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Key cosmological science cases enabled by the US-ELTP
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

subdominant impact compared to the effect of DM collisions. This
was already seen, albeit not as clearly, in Fig. 5.

The apparent reduction of substructure is quantified in more
detail in Fig. 8, where we show the cumulative distribution of sub-
haloes within 300 kpc of the halo centre as a function of their
peak circular velocity Vmax. The left panel shows the cumulative
number on a linear scale, and includes observational data from
Polisensky & Ricotti (2011). The MS problem is apparent since
there are significantly more CDM subhaloes than visible satellites.
This discrepancy can be solved or alleviated through a combination
of photo-evaporation and photo-heating when the Universe was
reionised, and supernova feedback (e.g. Efstathiou 1992; Gnedin
2000; Benson et al. 2002; Koposov et al. 2008), although photo-

evaporation and photo-heating alone may not be enough to bring
the predicted number of massive, luminous satellites into agree-
ment with observations (e.g., Boylan-Kolchin et al. 2012; Brooks
et al. 2013). The plot also demonstrates that the reduction of sub-
structure in ETHOS-1 to ETHOS-3 alleviates the abundance prob-
lem significantly. The strong damping in the power spectrum of
model ETHOS-1 leads to a very significant reduction of satellites
which is quite close to the data, perhaps too close given the ex-
pected impact of reionisation and supernovae feedback. If these
processes were to be included in our simulations with a similar
strength as they are included in hydrodynamical simulations within
CDM, model ETHOS-1 would be ruled out. One must be cautious
however, since the strength of these processes is not known well
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1) The Hubble constant 2) The nature of Dark Matter



Hubble constant with time-delay cosmography
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¡ Use relative arrival time delay as a geometric probe of distance 

Anguita (2009)

This is where the 
ELTs can make a 
huge difference! 



H0: High resolution imaging of strong lenses
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H0: High resolution imaging of strong lenses

US-ELT Program - AAS #235 5

590s
Euclid

10yrs 4500s
LSST

Only Brighter/Wider ones
WFIRST 9000s

HST

TMT: 1080s

Meng, Treu et al. 2015



H0: Spatially resolved kinematics of lens galaxies
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Shajib et al. 2018, 2019

¡ Internal kinematic of main lens galaxies helps break the mass 
anisotropy degeneracy

Key ELT capabilities: (1) Resolution, (2) Sensitivity



The US ELT Program and the Hubble tension

US-ELT Program - AAS #235 7

2

Figure 1. Compilation of Hubble Constant predictions and measurements taken from the re-
cent literature and presented or discussed at the meeting. Two independent predictions based on
early-Universe data (Planck Collaboration et al. 2018; Abbott et al. 2018) are shown at the top
left (more utilizing other CMB experiments have been presented with similar findings), while the
middle panel shows late Universe measurements. The bottom panel shows combinations of the
late-Universe measurements and lists the tension with the early-Universe predictions. We stress
that the three variants of the local distance ladder method (SHOES=Cepheids; CCHP=TRGB;
MIRAS) share some Ia calibrators and cannot be considered as statistically independent. Like-
wise the SBF method is calibrated based on Cepheids or TRGB and thus it cannot be considered
as fully independent of the local distance ladder method. Thus the “combining all” value should
be taken for illustration only, since its derivation neglects covariance between the data. The
three combinations based on Cepheids, TRGB, Miras are based on statistically independent
datasets and therefore the significance of their discrepancy with the early universe prediction is
correct - even though of course separating the probes gives up some precision. A fair summary is
that the di↵erence is more than 4 �, less than 6 �, while robust to exclusion of any one method,
team or source. Figure courtesy of Vivien Bonvin.

Figure: A. Shajib and V. Bonvin (Verde, Treu & Riess, 1907.10625)

By combining exquisite 
angular resolution with 

high sensitivity, the ELTs 
will enable time-delay 

cosmography to measure 
H0 to a precision close to 

that of the CMB, while 
being completely

independent.



Dark matter physics from substructure Lensing
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¡ Use universality of gravity to probe smallest dark matter structures. 
10 M. Vogelsberger et al.

Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

subdominant impact compared to the effect of DM collisions. This
was already seen, albeit not as clearly, in Fig. 5.

The apparent reduction of substructure is quantified in more
detail in Fig. 8, where we show the cumulative distribution of sub-
haloes within 300 kpc of the halo centre as a function of their
peak circular velocity Vmax. The left panel shows the cumulative
number on a linear scale, and includes observational data from
Polisensky & Ricotti (2011). The MS problem is apparent since
there are significantly more CDM subhaloes than visible satellites.
This discrepancy can be solved or alleviated through a combination
of photo-evaporation and photo-heating when the Universe was
reionised, and supernova feedback (e.g. Efstathiou 1992; Gnedin
2000; Benson et al. 2002; Koposov et al. 2008), although photo-

evaporation and photo-heating alone may not be enough to bring
the predicted number of massive, luminous satellites into agree-
ment with observations (e.g., Boylan-Kolchin et al. 2012; Brooks
et al. 2013). The plot also demonstrates that the reduction of sub-
structure in ETHOS-1 to ETHOS-3 alleviates the abundance prob-
lem significantly. The strong damping in the power spectrum of
model ETHOS-1 leads to a very significant reduction of satellites
which is quite close to the data, perhaps too close given the ex-
pected impact of reionisation and supernovae feedback. If these
processes were to be included in our simulations with a similar
strength as they are included in hydrodynamical simulations within
CDM, model ETHOS-1 would be ruled out. One must be cautious
however, since the strength of these processes is not known well

MNRAS 000, 1–17 (2015)

Not to scale!See e.g. Dalal & Kochanek (2002); Vegetti et al. 
Nature, (2012); Hezaveh et al., (2016), Gilman et al. 

(2019)
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Particle dark matter and small-scale structure

US-ELT Program - AAS #235 9

4 M. Vogelsberger et al.

Figure 1. Properties of the effective DM models relevant for structure formation. Left: Linear initial matter power spectra (�linear(k)2 = k3Plinear(k)/2⇡2)
for the different models (CDM and ETHOS models ETHOS-1 to ETHOS-4) as a function of comoving wavenumber k. The ETHOS models differ in the
strength of the damping and the dark acoustic oscillations at small scales. As a reference, we also include thermal-relic-WDM models, which are close to each
model in ETHOS. Right: Velocity dependence of the transfer cross-section per units mass (�T /m) for the different ETHOS models. Models ETHOS-1 to
ETHOS-3 have �T /m / v�4

rel
for large relative velocities. For low velocities the cross sections can be as high as 100 cm2 g�1.

the outstanding small-scale problems of the MW satellites. Finally,
we present our summary and conclusions in Section 5.

2 EFFECTIVE MODELS

The different DM models that we investigate in this paper are sum-
marised in Table 1. For all simulations we use the following cos-
mological parameters: ⌦m = 0.302, ⌦⇤ = 0.698, ⌦b = 0.046,
h = 0.69, �8 = 0.839 and ns = 0.967, which are consistent
with recent Planck data (Planck Collaboration et al. 2014; Spergel
et al. 2015). We study mainly five different DM models, which we
label CDM and ETHOS-1 to ETHOS-4. In the parameter space of
ETHOS, these models are represented by a specific transfer func-
tion (see left panel of Fig. 1 for the resulting linear dimensionless
power spectra), and a specific velocity-dependent transfer cross-
section for DM (see right panel of Fig. 1). Our discussion will
mostly focus on ETHOS-1 to ETHOS-3, which demonstrate the ba-
sic features of our ETHOS models. ETHOS-4 is a tuned model that
was specifically set up to address the small-scale issues of CDM
(the MS problem and the TBTF problem). We discuss this model
towards the end of the paper.

These models arise within the effective framework of ETHOS,
described in detail in ?, which we summarise in the following.
ETHOS provides a mapping between the intrinsic parameters (cou-
plings, masses, etc.) defining a given DM particle physics model,
and (i) the effective parameters controlling the shape of the linear
matter power spectrum, and (ii) the effective DM transfer cross sec-
tion (h�T i/m�); both at the relevant scales for structure formation.

Schematically:
n
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o
!

n
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o
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where the parameters on the left are the intrinsic parameters of the
dark matter model: m� is the mass of the dark matter particle, {gi}
represents the set of coupling constants, {hi} is a set of other inter-
nal parameters such as mediator mass {mi} and number of degrees
of freedom, and ⇠ = (TDR/TCMB)|z=0 is the present day DR to
CMB temperature ratio.

The effective parameters of the framework are on the right of
Eq. 1, which in all generality include the doublet {bn,�l} char-
acterising the evolution of dark radiation perturbations, while the
triplet {dn,m�, ⇠} determines the adiabatic sound speed of dark
matter. The latter is very small for non-relativistic dark matter,
thus, it has no impact on the evolution of dark matter perturba-
tions (except on very small scales, irrelevant for galaxy forma-
tion/evolution). On the other hand, since in this work we are only
interested on the evolution of dark matter perturbations, the param-
eters {bn,�l} can be neglected since they have very little impact
on the actual structure of the linear matter power spectrum. More
precisely, when the DR-DR interactions decouple later than the
DR-DM interactions, these terms should be taken into account but
they only affect scales at and smaller than that of the second DAO
peak in the linear power spectrum. This would introduce only mi-
nor corrections that can be neglected for the purpose of following
the non-linear evolution of structures. We are therefore left only
with the doublet {an,↵l}, which fully characterises the evolution
of the dark matter perturbations, with the set of l�dependent coeffi-
cients ↵l encompassing information about the angular dependence
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Figure 6. DM density projections of the zoom MW-like halo simulations for four different DM models. The suppression of substructure, relative to the CDM
model, is evident for the ETHOS models ETHOS-1 to ETHOS-3, which have a primordial power spectrum suppressed at small scales. The projection has a
side length and depth of 500 kpc.

subdominant impact compared to the effect of DM collisions. This
was already seen, albeit not as clearly, in Fig. 5.

The apparent reduction of substructure is quantified in more
detail in Fig. 8, where we show the cumulative distribution of sub-
haloes within 300 kpc of the halo centre as a function of their
peak circular velocity Vmax. The left panel shows the cumulative
number on a linear scale, and includes observational data from
Polisensky & Ricotti (2011). The MS problem is apparent since
there are significantly more CDM subhaloes than visible satellites.
This discrepancy can be solved or alleviated through a combination
of photo-evaporation and photo-heating when the Universe was
reionised, and supernova feedback (e.g. Efstathiou 1992; Gnedin
2000; Benson et al. 2002; Koposov et al. 2008), although photo-

evaporation and photo-heating alone may not be enough to bring
the predicted number of massive, luminous satellites into agree-
ment with observations (e.g., Boylan-Kolchin et al. 2012; Brooks
et al. 2013). The plot also demonstrates that the reduction of sub-
structure in ETHOS-1 to ETHOS-3 alleviates the abundance prob-
lem significantly. The strong damping in the power spectrum of
model ETHOS-1 leads to a very significant reduction of satellites
which is quite close to the data, perhaps too close given the ex-
pected impact of reionisation and supernovae feedback. If these
processes were to be included in our simulations with a similar
strength as they are included in hydrodynamical simulations within
CDM, model ETHOS-1 would be ruled out. One must be cautious
however, since the strength of these processes is not known well
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Substructure lensing I: High-resolution imaging
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Substructure Lensing

01/07/2019 U.S. ELT Program - AAS #233 9

Simulation by S. Birrer with lenstronomy

~Keck ~ELTs

Key ELT capabilities: (1) Resolution, (2) Sensitivity



Substructure lensing II: Flux ratio anomalies
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¡ To avoid microlensing effects, focus on quasar narrow-line emission

Gilman et al. (2019)

Mao & Schneider 1998, Dalal & Kochanek 2002, Moustakas & Metcalf 2003, 
Nierenberg+2014, 2017 Hsueh+2016, 2017, 2019.

Nierenberg et al. (2019)

Narrow-line lensing with the WFC3 grism 5
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Figure 1. Drizzled direct F140W (F105W for SDSS J1330 and WGD J2038) images of the lenses, along with quasar image subtracted
residuals. Quasar images are modelled as point sources using the Effective Point Spread Function (Anderson 2016) in the native FLT
frame (see Section 4.1). All images are rotated relative to the observing frame such that North is up and East left. Bars indicate one
arcsecond. With the exception of SDSS J1330, which shows clear evidence for a disk, the deflecting galaxies are smooth, massive ellipticals.
The majority of lenses have extended arcs from the strongly lensed quasar host galaxy.

4.1 Direct Image Fitting

For each direct F140W or F105W image, we generate a
separate model for each direct image component that will
contribute a spectrum to the grism image. These direct im-
age models include four point sources, one for each quasar,

modelled using the effective PSF from Anderson (2016); a
Sérsic profile (Sersic 1968) for the main deflector and any
other nearby galaxies; and an empirical model for the lensed
quasar host galaxy if visible. The empirical model for the
lensed quasar host light is generated by iteratively subtract-

c� 2016 RAS, MNRAS 000, 1–16

Need both north and south sky coverage to 
achieve required number of targets!



Dark matter physics from substructure Lensing
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¡By being sensitive to both the 
abundance and density 
profiles of subhalos and line-
of-sight halos, strong lensing 
with the ELTs will provide key 
information on a possible halo 
mass function cutoff or the 
presence of dark matter self-
interaction in the higher 
redshift Universe.  
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Summary
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¡ The resolution and sensitivity of the ELTs will address 2 of the most pressing 
questions in cosmology right now: What is the nature of dark matter and Is there 
physics beyond ΛCDM? 

4.3 Non-WIMP dark matter 17
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Figure 4-7. The landscape of dark matter candidates [from T. Tait].

Figure 4-8. The range of dark matter candidates’ masses and interaction cross sections with a nucleus of
Xe (for illustrative purposes) compiled by L. Pearce. Dark matter candidates have an enormous range of
possible masses and interaction cross sections.

Community Planning Study: Snowmass 2013

Credits: Tim Tait

Freedman et al. (2019)



https://nationalastro.org/USELTP

Thank you!



Shajib, Treu & Agnello 2018

Spectroscopy of lenses with US-ELT
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TMT will image any known lens to the required precision within 10-20 
minutes! Meng, Treu et al. 2015

Imaging lenses with US-ELT
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