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lensed	
  galaxies	
  

Hubble	
  has	
  observed	
  
galaxy	
  evolu3on	
  
over	
  13	
  billion	
  years	
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Ellip3cal	
   Spiral	
  
Irregular,	
  
Starburst	
   Clump	
  clusters,	
  chains	
  

in	
  CANDELS	
  
z	
  =	
  2.05	
  	
  
Wuyts12	
  
3	
  Gyr	
  

Antennae	
  
Whitmore	
  

Abell	
  S0740	
  
Blakeslee	
  

A1689-­‐zD1	
  
z	
  ~	
  7.8	
  

Bradley08	
  
650	
  Myr	
  

in	
  CLASH	
  
MACS0647-­‐JD	
  

z	
  ~	
  10.8	
  
Coe13	
  
420	
  Myr	
  

Single	
  
clump?	
  

all	
  images	
  from	
  Hubble	
  

M74	
  
Chandar	
  

Hubble	
  Sequence	
  

$me	
  

r	
  <~	
  100	
  pc	
  

Frank	
  Summers	
  

2	
  



Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   3	
  

10x	
  

20x	
   10x	
  

3x	
  

z	
  =	
  1.7	
  knots	
  with	
  r	
  ~	
  200	
  pc	
  
Wuyts	
  et	
  al.	
  (2014)	
  

Gravita3onal	
  	
  
lensing	
  
magnifies	
  	
  
the	
  	
  
distant	
  	
  
universe	
  

100	
  pc	
  resolu$on	
  
(like	
  10-­‐m	
  space	
  telescope)	
  

RCS2	
  032727-­‐132623	
  
HST	
  WFC3:	
  UVIYJH	
  
Sharon	
  et	
  al.	
  (2012)	
  



Fron3er	
  ques3ons	
  about	
  galaxy	
  evolu3on	
  

•  When	
  did	
  the	
  first	
  galaxies	
  form?	
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Bromm	
  &	
  Yoshida	
  	
  
2011	
  ARA&A	
  

z	
  ~	
  10	
  (465	
  Myr)	
  
	
  	
  	
  –	
  30	
  (100	
  Myr)	
  

Hubble:	
  
z	
  <	
  13	
  (325	
  Myr)	
  

Clark	
  et	
  al.	
  
(2011)	
  

Greif	
  et	
  al.	
  
(2010)	
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Fron3er	
  ques3ons	
  about	
  galaxy	
  evolu3on	
  

•  When	
  did	
  the	
  first	
  galaxies	
  form?	
  
•  What	
  were	
  their	
  proper3es?	
  
•  How	
  many	
  were	
  there?	
  
•  Did	
  they	
  reionize	
  the	
  universe?	
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We	
  are	
  observing	
  
galaxies	
  during	
  	
  
the	
  epoch	
  of	
  
reioniza3on	
  

Robertson10	
  

3me	
  

+

-­‐	
  

+

-­‐	
  

+

-­‐	
  

Reioniza3on	
  CMB	
  polariza3on	
  (E-­‐modes)	
   Gunn-­‐Peterson	
  

today	
  big	
  bang	
  

z	
  ~	
  6	
  z	
  ~	
  15	
  



Large	
  extrapola3ons	
  required	
  to	
  es3mate	
  
faint	
  galaxy	
  contribu3on	
  to	
  reioniza3on	
  

z	
  ~	
  8	
  luminosity	
  
func3on	
  

lensing	
  
(conserva$ve:	
  
6x	
  magnif.)	
  

JWST+	
  
lensing	
  

	
  

UDF	
  

BoRG	
  
CANDELS	
  

MUV	
  -­‐10	
  
Ga

la
xy
	
  N
um

be
r	
  D

en
sit
y	
  

(smallest	
  
	
  galaxies?)	
  

other	
  uncertain3es:	
  
•  escape	
  frac3on	
  
•  clumping	
  factor	
  

field	
  data	
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Deep	
  (60	
  orbit)	
  HST	
  UVIS	
  observa3ons	
  
reveal	
  many	
  faint	
  lensed	
  z	
  ~	
  2	
  galaxies	
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PI	
  Siana	
  



Lensing	
  extends	
  z	
  ~	
  2	
  luminosity	
  func3on	
  
constraints	
  to	
  very	
  faint	
  magnitudes	
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figure	
  courtesy	
  Brian	
  Siana	
  

Alavi	
  et	
  al.	
  (in	
  prep.)	
  A1689	
  

field	
  

A1689	
  
field	
  



Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   10	
  

Field	
  luminosity	
  func3ons	
  are	
  
constrained	
  out	
  to	
  z	
  ~	
  8	
  

Bouwens14	
  
(see	
  also	
  Oesch14,	
  Finkelstein14)	
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adapted	
  from	
  Bouwens12	
  
see	
  also	
  Oesch12,13	
  

TODAY	
  (13.7)	
   BIG	
  BANG	
  $me	
  

UDF	
  

Only	
  one	
  z~10	
  
candidate	
  
found	
  where	
  
nine	
  were	
  
expected	
  
(Bouwens11,	
  
	
  Oesch13)	
  

Drama3c	
  build	
  up	
  at	
  z	
  >	
  9	
  (first	
  500	
  Myr)?	
  

11	
  

Implica3ons	
  
for	
  
reioniza3on	
  /	
  
first	
  galaxies?	
  



CLASH	
  	
  revealed	
  two	
  robust	
  
candidates	
  in	
  the	
  first	
  500	
  Myr	
  

Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
  

MACS0647-­‐JD	
  
z	
  ~	
  10.8	
  (420	
  Myr)	
  
Dan	
  Coe	
  et	
  al.	
  (2013)	
  

ApJ	
  762,	
  32	
  

MACS1149-­‐JD	
  
z	
  ~	
  9.6	
  (490	
  Myr)	
  
Wei	
  Zheng	
  et	
  al.	
  (2012)	
  

Nature	
  489,	
  406	
  

in	
  2	
  /	
  5	
  “high-­‐magnifica3on”	
  CLASH	
  clusters	
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F140W	
  image	
  
G141	
  grism	
  

HST	
  WFC3/IR	
  grism	
  z~11	
  confirma3on	
  expected	
  
12	
  orbits	
  G141	
  +	
  F140W	
  (PI	
  Coe;	
  2/3	
  complete)	
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Goal:	
  Detect	
  Lyman	
  con3nuum	
  break.	
  
No	
  prominent	
  Lyman-­‐α	
  emission	
  expected.	
  

MACS0647-­‐JD	
  

SIMULATED 
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first	
  half	
  of	
  data	
  	
  
obtained	
  and	
  shown	
  
3.6μm	
  
4.5μm	
  

z	
  ~	
  11	
  

New	
  deeper	
  imaging	
  	
  
avoids	
  stars,	
  	
  
mi3gates	
  ar3facts	
  	
  

Deep	
  Spitzer	
  imaging	
  (100	
  hours,	
  PI	
  Coe)	
  	
  
to	
  constrain	
  z	
  ~	
  11	
  galaxy	
  proper3es	
  

(age,	
  stellar	
  mass,	
  UV	
  slope)	
  

MACS0647-­‐JD	
  

14	
  

Spitzer	
  
(50	
  hours)	
  

[OII]	
  HST	
  
WFC3/IR	
  

Preliminary	
  Spitzer	
  	
  
photometry	
  
by	
  Renske	
  Smit	
  



Only	
  a	
  handful	
  of	
  z	
  >	
  9	
  candidates	
  
have	
  been	
  discovered	
  to	
  date	
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Lensed	
  

(Zheng12,	
  Coe13)	
  

magnifica3ons	
  
lensed	
  	
  
images	
  

Le
ns
in
g	
  

sources	
  



Only	
  a	
  handful	
  of	
  z	
  >	
  9	
  candidates	
  
have	
  been	
  discovered	
  to	
  date	
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magnifica3ons	
  

Robust	
  
Less	
  secure	
  
(Zheng12,	
  Coe13,	
  
Bouwens13)	
  

Lensed	
  



Only	
  a	
  handful	
  of	
  z	
  >	
  9	
  candidates	
  
have	
  been	
  discovered	
  to	
  date	
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magnifica3ons	
  

Field	
  

Robust	
  
Less	
  secure	
  
(Zheng12,	
  Coe13,	
  
Bouwens13)	
  

(Ellis13,	
  Oesch13,	
  
Oesch14)	
  

Robust	
  
Less	
  secure	
  

Lensed	
  



Only	
  a	
  handful	
  of	
  z	
  >	
  9	
  candidates	
  
have	
  been	
  discovered	
  to	
  date	
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magnifica3ons	
  

Field	
  

Robust	
  
Less	
  secure	
  
(Zheng12,	
  Coe13,	
  
Bouwens13,	
  Zitrin14)	
  

(Ellis13,	
  Oesch13,	
  
Oesch14)	
  

Robust	
  
Less	
  secure	
  

~200	
  z	
  ~	
  8	
  
candidates	
  
(e.g.,	
  	
  
Bouwens14,	
  	
  
Finkelstein14)	
  

~14	
  z	
  >	
  9	
  	
  
candidates	
  

Lensed	
  



Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   19	
  

Cluster	
  lensing	
  enables	
  more	
  efficient	
  discovery	
  	
  
of	
  the	
  most	
  distant	
  galaxies	
  

lensed
	
  

z ~ 10 
100	
  

10	
  

1	
  
Galaxies	
  per	
  
WFC3/IR	
  field	
  
per	
  magnitude	
  

0.1	
  

0.01	
  

0.001	
  

2	
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Cluster	
  lensing	
  wins	
  at	
  	
  
brighter	
  magnitudes	
  /	
  higher	
  redshiss	
  

Bouwens12a	
  luminosity	
  func3on	
  
evolving	
  all	
  3	
  parameters	
  



Lensed	
  high-­‐redshis	
  
galaxies	
  discovered	
  
efficiently	
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Bradley	
  et	
  al.	
  (2013):	
  18	
  /	
  25	
  CLASH	
  clusters	
  

N	
  =	
  45	
  

N	
  =	
  206	
  

N	
  =	
  13	
  

incompleteness	
  



How	
  can	
  we	
  improve	
  on	
  the	
  Hubble	
  deep	
  fields	
  
before	
  the	
  launch	
  of	
  JWST?	
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reioniza3on	
  

Dark	
  Ages	
  

? 

-­‐Mat	
  Mountain	
  
-­‐STScI	
  director	
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Sugges3ons	
  for	
  a	
  new	
  Hubble	
  Deep	
  Fields	
  Ini3a3ve	
  	
  
were	
  solicited	
  from	
  and	
  deliberated	
  over	
  	
  

by	
  members	
  of	
  the	
  community	
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HDFI	
  science	
  working	
  group	
  
James	
  Bullock	
  (UC	
  Irvine)	
  –	
  chair	
  
Mark	
  Dickinson	
  (NOAO)	
  
Steven	
  Finkelstein	
  (UT	
  Aus3n)	
  
Adriano	
  Fontana	
  (INAF,	
  Rome)	
  
Ann	
  Hornschemeier	
  Cardiff	
  (Goddard)	
  
Jennifer	
  Lotz	
  (STScI)	
  
Priya	
  Natarajan	
  (Yale)	
  
Alexandra	
  Pope	
  (U	
  Mass)	
  
Brant	
  Robertson	
  (Arizona)	
  
Brian	
  Siana	
  (UC	
  Riverside)	
  
Jason	
  Tumlinson	
  (STScI)	
  
Michael	
  Wood-­‐Vasey	
  (U	
  Pit)	
  

Coe	
  &	
  Zheng	
  led	
  white	
  paper	
  
recommending	
  deep	
  	
  
WFC3/IR	
  imaging	
  of	
  	
  
strong	
  lensing	
  galaxy	
  clusters	
  

White	
  paper	
  recommenda3ons	
  included	
  	
  
deep	
  imaging	
  /	
  spectroscopy	
  	
  
of	
  “blank”	
  /	
  lensed	
  fields	
  



PI	
  Jennifer	
  Lotz	
  
	
  

Abell	
  2744	
   parallel	
  field	
  

hbp://www.stsci.edu/hst/	
  
campaigns/fron$er-­‐fields/	
  

Up	
  to	
  840	
  Hubble	
  orbits	
  	
  
+	
  1000	
  Spitzer	
  hours	
  
directors’	
  discre$onary	
  $me	
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Abell	
  2744	
   parallel	
  field	
  



6	
  clusters	
  +	
  6	
  “blank”	
  parallel	
  fields	
  
being	
  observed	
  over	
  3	
  years	
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figure	
  courtesy	
  
Jennifer	
  Lotz	
  



The	
  need	
  for	
  6	
  sightlines:	
  
Cosmic	
  Variance	
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Bouwens	
  et	
  al.	
  2014	
  

z	
  ~	
  6	
  cosmic	
  web	
  –	
  
Millennium	
  simula3on	
  

factor	
  
of	
  3	
  
(+/-­‐	
  50%)	
  

CAN
DELS	
  

see	
  also	
  Robertson14	
  
for	
  lensing	
  effect	
  on	
  cosmic	
  variance	
  



Recent	
  large	
  Hubble	
  programs	
  
observing	
  galaxy	
  evolu3on	
  

with	
  complementary	
  strategies	
  

“Blank”	
  Fields	
   Gravita$onal	
  
Lensing	
  

“shallow”	
  surveys	
  
(AB	
  magnitude	
  26-­‐27)	
  

CANDELS,	
  
BoRG,	
  HIPPIES	
  

CLASH	
  

deep	
  fields	
  
(AB	
  magnitude	
  29-­‐30)	
  

Ultra	
  Deep	
  Field,	
  

Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   27	
  



UDF 
5σ 
29.45 

HFF 
5σ 

nominal 
28.7 

Coe,	
  Bradley,	
  	
  
&	
  Zitrin	
  (2014)	
  

10-50x 
deeper 
than UDF 

28	
  

Lens	
  models	
  	
  
yield	
  
consistent	
  
predic3ons	
  

The	
  lensed	
  Fron3er	
  Fields	
  are	
  yielding	
  	
  
the	
  faintest	
  galaxies	
  yet	
  observed	
  

Expecta3ons:	
  



The Frontier Fields should confirm or rule out  
dramatic z > 9 evolution with high confidence 

500	
   400	
  600	
  1Gyr	
  1.5Gyr	
   800	
  2	
  Gyr	
   Myr	
  

Full	
  FF:	
  
6	
  lensed	
  +	
  
6	
  blank	
  
fields:	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

~70	
  z	
  >	
  9	
  
galaxies	
  

~13	
  z	
  >	
  9	
  
galaxies	
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(F160W	
  <	
  28.7)	
  



We	
  predict	
  up	
  to	
  ~70	
  z	
  >	
  9	
  galaxies	
  	
  
in	
  the	
  Fron3er	
  Fields	
  (6	
  per	
  field)	
  	
  

not	
  accoun3ng	
  for	
  incompleteness	
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Coe,	
  Bradley,	
  &	
  Zitrin	
  (2014)	
  

(Bradley12	
  +	
  M*(z))	
  

30	
  

4	
  

9	
  

40	
  

30	
  

Lens	
  models	
  	
  
yield	
  
consistent	
  
predic3ons	
  



Simone	
  Kay	
  

“Blank”	
  Field	
   Lensed	
  

To	
  lens	
  or	
  not	
  to	
  lens?	
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Magnified:	
  
• More	
  efficient	
  
bright	
  detec$ons	
  

•  Intrinsically	
  
fainter	
  sources	
  

•  Higher	
  resolu$on	
  

Unobstructed	
  view	
  
•  luminosi$es	
  
more	
  certain	
  

•  easier	
  to	
  analyze	
  
(lensing	
  exper$se	
  
	
  not	
  required)	
  

•  no	
  cluster	
  
“in	
  the	
  way”	
  



Lens	
  models	
  
solicited	
  and	
  
available	
  for	
  
all	
  Fron$er	
  
Fields	
  clusters	
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No such 
assumption 

Light  
traces  
massive 
substructure 

Mass surface 
density 

CATS Sharon Sharon v2 

Zitrin NFW Zitrin LTM 

Williams Bradac Merten 
(wide field) 

HST 

κ (DLS / DS = 1) 

GLAFIC 

Available via MAST at: 
http://archive.stsci.edu/
prepds/frontier/lensmodels/	
  

Abell 2744 

New submissions  
are welcome	
  



Each	
  team	
  
submibed	
  	
  
~100	
  models	
  	
  
per	
  cluster,	
  	
  
enabling	
  
uncertainty	
  
es$mates	
  

Abell 2744 
red = magnification for a  
lensed galaxy at z = 9 
green = HST 
blue = mass 

“CATS” (PIs Kneib & Natarajan) 
Richard 
Limousin 
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Interac3ve	
  model	
  magnifica3on	
  web	
  tool	
  

Input 
RA, Dec, redshift   
of lensed galaxies 

Output 
Magnification estimates  

with uncertainties 
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Lens	
  model	
  uncertain$es	
  propagate	
  to	
  
some,	
  but	
  not	
  all,	
  observables	
  

Reduced uncertainties 
 

(integrated quantities) 
Number counts: 
-  Luminosity function 
Lensed Volume: 
-  Star formation rate 

cosmic density 

No added uncertainties 
 

Colors: 
-  Redshift 
-  Age (Balmer break) 
-  Metallicity 
-  Equivalent Width (EW) 
-  UV slope β 
Specific star formation rate 
(SFR / stellar mass) 

Full uncertainties 
 

Luminosity: 
-  Mass 
-  Star formation rate 
Size (radius) 

Did galaxies reionize the early universe? 

35	
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Lens	
  models	
  yield	
  consistent	
  predic3ons	
  	
  
for	
  faint	
  lensed	
  number	
  counts	
  

high magnifications, 
larger uncertainties 

Coe,	
  Bradley,	
  	
  
&	
  Zitrin	
  (2014)	
  

Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   36	
  



Lens	
  models	
  yield	
  consistent	
  predic3ons	
  	
  
for	
  faint	
  lensed	
  number	
  counts	
  

high magnifications, 
larger uncertainties 

Coe,	
  Bradley,	
  	
  
&	
  Zitrin	
  (2014)	
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Lens	
  models	
  yield	
  consistent	
  predic3ons	
  	
  
for	
  faint	
  lensed	
  number	
  counts	
  

high magnifications, 
larger uncertainties 

Coe,	
  Bradley,	
  	
  
&	
  Zitrin	
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Lens	
  models	
  of	
  the	
  Fron3er	
  Fields	
  clusters	
  
available	
  via	
  MAST:	
  http://archive.stsci.edu/prepds/frontier/lensmodels/ 
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Abell 2744 
red = magnification for a lensed galaxy at z = 9 
green = HST 
blue = mass 

“CATS” 
Kneib 
Natarajan 
Richard 
Limousin 

Sharon 
Johnson 
v2 

Zitrin: NFW Zitrin: LTM 

Williams 
Sebesta 

Bradac 
Hoag 

Merten 
(wide field) 
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Sharon 
Johnson 

GLAFIC 
Ishigaki 
Kawamata 
Oguri 



Magnifica$on	
  es$mates	
  for	
  individual	
  galaxies	
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Larger scatter in higher magnification regions 

CATS RMS (CATS, Sharon, Zitrin) 

RMS magnification in magnitudes 
(light traces mass models) 

0    0.5    1.0   1.5    2.0    2.5   3.0    3.5    4.0   4.5   5.0 
z = 9 magnification in magnitudes 
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Highly	
  magnified	
  images	
  are	
  usually	
  mul$ply-­‐imaged	
  
yielding	
  mul$ple	
  es$mates	
  of	
  the	
  intrinsic	
  flux	
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Zitrin et al. (2014)  
z ~ 10 candidate and high magnification critical curve 
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High	
  magnifica3on	
  regions	
  
cover	
  small	
  source	
  areas	
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“CATS”	
  team	
  	
  
lens	
  models	
  
of	
  the	
  	
  
Fron3er	
  Fields	
  
galaxy	
  clusters	
  

Coe,	
  Bradley,	
  &	
  Zitrin	
  (2014)	
  



High	
  magnifica$ons	
  	
  
are	
  rare	
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Coe,	
  Bradley,	
  &	
  Zitrin	
  (2014)	
  

~85% of faint  
lensed z ~ 9 galaxies 
are expected to have 
magnifications < 10 
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High-­‐z	
  candidates	
  lensed	
  by	
  Abell	
  2744	
  
(see	
  papers	
  led	
  by	
  Zheng;	
  Atek;	
  Laporte;	
  Coe;	
  Zitrin;	
  Ishigaki;	
  Oesch…)	
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z ~ 6-7 
z ~ 8 
z ~ 9 
high magnif 
multiple 
images 

z	
  ~	
  8:	
  	
  Coe,	
  Bradley,	
  &	
  Zitrin	
  (2014)	
  
Ishigaki	
  et	
  al.	
  (2014)	
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Triply-imaged z ~ 10 candidate 

Zitrin	
  et	
  al.	
  	
  
(2014)	
  

z	
  ~	
  9.8	
  based	
  on	
  photometry	
  
and	
  consistent	
  with	
  lens	
  models	
  

critical 
curves: 
z =  
1.3 
2 
3.6 
10 
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images move  with redshift 

Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
  



Magnifica$on	
  scaber	
  for	
  high-­‐z	
  
candidates	
  lensed	
  by	
  Abell	
  2744	
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JD1C (Zitrin et al.) 

3.0 ± 27% 

68% 

Zitrin et al. 2014 
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Magnifica$on	
  scaber	
  for	
  high-­‐z	
  
candidates	
  lensed	
  by	
  Abell	
  2744	
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Light traces mass models 

Zitrin et al. 2014 
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Ishigaki et al. 2014 

high magnif 
z ~ 6-7 
z ~ 8 
z ~ 9 

median 25% 

Light traces mass models 

Magnifica$on	
  scaber	
  for	
  high-­‐z	
  
candidates	
  lensed	
  by	
  Abell	
  2744	
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+ Zitrin et al. 2014 
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Note most magnifications are < 10 



Magnifica$on	
  scaber	
  for	
  high-­‐z	
  
candidates	
  lensed	
  by	
  Abell	
  2744	
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high magnif 
z ~ 6-7 
z ~ 8 
z ~ 9 

All lens models 

median 38% 

Ishigaki et al. 2014 + Zitrin et al. 2014 
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Note most magnifications are < 10 



Improved	
  lens	
  models	
  forthcoming	
  
based	
  on	
  HFF	
  imaging	
  and	
  other	
  data	
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Jauzac et al. 2014 

Abell 2744: 
30 pre-FF multiple images 
120 new multiple images 
7 new but less confident 
similar results for MACS0416 
 
Updated models submitted by: 
-  Sharon, Johnson 
-  Williams, Sebesta 
-  Jauzac, CATS 
-  Ishigaki, Kawamata, Oguri 
and forthcoming from: 
-  Diego, Lam, Broadhurst 
 
New data include: 
- spec-z’s from MUSE, GLASS 
- A2744 Subaru BRz imaging 
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Simulated	
  cluster	
  lensing	
  challenge	
  
to	
  quan3fy	
  model	
  accuracies	
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“Hera” Simulated: Meneghetti 



Hera	
  mass	
  models	
  submited	
  

Nov	
  20,	
  2014	
   Dan	
  Coe	
  -­‐	
  Kavli	
  IPMU	
   52	
  

Mass surface 
density 

κ (DLS / DS = 1) 



Magnifica3on	
  accuracies	
  quan3fied	
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3	
  ±	
  15%	
  



Magnifica3on	
  accuracies	
  quan3fied	
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3	
  ±	
  15%	
  



Magnifica3on	
  accuracies	
  quan3fied	
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Magnifica3on	
  accuracies	
  quan3fied	
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In	
  this	
  first	
  test,	
  GLAFIC	
  performed	
  best	
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GLAFIC reconstruction: 
Ishigaki, Kawamata, Oguri 

Simulated: Meneghetti 



The	
  Fron3er	
  Fields	
  will	
  strongly	
  constrain	
  	
  
high-­‐z	
  galaxy	
  evolu3on	
  and	
  reioniza3on	
  

Simula3ons	
  are	
  beginning	
  to	
  
quan3fy	
  our	
  accuracy	
  of:	
  
•  lens	
  model	
  magnifica3ons	
  

and	
  other	
  challenging	
  quan33es:	
  
•  high-­‐z	
  detec3on	
  completeness	
  
•  HST	
  +	
  Spitzer	
  photometry	
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Thank you 
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