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Gravitational Lensing 

Strong	
  lensing	
  regime!	
  

23/05/13	
   Messier	
  workshop,	
  IAP	
  



General Predictions: 
	
  
•  Galaxies lensed by galaxies: ~10 /deg2,  ~1-2 105 

over the 15k deg2. 
 
•  QSOs lensed by galaxies: ~103 

 
•  Clusters/groups with giant arcs: ~0.5/deg2,  ~8 103 

over 15k deg2  (based on SL2S) 
 
•  Clusters with many multiple images:  ~102  
                    (the most massive clusters MACS type) 
•  DEEP (40deg2, +2mag) :   numbers/60 

EUCLID	
  simula.on	
  by	
  MenegheG	
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SL Expectations from Euclid 

CFHTLS-­‐like	
  /	
  EuclidVIS	
  and	
  Euclid	
  YJH	
  idealized	
  sims	
  

Distribution of splitting angles (2x Einstein 
radius) Oguri 2006 



SLACS	
  (2010)	
  	
  

From	
  curiosity	
  to	
  a	
  mul.-­‐purpose	
  tool	
  for	
  unique	
  galaxy	
  structure	
  &	
  forma.on	
  studies	
  	
  

EUCLID	
  (2020)	
  EUCLID	
  (2020+)	
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•  Pipeline development for Lens finding algorithms with VIS (+EXT,+NISP)  
•  Find galaxy-scale lenses 
•  Find group/cluster-scale elongated arcs 
So far, only aspects covered at the OU-SHE strong lensing WP level 

•  Develop and improve lens modeling tools 
Emphasis on automation / speed / robustness, making the most of the 
huge statistics!! 
 

•  Coordinate Follow up  
Spectroscopy, other wavelengths 
 

•  Statistical approaches 
   Completeness/Purity for cosmology and galaxy/cluster evolution studies 

•  Conduct simulations / predicate at the OU-SIM level 
   Simplest instrumental signatures internally addressed  (BLF++) 
   Ensure OU-SIM able to degrade ray-traced mock image or any SB map 
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Euclid Strong Lensing SWG activities 
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Euclid Strong Lensing SWG activities 

Euclid	
  France	
  mee.ng,	
  Paris	
  05/12/13	
  

Work	
  Package	
  Defini:ons	
  -­‐-­‐	
  Dra<	
  -­‐	
  04062013	
  
	
  
-­‐  WP	
  1	
  -­‐-­‐	
  Theory:	
  produce	
  forecasts	
  and	
  interface	
  models	
  with	
  strong	
  lensing	
  observa.ons	
  [link	
  to	
  

THWG]	
  

-­‐  WP	
  2	
  -­‐-­‐	
  Strong	
  lensing	
  by	
  galaxies:	
  define	
  and	
  develop	
  the	
  science	
  cases	
  for	
  galaxy-­‐galaxy	
  and	
  
galaxy-­‐QSO	
  lensing	
  [link	
  to	
  GEWG]	
  

-­‐  WP	
  3	
  -­‐-­‐	
  Strong	
  lensing	
  by	
  galaxy	
  clusters:	
  define	
  and	
  develop	
  the	
  science	
  cases	
  for	
  lensing	
  by	
  
galaxy	
  clusters	
  [link	
  to	
  CGWG,	
  WLWG,	
  PEWG]	
  

-­‐  WP	
  4	
  -­‐-­‐	
  Cosmology:	
  define	
  methods	
  for	
  extrac.ng	
  cosmological	
  informa.on	
  from	
  strong	
  lensing	
  
data	
  and	
  combine	
  SL	
  with	
  other	
  probes	
  	
  

-­‐  WP	
  5	
  -­‐-­‐	
  Exo.c	
  lenses:	
  search	
  and	
  study	
  exo.c	
  lenses	
  	
  

-­‐  WP	
  6	
  -­‐-­‐	
  Image	
  simula.ons:	
  develop	
  image	
  simula.ons	
  for	
  suppor.ng	
  the	
  ac.vi.es	
  of	
  the	
  group	
  
and	
  of	
  the	
  ground	
  segment	
  [link	
  to	
  OU-­‐SIM,	
  WLWG]	
  

-­‐  WP	
  7	
  -­‐-­‐	
  Pipeline	
  development:	
  develop	
  the	
  pipeline	
  for	
  the	
  strong	
  lensing	
  analysis,	
  suppor.ng	
  the	
  
ac.vi.es	
  in	
  the	
  ground	
  segment	
  [with	
  OU-­‐SHE,	
  OU-­‐LE3]	
  

-­‐  WP	
  8	
  -­‐-­‐	
  Lens	
  finders:	
  search	
  and	
  classify	
  strong	
  gravita.onal	
  lenses	
  [within	
  OU-­‐SHE]	
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Internal	
  structure	
  of	
  Galaxies	
  



• 	
  Total-­‐mass	
  density	
  profiles	
  of	
  galaxies	
  in	
  the	
  inner	
  several	
  effec.ve	
  radii	
  	
  

• 	
  WL	
  of	
  strong-­‐lenses	
  on	
  larger	
  scales.	
  

• 	
  The	
  stellar	
  and	
  dark	
  mager	
  mass	
  frac.on	
  in	
  the	
  inner	
  regions	
  of	
  galaxies.	
  

• 	
  The	
  inner	
  dark	
  mager	
  density	
  distribu.on	
  

• 	
  Scaling	
  rela.ons:	
  e.g.	
  Fundamental	
  plane/TF	
  

• 	
  The	
  stellar	
  IMF	
  from	
  combined	
  lensing,	
  dynamics	
  &	
  stellar	
  pop.	
  analysis.	
  

Some	
  Science	
  Goals:	
  	
  

Tool	
  Kit:	
  

As	
  a	
  func3on	
  of	
  redshi8,	
  galaxy	
  mass,	
  type,	
  etc.	
  

• 	
  Lensing	
  and	
  dynamical	
  modeling	
  (spherical	
  symmetry	
  plus	
  Jeans	
  eqns)	
  

• 	
  Bayesian	
  self-­‐consistent	
  lensing	
  &	
  dynamics	
  modeling	
  of	
  systems	
  with	
  kinema.c	
  data	
  

• 	
  Bayesian	
  grid-­‐based	
  gravita.onal	
  lens	
  modeling	
  of	
  source/poten.al	
  

• 	
  Stellar	
  pop.	
  synthesis	
  modeling	
  

Galaxy Structure & Evolution 
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Koopmans++09	
  
SLACS	
  only	
   SLACS+SL2S	
  

BeHer	
  handle	
  on	
  3me	
  evolu3on	
  	
  

Ruff++11,	
  Gavazzi++12,	
  Sonnenfeld++13	
  (in	
  prep)	
  

~3.5σ	
  evidence	
  for	
  steepening	
  of	
  the	
  total	
  
density	
  profile	
  with	
  .me	
  with	
  33	
  SL2S	
  lenses	
  
+	
  SLACS+LSD.	
  	
  (See	
  also	
  Bolton++12)	
  
	
  

Isothermal behavior consistent with a 
mixture of stars and NFW dm halo 
 

Gavazzi++07	
  

Evolution of the internal structure of massive galaxies 13

Fig. 6.— Relative di�erence between the critical surface mass
density inferred via photogeometric redshift and the true one, as
a function of the lens redshift. Filled dots are measurements from
the seven lenses with X-Shooter data and no previous spectroscopic
observation also plotted in Figure 4. The gray band shows the
10% uncertainty, which is equal to the typical contribution to the
uncertainty on MEin coming from the measurement of the Einstein
radius.

Fig. 7.— E�ective radius, stellar mass and velocity dispersion of
lenses as a function of redshift. The solid line shows the best fit
linear relation y = az + b to the SL2S lenses only.

and Bolton et al. (2012) and suggests that the mass dis-
tribution within massive ETGs is a function of redshift.
However, before drawing this conclusion we need to make
sure that the trend we observe in �⇥ is not the result of a
selection e�ect, or that our method of measuring the den-
sity slope does not introduce biases. From the analysis
of Section 5 we see that the average stellar mass of our
sample of lenses increases with redshift. Then the ob-
served trend in �⇥ would reflect the trend in stellar mass
if �⇥ was a decreasing function of M�. To verify that this
is not the case we plot �⇥ versus stellar mass in Figure 10.
We point out that the measurements of these two quan-
tities are practically independent from each other: the
only observable that a�ects both measurements is the
e�ective radius, but both M� and �⇥ depend mildly on
Re� . No correlation is found between M� and �⇥.
Another possible concern is that the physical scale

probed by strong lensing, the Einstein radius, increases

Fig. 8.— Mass-normalized radius, defined following ? as the
e�ective radius divided by M�

11, where M11 is the stellar mass in
units of 1011M�, as a function of redshift. The dotted line is the
mean evolution with redshift of the mass-normalized radius found
by ?

Fig. 9.— labelfig:gammaprime Density slope as a function of
redshift for SL2S, SLACS and LSD galaxies. The red dashed line
shows the most probable linear fit to SL2S data alone, while the
solid black line is the same fit to the full sample including SLACS
and LSD lenses.

with increasing lens redshift from a pure geometrical ef-
fect. Therefore the value of �⇥ measured when fitting a
power-law density profile will be representative of the av-
erage slope within larger physical radii at higher redshift.
This would not be a problem if the true density profile
of ETGs was exactly a power-law. However, theoreti-
cal arguments suggest that this is unlikely. In fact, the
density slope is observed to flatten around the e�ective
radius (Sonnenfeld et al. 2012), as the dark matter halo
starts to become the dominant mass component. In order
to gauge the importance of this trend on the physical size
probed by the Einstein radius, we plot in Figure 11 the
slope �⇥ as a function of the Einstein radius scaled by the
e�ective radius. If we fit a linear relation between the two
quantities we find only a very mild evolution. However
the fit is heavily dependent on few datapoints at large
REin/Re� . A close look at the data at REin/Re� � 3,
where most of the lenses lie, shows a noticeable trend

Galaxy Structure & Evolution 
Total	
  Density	
  profile	
  



1st evidence from SLACS: 
stellar M/L ratios favor 
Salpeter-like IMFs  (Treu+
+10, Auger++10) 

Galaxy Structure & Evolution 
DM/stellar	
  mass	
  budget	
  

DM	
  Mass	
  Frac.ons	
  &	
  Stellar	
  IMF	
  
(SLACS	
  Treu++10,	
  Auger++11)	
  
	
  

Chabrier	
  

Salpeter	
  

SDSSJ0946+1006,	
  aka	
  “Jackpot”	
  
	
  Sonnenfeld++12,	
  Gavazzi++08	
  	
  

HST/W
FC3	
  	
  

Keck/LRIS	
  

Double source plane lenses 

Even	
  greater	
  handle	
  on	
  mass	
  profile!	
  	
  
S.ll	
  poin.ng	
  toward	
  high	
  M*/L	
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CDM	
  Substructure	
  
	
   	
   	
   	
   	
  	
  	
  (aka	
  Missing	
  satellites)	
  



(CDM)  
Substructure 

• 	
  The	
  level	
  of	
  virialised	
  (CDM)	
  mass	
  	
  
	
  	
  	
  substructure/satellites	
  
	
  
• 	
  Quan.fying	
  the	
  mass/mass-­‐to-­‐	
  
	
  	
  	
  light	
  of	
  luminous	
  satellites	
  

• 	
  Quan.fying	
  the	
  power-­‐spectrum	
  	
  
	
  	
  	
  of	
  mass	
  structure	
  in	
  galaxies	
  

Some	
  Science	
  Goals:	
  	
  

As	
  func3on	
  of	
  redshi8,	
  galaxy	
  mass,	
  type,	
  
etc.	
  

Courtesy:	
  VegeG	
  13/05/13	
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VegeG	
  &	
  Koopmans	
  (2009)	
  

Already	
  ~1000	
  EUCLID	
  lenses	
  of	
  HST-­‐like	
  quality	
  allow	
  one	
  to	
  place	
  limits	
  
on	
  the	
  level	
  of	
  mass	
  substructure	
  in	
  lens-­‐galaxies	
  beyond	
  ~109	
  solar	
  masses.	
  (DEEP	
  can	
  
provide!!)	
  
	
  
More	
  systems	
  allow	
  this	
  to	
  be	
  determined	
  as	
  a	
  func.on	
  of	
  redshiq,	
  mass	
  and	
  galaxy-­‐type.	
  

(CDM) Substructure 
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Fully	
  (Adap.ve)	
  Grid-­‐based	
  Bayesian	
  Lens	
  Modeling	
  	
  	
  (VegeG	
  &	
  Koopmans	
  2009)	
  
	
  Extended	
  images	
  provide	
  complementary	
  informa.on	
  

Koopmans	
  2005;	
  
Suyu	
  et	
  al.	
  2006;	
  	
  
VegeG	
  &	
  Koopmans	
  2009	
  

A	
  full	
  Bayesian	
  analysis,	
  using	
  a	
  	
  
Pseude-­‐Jaffe	
  mass	
  model	
  for	
  the	
  	
  
substructure	
  shows	
  its	
  impact	
  
on	
  the	
  smooth-­‐model	
  parameters	
  	
  

A	
  perturba.on	
  of	
  <0.01	
  on	
  the	
  main	
  
galaxy	
  indicates	
  the	
  extreme	
  level	
  of	
  
sensi.vity	
  to	
  perturba.ons	
  of	
  this	
  strong-­‐
lensing	
  methodology	
  

VegeG	
  et	
  al.	
  2012,	
  Nature	
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Galaxy	
  clusters	
  &	
  groups	
  



• 	
  Total-­‐mass	
  density	
  profiles	
  in	
  the	
  inner	
  ~100	
  kpc.	
  

• Combined	
  with	
  WL	
  on	
  larger	
  scale.	
  

• Mass	
  concentra.on	
  rela.on	
  

• Azimuthal	
  Shape	
  

• Cosmic	
  telescope	
  

• Cosmography	
  

Some	
  Science	
  Goals	
  	
  	
  	
  	
  (Cf	
  	
  	
  	
  Maurogordato’s	
  talk	
  CGSWG)	
  

Galaxy Clusters 
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Sketching	
  the	
  chain	
  of	
  
ac>ons	
  for	
  SL	
  



• 	
  Automated	
  selec.on	
  pipeline	
  based	
  on	
  mul.-­‐scale	
  postage	
  stamps	
  &	
  VIS-­‐IR	
  data.	
  
✓ 	
  Selec.on	
  of	
  gal-­‐gal	
  and	
  gal-­‐QSO	
  systems	
  
✓ 	
  Selec.on	
  of	
  lenses	
  over	
  a	
  wide	
  range	
  of	
  galaxy-­‐types:	
  early/late	
  
✓ 	
  Selec.on	
  over	
  a	
  wide	
  range	
  luminosi.es,	
  masses	
  and	
  redshiqs	
  

• 	
  Automated	
  selec.on	
  pipeline	
  based	
  on	
  Hα	
  near	
  ETG	
  at	
  lower	
  z	
  (a	
  la	
  SLACS)	
  in	
  
combina.on	
  with	
  images.	
  Performance	
  to	
  be	
  quan.fied…?	
  

• 	
  Poten.al	
  selec.on	
  biases/effects:	
  false	
  posi.ves	
  &	
  selec.on	
  efficiency.	
  

• 	
  Understanding	
  of	
  biases	
  via	
  simula.ons	
  of	
  realis.c	
  datasets	
  passing	
  through	
  
selec.on	
  	
  pipeline.	
  	
  Example:	
  density	
  slope	
  evolu.on	
  could	
  be	
  known	
  to	
  within	
  few	
  
percent:	
  are	
  cosmological	
  simula.ons	
  ready?	
  /	
  are	
  selec.on	
  effects	
  controlled	
  to	
  
this	
  level?	
  

Sample	
  of	
  lens	
  candidates	
  based	
  on	
  very	
  inclusive	
  criteria	
  (to	
  be	
  determined),	
  
in	
  order	
  to	
  maximize	
  selec.on	
  efficiency.	
  Crude	
  modeling	
  is	
  an	
  op.on!	
  
Minute	
  modeling	
  should	
  then	
  select	
  against	
  	
  false	
  posi.ves!	
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Lens Selection Pipeline 



arcfinder 

goal:	
  

(Fully)	
  automated	
  detec.on	
  of	
  	
  complete/par.al	
  ring	
  like	
  feature	
  around	
  foreground	
  
galaxies:	
  

l  4	
  flavors	
  for	
  ongoing	
  method	
  developments	
  

§  RingFinder	
  (Gavazzi)	
  :	
  	
  difference	
  imaging,	
  evolving	
  into	
  fast	
  model	
  fiGng	
  

§  PCA	
  image	
  subtrac.on	
  	
  (Courbin++)	
  

§  Galfit	
  foreground	
  subtrac.on	
  +	
  Sextractor	
  analysis	
  of	
  residuals	
  (Jackson)	
  

§  Community	
  classifica.on	
  (Marshall,	
  Spacewarps	
  in	
  the	
  vein	
  of	
  GalaxyZoo)	
  

Galaxy-scale lens finders 



Towards	
  «	
  robo.c	
  »	
  automated	
  fast	
  lens	
  detec.on	
  
	
  

Now	
  performs	
  simultaneous	
  fit	
  in	
  all	
  	
  ugriz	
  CFHTLS	
  bands	
  of	
  a	
  (red)	
  deflector	
  	
  and	
  
a	
  (blue)	
  ring.	
  	
  Ability	
  to	
  deal	
  with	
  Euclid-­‐VIS	
  or	
  Euclid-­‐VIS	
  +	
  EXT	
  to	
  be	
  tested!	
  

	
  
Op.miza.on	
  over	
  a	
  many-­‐parameter	
  space	
  (with	
  strong	
  priors	
  on	
  color	
  of	
  fg/bg).	
  
	
  	
  	
  	
  	
  	
  	
  Rein,	
  q,	
  PA,	
  	
  
	
  	
  	
  	
  	
  	
  	
  q_d,	
  PA_d,	
  Flux_d1,	
  Flux_d2…	
  ,	
  size_d1,	
  size_d2…	
  
	
  	
  	
  	
  	
  	
  	
  xs,	
  ys,	
  [round],	
  Fluxs1,	
  Fluxs2…	
  ,	
  size_s1,	
  size_s2…	
  
	
  
Environment	
  s.ll	
  difficult	
  to	
  deal	
  with.	
  
	
  
Op.miza.on	
  .me	
  <<	
  1	
  min.CPU	
  	
  	
  
	
  
-­‐	
  Substan.al	
  paralleliza.on	
  effort	
  underway.	
  
-­‐	
  Build	
  up	
  of	
  	
  a	
  more	
  powerful	
  covariance	
  matrix	
  for	
  
priors	
  underway!	
  

	
  R.	
  Gavazzi,	
  F.	
  Brault	
  



arcfinder 

goal:	
  

Fully	
  automated	
  detec.on	
  of	
  elongated	
  objects	
  and	
  morphological	
  analysis.	
  
Remove	
  spurious	
  detec.ons	
  based	
  on:	
  

(1)  	
  colour	
  informa.on	
  in	
  mul.-­‐band	
  images	
  

(2)  	
  a	
  priori	
  data	
  on	
  galaxy	
  and	
  cluster	
  posi.ons	
  

l  2	
  independent	
  algorithms	
  

§  G.	
  Seidel	
  et	
  al.	
  (Heidelberg)	
  

§  R.	
  Cabanac	
  (IRAP)	
  	
  	
  (More,	
  Cabanac,	
  Alard	
  et	
  al	
  2012)	
  

Arc Finder 



ArcFinder 
Automated	
  detec.on	
  of	
  giant	
  arcs	
  (Alard	
  2009)	
  
R.	
  Cabanac	
  por.ng	
  algorithm	
  to	
  Euclid	
  VIS	
  
	
  

<-­‐	
  Assessment	
  of	
  detec.on	
  efficiency	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (More	
  et	
  al	
  2012)	
  

To	
  be	
  tuned	
  to	
  work	
  on	
  Euclid	
  imaging	
  



G. Seidel’s  Arcfinder 
detection algorithm 
l  Distribute cells 
 

l  Cell transport 
 

l  Ellipticities 

(1) initial objects 

(2) apply primary filters 
 

l  Contour 

(1) contour generation 

(2) photometry 

(3) apply secondary filters 



basic detection algorithm 
l  distribute cells on 

square grid 

l  shift to local centre of 
brightness 

l  compute ellipticities 
 
 
 
from second moments 

Qij=
∫
A
(x i− x̄ i )( x j− x̄ j )d

2 x

∫
A
q (I (x ))d 2x

χ =
Q11− Q22+2iQ12

Q11+Q22
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basic detection algorithm 
l  distribute cells on 
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parameters, i.e. 
length, length to width 
ratio, curvature 

l  basic photometry, i.e. 
integrated flux, signal 
to noise ratio 
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ity rather decreases like the ⇧ 3.5th power of µ beyond
µ ⇧ 10.

Fig. 3.— Distribution of various parameters for simulated lenses
satisfying a magnification µ � 4 (solid) and µ � 2 (dashed). Top
left: Einstein radius. Top right: Magnification with the two
vertical lines marking the values µ = 4 and µ = 2 while the green
solid curve represents the predicted magnification distribution for
point sources lensed by a SIS mass profile for comparison. Bottom
right: Redshift distribution of the lenses (black) and sources (red).
Bottom left: Intrinsic (resp. magnified) g band magnitude of the
background sources shown in black (resp. red).

For systems having µ ⌅ 4, the median lens redshift
is zd ⌃ 0.49+0.26

�0.14, while the median source redshift is
1.28+1.2

�0.43 (bottom left panel of Fig. 3). The magnified
population of lensed arcs has a median value of g ⇧ 22.8
and corresponds to a median intrinsic magnitude of g ⇧
24.7.
In addition, the color index of the deflectors is (g �

i)d ⌃ 2.0 ± 0.4 and the color index of the background
sources lensed by µ ⌅ 4 is (g � i)s ⌃ 0.76+0.79

�0.39). This
justifies our early hypothesis that background sources are
much bluer than the deflectors we consider here.
The top row of Table 2 lists the spatial density of ac-

tual lenses that our simulations predict for the limiting
source magnitude i < 25 and limiting deflector magni-
tude i < 22. We expect 8.6 lenses per square degree
magnified by µ = 4 or more while this number gets to
44.3 lenses when considering a threshold µ ⌅ 2. These
number compare well with the earlier predictions of Mar-
shall et al. (2005) or statistics from high-resolution imag-
ing data (Faure et al. 2008; Jackson 2008; Marshall et al.
2009; Newton et al. 2009; Pawase et al. 2012).

4.4.2. After applying the automated part of RingFinder.

The application of the RingFinder pipeline with the
settings presented in § 3 will obviously change the above
statistics. Not all the lenses will be detected (loss of
completeness) and some non-lenses (in the sense µ ⌅ 4)
will enter the sample (loss of purity). Before the visual
inspection step detailed in § 3.3, RingFinder yields the
numbers shown in the q flag ⌅ 0 columns of Table 2.
We can see that, per square degree, RingFinder will
automatically detect 12.5 lens candidates. Among them
only 3.6 (resp. 7.9) will be actual lenses magnified by

TABLE 2
Predicted global statistics of simulated lenses.

µ > 4 µ > 2
# of existing lenses 8.6 44.3
q flag � 0 � 2 � 3 � 0 � 2 � 3
# of selected candidates 12.5 6.4 2.5 12.5 6.4 2.5
# of selected lenses 3.6 3.4 2.1 7.9 5.8 2.5
completeness (%) 42 39 25 18 13 6
purity (%) 29 53 86 63 91 100

Notes: Lensing events per square degree involving a source brighter
than i = 25 and a foreground lensing ETG brighter than i = 22.
The first row indicates the number of lenses predicted to exist per
in the sky, while the second row shows the number of systems
the RingFinder recovers and the third row presents the number
of actual lenses among these. For each magnification threshold
chosen as a criterion for lensing, the q flag � 0 columns refers
to the statistics directly after the automated procedure while the
q flag � 2 and q flag � 3 refer to the quality level assigned during
visual classification.

µ ⌅ 4 (resp. µ ⌅ 2). We thus conclude that the direct
application of the automated procedure will achieve a
completeness of 42% (resp. 18%) for µ ⌅ 4 (resp. µ ⌅ 2).
Therefore, we see that the method performs better for
the most interesting lens systems. Conversely, a purity
of 29% is quite low for the µ ⌅ 4 case and it increases to
63% for µ ⌅ 2.
These global statistics are better understood in Fig. 4

where we overlay the distribution of some important
observable or hidden parameters for the population of
lenses (solid black), the population of recovered candi-
dates (dashed red) and the population of recovered true
lenses (solid red). The ratio of the solid red curve over
the solid black curve should thus illustrate the complete-
ness while the ratio of the solid red curve over the dashed
red curves would give the purity. In particular, we see
that

• the systems with a far lensed image distance to the
center �1 in the range 1�2.⇥⇥5 are well recovered and,
there, the purity is maximum. Beyond �1 ⇧ 3⇥⇥,
the RingFinder radial exploration range should
be changed in order to get these very few lenses.
However we can extrapolate that many false pos-
itives would also enter the detection sample and
would therefore highly swamp the very few large
separation lenses. On small scales both purity and
completeness are di⇤cult to achieve for �1 � 1⇥⇥.

• for a magnification µ > 4 the completeness does not
change much with µ. Obviously, by construction,
all the recovered non-lenses are systems experienc-
ing µ < 4.

• again, the source redshift has a very limited im-
pact on the recovery rate. We however notice that
the low redshift zs � 1 sources have a substantial
contribution to the spurious detections.

• RingFinder systematically misses the small red
tail of population of sources and that the purity
and completeness are otherwise quite constant in
the range 0 � (g � i)s � 1.2.

• the completeness and purity are maximized for the
bright arcs having g < 23 and, at fainter mag-
nitudes, many spurious system enter the sample
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ity rather decreases like the ⇧ 3.5th power of µ beyond
µ ⇧ 10.

Fig. 3.— Distribution of various parameters for simulated lenses
satisfying a magnification µ � 4 (solid) and µ � 2 (dashed). Top
left: Einstein radius. Top right: Magnification with the two
vertical lines marking the values µ = 4 and µ = 2 while the green
solid curve represents the predicted magnification distribution for
point sources lensed by a SIS mass profile for comparison. Bottom
right: Redshift distribution of the lenses (black) and sources (red).
Bottom left: Intrinsic (resp. magnified) g band magnitude of the
background sources shown in black (resp. red).
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�0.14, while the median source redshift is
1.28+1.2

�0.43 (bottom left panel of Fig. 3). The magnified
population of lensed arcs has a median value of g ⇧ 22.8
and corresponds to a median intrinsic magnitude of g ⇧
24.7.
In addition, the color index of the deflectors is (g �

i)d ⌃ 2.0 ± 0.4 and the color index of the background
sources lensed by µ ⌅ 4 is (g � i)s ⌃ 0.76+0.79

�0.39). This
justifies our early hypothesis that background sources are
much bluer than the deflectors we consider here.
The top row of Table 2 lists the spatial density of ac-

tual lenses that our simulations predict for the limiting
source magnitude i < 25 and limiting deflector magni-
tude i < 22. We expect 8.6 lenses per square degree
magnified by µ = 4 or more while this number gets to
44.3 lenses when considering a threshold µ ⌅ 2. These
number compare well with the earlier predictions of Mar-
shall et al. (2005) or statistics from high-resolution imag-
ing data (Faure et al. 2008; Jackson 2008; Marshall et al.
2009; Newton et al. 2009; Pawase et al. 2012).

4.4.2. After applying the automated part of RingFinder.

The application of the RingFinder pipeline with the
settings presented in § 3 will obviously change the above
statistics. Not all the lenses will be detected (loss of
completeness) and some non-lenses (in the sense µ ⌅ 4)
will enter the sample (loss of purity). Before the visual
inspection step detailed in § 3.3, RingFinder yields the
numbers shown in the q flag ⌅ 0 columns of Table 2.
We can see that, per square degree, RingFinder will
automatically detect 12.5 lens candidates. Among them
only 3.6 (resp. 7.9) will be actual lenses magnified by

TABLE 2
Predicted global statistics of simulated lenses.
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q flag � 0 � 2 � 3 � 0 � 2 � 3
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Notes: Lensing events per square degree involving a source brighter
than i = 25 and a foreground lensing ETG brighter than i = 22.
The first row indicates the number of lenses predicted to exist per
in the sky, while the second row shows the number of systems
the RingFinder recovers and the third row presents the number
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to the statistics directly after the automated procedure while the
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µ ⌅ 4 (resp. µ ⌅ 2). We thus conclude that the direct
application of the automated procedure will achieve a
completeness of 42% (resp. 18%) for µ ⌅ 4 (resp. µ ⌅ 2).
Therefore, we see that the method performs better for
the most interesting lens systems. Conversely, a purity
of 29% is quite low for the µ ⌅ 4 case and it increases to
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red curves would give the purity. In particular, we see
that
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center �1 in the range 1�2.⇥⇥5 are well recovered and,
there, the purity is maximum. Beyond �1 ⇧ 3⇥⇥,
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be changed in order to get these very few lenses.
However we can extrapolate that many false pos-
itives would also enter the detection sample and
would therefore highly swamp the very few large
separation lenses. On small scales both purity and
completeness are di⇤cult to achieve for �1 � 1⇥⇥.

• for a magnification µ > 4 the completeness does not
change much with µ. Obviously, by construction,
all the recovered non-lenses are systems experienc-
ing µ < 4.

• again, the source redshift has a very limited im-
pact on the recovery rate. We however notice that
the low redshift zs � 1 sources have a substantial
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• RingFinder systematically misses the small red
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hidden underneath high surface brightness foreground
galaxies. We assume sky background surface bright-
nesses that are typical of CFHTLS observing conditions,
i.e. 19.2 and 21.9 in the i and g bands respectively. Ex-
posure times are 5, 500 and 3, 500 seconds respectively.

4.4. Statistics

We simulated 96, 000 lines of sight exhibiting a deflec-
tor at the center of coordinates and a source within a cir-
cle of radius Rmax = 3⇥⇥ similar to our RingFinder im-
plementation. Our statistics are boosted to avoid sim-
ulating many foreground galaxies with no background
source. Therefore numbers should be corrected by a fac-
tor ⇤ ⌅ ⇥R2

max/nng ⌥ 2 ⇥ 10�4. Of course not all the
sources within this radius would give rise to substantial
and hence usable strong lensing but some of these un-
lensed sources could lead to a positive RingFinder de-
tection signal and therefore should be included in the
simulation process. We avoid considering too large a
value for Rmax because otherwise one could no longer
neglect the probability (as drawn from unclustered Pois-
son statistics) of 2 or more sources being present within
Rmax.
In addition, since we are dealing with extended sources,

it is not easy to build a criterion that would tell whether
a lensing configuration is giving rise to strong lensing
or not11. Therefore we chose to consider a certain level
of total magnification as a criterion. A fiducial value is
µ = 2 which is the total magnification reached when a
point-like source is on the edge of the multiple imaging
region of a SIS deflector. Such a value is a bit small be-
cause many occurrences of low magnifications would not
exhibit bright counter-images and would be of limited
interest for lens modeling. A more conservative value is
µ = 4, and it implies well identified multiple images. Un-
less otherwise stated, this is the value we shall consider
in the following.

4.4.1. Before applying RingFinder.

The first consequences of these simulations are shown
in Fig. 3. The distribution of Einstein radii is shown in
the top left panel. The median Einstein radius of the
simulations is 1.⇥⇥17+0.87

�0.49. We stress that the statistics
should not be taken at face value for very large Einstein
radii REin & 4⇥⇥ as the assumption of SIE mass distribu-
tion should not apply to the few most massive galaxies
at the center of groups or clusters of galaxies (e.g. ??).
We also note the rapid fall-o� of the statistics at small
REin . 0.⇥⇥3 values. This is a clear consequence of the typ-
ical size of sources with an half-light radius median value
0.⇥⇥29. This is also seen in the top right panel where the
di�erential probability density of magnification does not
scale as µ�3 at the high magnification end like for point-
like sources but the probability rather decreases like the
⌃ 3.5th power of µ beyond µ ⌃ 10.
For systems having µ ⇧ 4, the median lens redshift

is zd ⌥ 0.49+0.26
�0.14, while the median source redshift is

1.28+1.2
�0.43 (bottom left panel of Fig. 3). The magnified

population of lensed arcs has a median value of g ⌃ 22.8

11 One could always imagine a very faint tail of surface brightness
entering the caustics of a lens even if most of the source’ light is
very far away

Fig. 3.— Distribution of various parameters for simulated lenses
satisfying a magnification µ � 4 (solid) and µ � 2 (dashed). Top
left: Einstein radius. Top right: Magnification with the two
vertical lines marking the values µ = 4 and µ = 2 while the green
solid curve represents the predicted magnification distribution for
point sources lensed by a SIS mass profile for comparison. Bottom
right: Redshift distribution of the lenses (black) and sources (red).
Bottom left: Intrinsic (resp. magnified) g band magnitude of the
background sources shown in black (resp. red).

and corresponds to a median intrinsic magnitude of g ⌃
24.7.
In addition, the color index of the deflectors is (g �

i)d ⌥ 2.0 ± 0.4 and the color index of the background
sources lensed by µ ⇧ 4 is (g � i)s ⌥ 0.76+0.79

�0.39). This
justifies our early hypothesis that background sources are
much bluer than the deflectors we consider here.
The top row of Table 1 lists the spatial density of actual

lenses that our simulations predict for the limiting source
magnitude i < 25 and limiting deflector magnitude i <
22. We expect 8.6 lenses per square degree magnified by
µ = 4 or more while this number gets to 44.3 lenses when
considering a threshold µ ⇧ 2. These number compare
well with the earlier predictions of (XXXX ?).

TABLE 1
Predicted global statistics of simulated lenses.

µ > 4 µ > 2
# of existing lenses 8.6 44.3
q flag � 0 � 2 � 3 � 0 � 2 � 3
# of selected candidates 12.5 6.4 2.5 12.5 6.4 2.5
# of selected lenses 3.6 3.4 2.1 7.9 5.8 2.5
completeness (%) 42 39 25 18 13 6
purity (%) 29 53 86 63 91 100

Notes: Lensing events per square degree involving a source brighter
than i = 25 and a foreground lensing ETG brighter than i = 22.
The first row indicates the number of lenses predicted to exist per
in the sky, while the second row shows the number of systems
the RingFinder recovers and the third row presents the number
of actual lenses among these. For each magnification threshold
chosen as a criterion for lensing, the q flag � 0 columns refers
to the statistics directly after the automated procedure while the
q flag � 2 and q flag � 3 refer to the quality level assigned during
visual classification.

4.4.2. After applying the automated part of
RingFinder.
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Fig. 4.— Statistics of recovery of simulated strong lenses for various sets of relevant parameters/observables within one square degree
of the sky. The lenses are defined with the µ ⇥ 4 criterion. From top left to bottom right, panels show the statistical dependency on
the position of the furthest (and brightest) of the multiple images ⇥1, the Einstein Radius REin, the magnification µ, the source position
�, the arc (magnified) g band magnitude, the source half-light radius, the source (g � i) color index, the source redshift, the lens i band
magnitude, the lens half-light radius, and finally the lens redshift. In each panel, we show the distribution of all the lenses (solid black),
the distribution of the candidates the algorithm automatically finds (dashed red), and among them, the distribution of the ones that are
actual lenses. The additional loss of candidates produced by the sebsequent level of selection (human inspection keeping only q flag ⇥ 3
systems), is shown in green (solid for the actual lenses, and dashed for all the candidates).

The application of the RingFinder pipeline with the
settings presented in § 3 will obviously change the above
statistics. Not all the lenses will be detected (loss of
completeness) and some non-lenses will enter the sample
(loss of purity). Before the visual inspection step detailed
in § 3.3, RingFinder yields the numbers shown in the
q flag ⇤ 0 columns of Table 1. We can see that, per
square degree, RingFinder will automatically detect
12.5 lens candidates. Among them only 3.6 (resp. 7.9)
will be actual lenses magnified by µ ⇤ 4 (resp. µ ⇤ 2).
We thus conclude that the direct application of the au-
tomated procedure will achieve a completeness of 42%
(resp. 18%) for µ ⇤ 4 (resp. µ ⇤ 2). Therefore, we see
that the method performs better for the most interesting
lens systems. Conversely, a purity of 29% is quite low for
the µ ⇤ 4 case and it increases to 63% for µ ⇤ 2.
These global statistics are better understood in Fig. 4

where we overlaid the distribution of some important
observable or hidden paramaters for the population of
lenses (solid black), the population of recovered candi-
dates (dashed red) and the population of recovered true
lenses (solid red). In particular, we see that

• the systems with a far lensed image distance to the
center �1 in the range 1�2.��5 are well recovered and,
there, the purity is maximum. Beyond �1 ⌅ 3��,
the RingFinder radial exploration range should
be changed to get these very few lenses. However
we can extrapolate that many false positives would
also inter the detection sample and would therefore
highly swamp the very few large separation lenses.
On small scales both purity and completeness are
di⇥cult to achieve for �1 � 1��.

• for a magnification µ > 4 the completeness does
not change much. Obviously, by construction, all
the recovered non-lenses are systems experiencing
µ < 4.

• that, again, the source redshift has a very limited
impact on the recovery rate. We however notice
that the low redshift zs � 1 sources have a sub-
stantial contribution to the spurious detections.

• RingFinder systematically misses the small red
tail of population of sources and that the purity
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BLF project

A project part of the 
activities of the 
Euclid SLWG

- a database of simulated 
observations of gravitational lenses
- testing arc finders
- testing mass modelling tools
- extract cosmological info

lunedì 7 ottobre 13
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MOKA: produces realistic lenses 
 
SkyLens: produces simulated observation 
using MOKA deflection angle maps, and info 
about host and galaxy populations 
 
GLAMER: produces simulation of lenses and 
galaxy-galaxy lens simulated observations, 
and interloper effects 
 
PSFing and noising: introduces “noise” to the 
simulated observations 

Bologna Factory Tools 

lunedì 7 ottobre 13
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Example: A383

lunedì 7 ottobre 13



Euclid	
  consor.um	
  mee.ng,	
  Leiden	
  

Metcalf et al. Metcalf et al. Metcalf et al.
Metcalf et al.Same	
  compound	
  lens,	
  different	
  sources	
  

Many	
  different	
  lens+source	
  configura.ons	
  

BL
F,
	
  M

et
ca
lf	
  



•  Grism	
  spectroscopy	
  poten.ally	
  useful	
  
•  If	
  3000	
  z/deg2,	
  	
  about	
  1%	
  of	
  VIS	
  lenses	
  (ie	
  

~2000)	
  will	
  get	
  redshiq	
  from	
  Euclid	
  alone	
  
•  Powerful	
  for	
  detec.on	
  (a	
  la	
  SLACS)	
  ???	
  

TBD	
  
•  Simula.ons	
  (Jullo,	
  Zoubian,	
  Atek)	
  

underway.	
  

44	
  

Output images and extraction

• Analysis of 2D images: spatial structure in emission lines 
• Redshift information for lens/galaxy
• Can the 1D+2D grism images help identify lenses ?

Brammer et al. 2013

Frye et al. 2012

NISP data 

• Individual cutouts of all galaxies in the images
• SExtractor catalogs for all the sources
• noise free cutouts of individual galaxies (preferentially only one galaxy 
per cutout) --> reproduce the 2D shape in the grism.
• SED of sources with emission lines 

Input images and infos needed

Redshiq	
  #2597	
  :	
  0.3127,	
  mag_i	
  =	
  21.9	
  
Redshiq	
  source	
  :	
  4.146,	
  mag_i=24.0	
  

Crude	
  dispersion	
  of	
  BLF	
  simula.ons	
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Conclusions 

	
  	
  	
  Number	
  of	
  strong	
  lenses	
  with	
  rise	
  by	
  orders	
  of	
  magnitudes	
  allowing	
  
	
  

	
  -­‐	
  detailed	
  evolu3on	
  studies	
  of	
  massive	
  galaxies	
  (out	
  to	
  z~1)	
  of	
  various	
  types	
  
	
  

	
  -­‐	
  to	
  find	
  thousands	
  of	
  lensing	
  clusters	
  with	
  exquisite	
  mass	
  proper3es	
  	
  
	
   	
   	
   	
   	
  great	
  natural	
  telescope	
  for	
  the	
  high-­‐z	
  quest!	
  

	
  
	
  -­‐	
  S3ll	
  a	
  lot	
  to	
  be	
  done…	
  	
  	
  We	
  need	
  you!	
  

	
  


