
Cosmology and fundamental physics with 
strongly lensed quasars

Adriano Agnello

(MAAT workshop, 05/05/2020)



Measured
Big Bang

Cosmic Microwave Background:
Sound horizon scale from Particle Physics

rs = 147.2 ± 0.5 Mpc

rs = 137 ± 3 Mpc

TheoryNew physics or systematics? 
(Arendse, Wojtak, AA & TDCOSMO 2020)

Direct measurements:
Sound-horizon scale

WHY
·a
a

= H0 Ωr(1 + z)4 + Ωm(1 + z)3 + Ωk(1 + z)2 + ΩΛ



The Hubble tension

(Verde et al. 2019)



Time-delay Cosmography
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- Accurate time-delays

  (high-cadence monitoring)


- Accurate lens models (from high-resolution imaging)

  (Meng, Treu, AA et al. 2015)


- Accurate masses!

What do we need?
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So why kinematics?
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(Shajib, Treu, & AA, 2018)

With stellar kinematics,

 time-delay lenses become standard rulers! 



The Roadmap

One lens: 4%

Six lenses: 2.4%

12 lenses: 2% 

40 lenses: 1%

(Shajib et al. 2019) (Millon et al. 2019)



Lensed quasars seen through an IFU
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5h with VLT-MUSE 
(Shajib et al. 2019,


Buckley-Geer et al. 2019)

NB: what about lenses in the North?!



Why it matters: the Sound Horizon
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 predict this

Distance probes measure ~H0

BAO measure H0*rs 
and drive the thickness of the band

(Bernal et al. 2016; Wojtak & AA 2019)



Why it matters: the Sound Horizon
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1 for model 1 (barely worth mentioning level on the Je↵reys
scale).

In Table 4, some other combinations of data sets have
been explored. This includes a calibration of lenses + CCHP
instead of SH0ES, inclusion of several volume-averaged
and Ly-↵ BAO and the addition of high redshift quasars as
secondary standard candles. Considering all results based
on the main data sets (H0LiCOW, SN, BAO/BOSS) with
the cosmic distance ladder (SH0ES or CCHP), we find
rd = (137 ± 3stat. ± 2syst.) Mpc, where the systematic error
accounts for di↵erences between SH0ES and CCHP distance
calibration. In addition, we run an inference free of any SN
data, thus only using lensed quasars and BAO measure-
ments from BOSS, DV and Ly-↵ with a flat ⇤CDM model.3
This results in the following values for the cosmological
parameters: rd = 138.6±3.8 Mpc, H0rd = 10166±142 km s�1,
⌦m = 0.29 ± 0.02.

4.1. Early-time extensions

A possible solution for the tension is an extension to the early
Universe physics, such as an additional component of relativis-
tic species. Planck 2018 chains with free Ne↵ (based on full
temperature and polarization data) have been used to investigate
this scenario. In Figure 2, Planck + free Ne↵ is compared to re-
sults from model 3 using SN + BAO with only the H0LiCOW
lenses as calibrator (upper panel) and using a combination of
H0LiCOW lenses and either SH0ES or CCHP as calibrators
(lower panel). A higher value of Ne↵ is shown to move the Planck
value to a lower rd and a higher H0, therefore alleviating the ten-
sion to some extent. In this case, the combined analysis of Planck
and low-redshift data yields Ne↵ = 3.24±0.16. This e↵ect is only
convincing when the late-time measurements are calibrated with
H0LiCOW and CCHP, since the alternative Cepheid calibration
is still in tension with the Planck+Ne↵ extension (see Table 3).

4.2. Tension between the CMB and late-time observations

Figure 3 demonstrates the potential of the selected extensions
of the standard ⇤CDM model outlined in Section 3.2 to re-
solve the tension between rd and H0 measured from the CMB
and late-time observations. The shaded gray contours show
constraints from late-time observations using model 3 with
⌦k = 0. Thanks to using a polynomial parametrization, these
measurements are marginalized over a wide class of the ex-
pansion history and in this sense they are independent of cos-
mological model. We show results for distance calibrations
based on the H0LiCOW lenses combined with SH0ES or
CCHP. The contours in color show constraints from Planck
for the flat⇤CDM model (black contours) and its four exten-
sion.

As clearly seen from Figure 3, none of the⇤CDM extensions
manage to convincingly unify the Planck measurements with the
late-time ones if the SH0ES calibration is used to anchor the dis-
tance ladder. In particular, late-time extensions involving di↵er-
ent generalizations of the cosmological constant can increase the
H0 value inferred from the CMB, but they leave rd unchanged.
Although early-time extensions can potentially match both H0
and rd from low-redshift probes and the CMB, that this may hap-
pen by expanding the posterior probability contours rather than

3 For the flat ⇤CDM model, we adopted a prior of ⌦M =
U[0.05, 0.5].

Fig. 3. The e↵ect of four di↵erent extensions of the flat ⇤CDM
model on the sound horizon and the Hubble constant measured
from the Planck data. The models considered here are ⇤CDM +
free Ne↵, early dark energy, wCDM and PEDE. The CMB-based
constraints are compared to the measurements from late-time ob-
servations (SN + BAO + H0LiCOW + SH0ES/CCHP) shown with
the gray shaded contours. The late-time measurements are ob-
tained with model 3 (see table 1) and show the 2� credibility re-
gions.

shifting the best fit values (see also Bernal et al. 2016; Karwal
& Kamionkowski 2016), as demonstrated in Fig. 3. In this re-
spect, both early dark energy models and extensions with extra
relativistic species are quite similar. The apparent di↵erence be-
tween their probability contours reflect di↵erences in the priors.
While a free e↵ective number of relativistic species can either
decrease or increase the sound horizon, early dark energy (with
positive energy density) can only increase the energy budget, and
thus decrease the sound horizon.

We should also remark, however, that the best-fit value from
CMB inference in the case of extra relativistic species is a direct
consequence of the working hypotheses. For example, Loureiro
et al. (2018) have shown that, in the case of massive neutrinos in
di↵erent mass hierarchies, priors motivated by particle physics
measurements do shift the posterior peak towards higher neu-
trino masses and Ne↵ , whereas the inference from commonly
adopted neutrino mass parameterizations (as in the Planck fidu-
cial models) would peak below the particle-physics lower lim-
its. With a full treatment of the neutrino mass hierarchy,
the degeneracy in H0 vs neutrino masses is much weaker,
which in principle can allow for massive neutrinos and still
H0 ⇡ 70 km/s/Mpc (Loureiro et al. 2018).

Figure 4 summarizes the tension in the H0 � rd plane be-
tween late-time measurements and Planck with di↵erent exten-
sions of ⇤CDM. To ensure a fair comparison, the same ⇤CDM
extensions are used in the late-time and CMB-based inference.
Therefore, the Planck PEDE-CDM results have been compared
to late-time results obtained with PEDE-CDM, and the Planck
wCDM results to late-time results using wCDM. For the early-
time extensions this is not of great importance, since their e↵ects
do not influence the low-redshift measurements.
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Fig. 4. Tension between the sound horizon and the Hubble constant
measured from late-time observations and the CMB for the follow-
ing cosmological models: ⇤CDM, ⇤CDM + Ne↵, early DE, wCDM,
PEDE-CDM (flatness assumed in all cases). Late-time observations
include BAO, type Ia supernovae and three di↵erent absolute dis-
tance calibrations from gravitational lensing (H0LiCOW), the cos-
mic distance ladder with Cepheids (SH0ES) or the TRGB (CCHP).

through the Ansatz that the lensing potential (used in the time-
delay inference) is exactly twice the gravitational potential (used
to obtain DA / c3�t/�2 from stellar kinematics). However, the
role of this GR dependence is subdominant with current DA un-
certainties (10% � 20%). On the other hand, GR also enters the
early-Universe expansion through the ‘abundances’ of di↵erent
components (⌦m, ⌦de, Ne↵).

4.3. One lens at a time

Since H0 and rd are constants, they must be independent of the
chosen indicators. If they are inferred from each indicator sep-
arately, any trend will signal residual systematics, either in the
indicators themselves or in the parameterization that is chosen
to extrapolate H(z) down to H0.

The H0LiCOW collaboration have shown that, if H0 is ob-
tained from lenses in a flat-⇤CDM model, there is a weak trend
in its inferred value versus lens redshift, with lower-redshift
(resp. higher-redshift) lenses being more (resp. less) discrepant
with the Planck measurements (Wong et al. 2019). Even though
this trend is currently not significant (given current uncertain-
ties), it may be indicative of intrinsic systematics in the lensing
inference, or in the way that time-delay distances are converted
into H0 values through a flat-⇤CDM parameterization.

Here we repeat this test using more general models of the
expansion history, specifically flat model 3 and flat PEDE-
CDM model. Figure 5 shows the sound horizon rd measured
from combining BAO and SNe data with lensing constraints
from each lens separately. The results demonstrate that the
distance calibration from H0LiCOW lenses shows a similar
trend with lens redshift as the one shown by (Wong et al.
2019) for a flat ⇤CDM cosmology. Based on the sample-wide
analysis by Millon et al. (2019), this weak trend cannot be
explained simply on the basis of known systematics in the
lens models or kinematics of each lens. We should emphasize,
however, that this trend is not statistically significant (1.6�)
yet.

Although the current weak trend of rd with redshift of
gravitatonal lens is consistent with being a statistical fluke, it
is instructive to investigate if there any expansion models that

Fig. 5. The sound horizon rd measured from combining BAO and
SNe data with H0LiCOW lensing observations of each lens sepa-
rately. Here the distance calibration is set solely by the lensing ob-
servations of each individual lens. The measured sound horizon is
shown as a function of lens redshift for fits with a flat model 3 (solid
error bars) and a flat PEDE-CDM model (dashed error bars). For
both models, the measurements show a slight trend of rd increasing
with lens redshift. The inference from models 1 and 2 is fully con-
sistent with the model 3 results. The gray dashed line with shaded
region shows Planck’s value of rd and its (sub-percent) uncertainty
obtained for the standard flat ⇤CDM model.

can re-absorb this (weak) trend. For example, a recent (z ⇡ 0.4)
change in dark energy may produce this behaviour, if the data
are interpreted with expansion histories that are ‘too’ smooth.
For this reason, we examine the same lens-by-lens determina-
tion within the PEDE model family. The results are shown as
dotted error-bars in Figure 5. Even the PEDE model with ac-
celerated late-time expansion cannot eliminate the (weak) trend
in rd. The constraints set by the relative distance moduli of SN
enforce PEDE to closely resemble the ⇤CDM case, but with a
higher matter content (⌦m ⇡ 0.345) and smaller sound horizon
(rd ⇡ 138 Mpc). Therefore, PEDE does not resolve the current
tension.

5. Conclusions and Outlook

We have combined the newest available low-redshift probes to
obtain an estimate of the sound horizon at the drag epoch, rd.
In order to minimize systematics, we have used a set of polyno-
mial parametrizations that are almost entirely independent of the
underlying cosmology, as well as the standard ⇤CDM model. In
the H0�rd plane, we have found a tension of 5� between Planck
results using flat ⇤CDM and late-time observations calibrated
with H0LiCOW lenses and SH0ES. This tension reduces to 2.4�
if CCHP results are used as a distance-ladder anchor instead of
SH0ES. We have investigated whether early- or late-time exten-
sions to the standard ⇤CDM model can resolve the tension and
examined models with free Ne↵, early dark energy, wCDM and
PEDE-CDM. None of these model extensions provide a satisfy-
ing solution to the Hubble tension problem (see also Aylor et al.
2019; Knox & Millea 2019), except for free Ne↵ or early dark en-
ergy in combination with low redshift data calibrated by CCHP
+ H0LiCOW.

These findings can indicate that: (1) extensions of early-time
physics are necessary; and/or (2) that systematics from di↵er-
ent late-time probes are becoming comparable to the statistical
uncertainties. Arguments based on local under-densities or pe-
culiar velocities cannot resolve the tension: the ⇡ 3� tension
persists if the inverse-distance ladder is restricted to z � 0.03,
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 Not all models resolve the tension between low-z and high-z probes, 
 and not all probes are compatible with SM extensions. 

(Arendse, Wojtak, AA & TDCOSMO 2020)

CMB + Standard Model

Low-z measurements 
(3sigma contours)



Bonus Track: Galaxy Clusters

(observer) sources (z~0.6-4.0)

cosmology <—> rel.distances

lensing cluster (z~0.4)

mass <—> deflections

× 10 9
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BUT CAN WE?
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Cluster Lensing Models

Stellar Kinematics: more model freedom, better accuracy.

(Bergamini et al. 2019, 2020)



To Sum Up…
- There are fundamental physics quantities that 
cosmologists don’t agree upon; BSM physics?


- We need accurate measurements, independent of 
Local Universe distance ladder measurements


- Lensing is one of them


- Stellar kinematics to break residual degeneracies

 —> towards percent-level H0 

- “wide-field” IFUs on large telescopes are needed

  (MUSE in the South, MAAT in the North?)


- we may even extend this into more complicated 
systems (i.e. galaxy clusters), still tricky though


