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The shaded area represents the credible intervals for the parameters when
using the correct PSF in simulation. In contrast, the dashed area represents

the credible intervals obtained when an offset PSF is used. These intervals
show the 68.3%, 95.4%, and 99.7% confidence levels on the estimated
parameters, indicating where the true values are most likely to be found.
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Figure 9. The effect of the PSF. Marginalised PDF of v’ and Dét for Sim-
ulation 3 Realisation 3 modelled using the input TinyTim PSF (shaded) and a

Strengths:
1.The paper adds optical flow-based landmark localisation for detection of electrodes from a sequence of X-

Cosmography from two-image lens systems: overcoming
the lens profile slope degeneracy
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SILSIUT s 7 MG/ | o TinyTim PSF that is offset by ~45” from the input PSF (dashed). The three
Kot ot o el Aol Gonnolag, Safond i, 452 Lo Mll,Sanfort, €A 94075-408, 154 2.An algorithm to construct a dataset on-the-fly is proposed, which is

able to adapt a pre-trained optical model to the type of X-ray image
observed in the task.
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areas show the 68.3 %, 95.4% and 99.7% credible regions. The cross marks the
input values. With the imperfect (offset) PSF and the scaled pixel uncertainty
in equation (26), the precision of the recovered Dét is slightly degraded due to
misfits near the bright AGN images.

ABSTRACT

The time delays between the multiple images of a strong lens system, together with
a model of the lens mass distribution, allow a one-step measurement of a cosmological
distance, namely, the “time-delay distance” of the lens (Dag) that encodes cosmo-
logical information. The time-delay dislance depends sensitively on the radial prolile
slope of the lens mass distribution; consequently, the lens slope must be accurately
congtrained for cosmological studies. We show that the slope cannol be conslrained
in two-image systems with single-component compact. sources, whereas il can be con-
strained in systems with two-component sources provided the separation between the
image componenis can be measured with milliaresecond precisions, which is not leasi-
ble in most systems. In contrast, we demonstrate that spatially extended images of the

Weaknesses:
1.The application of optical flow seems to be incomplete. The paper claims that it views the problem as a
video landmark detection network, yet optical flow is used only for two consecutive frames, with the resulting

Question:
In Figure 9, could the authors clarify what the cross at the
center of the image indicates?

Open
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I e e i e ot s e localisation information not being used for further detections. The authors could explore using longer frame Answer:
Review > stacks, adding smoothing constraints to landmark locations over time, etc. As it is presented, the —> ~>In Figure 9, the cross at the center of the image
s e s e fr gl methodology seems to lack several possible explorations. represents the input values of the parameters used in the
ey wordss st srons teods dai b e e 2.The authors mention Demoustier et al. 2023 as the closest work to their simulation
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paper, yet it is not compared/evaluated against the proposed version.
Indeed, Demoustier et al. 2023 also propose using temporal context to
refine detections.

1 INTRODUCTION

dark energy, a synergy of future observations of independent
cosmological probes (to avercome the systematic effects in

arXiv:

Since the discovery of the accelerated expansion of the Uni-
verse (Perlmutter et al) 199Y; Riess et al. 1998), one of the
key puzzles in cosmology has been the nature of dark en-

each approach), coupled with theoretical investigations of
dark energy models, is neaded.

ergy which was proposed to explain the accelerated expan- In this paper, we focus on a particular cosmological

probe; gravitational time delays in sirong lens syslews, By

sion, Recent studies based on various cosmological probes
including the cosmic microwave background (CMB), super-
novae, baryon acoustic oscillations, galaxy clusters, weak
lensing, and gravitational lens time delays have shown
that the Universe is consistent with dark energy being de
scribed by a cosmological constant A (e.g., Komatsu et al,
2011; Conley et al. 2011; Suzuki et al. 2011; Reid et al.
2010 DBlake et al, 2011; Mantz et al. 2010; Sehgal et al.
2011); Schrabback el al. 2010; Suyu el al. 2010). Nonethe-
less, Linder (2010) showed that current data provide little
constraints on Lhe properties and Lime evolution of dark en-
ergy when one relaxes the assumption that the dark energy

(

equation of state, w, is constant (where w — —1 corresponds
Lo the cosmological constant). To understand the nature of

* E-mail:suyu@physics.ucsh.edu

measuring the time delay(s) between the multiple images
and modelling the mass distribution of the lens galaxy, one
can infer the “lime-delay distance”, Da., lo the lens sys-
tem. This distance, which is a. combination of angnlar diam-
eler distances, is primarily sensitive Lo the Hubble constant
(Pa:r x H, ') but also depends on other cosmolagical pa-
rameters such as w. An accurate measuremnent of the Iubble
constant with uncertaintics better than a few percent pro-
vides the single most nseful complement to resnlts of the
CMB for dark energy studies (e.g., IIu 2005; Riess el al.
2009, 12011). Furthermare, time-delay lenses arc also highly
complementary to supernovae for determining the dark en
ergy equation of state (Linder 2011)).

Suyn ot al. (2010) showed that high-qunality data of a
four-image systemn allowed accurate lens mass modelling
which yielded competitive cosmological constraints. On the

Response

Questions for the authors:
In Figure 9, could the authors clarify what the cross at the center of the image indicates?

Scan to be in the loop

TRASR (TSUTTDITION CAT D0 COTIST T WITT UTCeT T s or
4 few percent in the annulus covered by the lensed images

By using the image configuration and morphology, one
can model the mass distribution of the lens to determine

oy

In Figure 9, the cross at the center of the image represents the input values of the parameters used in the
simulation

is relaxed to 0.09”. This shows that the spatially extended
arcs are providing most of Lhe constrainls on the mass dis-
tribution and the time-delay distance

Auger M. W, Treu T., Bolton A, S., Gavazzi R., Koopmans
.. V. E., Marshall P. J., Moustakas I.. A_, Burles S, 2010,

We have considered two types of source regularisations
for the simulations (curvature for Simulations #1 and #2,
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Figure 9. The effect of the PSF. Marginalised PDF of 4’ and Dét for Sim-
ulation 3 Realisation 3 modelled using the input TinyTim PSF (shaded) and a
1 TinyTim PSF that is offset by ~45” from the input PSF (dashed). The three
_ areas show the 68.3 %, 95.4% and 99.7% credible regions. The cross marks the
input values. With the imperfect (offset) PSF and the scaled pixel uncertainty
in equation (26), the precision of the recovered Ddt is slightly degraded due to
misfits near the bright AGN images.
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Figure 9. The effect of the PSF. Marginalised PDF of v’ and
Dy, for Simulation 73 Reali 73 modelled using the input
‘1

these bright pixels with residuals that could otherwise cause
biases in parameter estimations. Figure 9 shaws the result-
ing constraints on Da, and v (dashed) by using the offset
DST with the scaled pixel uncertainty in equation (26). The
input Da, and 4 are recovered without significant. biases.
In comparison Lo the case with a perfect PSI (shaded), the
recovery of Dag is degraded in precision from ~3% to ~6%
(1o, after marginalising over other parameters) due to the
downweighting of high-residual pixels and the consequent
loss of information in these pixels

Tor the simulated WI'C3-IR images, we find thal sub-
sampling is necossary to avoid biases in the recovered pa-
rameters due to the large image pixel sizes. In other words,
the predicted lensed image [irst need wo be created and con-
volved on a finer resolution, then binned to the observed
image resolution for caleulating the likelihood. A subsam-
pling factor of ~ 3 was sufficient to characterise both the
PSF and vhe source intensity variation in the simulations.

In modelling the simulated images, a positional uncer-
s adopted for the AGN images and a

tainty of 4mas
Gaussian prior with width of 0.01” was imposed ou the lens
galaxy centroid. We consider the impact of relaxing these
constraints individually to 0.09” {1 pixel) for observations
where positions cannot be casily measured (e.g., the lens
galaxy is faint). We find that the credible regions in Fignre
8 remain nearly the same if either the posilional uncertainty
of the AGN images ar the prior on the lens galaxy centroid
is relaxed to 0.09". This shows that the spatially extended
arcs are providing most of the consirainls on the mass dis-
tribution and the time-delay distance.

We have cousidered two types of source regularisations
for the simulations (curvature for Simulations #1 and #2,

and gradicnt for Simulation #3), and showed that the input
Dag and ' are recovered irrespective of the choice in rogu-
larisation (Figure 8). For a given simulation, the wwo forms
of regnlarisations lead to similar shapes and sizes of credi-
mall compared to the
isations

Therefore, both forms of reg:
in modelling the extended arcs for typi-
cal AGN host galaxies that have smooth surface brightness
distributions.

We have kept onr simnlations simple by exclnding the
light from che lens galaxy. In practise, the observed image
wonld also contain lens light, swhich would affect the are light
and would need to be modelled as well. One way is to use
Sérsic profiles to describe the lens light, and add another
~hand side of equation (25) for the vec-
tor thal describe the lens light inteusities. The paramelers
for the Sérsic profiles are also nonlincar (like i3 and ) and
need to be swnpled as well. A self-consistent model would
simultancously determine the lens light, the lens mass dis-
tribution. the AGN contribution, and the AGN host souree
surface brighuness distribution. This is a high-dimensional
nonlinear problem that is beyond the scope of this paper,
and will be presented i a future study.

term to the ri

6 CONCLUSIONS

We have used the spherical power-law model to show that
vely on Lhe slope,
omponent. com-
0.15, which is

the lime-delay distance depends sensi
which cannot be consirained with a si
puct source. A change in the slope of

the typical scatler in lens galaxy slop
change in Da(, undermining the nse of two-image sys-
tems for accurate costological studies. Systems with two-
component sources can be used to constrain the slope and

derive nseful cosm wal constraints, but the relative sepa-

ralion belween the ges of the two components nee
mensnred with mas precision, which is difficult in practise.
We use simulated 1157 images to test the usefulness of two
image systems with spatially extended arcs of the lensed
AGN host galaxy, By simultaneously modelling the AGN
light contribution, the lens mass profile, and the extended
AGN host surface brightness distribution, we find that the
relalive thickuess of the ares accurately constrains the leus
mass distribution and results in robust recovery of Dac loa
few percent. By establishing that two-ims 5

longer hindered by the radial prolile slope ¢

sample of nsefnl time-delay lenses is enlarged
~6 which will provide substantial advances for cosmological
studics.
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