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HIGH Z SATELLITES AND 
GRAVITATIONAL 
LENSING AS PROBES OF 
DARK MATTER 



! Motivation (missing satellites?) 

!  Part I: The properties of luminous satellite galaxies 
! What we can learn by looking outside the Milky Way 
!  Brand new preliminary (amazing) results from the CANDELS survey 

!  Part II: Dark satellites with gravitational lensing 
!  Reminder about how strong gl works and some of the limitations 
!  Using narrow line lensing to increase the lens sample size 
!  Sneak peek at some new data… 

OUTLINE 



Satellite galaxies are collections of stars, which we believe to 
be embedded in a dark matter halos, so there are two solutions: 
 
1)  There are a large number of dark subhalos which do not 

contain enough gas or stars for us to see 
2)  The dark matter theory is incorrect 

THE ‘TOO MANY SUBHALOS PROBLEM’ 
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Satellite galaxies provide 
important constraints for both 
astrophysics and the nature of 

dark matter 



PART I: LESSONS FROM 
LUMINOUS SATELLITES  



!  Internal processes: 
!  Supernovae feedback 
!  Stellar winds 

!  External processes: 
!  UV heating during re-ionization 
!  Tidal interactions with the 

central halo 
!  Ram pressure stripping 

!  Dark matter temperature? 

COMPLEX PHYSICS IN SATELLITE 
GALAXIES 
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Fig. 4.— The mass within 0.6 kpc versus the maximum circular
velocity for the mass ranges of Via Lactea subhalos corresponding
to the population of satellites we study.

10% by the finite numerical resolution.
We define subhalos in Via Lactea to be the self-bound

halos that lie within the radius R200 = 389 kpc, where
R200 is defined to enclose an average density 200 times
the mean matter density. We note that in comparing
to the observed MW dwarf population, we could have
conservatively chosen subhalos that are restricted to lie
within the same radius as the most distant MW dSph
(250 kpc). We find that this choice has a negligible effect
on our conclusions – it reduces the count of small halos
by ∼ 10%.

In Figure 4, we show how M0.6 relates to the more
familiar quantity Vmax in Via Lactea subhalos. We note
that the relationship between subhalo M0.6 and Vmax will
be sensitive to the power spectrum shape and normaliza-
tion, as well as the nature of dark matter (Bullock et al.
2001; Zentner & Bullock 2003). The relationship shown
is only valid for the Via Lactea cosmology, but serves as
a useful reference for this comparison.

Given likelihood functions for the dSph M0.6 values,
we are now in position to determine the M0.6 mass func-
tion for Milky Way (MW) satellites and compare this to
the corresponding mass function in Via Lactea. For both
the observations and the simulation, we count the num-
ber of systems in four mass bins from 4 × 106 < M0.6 <
4× 108 M⊙. This mass range is chosen to span the M0.6

values allowed by the likelihood functions for the MW
satellites. We assume that the two non-dSph satellites,
the LMC and SMC, belong in the highest mass bin, cor-
responding to M0.6 > 108 M⊙ (Harris & Zaritsky 2006;
van der Marel et al. 2002).

In Figure 5 we show resulting mass functions for MW
satellites (solid) and for Via Lactea subhalos (dashed,
with Poisson error-bars). For the MW satellites, the cen-
tral values correspond to the median number of galaxies
per bin, which are obtained from the maximum values
of the respective likelihood functions. The error-bars
on the satellite points are set by the upper and lower
configurations that occur with a probability of > 10−3

after drawing 1000 realizations from the respective like-
lihood functions. As seen in Figure 5, the predicted dark

Fig. 5.— The M0.6 mass function of Milky Way satellites and
dark subhalos in the Via Lactea simulation. The red (short-dashed)
curve is the total subhalo mass function from the simulation. The
black (solid) curve is the median of the observed satellite mass
function. The error-bars on the observed mass function represent
the upper and lower limits on the number of configurations that
occur with a probability of > 10−3.

subhalo mass function rises as ∼ M−2
0.6 while the visi-

ble MW satellite mass function is relatively flat. The
lowest mass bin (M0.6 ∼ 9 × 106M⊙) always contains 1
visible galaxy (Sextans). The second-to-lowest mass bin
(M0.6 ∼ 2.5×107M⊙) contains between 2 and 4 satellites
(Carina, Sculptor, and Leo II). The fact that these two
lowest bins are not consistent with zero galaxies has im-
portant implications for the Stoehr et al. (2002) solution
to the MSP: specifically, it implies that the 11 well-known
MW satellites do not reside in subhalos that resemble the
11 most massive subhalos in Via Lactea.

To further emphasize this point, we see from Figure 5
that the mass of the 11th most massive subhalo in Via
Lactea is 4 × 107 M⊙. From the likelihood functions in
Figure 1, Sextans, Carina, Leo II, and Sculptor must
have values of M0.6 less than 4 × 107 M⊙ at 99% c.l.,
implying a negligible probability that all of these dSphs
reside in halos with M0.6 > 4 × 107 M⊙.

Using the M0.6 mass function of MW satellites, we
can test other CDM-based solutions to the MSP. Two
models of interest are based on reionization suppres-
sion (Bullock et al. 2000; Moore et al. 2006) and on there
being a characteristic halo mass scale prior to subhalo
accretion (Diemand et al. 2007). To roughly represent
these models, we focus on two subsamples of Via Lactea
subhalos: the earliest forming (EF) halos, and the largest
mass halos before they were accreted (LBA) into the
host halo. As described in Diemand et al. (2007), the
LBA sample is defined to be the 10 subhalos that had
the highest Vmax value throughout their entire history.
These systems all had Vmax > 37.3 kms−1 at some point
in their history. The EF sample consists of the 10 sub-
halos with Vmax > 16.2 kms−1 (the limit of atomic cool-
ing) at z = 9.6. The Kravtsov et al. (2004) model would
correspond to a selection intermediate between EF and
LBA. In Figure 6 we show the observed mass function of
MW satellites (solid, squares) along with the EF (dotted,
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Figure 8. A comparison of the average satellite LF in our sam-
ple with the satellite LF of the Milky Way and M31. The upper
panel shows the differential satellite LF of MW-like galaxies. The
solid line with error bars shows the estimated V -band satellite
LF of primaries with similar magnitudes to the Milky-Way and
M31 (Mc = −21.25 ± 0.5 in the V -band). This is compared to
the mean LF of the MW and M31 (per central galaxy) in unit
magnitude bins shown by the red points. The best fit power law,
dN/dMv = 10×100.1(Mv+5), of Koposov et al. (2008) is shown as
the cyan line. The theoretical predictions of Benson et al. (2002)
and Somerville (2002) for zreion = 10 are shown by the green
and red lines respectively. The blue dashed line labelled “rms of
satellites” shows the mean value plus the rms of the LF among
different primaries. The lower panel shows the same results and
the observational data in cumulative form. Here, the black error
bars give the error on the mean cumulative LF while the much
broader blue error bars indicate the intrinsic rms scatter about
this mean.

cording to the well-known colour bimodality in the colour-
magnitude plane (e.g. Strateva et al. 2001; Baldry et al.
2004; Zehavi et al. 2005). Following Zehavi et al. (2005),
we use an equivalent colour criterion of 0.0(g − r)cut =
0.19 − 0.24Mr (not identical to Zehavi et al. as our mag-
nitudes are K-corrected to z = 0.0 rather than z = 0.1). We
see that in this bright satellite regime, the LF around blue
primaries is lower than the LF around red primaries. This
difference might simply reflect the relative mass of the halos.
Assuming stellar mass to correlate with halo mass we would
expect that at a fixed V -band magnitude blue star forming
galaxies would be less massive than their red counterparts.

The lower panel splits the sample into early and late
type where the early type is defined as having a concentra-
tion index c ! 2.6. This division roughly separates early-
type (E/S0) galaxies from late-type (Sa/b/c, Irr) galaxies
(Shimasaku et al. 2001). We see that the satellite LF of late
types is suppressed with respect to that of the early types.

Figure 9. The mean satellite LF of different colours (top panel)
and types (bottom panel) of primary galaxy. The satellite LF of
early-type or red primary galaxies is shown as a red (dot-dashed)
line and that of late-type or blue is plotted as a blue (solid) line.

Given the well known correlation between colour and mor-
phology this result is consistent with the division by colour.

We can also use the colour information available in
SDSS to probe the properties of the satellites. For two bins of
V -band primary magnitude, Fig. 10 shows their satellite lu-
minosity functions split into red and blue subsamples using
the same cut in the colour magnitude plane as before. We
see that at all but the brightest magnitudes the satellites
are predominately blue and star forming. This is in stark
contrast with the satellites in groups and clusters where the
brightest tend to be red and dead while the faintest are blue
(Skibba & Sheth 2009). We also note that the LF of the red
satellites is far from a power law. It has a distinct dip in the
range from 3.0 < ∆M < 5.0 and, for the brighter primaries,
the peak ∆M ≈ 2.0 that we noted earlier in the total LFs
is clearly present in the red subsample (and also in the blue
subsample).

5 DISCUSSION

We have constructed a large sample of isolated primary
galaxies and their fainter neighbours using both the SDSS
DR7 spectroscopic and photometric galaxy catalogues. The
samples are sufficiently large that we are able to stack the
systems and accurately subtract the local background to es-
timate the mean satellite luminosity function (LF) and its
dependence on the luminosity, colour and morphology (op-
tical concentration) of the primary. Our main conclusions
are:

c⃝ 0000 RAS, MNRAS 000, 1–13
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Various combinations of baryonic processes can 
produce a wide range of predicted luminosity 
functions for MW satellites at z=0 

Guo et al. 2011 



!  Look at satellites around different hosts and in different 
environments to understand the relative importance of 
environmental processes 

 
!  Study satellites at a range of redshifts to separate between 

time dependent phenomena 

!  Look at the spatial distribution of satellites around hosts 

HOW DO YOU KNOW WHICH BARYONIC 
MODEL IS RIGHT? 



Satellites of MW like hosts are too faint for redshift 
measurements 

HOW TO STUDY SATELLITES OUTSIDE OF 
THE LOCAL GROUP? 
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Figure 2. Schematic showing the selection of potential satellite galaxies within Rinner and of a reference sample within an annulus
defined by Rinner < r < Router, used to subtract the residual contaminating background. For both samples we apply the stated redshift
cuts to reduce background contamination. We also apply the stated absolute magnitude cut to both samples (assuming the neighbouring
galaxies are at the same redshift as the primary) though this cut is redundant unless Router > 2Rinner as otherwise the existence of such
bright neighbouring galaxies would automatically lead to the exclusion of the primary galaxy.
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where Mj is the central value of each magnitude bin,∆Mj is
the half width of the bin,M lim

i = mlim−5 log10(D
L
i )−K(zi),

DL
i is the luminosity distance of the ith galaxy and mlim

is the SDSS galaxy spectroscopic sample magnitude limit.
For a given primary, the weighting function is unity for all
magnitude bins in which satellites anywhere in the bin are
bright enough to be included in the survey. It is zero if all
satellites within the bin are too faint to be included in the
survey and ramps between zero and one when only galaxies
in a fraction of the bin width are accessible to the survey.
We then define the effective number of primary galaxies,
Nprim

j , contributing to the jth bin of the LF as Nprim
j =∑

i
Wij(Mj). With this definition, our unbiased estimator

of the average satellite LF is given by

Ñ sat(Mj) =

∑
i
N sat

i (Mj)

Nprim
j

. (3)

In practice, in our study we divide the satellite lumi-
nosities, Mj , into 20 bins (j = 1, 2, · · · , 20). Furthermore,
because each primary galaxy in the same bin has a slightly
different magnitude relative to Mc, we choose to show our
results in terms of the difference in the magnitude of the
satellite and primary galaxy, ∆M = Ms −Mp, which aligns
the satellite LFs in the same bin.

The process of estimating the satellite LF for primaries
in one bin of V -band absolute magnitude is illustrated in
Fig. 4. The thin black histogram in the top panel shows the
number of inner galaxies binned by V -band magnitude dif-
ference for one of the primaries. The dotted red histogram
shows the corresponding number of outer galaxies scaled by
the ratio of areas Ainner

i /Aouter
i . Their difference, which is

an estimate of the satellite LF in that system, is shown
by the thick blue histogram. The thin black and dotted
red histograms in the middle panel show the number of
inner and (scaled) outer galaxies per primary where the
number of primaries, Nprim

j =
∑

i
Wij(Mj), contributing

at each ∆M is shown in the lower panel. The heavy blue
histogram in the middle panel of Fig. 4 shows the estimated
mean satellite LF for all primaries in the magnitude range
−21.75 < MV < −20.75. The error bars on this mean satel-
lite LF are estimated by bootstrap resampling of the set of
primaries. At the faint end of the LF the error bars become
quite large because of the small number of nearby primaries
that are able to contribute. If the faintest bin only contains
one primary then we show a Poisson, rather than the boot-
strap error.

For a specific Mc, the selection of primaries and counts
of inner and outer galaxies are determined by the param-
eter set {Rinner, Router,∆Mbin,∆Mfaint,∆zs,αp}. It is im-
portant to choose appropriate values for these parameters.
Here we discuss the physical motivation for our choice of
parameter values and check that the resulting satellite lu-
minosity function is robust to reasonable variations in these
parameters. The various panels in Fig. 5 show the re-
sults of varying these parameters away from our default
choice of {Mc, Rinner, Router,∆Mbin,∆Mfaint,∆zs,αp} =
{Mc, 0.3 Mpc, 0.6 Mpc, 0.5, 0.5, 0.002, 2.5}.

The area within which we search for the satellite signal
is determined by the parameter Rinner. For too small a value
of Rinner, we would lose genuine satellites. Once Rinner is suf-
ficiently large to enclose all the true satellites the resulting
background-subtracted satellite LF should be independent
of Rinner. However, the statistical error in the estimate will
increase due to increased background contamination. The
value of 0.3 Mpc is roughly the virial radius of the Milky
Way, and so this seems a reasonable value to take for the
Rinner of Milky Way-like primary galaxies. One could argue
for scaling Rinner with the magnitude or type of the primary
galaxy, but, for simplicity, we set Rinner = 0.3 Mpc in this
study except in our parameter tests. In Fig. 5a, we show that
the effect of varying Rinner between 0.25 and 0.35 Mpc does
not change the satellite LF significantly. A possible concern
is that the SDSS data reduction pipeline occasionally mis-
classifies fragments of the spiral arms of bright galaxies as
separate galaxies. We have checked that these contaminat-
ing objects do not make a significant contribution to our
estimate of the satellite luminosity by excluding all galaxies

c⃝ 0000 RAS, MNRAS 000, 1–13
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tual number of primaries is further affected by the isolation
criteria which, for example, tend to reject nearby galaxies
for which 2Rinner subtends a large angle.

The schematic in Fig. 2 indicates our selection proce-
dure for potential satellites or “inner galaxies”, and the cor-
responding selection of the “outer galaxies” used to define
the background. We assume the satellites of the primary
galaxy fall within a projected radius, Rinner (the red circle
in Fig. 2). To reduce the background contamination, we ap-
ply the same cuts in redshift (spectroscopic and photomet-
ric) as were applied when selecting the primary galaxies,
but as most of the galaxies within Rinner only have pho-
tometric redshifts with quite large measurement errors, we
still cannot distinguish true satellites from projected back-
ground galaxies. However, the existence of satellites will
make the number density of galaxies within Rinner slightly
larger than that in the outer blue reference annulus in Fig. 2
(Rinner < r < Router). By counting the difference between
the number density of galaxies within Rinner and in the refer-
ence annulus, we can estimate the number of true satellites.

An example of the objects we detect around a typical
primary galaxy is shown in Fig. 3. This image, produced by
the SDSS finding chart tool2, illustrates the quality of the
data and shows that candidate satellites are spatially well
separated from the light distribution of the primary galaxy.
The white circle (slightly stretched in this Aitoff projection)
indicates r = Rinner. Within this region we have marked all
the galaxies in our catalogue with red circles and the subset
brighter than mr = 20.5, used in our main analysis, with
yellow boxes. The remaining visible objects within Rinner

are not in our catalogue. Manual inspection with the DR7
Navigate tool reveals them to be classified as stars.

3 ESTIMATING THE SATELLITE

LUMINOSITY FUNCTION

Once the primary galaxies are defined, their potential satel-
lites are found from the photometric galaxy catalogue as
depicted in Fig. 2. For the ith primary galaxy, the num-
ber of inner galaxies, N inner

i (M), is found by counting all
neighbouring galaxies within the inner area that satisfy the
following conditions: at least ∆Mfaint fainter than the pri-
mary; if they have a spectroscopic redshift, zs, then it should
satisfy |zc − zs| < ∆zs; or if they only have a photometric
redshift zp, then it should satisfy |zc − zp| < αpσ

∗

p, where
σ∗

p is the error in the photometric redshift as defined below.
The number of outer galaxies, Nouter

i (M), is determined by
applying the same conditions to galaxies in the outer area.
As most satellites of the primary should be projected within
Rinner of the primary, the number density of inner galaxies
should typically exceed that of the outer galaxies. The ex-
cess can be taken as the projected satellite LF of the ith
primary galaxy, and estimated by

N sat
i (M) = N inner

i (M)−
Ainner

i

Aouter
i

Nouter
i (M), (1)

where Ainner
i and Aouter

i are the areas of the inner and outer
regions respectively (excluding sub-regions not within the

2 http://cas.sdss.org/dr7/en/tools/chart/chart.asp

Figure 4. Estimation of the satellite luminosity function. The
top panel shows the V -band LF for a single primary galaxy.
The middle panel shows the mean satellite LF of all primary
galaxies. The black (thin) and red (dotted) lines give the counts
of inner and outer galaxies respectively and the blue (thick)
lines the estimate of the satellite LF. The number of primary
galaxies contributing to the mean satellite LF in each bin is
shown in the bottom panel. Here the selection parameters,
{Rinner, Router,∆Mbin,∆Mfaint,∆zs,αp}, are set to the default
values {−21.25, 0.3 Mpc, 0.6 Mpc, 0.5, 0.5, 0.002, 2.5}

sky coverage of the SDSS DR7, which we have identified
using the mask described in Norberg et al. (2011)) .

Because of the survey apparent magnitude limit, we are
able to probe less of the faint end of the satellite LF for pri-
maries at higher redshift. To account for this and construct
an unbiased estimate of the satellite LF averaged over all
primary galaxies, we count the effective number of primaries
contributing to each bin of the LF using the weighting func-
tion
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Satellite LF 

Background 

Lo
g 

Subtract background/foreground numbers from numbers in 
the inner region to get satellite numbers 

Guo et al. 2011 



!  The Milky Way has a typical satellite population for its stellar 
mass (e.g. Guo et al. 2011, Strigari & Wechsler 2011, Lares et 
al. 2011) 

!  Faint satellites have steeper (or shallower?) number density 
radial profiles around hosts than bright satellites 

RESULTS FROM SDSS 
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Fig. 2.— The real-space correlation function ξ(r) residuals from
an r−2 power law from the PNMCG best-fit models before con-
verting to the projected correlation functions of Fig. 1. Amplitudes
have been arbitrarily shifted for clarity. The slope of ξ(r) on small
scales is a reflection of the central-satellite pair distribution, which
is essentially just the density profile itself. There is a strong lumi-
nosity dependence of the slope of ξ(r) on small scales, becoming
steeper and steeper for the brighter galaxy samples and this carries
directly over to the luminosity dependence of the radial profile of
satellite galaxies. The dotted lines show r−1 and r−2 power-law
slopes.

J11 measured wp(rp) to very small scales over a large
range in luminosity thresholds. Their measurements
nicely overlap those of Zehavi et al. (2010) on intermedi-
ate scales (∼ 0.2 − 7h−1Mpc, see Fig. 14 in J11), and
extend down to very small scales with the innermost
data point for each sample at ∼ 10h−1kpc. As discussed
in §3.2, for each luminosity threshold sample, we model
wp(rp) with, (1) the PNM model, which only varies pa-
rameters that determine the number of galaxies in a given
halo, but forces the satellite galaxies to have an NFW
spatial distribution within their halo, and (2) the PN-
MCG model, which also allows the spatial distribution
of satellite galaxies to vary within halos.
Figure 1 shows our modeling results for each luminos-

ity sample. wp(rp) has been scaled by an r−1
p power law

to more clearly highlight any discrepancies between the
PNM and PNMCG models. Each panel shows the SDSS
data points as well as the best-fit model for the PNM
(black curve) and PNMCG (cyan curve) cases. It is clear
from the figure that as we go to higher luminosities, the
PNMCG model provides a significantly better fit to the
data. We find that the P (N |M) parameter distributions
are nearly the same for the two models, differing by, at
most, ∼ 3σ. Therefore, the improved fits for the PN-
MCG model principally arise from the freedom to vary
the density profile of satellite galaxies. Varying the den-
sity profile is thus necessary to find a better fit to the
data as we go to higher luminosities.
We note that the reduced χ2 values (listed in each

panel) are in many cases quite high, even in the PN-
MCG case. This could mean that the PNMCG model

contains incorrect assumptions or does not have enough
freedom. On the other hand, it could mean that the
J11 jackknife errors are underestimated. To check the
impact of the error estimates on our modeling, we re-
estimated errors for the Mr < −20 sample using mock
galaxy catalogs from the LasDamas project (McBride et
al. in prep.). We used 160 catalogs 1 and measured the
dispersion of wp(rp) between the catalogs, using the same
binning method as J11. We then applied the fractional
error (with respect to the mean of all mock measure-
ments) to the data (non-mock) measurement to estimate
the absolute errors and full covariance. Finally, using our
new mock based error estimates, we re-ran the MCMC
chains for the PNMCG model. We then compared the
best-fit parameter values for the two fits and found that
the parameters did not change significantly. By this, we
mean the difference in χ2 between the two best-fit points
were within 1σ when evaluated with either of the likeli-
hood surfaces (from each of the two MCMC runs with
different errors). We conclude two things from this test:
(1) our somewhat high χ2 values are not overly concern-
ing, and are likely due to a slight underestimate of the
errors from jackknife re-sampling on the data, and (2)
this issue does not seem to affect any of our conclusions.
We now investigate the luminosity dependence of the

radial distribution of satellite galaxies and the degree
to which it differs from an NFW distribution. As dis-
cussed in §3.1, when constructing the real-space correla-
tion function in the halo model, the one-halo term con-
siders contributions from central-satellite and satellite-
satellite pairs. The central-satellite contribution, which
is essentially just the density profile itself (see Eq. 4 of
W10), is steeper than the satellite-satellite pair contribu-
tion and thus dominates the correlation function on the
very small scales that we are considering (e.g., Figure 4.
of Zheng et al. 2009). Therefore, the luminosity depen-
dence of the slope of ξ(r) on small scales can give a di-
rect indication of the luminosity dependence of the radial
profile of satellite galaxies. Figure 2 shows the residuals
from an r−2 power law from the PNMCG best-fit models
before converting to the projected correlation functions
shown in Figure 1. The amplitudes of the curves have
been arbitrarily staggered simply to make the plot more
clear. The dotted lines highlight the cases of r−1 and
r−2 power laws. The slope of ξ(r) is clearly a strong
function of luminosity, being close to -1 for low luminos-
ity galaxies and going more and more towards -2 for the
Mr < −21 sample and even steeper for LRGs. The W10
result for the steepness of the slope of ξ(r) for LRGs
on small scales was also found by Almeida et al. (2008).
Using the Bower et al. (2006) semi-analytic model ap-
plied to the Millenium simulation (Springel et al. 2005),
they found that the LRG real-space correlation func-
tion follows an ∼ r−2.07 power law shape down to the
∼ 10h−1kpc scale.
We next wish to directly investigate the radial profiles

of satellite galaxies that are required by the data and
compare them to the NFW profile. For each luminosity
sample, we choose a halo mass equal to the mean value
of M1 in the PNMCG MCMC chain for that sample. We
chooseM1 because it represents the typical size halo that

1 North-only SDSS footprint from the LasDamas ”gamma” data
release.
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Figure 6. Fits to the satellite density profiles of primaries of magnitude −22.5 < Mp < −21.5 using projected, background subtracted
NFW profiles. The various panels show different selections of satellites as in Fig.5, except that here we have not normalized the profiles,
but instead allowed the amplitude, A, of the fitted profiles to float. The measured profiles are shown by the data points and the best
fitting NFW profiles are plotted as solid lines. The best fitting amplitudes and concentrations are listed in the legends in each panel.

a more power-law like extended distribution. To investigate
whether these differences are driven by the colours of the
associated primary galaxies we further split the sample of
satellites brighter than M trun

s < −19 by the colour of their
primary. The result is shown in Fig. 9c and f. It again sug-
gests that the spatial distribution of the satellites is corre-
lated directly with the properties of the satellites themselves
rather than the properties of the primaries. Thus, the shapes
and concentrations of the profiles of red satellites are similar
for those around red and blue primaries. Likewise blue satel-
lites have shallower but similar profiles around both red and
blue primaries. We do note, as in Paper I, that generally the
abundance of satellites is greatest around red primaries.

4 DISCUSSION

Using a stacking analysis we have estimated the mean pro-
jected density profiles of satellite galaxies around a large
sample of isolated primary galaxies selected from the SDSS
DR8 spectroscopic galaxy catalogue and quantified how they
depend on the properties of the satellites and primaries. The
selection of primaries and the local background subtraction
technique, which makes use of photometric redshifts, is the
same as in Paper I (Guo et al. 2011) where we estimated the
mean satellite luminosity functions of these systems. Our
main conclusions are:

(i) The projected number density profiles of satellites
brighter than a V -band magnitude of −17 are well de-

termined for three separate bins of primary magnitude,
−21.25,−22, 0,−23.0.

(ii) With the exception of the faintest satellites, which
show an excess at small galactocentric projected distance,
the density profiles are well fitted by projected NFW pro-
files that have been background subtracted to match the
procedure that has been applied to the data.

(iii) The concentration of the NFW fits decreases sys-
tematically with increasing satellite luminosity and is al-
most independent of the luminosity of the primaries (see 7).
Thus bright satellites have more extended distributions and
fainter satellites are more centrally concentrated. For the
faintest satellites, Ms > −19, a clear excess or bump above
the NFW profile is seen at small galactocentric projected
distances for all primary magnitude bins.

(iv) The radial distribution of satellites is dependent on
the colour and morphology of their primaries. Satellites are
more numerous around red/early primaries and have more
extended, lower concentration, distributions (see Fig.8).

(v) The radial distribution of satellites also depends on
the colour of the satellites. Blue satellites are more numer-
ous than red satellites at all radii (for the luminosity range
we probe) and red satellites are more centrally concentrated
(higher NFW concentration) than blue satellites. Further
sub-divided samples show that the concentration of blue or
red satellites principally depends on the colour of the satel-
lites and is almost independent of the colour of the primaries.

As a check of potential systematic effects in our results,
we have also performed the same analysis using the SDSS

c⃝ 0000 RAS, MNRAS 000, 1–??
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but instead allowed the amplitude, A, of the fitted profiles to float. The measured profiles are shown by the data points and the best
fitting NFW profiles are plotted as solid lines. The best fitting amplitudes and concentrations are listed in the legends in each panel.
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files that have been background subtracted to match the
procedure that has been applied to the data.

(iii) The concentration of the NFW fits decreases sys-
tematically with increasing satellite luminosity and is al-
most independent of the luminosity of the primaries (see 7).
Thus bright satellites have more extended distributions and
fainter satellites are more centrally concentrated. For the
faintest satellites, Ms > −19, a clear excess or bump above
the NFW profile is seen at small galactocentric projected
distances for all primary magnitude bins.

(iv) The radial distribution of satellites is dependent on
the colour and morphology of their primaries. Satellites are
more numerous around red/early primaries and have more
extended, lower concentration, distributions (see Fig.8).

(v) The radial distribution of satellites also depends on
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ous than red satellites at all radii (for the luminosity range
we probe) and red satellites are more centrally concentrated
(higher NFW concentration) than blue satellites. Further
sub-divided samples show that the concentration of blue or
red satellites principally depends on the colour of the satel-
lites and is almost independent of the colour of the primaries.

As a check of potential systematic effects in our results,
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!  Go to space! 
!  Higher resolution and increased sensitivity allows for more accurate 

measurement of the satellite spatial resolution 
!  Depth makes it possible to go to higher redshifts 

! More statistics 
!  Build a model which simultaneously fits the properties of the satellite 

spatial distribution and the satellite luminosity function (and 
whatever else you care about 

HOW TO MAKE PROGRESS 



!  COSMOS – 1.7 square degree HST survey with i 814 imaging 
(Scoville et al. 2007) 
! mag limit ~25 AB in i814 
!  Sub SMC luminosity satellites detected at redshift 0.8 

 
!  CANDELS - 0.25 square degrees HST survey with F125W, 

F140W, F160W and F606W photometry (Koekemoer et al. 
2011, Grogin et al. 2011) 
! Mag limit ~25 AB in F160W 
!  Satellites 100 times fainter than their hosts at redshift 1.5! 
 

SATELLITES IN COSMOS AND CANDELS 

Spatial Distribution, host props, and lower 
z stats 

Deeper, higher z stats, 
satellite colors 



THE SATELLITE SIGNAL 

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 vary with 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 . We also perform a parallel study with all
distances scaled by R200 of the host galaxies. Unlike Rh,
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
which is not always possible, so it is useful to perform this
analysis using both distance scalings to see if one choice
or the other leads to systematic differences.

Figure 3 shows the average number density of objects as a
function of distance from the hosts, with distances 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 a power-law near 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/foreground populations. In
Section 9.1, there is a comparison of the results using the
two distance scalings.

5.2. Angular Distribution

In Figure 4 we show the angular distribution of objects
within 10 Rh, plotted for all hosts, early-type hosts and
late-type hosts, where θ = 0 is aligned with 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 order moment
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
expect a significant contribution to the number density to
come from satellites, 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-type galaxies have a uni-
form angular distribution. In contrast, the objects near
late-type galaxies appear more isotropically with a KS
probability of being uniform of 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 early and late-type hosts
may have 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-
ence of the parameters of the satellite spatial distribution
in Section 6.1.

6. JOINT MODELING OF SATELLITE AND BACKGROUND
GALAXY POPULATIONS

<N
(R

)>
 

R (R200) 

The number density 
of objects as a fn of 
distance from hosts 

N
ierenberg et al. 2012 



A MODEL FOR THE OBSERVED NUMBER 
DENSITY 

φ 

Host 

Satellites 

x 

y 

Ns 

P(R)∝R 

Background 

γp 

The number and positions of objects around the hosts is determined by the 
number of satellites, the radial and angular distribution of satellites, the number 

of background/foreground objects…ect….  



COSMOS RESULTS I : RADIAL PROFILE  

12 Nierenberg et al.

Fig. 5.— Projected radial profiles of the satellite number density distribution with distances scaled by R
h

and R
200

for satellites divided
by host morphology, redshift and stellar mass. Horizontal lines indicate the average median value of �

p

. Large markers indicate results for
satellites of higher stellar mass hosts and small markers for the satellites of lower stellar mass hosts.
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Fig. 5.— Projected radial profiles of the satellite number density distribution with distances scaled by R
h

and R
200

for satellites divided
by host morphology, redshift and stellar mass. Horizontal lines indicate the average median value of �

p

. Large markers indicate results for
satellites of higher stellar mass hosts and small markers for the satellites of lower stellar mass hosts.
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Fig. 5.— Projected radial profiles of the satellite number density distribution with distances scaled by R
h

and R
200

for satellites divided
by host morphology, redshift and stellar mass. Horizontal lines indicate the average median value of �

p

. Large markers indicate results for
satellites of higher stellar mass hosts and small markers for the satellites of lower stellar mass hosts.

H
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orphology 

Redshift 

No dependence 
on host 
morphology, 
host stellar 
mass, satellite 
luminosity or 
redshift (to 
fainter than 
prev studies) 
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COSMOS RESULTS II: LUMINOSITY 
FUNCTION  

14 Nierenberg et al.

Fig. 7.— The cumulative number of satellites per host between 0.07 and 1 R
200

as a function of the magnitude contrast between host and
satellite galaxies, plotted for di↵erent samples of host redshift, stellar mass and morphology. Purple squares, red circles and blue diamonds
represent all, early and late-type hosts respectively. The gray solid and dashed lines are theoretical predictions for the satellites of high and
low mass host galaxy samples respectively. Thin dotted lines indicate an extrapolation of the theoretical prediction which was made for
satellites brighter than Mr < �17. Note that the mean host stellar mass and redshift within each bin shifts slightly towards

higher masses and lower redshifts starting at �m = 6 (see Tables A1 and A2). .

H
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orphology 

Redshift 

Δm = sat mag -  host mag 

The satellite LF 
depends on the  host 
stellar mass, and host 
morphology at fixed 
stellar mass 
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!  Guo et al. 2011- SAM applied to Millenium I (Springel et al. 
2005) and II (Boylan-Kolchin et al. 2009) Msub, min = 10^8 
M" (Tuned to match the field LF) #

! Lu et al. 2012- SAM applied to Bolshoi-like EPS merger 
trees, Msub min = 10^ 9M" (Tuned to match the field LF) #

!  Menci et al 2012-  the same SAM applied to two different EPS merger 
trees- one CDM, one WDM with cutoff scale Msubmin = 10^7 M" (Tuned 
to match the color magnitude relation) #

COSMOS COMPARISON WITH THEORY 



COMPARE WITH SATS OF LOW Z MW 
MASS HOSTS 

All agree with data 
reasonably well 



NEW REGIMES 

Increasing z 

Nierenberg et al 2013 a 

Increasing host M
* 



!  All models 
do well for 
MW mass 
low z hosts 

!  Of these 
models, 
WDM model 
did the best 

MAIN POINTS  



ADD NEW CANDELS DATA 

Preliminary!!! Nierenberg et al. 2015 in prep (HST-AR-13271) 



COMPARE WITH THEORY 

Preliminary!!! Nierenberg et al. 2015 in prep (HST-AR-13271) 



SATELLITE COLOR DISTRIBUTION 
PREDICTIONS 

Preliminary!!! Nierenberg et al. 2015 in prep (HST-AR-13271) 



1) It’s important to test models in a range of regimes!! 

 2) Luminous satellites provide new information about 
astrophysics and dark matter physics.  
 

SUMMARY OF PART I   



PART II: A DIRECT 
MEASUREMENT OF THE 
SUBHALO MASS 
FUNCTION 

 Kravtsov 2010 



STRONG GRAVITATIONAL LENSING 

Main Lens Halo 

Main lens galaxy 

Background Source 

Image positions and 
brightnesses depend on the 
mass distribution of the 
deflector  



Main Lens Halo 

Main lens galaxy 

Background Source 

Subhalos in can 
significantly shift and 
distort lensed images 



WITH ENOUGH LENSES CAN DISTINGUISH 
BETWEEN DM MODELS 

Properties of WDM haloes 5

Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.4 (left to right, then
top to bottom). Image intensity indicates projected squared dark matter density and hue density-weighted mean velocity dispersion
(Springel et al. 2008a). Each panel is 1.5Mpc on a side.

c⃝ 2012 RAS, MNRAS 000, ??–20
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Figure 2. Images of our haloes at redshift z = 0. The panels show CDM-W7 (top), m2.3, m2.0, m1.6, and m1.4 (left to right, then
top to bottom). Image intensity indicates projected squared dark matter density and hue density-weighted mean velocity dispersion
(Springel et al. 2008a). Each panel is 1.5Mpc on a side.
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CAVEAT: IF THE BACKGROUND SOURCE IS 
SMALL, STARS CAN ALSO LENS 

Main Lens Halo 

Background Source 



NEED LARGE BACKGROUND SOURCE- E.G. 
AGN RADIO EMISSION 

Dalal and Kochanek 2002, 7 radio-loud lens systems 

Stellar lensing 
+variable 

Substructure Lensing 

Other large sources include background galaxies (see e.g. Vegetti et al., Hezaveh et al.) 



!  All quasars 
show 
significant 
narrow line 
emission 
(unlike radio) 

!  Narrow-line is 
not variable 
and not 
microlensed 

INCREASE THE SAMPLE OF LENSES WITH 
LENSED AGN NARROW LINE EMISSION 

Continuum 

Narrow 

T.Treu: Flux ratio anomalies and the substructure problem 4

Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected

S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from

HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux

ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by

eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming

exposure times of 10800s (0810), 7200s (for 0924 and 1138), a3600s (for 1413 and 1422). The S/N

ratio scale shown is 0-50 for 0810, 0924 and 1138 and 0-150 for 1413 and 1422. The field of view

shown is the OSIRIS field of view for 0.05�� pixels in the appropriate narrow band filter.

Figure 4. Left Mid-IR Subaru image of

1422; note how A and B are blended, while D

is undetected (Chiba et al. 2005). Our experi-

ment will detect D and resolve all four images

(see Figure 3).Right: Mid-IR image of 1413

(MacLeod et al. 2009).

Example: 1422 
Continuum (Observed) 

Smooth Prediction 

Need high res, spatially resolved spectroscopy 

Broad 



!  Adaptive optics gives ~mas spatial resolution 
!  Integral field spectrograph gives a spectrum at each pixel 

METHOD 1: KECK OSIRIS 

T.Treu: Flux ratio anomalies and the substructure problem 3

Figure 1. The substructure problem. In simulations (top, from Kravtsov 2010), galaxies and clusters
are self-similar and should have the same amount of satellites. In reality, this is not observed: galaxies
have many fewer (luminous) satellites than expected based on dark matter substructure. Does this mean
they are dark, or that they do not exist? Answering this question is the goal of this program.

Figure 2. HST-F160W images of the targets taken from the CASTLES database, sorted by RA.
HST NICMOS, CASTLES 

OSIRIS Hbb, 
Nierenberg et al. 2014   

B1422+231 



Broad H-
Beta Narrow [OIII] 

Narrow H-
Beta 

EXTRACT AND MODEL LINE FLUXES IN 
EACH IMAGE 

Nierenberg et al. 2014 



FLUX MEASUREMENT RESULT FOR 1422 
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Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected

S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from

HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux

ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by

eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming

exposure times of 10800s (0810), 7200s (for 0924 and 1138), a3600s (for 1413 and 1422). The S/N

ratio scale shown is 0-50 for 0810, 0924 and 1138 and 0-150 for 1413 and 1422. The field of view

shown is the OSIRIS field of view for 0.05�� pixels in the appropriate narrow band filter.

Figure 4. Left Mid-IR Subaru image of

1422; note how A and B are blended, while D

is undetected (Chiba et al. 2005). Our experi-

ment will detect D and resolve all four images

(see Figure 3).Right: Mid-IR image of 1413

(MacLeod et al. 2009).
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ASSUMING A SINGLE PERTURBING 
SUBHALO 

Narrow line lensing 7

Figure 4. The posterior probability distributions of the perturber position relative to the lensed images, for a single SIS, PJ, and NFW
perturber from left to right. The grey scale represents the perturber Einstein radius (scale radius in the case of the NFW halo), and solid
and dashed contours represent the 68 and 95% confidence contours on the position respectively.

Figure 5. The marginalised posterior probability distribution of the perturber mass within 600 pc assuming an SIS, PJ and NFW mass
profile from left to right.
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T.Treu: Flux ratio anomalies and the substructure problem 4

Figure 3. Signal-to-noise ratio maps for the proposed experiment: The top row shows the expected

S/N maps obtained by rescaling the total line flux by the flux ratios as measured in the continuum from

HST. The bottom row shows the expected S/N maps obtained by rescaling the total line flux by the flux

ratios predicted by smooth models without substructure (see Table 1). The difference is apparent by

eye. All simulations have been performed using the OSIRIS ETC developed by David Law assuming

exposure times of 10800s (0810), 7200s (for 0924 and 1138), a3600s (for 1413 and 1422). The S/N

ratio scale shown is 0-50 for 0810, 0924 and 1138 and 0-150 for 1413 and 1422. The field of view

shown is the OSIRIS field of view for 0.05�� pixels in the appropriate narrow band filter.

Figure 4. Left Mid-IR Subaru image of

1422; note how A and B are blended, while D

is undetected (Chiba et al. 2005). Our experi-

ment will detect D and resolve all four images

(see Figure 3).Right: Mid-IR image of 1413

(MacLeod et al. 2009).

MCMC accepted positions and masses 

Narrow line lensing 7

Figure 4. The posterior probability distributions of the perturber position relative to the lensed images, for a single SIS, PJ, and NFW
perturber from left to right. The grey scale represents the perturber Einstein radius (scale radius in the case of the NFW halo), and solid
and dashed contours represent the 68 and 95% confidence contours on the position respectively.

Figure 5. The marginalised posterior probability distribution of the perturber mass within 600 pc assuming an SIS, PJ and NFW mass
profile from left to right.
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Figure 4. The posterior probability distributions of the perturber position relative to the lensed images, for a single SIS, PJ, and NFW
perturber from left to right. The grey scale represents the perturber Einstein radius (scale radius in the case of the NFW halo), and solid
and dashed contours represent the 68 and 95% confidence contours on the position respectively.

Figure 5. The marginalised posterior probability distribution of the perturber mass within 600 pc assuming an SIS, PJ and NFW mass
profile from left to right.
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Posterior mass distribution 



The inferred perturber masses and positions depends on the halo profile -> with more 
systems, we will be able to learn about both the subhalo mass function and the 
subhalo profile 

Narrow line lensing 7

Figure 4. The posterior probability distributions of the perturber position relative to the lensed images, for a single SIS, PJ, and NFW
perturber from left to right. The grey scale represents the perturber Einstein radius (scale radius in the case of the NFW halo), and solid
and dashed contours represent the 68 and 95% confidence contours on the position respectively.

Figure 5. The marginalised posterior probability distribution of the perturber mass within 600 pc assuming an SIS, PJ and NFW mass
profile from left to right.
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Figure 4. The posterior probability distributions of the perturber position relative to the lensed images, for a single SIS, PJ, and NFW
perturber from left to right. The grey scale represents the perturber Einstein radius (scale radius in the case of the NFW halo), and solid
and dashed contours represent the 68 and 95% confidence contours on the position respectively.

Figure 5. The marginalised posterior probability distribution of the perturber mass within 600 pc assuming an SIS, PJ and NFW mass
profile from left to right.
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!  Consider real 
distributions of 
realistic subhalos with 
3D spatial distributions 
(Kim, Nierenberg, Peter 
et al….in prep) 

!  Include effects of line 
of sight structure 

!  ‘Structure’ vs. 
subhalo? 

HOW TO IMPROVE THE ANALYSIS 
Early-type galaxies as seen by deep optical images 11

Figure 11. Surface brightness maps in the g-band of several ETGs. The brightness scale used, shown at the top–right – ladder-type in grey scale below
26 mag arcsec�2 , linear and red above –, enhances the low surface brightness structures disclosed by the deep MegaCam images. The galaxies, resp.
NGC 516, NGC 509, NGC 2695, NGC 502, NGC 474 and NGC 2577 are ordered by relative increased contribution of this LSB component to the total light.
26 mag arcsec�2 roughly corresponds to the surface brightness limit of regular imaging surveys such as the SDSS. Each bar corresponds to 10 kpc at the
distance of the galaxy.

In the absence of a third band, a fair true colour rendering may
be obtained using as the middle green channel the combination of
the blue and red image (here g and r). An arcsinh intensity scale
was applied to each channel in order to decrease the dynamical
scale and make visible both the central and outer regions. The same
weighting for the red, green and blue channels was applied to each
galaxy, enabling a qualitative comparison of the colours between
objects observed with the same filter set. Final image combination
was carried out with STIFF (Bertin 2011).

4.2.2 Surface brightness maps

Surface brightness maps with an intensity scale in mag arcsec�2

are computed on sky–subtracted images. As the Elixir-LSB process
already produces flat images, a simple constant was subtracted. To
compute the average sky value, a histogram of the pixel values over
the full MegaCam stacked image was determined and the mode of
the distribution was used. Note that with this method, the sky level
might have been overestimated in frames contaminated by extended
cirrus emission or full of bright stars. In order to increase the con-
trast of LSB structures, an adaptive smoothing algorithm was ap-
plied to the data, using the software ADAPTMOOTH of Zibetti

(2010). Pixels are grouped together and averaged to keep the same
S/N over the whole image. Contrary to regular smoothing tech-
niques, the spatial scale of bright objects, i.e. the central regions
of galaxies, stars, etc., is preserved with this scheme.

4.2.3 Residual images

Historically, the presence of fine structures in galaxies, in partic-
ular ripples and shells, was discovered within their diffuse stellar
halos, and was disclosed with various techniques of contrast en-
hancement such as unsharp masking (Malin 1977; Malin & Carter
1983; Schweizer & Seitzer 1988). Our sensitivity enables the direct
detection of LSB structures well outside the outer galactic halos.
Removing the latter allows us however to connect the outer and
inner fine structures and make their complete census. The galaxy
modeling required for this was done with two techniques: a multi-
component parametrization of the host galaxy with GALFIT (Peng
et al. 2002), and ellipse fitting using the eponymous package within
the IRAF software (Jedrzejewski 1987). We present in this cata-
log residual images obtained subtracting galaxies modeled by the
ellipse fitting algorithm. Both techniques generally give similar re-
sults, except in the very central regions, for which residual images

c� 0000 RAS, MNRAS 000, 000–000
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10 kpc 

Need many systems to understand these effects 



!  Three more systems with data from OSIRIS, analysis underway 
(an additional three to be collected) 

!  Improved Tip-Tilt sensor grating, and detector will allow for 
measurement of additional narrow-lines 

FUTURE PROSPECTS WITH OSIRIS 

HST-NICMOS, 
5300s  
CASTLES 

Old tip-tilt sensor New tip-tilt sensor 

OSIRIS, Keck 600s 



METHOD II: HST GRISM 

H-Beta, [OIII] 
Gravitational lens WFI 2033 

HST GO-13732, Five more systems with HST! 

Pros:  
•  More declinations available 
•  High spatial resolution 
•  No atmosphere!! 
•  1-2 orbits only per object 

Cons:  
•  Grism data 



PRELIMINARY SPECTRAL EXTRACTION 
FOR WFI 2033 

N++ in prep 



FINAL 
SAMPLE OF 
17 
SYSTEMS 

Lens KECK HST GRISM Radio/mid IR 
 (D+K) 

0134 ✔ 

0414 ✔ 

0435 ✔ 

0712 ✔ 

0810 ✔ 

0911 ✔ 

0924 ✔ 

1115 ✔  

1138 ✔ 

1330 ✔ ✔ 

1413 ✔ 

1422 ✔ ✔ 

1608 ✔ 

1933 ✔ 

2026 ✔ 

2033 ✔ 

2045 ✔ ✔ 



MORE THAN DOUBLE THE PREVIOUS 
SAMPLE 

6 Strigari et al.

Fig. 4.— The mass within 0.6 kpc versus the maximum circular
velocity for the mass ranges of Via Lactea subhalos corresponding
to the population of satellites we study.

10% by the finite numerical resolution.
We define subhalos in Via Lactea to be the self-bound

halos that lie within the radius R200 = 389 kpc, where
R200 is defined to enclose an average density 200 times
the mean matter density. We note that in comparing
to the observed MW dwarf population, we could have
conservatively chosen subhalos that are restricted to lie
within the same radius as the most distant MW dSph
(250 kpc). We find that this choice has a negligible effect
on our conclusions – it reduces the count of small halos
by ∼ 10%.

In Figure 4, we show how M0.6 relates to the more
familiar quantity Vmax in Via Lactea subhalos. We note
that the relationship between subhalo M0.6 and Vmax will
be sensitive to the power spectrum shape and normaliza-
tion, as well as the nature of dark matter (Bullock et al.
2001; Zentner & Bullock 2003). The relationship shown
is only valid for the Via Lactea cosmology, but serves as
a useful reference for this comparison.

Given likelihood functions for the dSph M0.6 values,
we are now in position to determine the M0.6 mass func-
tion for Milky Way (MW) satellites and compare this to
the corresponding mass function in Via Lactea. For both
the observations and the simulation, we count the num-
ber of systems in four mass bins from 4 × 106 < M0.6 <
4× 108 M⊙. This mass range is chosen to span the M0.6

values allowed by the likelihood functions for the MW
satellites. We assume that the two non-dSph satellites,
the LMC and SMC, belong in the highest mass bin, cor-
responding to M0.6 > 108 M⊙ (Harris & Zaritsky 2006;
van der Marel et al. 2002).

In Figure 5 we show resulting mass functions for MW
satellites (solid) and for Via Lactea subhalos (dashed,
with Poisson error-bars). For the MW satellites, the cen-
tral values correspond to the median number of galaxies
per bin, which are obtained from the maximum values
of the respective likelihood functions. The error-bars
on the satellite points are set by the upper and lower
configurations that occur with a probability of > 10−3

after drawing 1000 realizations from the respective like-
lihood functions. As seen in Figure 5, the predicted dark

Fig. 5.— The M0.6 mass function of Milky Way satellites and
dark subhalos in the Via Lactea simulation. The red (short-dashed)
curve is the total subhalo mass function from the simulation. The
black (solid) curve is the median of the observed satellite mass
function. The error-bars on the observed mass function represent
the upper and lower limits on the number of configurations that
occur with a probability of > 10−3.

subhalo mass function rises as ∼ M−2
0.6 while the visi-

ble MW satellite mass function is relatively flat. The
lowest mass bin (M0.6 ∼ 9 × 106M⊙) always contains 1
visible galaxy (Sextans). The second-to-lowest mass bin
(M0.6 ∼ 2.5×107M⊙) contains between 2 and 4 satellites
(Carina, Sculptor, and Leo II). The fact that these two
lowest bins are not consistent with zero galaxies has im-
portant implications for the Stoehr et al. (2002) solution
to the MSP: specifically, it implies that the 11 well-known
MW satellites do not reside in subhalos that resemble the
11 most massive subhalos in Via Lactea.

To further emphasize this point, we see from Figure 5
that the mass of the 11th most massive subhalo in Via
Lactea is 4 × 107 M⊙. From the likelihood functions in
Figure 1, Sextans, Carina, Leo II, and Sculptor must
have values of M0.6 less than 4 × 107 M⊙ at 99% c.l.,
implying a negligible probability that all of these dSphs
reside in halos with M0.6 > 4 × 107 M⊙.

Using the M0.6 mass function of MW satellites, we
can test other CDM-based solutions to the MSP. Two
models of interest are based on reionization suppres-
sion (Bullock et al. 2000; Moore et al. 2006) and on there
being a characteristic halo mass scale prior to subhalo
accretion (Diemand et al. 2007). To roughly represent
these models, we focus on two subsamples of Via Lactea
subhalos: the earliest forming (EF) halos, and the largest
mass halos before they were accreted (LBA) into the
host halo. As described in Diemand et al. (2007), the
LBA sample is defined to be the 10 subhalos that had
the highest Vmax value throughout their entire history.
These systems all had Vmax > 37.3 kms−1 at some point
in their history. The EF sample consists of the 10 sub-
halos with Vmax > 16.2 kms−1 (the limit of atomic cool-
ing) at z = 9.6. The Kravtsov et al. (2004) model would
correspond to a selection intermediate between EF and
LBA. In Figure 6 we show the observed mass function of
MW satellites (solid, squares) along with the EF (dotted,

We are sensitive to these masses! 

Strigari et al. 2008. 

Dalal and 
Kochanek 2002 

Tentative constraint forecast 



!  Combine these results with gravitational lensing results from 
lensed background galaxies (Vegetti, Hezaveh…) 

!  Extend analysis to hundreds of quad quasar lenses to be 
discovered in DES, PAN-STARRS and LSST! 

EVEN MORE SYSTEMS! 



!  OSIRIS + Adaptive optics give sufficient spatial and spectral 
resolution to study narrow line flux ratios in quasar lenses 

!  Results from 1422 show that this method can be used to 
detect millilensing by substructure.  

!  Coming up soon: Analysis of the rest of the set and 
gravitational lens modelling of narrow line flux ratios. 

!  For the future: New surveys (PANSTARRS, DES, LSST, …) will 
discover thousands of new quasar lenses, and short 
integration times with TMT will make this method feasible for 
a large number of systems. 

CONCLUSIONS (THANKS FOR LISTENING!) 


