ) MIRI Exptime (S/N=10)

0.02 100s

0.006 1000s

0.002 9500s



Gravitational imaging:

Future Prospects

• Gravitational imaging can 

now reach 2x108 solar mass 

sensitivity, limited by 

resolution and S/N

(Vegetti et al. 2012)

• With Next Generation 

Adaptive Optics and then 

TMT we should reach 107

solar masses, that is where the 

discrepancy with theory is 

strongest

•Also, for more massive 

galaxies than MW we should 

think in terms of mass ratio



Flux ratio anomalies: 

Future Prospects

•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



Summary

• 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 isothermal

• 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 well!

• 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



The end



Metcalf 2005; Chen; Xu et al. 2009, 2010

Where is the substructure?

cosmological simulations


