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Summary

Overview

Two branches:
1 Dark Matter in dwarf galaxies in the Local Universe: fainter and

farther out
2 Dark Matter in "small" lens galaxies, out to z ⇡ 1
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Summary

Let’s start with a well-known dSph:

(Laporte, AA, & Navarro 2018;
Amorisco, AA, & Evans 2013 )

1 Mass profile well determined
from kinematics of stars
(cusp/core problem).

2 Kinematics of Globular Cluster
(GC) underestimate the mass
content

3 GC abundance (slighly)
overestimates halo mass.
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Summary

NGC1052-DF2

UDG ‘lacking dark matter’: striking galaxy1 or tragic mistake†?

Misleading results from GC kinematics
(also wrong sigma, possibly wrong
distance...)

4 Laporte et al.

N � �/�v =0.5 �/�v =1.0 �/�v =1.5 �/�v =2.0 �/�v =2.5

7 [10�4, 0.72, 2.87] [0.07, 0.88, 2.12] [0.20, 0.81, 1.70] [0.40, 0.93, 1.65] [0.46, 0.92, 1.51]
11 [3 � 10�4, 0.69, 2.90] [0.16, 0.88, 1.77] [0.41, 0.92, 1.55] [0.48, 0.89, 1.48] [0.55, 0.94, 1.49]
21 [5 � 10�4, 0.95, 2.58] [0.39, 0.91, 1.55] [0.54, 0.99, 1.47] [0.64, 0.96, 1.34] [0.62, 0.93, 1.35]
31 [6 � 10�4, 0.91, 2.16] [0.54, 0.99, 1.59] [0.64, 0.95, 1.36] [0.71, 0.97, 1.30] [0.73, 0.96, 1.23]
41 [0.03, 0.89, 2.03] [0.58, 0.98, 1.45] [0.71, 0.99, 1.30] [0.75, 0.98, 1.25] [0.78, 0.99, 1.24]
51 [0.06, 0.93, 2.07] [0.61, 0.96, 1.37] [0.71, 0.99, 1.27] [0.78, 0.97, 1.22] [0.81, 0.99, 1.23]

Table 1. E�ect of sample size (top to bottom) and ratio �/�v between ‘true’ dispersion and velocity errors on the inferred, squared
velocity dispersion. For each combination, we give the 16-th, 50-th and 84-th percentiles of �2

mod/�2, where � (resp �mod) is the ‘true’
(rep. inferred) velocity dispersion. 500 mocks per parameter choice were used, yielding � 1% accuracy in the quantiles. NB: The quantiles
may be even lower if the systemic velocity is to be fitted from the tracer kinematics – as the ebst-fit average minimizes variance.

Figure 3. Systematics of small samples in dynamical mass esti-
mations using a Plummer tracer population (meant to represent
stars or GCs) with Rh = 2.0 kpc in a halo with M200 = 1010 M�
and concentration of c(M200) = 12.8. The mass profile of the un-
derlying potential is shown in black, as well as the M(r) profiles
for halos of M = [0.01, 0.1, 10, 100]�1010 M� in grey. We present
the uncertainties within the symmetric 95 % range in mass esti-
mations for N = [5, 10, 30, 100] tracers in grey, blue, orange and
green from all the draws. The magenta point marks the median
mass estimation from drawing 1000 tracers 1000 times. The blue
horizontal line marks the uncertainty (95 % range) for the mean
e�ective radius derived from using N = 10 tracers. Systematics
(due to sampling) will dominate any mass-measurements using
N = 10 tracers or fewer.

in its inferred mass at ⇡ 3 kpc. With the current sample
quality, its mass at Rh may be overestimated by ⇡ 1.7 or
underestimated by almost one order of magnitude. These
results can also be applied to ultra-faint galaxies in the Local
Group, with velocities measured for handfuls of stars.

One caveat is in order: the mocks were fit by vary-
ing only the velocity dispersion as a free parameter, under
the hypothesis that the systemic (average) velocity is deter-
mined independently e.g. through starlight spectroscopy of

the host. However, this is not always the case, and if the
average velocity is another free parameter this has the e�ect
of further biasing the estimated velocity dispersion towards
lower values – as the best-fit average minimizes variance.
Then, the quantiles in Table 1 should be taken as optimistic
evaluations of bias, and the true bias may be even worse
when the systemic velocity is to be determined directly from
the tracer kinematics.

2.4 Small-N systematics using equilibrium
distribution functions: why UDGs can
e�ectively sit in any halos one wishes them to

As a final example to illustrate the dangers of small-sample
mass estimates, we will use a distribution function (D.F)
formalism to generate mocks6. Beyond the role of the sta-
tistical errors in the measurement, we ask ourselves the fol-
lowing question: “In a world with no measurement errors,
how many tracers would I need to make a meaningful mass
measurement?”

We address this by generating the D.F. of a tracer pop-
ulation following a Plummer profile in equilibrium inside
a Hernquist profile brought to match a NFW profile at the
virial radius following van der Marel et al. (2012). We choose
M200 = 1010 M� and a concentration of c = 12.8, as deter-
mined from the analytical fits from Correa & et al. (2015)
assuming the cosmlogical parameters derived by the Planck
Collaboration et al. (2016). We sample the D.F. such that
N = 105 tracer particles are generated using standard meth-
ods (see e.g. Kazantzidis et al. 2004; Laporte & White 2015).

We then choose di�erent fiducial numbers of tracers
N = [5, 10, 30, 100, 1000] to calculate the systematic un-
certainties in dynamical mass inferences relying on mass
estimators. For this, we choose the estimator of W09,
but note that the same exercise with other estimators
would produce similar results. The uncertainties are calcu-
lated by randomly drawing N 1000 times and calculating
M = 580(�GCs/km s�1)2(Rh/pc)M�, keeping Rh = 2.6 kpc
fixed. Thus these uncertainties should be interpreted as
lower limits on the systematic errors (in reality these should
be higher). The results are shown in Figure 3 against di�er-
ent mass profile curves with M200 = [0.01, 0.1, 1.0, 10, 100]�
1010M�. As expected (Walker & Peñarrubia 2011), the W09

6 A series of mock observations of spherical systems exist and
can be downloaded on the web at the Gaia challenge website:
http://astrowiki.ph.surrey.ac.uk/dokuwiki/doku.php?id=tests:sphtri

c� 2011 RAS, MNRAS 000, 1–6

Few tracers ) not virialized!
Order-of-magnitude uncertainties on
masses.

You can get any mass you want from 10 or 11 GCs.

1van Dokkum et al. (2018); † Laporte, AA, & Navarro (2018).
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How to get any masses one pleases from inadequate datasets 5

method underestimates the enclosed mass as can be seen by
the convergent 1000 tracer median value, albeit by a small
amount for our purposes. Interestingly, we see that for 5 to
10 objects one would systematically always be uncertain by
at least � 1 order of magnitude on the dynamical mass mea-
surement of a galaxy. This can lead to simultaneously con-
tradictory claims that UDGs could live in both MW-mass
halos in some cases and have no to very little DM within
them.

3 GC/STELLAR MASS HALO CONNECTION
FOR THE POPULATION OF COMA UDGS

Now that we have the assurance that NGC1052-DF2 has a
highly uncertain total mass, yet still consistent with it being
dark matter dominated, it is useful to see how it compares
with the general population of Coma UDGs.

Despite the known uncertainties in extrapolating half-
light measured masses into virial mass estimates, and our
limited knowledge of the luminosity function below LMC-
mass like galaxies, we estimate M200 assuming that the re-
lation of Hudson et al. (2014) holds for the Coma UDGs
(Amorisco & et al. 2018). This is shown in Figure 4, against
e�ective radius and stellar mass. We also show where For-
nax would be sitting in those planes if we were to derive
its halo mass using its globular cluster count of N = 5 or
extrapolating its measured M(< Rh) to R200.

We note two aspects from these figures. First, the in-
ferred halo mass ranges of Fornax and UDG 1052-DF2 (from
kinematics to NGC) do not seem to be in a special category
when compared to their other UDG cousins, whether by
mass or e�ective radius. They are in fact consistent with the
scatter in the UDG population. Second, we see that Fornax
can be considered both as a normal dwarf or as overmassive
simply from its GCs, similarly to NGC1052-DF2 for which
the kinematic halo mass extrapolation value is much more
uncertain due to low-N systematics. We thus conclude that
extra care is needed when interpreting the dark matter con-
tent of galaxies through extrapolations.

4 DISCUSSION

The ‘dearth of dark matter’ is not a new issue in the lit-
erature. Recent claims in this sense were made for massive
early-type galaxies (e.g. Romanowsky & et al. 2003; Peralta
de Arriba & et al. 2014), but were soon recognized as the
e�ect of radial anisotropy (Dekel & et al. 2005) or incom-
plete aperture corrections (Agnello et al. 2014). Here, we
have shown how some claims on the DM content of UDGs
are likely biased by the use of small samples and inadequate
modeling. The UDG 1052-DF2 might eventually prove to
lack DM, but our exploration of model systematics and the
remarkable case of the Fornax dSph suggest otherwise.

Our findings can be summarized as follows:

• The estimated masses of Fornax from GC abundances
and kinematics can make it ‘overmassive’, ‘just right’ or
‘lacking dark matter’, due to large uncertainties from
observations, mass estimators, and scatter in the mass-
concentration relation.

Figure 4. Virial masses from GC counts of Amorisco et al. (2018)
for the Coma cluster UDGs against stellar masses and e�ective
radii. We also mark the values of M200 for Fornax using the stars
and globular clusters and NGC 1052-DF2 using its GCs as blue,
magenta stars and orange thick line respectively. A natural scatter
of 1 dex naturally arises because of the expected diversity of halos
in LCDM and because of the uncertainties in GC abundances.

• Our revised velocity dispersion of UDG 1052-DF2 and
its uncertainties allow for halo masses M200 ⇡ 109M� and
up to M200 ⇡ 1010M�, for the same reasons.

• Even with exquisite velocities on 11 GCs, the mass
of UDG 1052-DF2 would be systematically uncertain by
⇡ 50% at Rh ⇡ 3 kpc, and still by an order of magnitude at
M200 due to the mass-concentration scatter.

• Besides the model uncertainties from mass-
concentration scatter and extrapolation from Rh to
the virial radius, small samples have half-radius mass
estimates that are systematically a�ected by at least one
order of magnitude, as our distribution-function experiment
shows.

• With masses determined from their GC abundances and

c� 2011 RAS, MNRAS 000, 1–6

Scientific results:a

1 Fornax and NGC1052-DF2 are
not so special

2 Discrepant mass estimates from
GC abundance and kinematics

3 Need starlight kinematics, and/or
more GCs (at least 30)

Warnings:b

get your kinematics right

get your distances right

a(Laporte, AA & Navarro 2018)
b(Laporte +2018; Martin +2018; Trujillo +2018)
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A ‘mixed bag’ of UDGs2?
4248 N. C. Amorisco et al.

Figure 6. The richness of the GCS of ‘normal’ dwarf galaxies, from the H13 catalogue (grey rectangles) and from G10 (green stars). The solid blue line is a
fit to the properties of the dwarf galaxies collected by Georgiev et al. (2008, 2009, 2010), recorded in equation (10). Results for all our 54 UDGs (90 per cent
confidence regions) are shown as coloured bars, colour-coded by the UDG stellar half-light radius. The horizontal black bar in the upper-left illustrates the
size of the uncertainty on the UDG stellar masses. Literature measurements for UDG GC abundances are shown as full rectangles with a black edge, with the
same colour-coding. The dashed blue line provides fit to the relation that characterises galaxies with ‘enhanced’ GC richness with respect to their stellar mass,
characterized by GC abundances approximately nine times higher than normal galaxies.

with the same stellar mass. A fraction of systems, however, display
richer GCSs. This property does not seem to correlate with either
stellar mass or galaxy size. We find nine systems with GCS that
are richer by more than three times (at 90 per cent probability) with
respect to the mean of the population of ‘normal’ dwarfs with similar
stellar mass. Of these, three galaxies have RS > 1.5 kpc, while the
remaining six (UDGs with ID 102, 104, 325, 423, 424, 432) are less
extended, with half-light radii ranging between 0.8 and 1.4 kpc.
These galaxies enlarge the sample of known dwarfs with especially
abundant GCSs (see e.g. Lotz, Miller & Ferguson 2004; Peng et al.
2008), adding nine low surface brightness systems.

Our results suggest that the extended size and unusually high GC
abundance do not necessarily accompany each other. The physical
mechanism responsible for the uncommonly high half-light radii
of the UDGs has not yet been pinpointed unequivocally, but it ap-
pears that the ‘overabundance’ of some UDG GCS may in fact
be unrelated. In turn, this may call into question the threshold of
RS > 1.5 kpc used so far to classify UDGs. Our sample of 54 low
surface brightness galaxies includes extended UDGs (RS > 1.5 kpc)
with normal GCSs and relatively compact dwarfs with clearly ele-
vated GC abundances. Certainly, all of our galaxies are well within
the dwarf regime, we find no single system where GC abundances
typical for MW like galaxies (NGC, MW ≈ 144; Harris et al. 2017)
are allowed within the 90 per cent confidence region.

In addition, it is worth noticing that, in those systems in which
large values of NGC/NGC, 0 are securely identified, our analysis sug-
gests that Rh/RS � 2 with high probability, with at least four cases
in which Rh/RS � 1. Thus, the GCSs in our objects have val-
ues of Rh, which resemble those of normal galaxies of the same
stellar mass rather than of the same size. Under the hypothe-
sis that GCS properties are more closely related to dark mat-
ter haloes than to central galaxies, this may suggest that halo
extent (and hence mass) is more closely linked to stellar mass
than to size in our objects. This may provide independent ev-
idence that these objects do not have overmassive haloes com-
pared to the expectation for their stellar mass, though deeper data
sets, to better account for the high background counts, would be
valuable.

5.1 A separate cluster population of GC-rich galaxies?

Fig. 6 compares the inferred GC abundances of our 54 UDGs with
those of nearby galaxies from the compilations of G10 (green stars)
and Harris et al. (2013, H13, grey rectangles), as a function of stellar
mass.1 The blue solid line represents the relation (10), which, we
recall, is a fit to the properties of the sample of nearby dwarf galaxies
by Georgiev et al. (2008, 2009, 2010). Note that this includes a
minority of galaxies that are not displayed in Fig. 6, as bearing no
GCs. Vertical bars (colour-coded by stellar half-light radius) cover
the range of GC abundances that are compatible with the CCTp
data at 90 per cent confidence, while the horizontal black bar in the
upper-left illustrates the size of the uncertainty on the UDG stellar
masses. Full rectangles display literature measurements for other
UDGs not included in our sample (Peng & Lim 2016; Beasley &
Trujillo 2016; van Dokkum et al. 2017).

Beasley & Trujillo (2016) and Peng & Lim (2016) have suggested
that, though hosted by dwarf haloes with masses similar to that of the
LMC, UDGs might still have rich GCSs for their stellar mass. This
could be interpreted in two different ways: (i) as a sign of ‘failure’ in
forming stars, i.e. as an especially low star formation efficiency or as
a consequence of premature gas removal or quenching of some form
(van Dokkum et al. 2015; Yozin & Bekki 2015; Beasley & Trujillo
2016; Peng & Lim 2016) and (ii) as the result of an especially high
GC formation efficiency (e.g. Peng et al. 2008).

To address this, we perform a statistical analysis on the relation
between stellar mass and GC abundance in our sample. We aim to
establish whether the population of Coma low surface brightness
galaxies, as probed by our 54 systems, can be described by a sin-
gle population of galaxies (with significant scatter in the relation
between stellar mass and GC abundance), or whether the data sug-
gest the existence of an additional population with especially rich
GCSs. We do so by describing our results in the (M∗, NGC) plane

1 For the H13 catalogue, stellar masses were obtained using morphological
type as a proxy for colour. For our UDGs, the uncertainty displayed in the
top-left shows the difference between the masses inferred using the M/L
relations of Zibetti et al. (2009) and Bell et al. (2003).

MNRAS 475, 4235–4251 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/475/3/4235/4810563
by European Southern Observatory user
on 05 April 2018

UDGs in Coma and their GC content
(data from HST Coma Cluster treasury program),
compared to other galaxies in the Local Universe.
Similar ‘mixed bag’ in Virgo galaxies (Peng et al. 2008).
A robust and comprehensive interpretation is still missing.

2Amorisco, Monachesi, AA & White 2018
Adriano Agnello DM lost and found
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So why ‘giant’ telescopes?

1 Need more GCs per system ) must go faint (i ⇡ 24)
2 Need more systems, possibly stacking ) sample larger volume
3 Need kinematics of stars! And on many galaxies.
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Strong lensing by galaxies

fibre/slit spectroscopic surveys 
 only measure mass within 

 ~5kpc, mostly stars

z = 0 z ~ 0.7 z ~ 2

lensing probes the whole line of sight
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A range of image separations
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Figure 1. The PSF subtraction of S1128+2402 with two quasar images prominent on the plot on the left. After PSF subtraction arcs
of the Einstein ring and the lens galaxy are more prominent.

[

Figure 2. The PSF subtraction of F0446-3102 using galfit.

APPENDIX A: MCMC

APPENDIX B: MODELING THE FLUX

Each pixel in the images encapsulates position �x = (x, y)
and a value d(�x) which we will use as an initial guess for
the center of a distribution function. It is assumed that the
flux profile of the objects follows a Gaussian distribution.
We try to fit a Gaussian distribution as prescribed by Equa-
tion B2 whose parameters minimize the di�erence between
the Gaussian model and the data, d(�x), at every pixel in

the image. Mathematically this can be represented by the
equation below.

�

x

�

y

(d(�x) � f(�x)2 (B1)

Where the di�erence between the data d(�x) and the model
f(�x) is squared because we are interested in the magnitudes.

fx(x1, ..., xk) = A
e

�1
2 (�x��µ)T ��1(�x��µ)

�
|2⇡�|

(B2)

c� 0000 RAS, MNRAS 000, 1–5
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Lensing and the fundamental plane

slopes (i.e., non-Salpeter) would lead to different conclusion
because of the known degeneracy between IMF and formation
redshift (e.g., van Dokkum et al. 1998; Renzini 2006; van
Dokkum & van der Marel 2007). The influence of the choice of
the IMF will be discussed in a forthcoming paper.

We estimate the best-fit value and the 68% confidence
interval of the formation ages by integrating the posterior
likelihood distribution of the only free parameter, i.e., the
formation age (or the formation redshift), given our data. We
assume a top-hat prior on the formation redshift z 1.8 6f � – .
We sampled the likelihood on a grid of formation redshifts
within the prior.

The most massive galaxies in XMM2235 have a mean
luminosity-weighted age of 2.33 0.51

0.86
�
� Gyr (formation redshift

zf= 2.95+1.63
−0.54), while the mean age of XMM2215 is

1.59 0.62
1.40

�
� Gyr (formation redshift zf= 2.38+2.14

−0.44), and it is
1.20 0.47

1.03
�
� Gyr (formation redshift zf= 2.35+1.25

−0.34) for Cl0332.
The ages of the three overdensities are consistent within the
errors after accounting for the ∼0.5 Gyr difference in the age of
the universe between z= 1.61 and z= 1.39. There is a hint,
albeit at low significance, that the ages of galaxies in Cl0332
are younger than the ages of XMM2235 galaxies. This weak
suggestion is supported by our results from stacked spectra of
the same galaxies, which will be described in R. C. W.
Houghton et al. 2017, in preparation.

Cl0332 is by far the lowest density environment in our
survey and shows ages on the order of field galaxies at similar
redshift. When we compare the ages measured from stacked
spectra of massive galaxies at the median redshift of z= 1.75 in
the KMOS VIRIAL survey (e.g., Mendel et al. 2015, age of
1.03 0.08

0.13
�
� Gyr), we find that the two measures agree within the

errors, after accounting for the 0.29 Gyr difference between the
age of the universe at z= 1.61 and that at the median redshift of
VIRIAL (see also Section 6.3).

We have verified that our results are consistent within the
errors with ages obtained from the color evolution of SSPs
compared to our galaxies.
By including in the sample of XMM2235 objects with

M M10.5 log 11�� �: , we derive slightly younger ages
1.63 0.29

0.39_ �
� Gyr, suggesting a trend of age with M�, as discussed

in Section 5.2, such that lower mass galaxies have younger
ages than more massive objects. For XMM2215, we obtain
consistent ages 1.62 0.61

1.30_ �
� Gyr, which is probably due to the

number of bluer objects that entered our the red-sequence
sample.

6.2. Effects of Structural Evolution on the
FP Zero-point Evolution

6.2.1. Zero-point Evolution and Luminosity Evolution

Following Saglia et al. (2010a, 2016), we can write the
evolution of the FP zero-point in a generalized form including
the terms related to the structural and stellar velocity dispersion
evolution as well as the term describing the variation of the
luminosity with redshift. Thus, the luminosity variation can be
written as

L
b

b
R

a
b b

clog
2 1

log log
1

,

3

zFP,str.ev. e eT% �
�

% � % � %

( )
where a and b are the FP coefficients from Equation (1). We
parametrize each term of Equation (3) as a function of

zlog 1 �( ) such that R zlog log 1e O% � �( ), log eT% �
zlog 1N �( ), and c zlog 1z I% � a �( ), where ν, μ are the

slopes of the size and stellar velocity dispersion evolutions with
redshift, while Ia is related to the slope we derive from
the M Llog% evolution with redshift; from Equation (2)

bI Ia � q .
Equation (3) can therefore be written as

L
b

b
a
b b

z

z

log
2 1 1

log 1

log 1 , 4

FP,str.ev. O N I

D

% �
�

� � a �

� �

⎜ ⎟⎛
⎝

⎞
⎠ ( )

( ) ( )
where b

b
a
b b

2 1 1D O N I� � � a�( ).
We first assume that the FP evolution is only due to the M/L

evolution with redshift as a result of an aging stellar population.
This means that the two terms Rlog e% , log eT% in Equation (3)
are zero and L z zlog log 1 log 1

bFP
1I I% � � a � � � �( ) ( ).

Table 3, case (1), shows the results of the fit.
We then include in the luminosity evolution the effect of

varying structural properties with redshift in the evolution of
the FP; this means including all terms of Equation (4), and
propagating the errors consistently.

6.2.2. Size–Mass and Stellar Velocity Dispersion–Mass Relations

We study how the size–mass and stellar velocity dispersion–
mass relations vary with redshift for our “dispersion” sample
adopting the Coma data as local reference, and by considering
both stellar masses and dynamical masses (see Figure 7). For
both relations we assume that the slope does not change with
redshift and adopt the value we obtain from our Coma sample,
as done in previous work (e.g., Saglia et al. 2010a; Newman
et al. 2012). Chan et al. (2016) and Chan et al. (2017) present
a more detailed analysis of the size–mass relation for the full

Figure 6. Redshift evolution of the M Llog B% . Symbols are the same as in
Figure 5. Dotted lines correspond to the predictions by Maraston (2005) SSPs
for a Salpeter IMF, solar metallicity, and different formation redshifts. Each
solid line (green, orange, and red) shows the SSP with a formation age
corresponding to the age we derived for each cluster. Shaded regions show the
1T error on the slope. The shaded region for XMM2215 is hidden behind that
of XMM2235 and Cl0332.
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Beifiori et al. (2017)

GOODS
SLACS Treu et al. (2006)

1 What is the M? � Mh relation of
lens galaxies?

2 Do we understand FP evolution?
3 What about ‘small’ galaxies in

lensing clusters?

NB: some adopt � = �sis, with

�2
sis =

c2✓EDs

4⇡Dls
; (1)

this is far from adequate at the
massive end (� ⇡ 0.7�sis), and
probably at small masses too.
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What is needed?3

Good multi-band photometry (stable PSF), redshifts, accurate lens
models (to within ⇡ 10% in ✓E ).
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3Molina et al. in prep. Masses courtesy of T. Morishita.
Adriano Agnello DM lost and found



Dwarfs: measured and found wanting
Stars and dark matter in lenses

Summary

Currentlya crunching a
sample of

⇡ 60 quasar lensesb

0.3 < zl < 0.7,

9.5 < log10(M?) <
11.5

log10(Mh))

lo
g 1

0(
M

*))

smaller)RE)

fainter)lenses)

aIn collab. with A. J. Shajib (UCLA).
bMolina et al. in prep.
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So why giant telescopes?

Small image separations, down to ⇡ 0.600.

Faint lens galaxies, that may not be targeted otherwise.
Challenging for current AO IFU: done on just a handful with
OSIRIS@Keck in the NIR; MUSE-NFM strongly depends on
seeing, even with the brightest.
Need redshifts of faint deflectors, over large samples
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Summary

Summing up...

Dark matter in dwarfs of the Local Universe, out to Coma Cluster
Direct M? � Mh in single galaxies, at cosmological redshift, over
multiple decades in M?

Need models that are worthy of giant telescopes
(...provided insruments are understood as much as the data)
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