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ABSTRACT

We describe the setup of a multi-tiered challenge to accurately infer the line-of-sight
structure and substructure content in strong galaxy-galaxy lens systems from simu-
lated optical or radio telescope data.

1 OVERVIEW OF THE CHALLENGE SETUP

The challenge is divided into four levels of increasing diffi-
culty, complexity, and/or realism from level 0 (simple source,
simple main lens mass, single substructure, simple instru-
ment without noise, all parameters known) to level 3 (com-
plex source, complex main lens, multiple l.o.s. structures and
substructures, realistic instruments).

1.1 All levels

The models and parameters common to several/all challenge
levels are:

e The cosmology for distance calculations is a flat
ACDM model with parameters Qa = 0.7, Qn =1 — Qp =
0.3, Ho = 70kms~* Mpc 1.

e The main lens redshift zq = 0.6.

e The source redshift z; = 2.5.

e The mass of the main lens for all systems is chosen
such that the Einstein radius is between 0.7 and 2 arcsec.

e The optical images have an area of 10 x 10 arcsec?
and pixels of approx. 0.01 x 0.01 arcsec?.

e The simple noise in optical images at the lower
levels is modelled as uncorrelated normally distributed pixel
noise.

e The simple point spread function (psf) for the opti-
cal data at the lower levels is modelled as a two-dimensional
normal distribution with FWHM of approx. 0.06 arcsec.

e The simple source light distributions at the lower lev-
els are modelled as a elliptical Sersic profiles with parameters
drawn from simple distributions compatible with data from
Oldham et al. (2017).

e The simple main lenses at the lower levels are mod-
elled as a singular power-law ellipsoid (SPLE, Barkana 1998;
Koopmans et al. 2003) plus a spatially constant external
shear with parameters drawn from distributions compatible
with Oldham et al. (2017).

e Line-of-sight (l.o.s.) structures are modelled as
spherical NFW halos (Navarro et al. 1996, 1997).

e Substructures are modelled as smoothly truncated
spherical NFW halos (Baltz et al. 2009) with truncation
radii larger than their virial radii.

e The substructure masses Moo, for single-
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substructure systems are drawn from distributions uniform
in log,q(M200c/Mp) in the range [5.5,7] for low-S/N
systems, [7,8.5] for medium-S/N systems, and [8.5,10] for
high-S/N systems.

e The l.o.s. mass function (from which l.o.s. halo
masses are drawn at higher challenge levels) is modelled as
Sheth & Tormen (1999) mass function modified by a factor
F € [5,20].

e The substructure mass function (from which sub-
structure masses are drawn at higher challenge levels) is
modelled as a power law n(> M) o M1 with an am-
plitude according to (Sawala et al. 2017; Despali et al. 2018)
modified by an amplitude factor F € [5,20].

e The l.o.s. mass-concentration relation and sub-
structure mass-concentration relation (from which
l.o.s. and substructure concentrations are drawn) are mod-
elled as a log-normal distribution in concentration for fixed
mass (Neto et al. 2007; Hellwing et al. 2016).

1.2 Challenge level 0

This level is provided as a check of the basic functionality
of the interface to the simulated data and lens modelling
software.

e number of lens systems: 1 system with large Einstein
radius (i.e. between 1 and 2 arcsec) and 1 system with small
(below 1 arcsec) Einstein radius (all model types known, all
parameters known)

e source: Sersic elliptical

e main lens mass: SPLE + external shear

e main lens light: none (orientation of main lens mass
provided explicitly)

e substructure: 1 significant (i.e. high signal-to-noise ra-
tio) smoothly truncated spherical NFW

e line-of-sight structure: none

e optical data: real space image with simple PSF and
without and with simple pixel noise 4+ noise statistics

e radio data: list of amplitudes at certain harmonic
space vectors without and with simple noise + noise statis-
tics

e goal: confirmation that provided ‘true’ parameters of
main lens, substructure, and source are recovered

e timeline: mock data provided to modellers by Jan 2019
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1.3 Challenge level 1

This level is the first one where unknown parameters need
to be inferred.

e number of lens systems: 6 large + 6 small (all model
types known, all parameter priors known, parameter values
unknown)

e source: Sersic elliptical

e main lens mass: SPLE + external shear

e main lens light: none, but prior on ellipticity and ori-
entation of main lens mass provided as would be inferred
from a light ellipticity

e substructure: 1 smoothly truncated spherical NFW
per system, 4 systems with high-S/N substructure, 4 mid-
S/N, 4 low-S/N

e line-of-sight structure: none

e optical data: real space image with simple PSF and
with simple pixel noise + noise statistics

e radio data: list of amplitudes at certain harmonic
space vectors with simple noise + noise statistics

e goal: parameters of main lens, substructure, and source

e timeline: mock data provided to modellers by Jan
2019, parameter unblinding 2019 March 31, modellers fre-
quently interact in between

1.4 Challenge level 2

This level is the first one with realistic sources and a popu-
lation of substructures and l.o.s. structures.

e number of lens systems: 10 blind (all model types
known, all parameter priors known, parameter values un-
known) + 10 non-blind (all model types known, all param-
eters known, source provided)

e optical source: realistic (hi-res. low-z galaxy image
modified to mock high-z galaxy, provided by M. Auger)

e radio source: realistic (real source or set of blobs pro-
vided by D. Marrone and/or J. McKean)

e main lens mass: SPLE + external shear

e main lens light: none, but prior on ellipticity and ori-
entation of main lens mass provided as would be inferred
from a light ellipticity

e substructure: population of smoothly truncated
spherical NFWs with masses sampled from substructure
mass function with unknown amplitude modification fac-
tor F' and concentrations sampled from substructure mass-
concentration relation

e line-of-sight structure: population of spherical
NFWs with masses sampled from l.o.s. mass function with
unknown amplitude modification factor F' and concentra-
tions sampled from l.o.s. mass-concentration relation

e optical data: real space image with simple PSF and
with simple pixel noise + noise statistics

e radio data: list of amplitudes at certain harmonic
space vectors with simple noise 4+ noise statistics

e goal: parameters of main lens, source, mass function
amplitude F', and parameters of any individually detected
l.o.s. and substructure

e timeline: mock data provided to modellers by (esti-
mated) 2019 March 31, modellers frequently interact in be-
tween

1.5 Challenge level 3

This level features realistic sources, lenses (from a simula-
tion), a population of substructures and l.o.s. structures, and
realistic instruments.

e number of lens systems: 10 blind (all model types
known, all parameter priors known, parameter values un-
known) + 10 non-blind (all model types known, all param-
eters known, source provided)

e optical source: realistic (hi-resolution low-z galaxy
image modified to mock high-z galaxy)

e radio source: realistic

e main lens mass: filtered and rescaled mass distribu-
tion of galaxy from CLUELENS simulation

e main lens light: filtered and rescaled light distribution
of galaxy from CLUELENS simulation

e substructure: smoothly truncated spherical NFWs
with positions, masses, and concentrations (giving same
Umax and Tmax) from CLUELENS simulation with masses
modified by appropriate function of amplitude factor F' such
that the substructure mass function is scaled by F'

e line-of-sight structure: population of spherical
NFWs with masses sampled from l.o.s. mass function with
unknown amplitude modification factor F' and concentra-
tions sampled from l.o.s. mass-concentration relation

e optical data: real space image with state-of-the-art
realistic PSF and noise

e radio data: amplitudes at set of harmonic wave vec-
tors with state-of-the-art U-V-coverage pattern and realistic
noise

e goal: parameters of main lens, source, mass function
amplitude F', and parameters of any individually detected
l.o.s. and substructure

e timeline: mock data provided to modellers by 2019 fall

2 DETAILED DESCRIPTION

Here, we describe in more detail the models, their parame-
ters, and the prior distributions of the model parameters for
the sources and lenses in the challenge. We also give a more
detailed description of the resolution and noise properties of
the simulated observations.

2.1 Cosmology

We assume flat ACDM model with cold dark matter and
a cosmological constant as background csomology. The en-
ergy density for the cosmological constant in units of the
critical density Q4 = 0.7, the cosmic mean matter density
parameter 2, = 1 — Qa = 0.3, and the Hubble constant
Hy =70kms™! Mpcil.

For simplicity, we assume a flat sky. Unless stated oth-
erwise, positions on the sky are specified employing a right-
handed Cartesian coordinate system with the origin at the
center of the main lens.

2.2 The simple source

The source is assumed to have a fixed known redshift z; =
2.5. At the lower levels of the challenge, the source light

MNRAS 000, 000-000 (0000)



A 3
P L
b A/¢i qg.=b,/a,
as :
b
ﬂ ol T
s
ﬁs,l ﬁ]

Figure 1. Schematic view of the coordinate system and parame-
ters used to describe an elliptical source: a right-handed Cartesian
coordinate system with coordinates 81 and B2, and an elliptical
source with center at B, = (B 1,85 2)", major axis as, minor axis
bs, axis ratio gs = bs/as, and position angle ¢s (here ¢s > 0).

distribution Is(3) as function of source angle 3 is modelled
as an elliptical Sersic profile:

IS(IB§ Is,Ov :Bg: /Bs,efh Ns, Ggs, ({bs) = I£O)

(BB 0 )]s
Xexp(ks(ns){[eq(ﬂ ﬂsﬂe:qqu)} 1}) (1)

Here, I denotes a global source brightness amplitude, 3,
denotes the position of the source center, s ¢ denotes the
half-light radius of the source, and ns the Sersic index of the
source. The equivalent radius

Tea(B, s, #s) = /B R(¢s)Q(g:)R(—5)B. (2)

The rotation matrix

_ [cos(¢ps) —sin(¢s)
R(gs) = (sin(¢s) cos(¢s) ) ’ @

i.e. R(—¢s)B rotates B clockwise by the source position an-
gle ¢s, which we define as the counter-clockwise angle be-
tween the positive [2-direction and the sources major axis.
The diagonal matrix Q(gs) = diag(gs ', gs) with source axis
minor-to-major-axis ratio gs.

The function ks(ns) ensures that half the total light
of the source is contained inside the isophote defined by
Teq(B — By Gs, bs) = Bs,ee- It is thus given by the solution
to the equation I'(2ns, 0) = 2T'[2ns, ks(ns)], where I' denotes
the upper incomplete gamma function.

The source brightness amplitude I is drawn from a
uniform distribution in the interval [2.5,3] in units of the
optical image pixel noise level oyn pix. (tests show that this
yields signal-to-noise ratios ~ 10 in the noisy optical im-
ages for the current setup). The source center G, is drawn
from a uniform distribution within circular region the source
plane such that |3,] < 0.5arcsec. The half-light radius
Bs,err is drawn from a uniform distribution in the interval
[0.1,0.5] arcsec (roughly consistent with Newton et al. 2011).
The Sersic index ng is drawn from a uniform distribution
in the interval [0.8,2.2]. The source axis ratio gs is drawn
from a normal distribution with mean 0.6 and standard de-
viation 0.15, truncated to the interval [0.2, 1]. The position
angle is ¢s drawn from a uniform distribution in the interval

[—7/2,7/2).
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2.3 The simple main lens

The main lens is assumed to have a fixed known redshift
za = 0.6. Its center defines the origin of the lens plane (and
its image position defines the origin of the image plane). The
projected mass distribution of the main lens at the lower
levels is assumed to follow a singular power-law ellipsoidal
profile (SPLE, Barkana 1998; Koopmans et al. 2003):

Ya(0; 08,74, qa, ¢a)

3—74 Teq(07Qd7¢d) 1 (4)
2 O ’

Here, 0 denotes the main lens Einstein radius, v} denotes
the power law slope parameter of the profile, g4 denotes the
main lens surface density’s axis ratio, and ¢4 denotes the
main lens position angle. The mean surface mass density in-
side the ellipse req(0;qd, ¢a) = 0 equals the critical surface
mass density

= Ecr(zda zs)

47G D(z4)D(za, 2s)
c? D(z) ’ (%)

where G denotes Newton’s gravitational constant, ¢ denotes
the speed of light, and D denotes the angular diameter dis-
tance.

The Einstein radius 0g is drawn from a uniform distri-
bution in the interval [0.7,1] arcsec for small systems and
in the interval [1, 2] arcsec for large systems. The power law
slope parameter 7/ is drawn from a normal distribution with
mean 2.1 and standard deviation 0.1, truncated to the in-
terval [1.5,2.8].

The light distribution of the main lens is not directly
included in the simulated images. Instead, its axis ratio q
and position angle ¢; are provided as auxiliary information
to infer the main lens mass density. The main lens light axis
ratio ¢ is drawn from a uniform distribution in the interval
[0.6,0.95]. The main lens light position angle ¢ is drawn
from a uniform distribution in the interval [—m/2,7/2).

The main lens surface mass density axis ratio qq is
drawn from a normal distribution with mean equal to the
light axis ratio ¢i and standard deviation 0.05, truncated
to the interval [0.5,1]. The surface mass position angle ¢aq
is drawn from a normal distribution with mean equal to
the light position angle ¢ and standard deviation 10 deg,
wrapped to the interval [—m/2,7/2).

In addition to the light deflection induced by the matter
distribution (4), the main lens model also includes an exter-
nal shear Yext = Yext,1 + iVext,2. The external shear is drawn
from a circularly symmetric bivariate normal distribution
with standard deviations 0., ; = 0y, = 0.06 restricted
t0 |vext| < 0.5 (Bolton et al. 2008). We do not include an
external convergence kext in the main lens model.

Ecr(zdy Zs) =

2.4 Line-of-sight structures

Line-of-sight structures are modelled as spherically symmet-
ric Navarro-Frenk-and-White halos (NFW, Navarro et al.
1996, 1997). Their three-dimensional matter density profile
p(r) as function of radius r reads:

p(r; 2, Magoc, c200c)

_ pcr(Z)5200(6200c)Ts(Z,M200c,C200c)3 (6)

7‘[7" + T'S(Z7M200c70200c):|2 7
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where z denotes the halo redshift, Mspo. denotes the halo
mass, and c200c the halo concentration parameter. The crit-
ical density for a flat ACDM universe

par(z) = o [(14 )" + ] @

The characteristic overdensity

200 3o0c
3 In(1 4 c200c) — c200¢/ (1 + c200c)

The scale radius

(8)

8200 (c200c) =

TS(Z, M2o0c, C2000) = T2OOC(Z7 M2OOC)/CZOOC (9)

with the halo radius defined as the radius whithin which the
mean density is 200 times the critical density. Thus

3 Mo |2
z)

_— 10
47 200 per ( (10)

7200¢ (2, M2ooc) = {

For the discussion of the lensing properties of NFW-like
profiles, we define the following functions:

N arcosh (l) r<l1
V1 — 22 x)’ ’
f@) =11, r=1, (11)
()
arccos ( — |, z=>1,
2 — T
M x < 1
1—a2’ ’
g(x) = {1/3, =1, (12)
1—f(m)’ x>1, and
x2 -1
h(z) = In (g) + f(a). (13)

For the spherical NFW profile (6), the surface mass den-
sity 3(R) as a function of physical projected radius R can
then be written as (e.g. Bartelmann 1996; Wright & Brain-
erd 2000; Golse & Kneib 2002):

E(Rv Z, M200C7 CQUOC) = 2pcr6200rsg(R/7‘s)- (14)

The physical deflection angle &(R) at physical transverse
separation R between halo center and light can be written
as:

4G

&(R) = = 2 h(R/rs)

AT pex Y 1
T Perd2007, R/Ts ( 5)

The convergence for sources at redshift zs and image

position 6 relative to the halo center can be written as:

2pcr02007s
w(0,2) = L2025 0(161/02), (16)

where 0s = rs/D(z). The scaled deflection angle then reads:

a(g . ) o 4pcr6200""s h’(|0|/95)
y@s) — Ecr(z,zs) (|0‘/03)2

For given halo mass Mapoc, the concentration czooc is
drawn from a log-normal distribution with logarithmic mean
(logyo(c200¢)) = l0g1g Cmed (M200c), where

(17)

—0.05

Maooc Maooe \°
med (Ms20oc) = 11. 1
¢mea(Maooe) = 115 [1010M@ * <1010M®) ] 9

consistent with Hellwing et al. (2016), and standard devia-
tion Glog,,(cagoe) = 0-13 broadly consistent with Neto et al.
(2007).

The simulations of the lower challenge levels do not con-
tain l.o.s. halos. For the higher challenge levels, we assume
that the halo abundance follows a Sheth & Tormen (1999)
mass function with parameters compatible with Sawala et al.
(2017) and Despali et al. (2018), except its amplitude is mod-
ified by a factor F' drawn from a uniform distribution in the
interval [5, 20]. Furthermore, we assume that the spatial po-
sitions of the line-of-sight halo centers are uncorrelated.

2.5 Substructure

Substructures of the main lens galaxy at redshift zq are
modelled as smoothly truncated spherical NF'W halos (Baltz
et al. 2009). Their three-dimensional matter density profile
reads:

p(r; Magoc, c200¢, Tt)
_ pcr(z)5200(0200c)7"s(2, Maooc, Czooc)3 7”? (19)

7“[7" + rs(z, M2ooc, Czooc)]2 r2 4y’

where Mopoc denotes the subhalo mass and capoc denotes
the subhalo concentration parameter of the corresponding
untruncated NF'W profile, and r; denotes the truncation ra-
dius.

Besides the functions f and g defined in Section 2.4, we
require:

I(z,t) = - {(tQ + Dgla) + 2f(2) —
(412 N
2 —1
m(z,t) = _t {(t2 +22% — 1) f(z) + 7t
@+

2 f—
+ (2= 1) In(t) + Va? + 2 (%k(m) - ﬂ>] (22)
The surface mass density X(R) reads then:

Y(R; za, Maooc, ¢200¢) = 2perd2007sl(R/Ts). (23)

The physical deflection angle &(R) at physical transverse
separation R between subhalo center and light can be writ-
ten as:

4G

a(R) = 2m(fi/rs)

AT perBa00T?
T Pcr02007T R/rs

For simplicity, we fix the truncation radius to twice the
subhalo radius, i.e. ry = 2r200c. As for the line-of-sight ha-
los, the concentration czooc for subhalos with mass Magoc is
drawn from a log-normal distribution with logarithmic mean
given by Eq. (18) and standard deviation oiog, ,(csg00) = 0-13
(Neto et al. 2007; Hellwing et al. 2016).

The simulations of the lower challenge levels contain
only a single subhalo. The subhalo position is drawn from a
uniform distribution within the region where 0.7 arcsec <
0 < larcsec for small systems and larcsec < 6 <

(24)
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2 arcsec for large systems. In addition, we enforce that im-
age signal-to-noise ratio near the subhalo position is at least
3 by discarding any systems not satisfying this criterion.
The subhalo mass is drawn from distributions uniform in
log,o(Ma200c/Mg) in the range [5.5,7] for low-S/N systems,
[7,8.5] for medium-S/N systems, and [8.5,10] for high-S/N
systems.

For systems at challenge level 2, we assume a spa-
tially uniform distribution of subhalos in projection across
the whole field of view with a surface number density n(>
M>s00c) of subhalos above a given mass Magoc following a
power law:

MQOOC ) —1.93 (25)

n(> M200c) =Fnog (W

The amplitude ng is chosen in accordance with Sawala et al.
(2017); Despali et al. (2018). The amplitude modification
factor F' is the same as for the line-of-sight halo abundance,
which is drawn from a uniform distribution in the interval
[5, 20].

2.6 Optical images

The optical images are quadratic with a side length of
10 arcsec covered by 1024 pixels per dimension. The im-
ages are centred on the main lens. For the lower challenge
levels, the effects of the point-spread function are mod-
elled as a convolution with a circularly symmetric bivariate
normal distribution with standard deviation per dimension
Opst,1 = Opsf,2 = 0.025 arcsec. The image noise is modelled as
uncorrelated normally distributed pixel noise with vanishing
mean and spatially constant standard deviation o, pix = 1
(note that on,pix is used as surface brightness reference for
the source and image surface brightness).

2.7 Radio images
..t.b.d....

2.8 Data

Information on how to obtain the data can be found here:
sjhilbert.github.io/sllsc. The optical images are pro-
vides as Flexible Image Transport System (FITS) files. Ad-
ditional information on known parameters and parameter
priors are provided in an accompanying plain text file.
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